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fipegncnosne
KO BTOPOMY MN3gaHUIO

Co BpeMeHM BEIXOJA B CBeT NEPBOI0 H3gaHug yueOHOro mocodua ansg
CTYEEHTOB By30B «OCHOBBI MUKPOZJEKTPOHUKH» NPOILLIO NOYTH ABAJIATH
neT. 3a atw rogbl Tpys Urops ITaBaosrda CTenaHeHKO, CKOHYABLIEroCs B
1982 r., oxazan JoOpPYI0 NOMONIL HECKOJLKHAM HOKOJEHUAM BHINYCKHHUKOB
PYCCKOASLIYNEBIX BY30B M CTYZE€HTaM, OCBAWBABIIYM OCHOBBI MUKDO3JEKT-
POHMKY Ha aHIINHICKOM ¥ MCHAHCKOM A3BIKaX. K COMKaJIeHWIO0, B HACTOA-
mee BpeMmda kHura W. II. CtemaHeHko cTajsa 6ubamorpadudecKoil pegKo-
CTBIO.

H. II. CrenaHeHKo CcHpaBemIuBO CUUTAJ, 9TO HH)KEeHepy-GU3UKY, CIe-
UUAJMN3NDYIOIEeMyCca I0 MHUKDPO3/JIeKTPOENKe, Heo0X0ZHUMO CBOOOJHO OpH-
€HTUDPOBATHCA B TPeX ee 0a30BBIX COCTABJIALINX: MUSUYECKUX, TEXHOIO-
ruvecKuxX ¥ CXeMOTeXHHYeCKMX OCHOBAX MHKPO3JIEKTPOHHBIX NPUOOPOB ¥
CTPYKTYPD.

Merogostorusa naioKeHus ¥ daxTudecKuil Marepuas «OcHOB MUKPO-
2JIEKTPOHUKH» 0eDeKHO cOXPaHeHb B HOBOM M3SAHUY, 1103TOMY MBI CUMTA-
em H. II. CrenaneHko OCHOBHEIM aBTOpoM KHuru. Hacrosdiee nspanue
IOAIrOTOBJEeHO yueHuKamu u copaTHukamu . I1. Crenanenko, cosgasiiero
B 1965 r. 8 MHPU neprywo 8 CCCP xadenpy MuxpossieKTpoHuKu. Ecrect-
BEHHO, YTO JAHHOe W3Jasue — He NPOCTOe NOBTODeHNe MaTepwasiaa Hpo-
mabxX get. B yueGHoe nocobue BKJIIOUEHH HOBHE BDyHJaMEHTAIbHBIE HO-
CTHIKEHHA B 00J1aCTH MUKPO3JIEKTPOHUKY, MCIOJIb3yeMble ceifyac Ha npaK-
THKE.

B HacToAlieM u3gaHWM aBTODPHI CTAPAJINCh yYEeCTh HOBhIEe BeAHWA B Op-
raEusanuy yue0HOro npomecca, B 9aCTHOCTH, CBOOOZHOe NOcelljeHue CTy-
AeHTaMu JexnMi. Tak, B KOHIE KalK/JOr0 pasjesaa NpUBEReHBl KOHTPOJb-
Hble BOIPOCHI AJS CAMOCTOATEJNHHOM NPOPAabOTKH.

Bca paboTa 1o noJroToBKe HOBOI'O W3J4AaHUA BRINOJHeHA COTPYAHUKAMU
kadeapsl MuKpoaaeKTpoHWKM MHUPHU noz pyxosogcTBOM Ipodeccopa
A. B. IllanepHOBA.

B. B. Beanakos, JI. H. ITatpukees, B. C. Ilepuieskos, A. B. llaagsHoB



fMpeamecnosue - ——— -
K nepsomMmy n3gaHuio

MukpoaieKTPOHMKA KAK MCTOPHMYECKWH 3Tan Pa3BUTUN JEKTPOHUKH
XapaKTepDHa OPraHWJYeCcKHM eJUHCTBOM (UIWYECKUX, TEXHOJIOIMIECKUX
(TouHee, KOHCTPYKTUBHO-TEXHOJOIUYECKUX) U CXEMOTEeXHUYECKHUX acleK-
ToB. IloaTOMy HONHONEHHAA, TBOpUYeCKasd Pa3paboTKa NMHTErpalibHBIX CXEeM
HEeBO3MOKHA HH CHJIAMH «KJIACCHYECKHUX» (DUIHKOB-TEeXHOJIOrOB, CHOCOD-
HbIX pasdpabaThIBAThH OTAEIbEEIE Oy IPOBOJHUKOBLE NPUGOPH], HO He 3HA-
KOMBIX MIM cjiaf0 3HAKOMBIX CO CXEMOTeXHHMKOM, HH CHJIAMH «KJaccHde-
CKHX» CXEeMOTeXHHKOB, CIOCOOHBIX paspadarbiBaTh (QYHKIWOHAJIBHLIE
y3Jabl U3 3JIEMEHTApHALIX PaguojeTaneil, Ho ¢1afo 3HAKOMBIX C (PUBUKON K
TeM OoJiee TexXHOJor¥eil NOJYHPOBOAHUKOBLIX 1prbopos. Crenuanucer, pa-
foralomuil B 061aCTH MUKPOIJIEKTPOHUKY, JOJKEeH B PABHOH CTENEeHH BJa-
AeTh ee QU3NIECKUMH, TEXHOJOIMUYECKUMY ¥ CXeMOTEeXHUYEeCKUMU OCHOBA-
MH, II0CJIe Yero, B 3ABUCHMOCTY OT KOHKDETHBIX YCJAOBUH, OH MOXKeT II0Jay-
YaTh JOHOJHUTENLHYIO HOAIOTOBKY B TOM HJIM HWHOM HAIPaBJICHUU,

B nacrosiizee speMst paspaboTYuKy MHTErpajbHAIX CXeM BBINYCKAIOTCH
B PaMKaxX HECKOJBKHX WHKeHepHO-(U3WYecKUX creluansHocreil (0604,
0629 u ,ap.)l, c¢hopMUPOBABILINXCA 3aJ0JIr0 A0 CTAHOBJAEHUA MUKPO3IJNEKT-
poruku. ITostomy B yueOHbIe MIaHB 3TUX CHeUMANbHOCTE! B pPasHOe Bpe-
Ms ObLIM BBeJleHbl Takue JONOJHUTENbHble NUCHUNIWHGBI, Kak «Mukpo-
3JIEKTPOHUKA», «AHaJIN3 1 pacuyeT WHTEerPAJILHEIX cXeM», «Pacuer u KoH-
CTPYHpPOBaHEWe MUKPO3JEeMeHTOB ¥ MUKPOCXeM» ¥ JAP., NIDu3BaHHHIE
YCOBEPIIEeHCTBOBATh NIPO(MGUIL CHEIHaINCTOB, HPUBECTH €ro B COOTBETCT-
BHIe ¢ 3aga4YaMH, pelaeMbsIiMy B 00acTe MUKpoaeKTpoHuky, OgHAKO, KaK
IIOKA3BIBAeT ONBIT, HY ORHA ¥3 9TUX FUCHHUIINH He o0ecledrBaeT IT0JHO-
IIEHHOT0 OBJAJEHWsI CXeMOTEeXHHYECKUMH OCHOBAMY MHKDOIJNEKTPOHHKH,
a 3HAYUT eJUHCTBO ee TPeX OCHOBONOJIAPAIOIIUX ACIIEKTOB OCTAETCS Hepe-
1eHHO# mpobJeMoi.

OpyruM BOSMOMKHEIM NyTeM JIA BbINYCKA PaspalOTUYMKOB WHTErpab-
HBIX CXeM $BISAeTCS ycUIeHue (PU3MKO-TeXHOJOrMYecKOy¥ HOAI'OTOBKH HH-
>KeHepoB paguoTexHudecKoro npodusa. C 3Tol uesblo, HApuMep, B yuel-
HbI# nnad cnenuanbuocT 0705 BBefeH Kype «PU3HUYECKNE OCHOBBLI KOHCT-
pPyupoBaHusi ¥ TexHojorua POA», a Kypc «DJeKTpOHHbIE NPHUOODHI»
npeo6pasoBaH B «NIEKTPOHHBIE NPUGOPsI ¥ HOJNYIPOBOSHUKOBLIE MHTEIDA-
JbHbIe cXeMbl» . OHAKO 9TH KYPCHI He BKJIOYAIOT B ce0sl cXeMOTexX HudeCKue

1 B pgasHOM NIpegucJoOBHM HOMEpA CHelMaJbHOCTEN YKAa3aHEL II0 JAHHBIM Ha
1980 r.— rop BeIXOAA B cBeT mepsoro usgauus Keurk (ITpum. ped.).
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aCHEeKThl MUKPO3JEKTPOHMKH, 4 B KJIACCHYECKHX KYyDCax, IIOCBAIIEHHBIX
PaAMO3IEKTPOHHBIM cXeMaM, Cliel(UKa 9THX aCIEeKTOB He YYUTHIBAETCH.
3a nocaeaHue JECATH JIT AJs CTYASHTOB, CISIUANU3NPYIOMUXCS B 00-
JIaCTH MUKPO3JEKTPOHUKY, BBHINYIIeHO HECKOJAbKO yueOHBIX mocobuil. He
yMalisfsg AX KOCTOHHCTB ¥ TeM 0oJiee NIPHODUTETA, CJIEJYET BCe Ke OTMe-
THTh, YTO OHH HOCBSILIEHBI JU00 TOABKO (pusudecknm, aubo QUIHKO-TeX-
HOJIOrHYECKMM H KOHCTDYKTHBHBIM aCIeKTaM MHKPOBJEeKTPOHMKH. B ro-
pPasfo MeHbIIel cTelmeHH OHM KacaloTcs 3JeMeHTOB UHTerpajbHBIX CXeM, a
rJiaBHOE, ONISTH YK€ COBCeM He 3aTPArKBalOT CXEeMOTeXHUKY.
B nannoM yuebOHOM moco0un gesaeTcs HNONBITKA 0ojiee MIN MeHee II0J-
HO OXapaKTePHU30BATh BCE COCTABHLIE YacTH MUKpPoaaeKTpoHuku. Ocoboe
BEUMaHYe YAEJIEHO TeM pasjesiaM, KOTODhIe He HOJAYyUYHIY KOJKHOI'O OTpa-
JKeHUSs B YIOMSAHYTO#! y4eOHOI muTepaType: pusuKe TPAH3UCTOPOB, TPaH-
3UCTOPHOH CXeMOTexXHHKe, a Takxe o0le#l XapakKTepUCTHKe UHTerpaib-
HBIX cXeM. AKHEHT Ha 3T Dasfelbl B YCAOBUAX OrPaHUYEHHOro obmbema
KHUI'Y He [I03BOJINJ CTOJb YXe NOAPOOHO N3M0KUTh KOHCTPYKTHUBHO-TeXHO-
JIOrWYecKHe acHeKThl, BOIIPOCH METPHUKY ¥ Hexoropsle gp. OgHako ator
HeJOCTATOK IIPEeCTABIAETCS He CTOJb CYIHIeCTBEHHBIM, NOCKOJBKY JOIIOJI-
HUTeNbHBIE CBeJ€HHA MOYKHO IOYEDIHYTh U3 YHOMSHYTOW JuUTepaTypH.
Hrak, B ocHOBY ganHoro y4yebHoro mocobusa o 3aMbICIY IIOJIOXKEH CHC-
TeMHBIH HOZX0J K H3JO0XXKEHWI0 MaTepHasa: OTAe]bHbIe pa3felisl B3anuMo-
cBsizaHbl, paboTalT APYr HA APyra ¥ B KOMIUJIEKCE CO3JAl0T TOT O0Iumil
dyHZaMeHT, Ha 6ase KOTOPOro BOSMOXKHA AanbHeHINasa cHeruagu3anusa
CTYAEHTa B 00/1acTH MUKPOIJIEKTPOHUKY., UTO KacaeTcs WHIKEHEePOB, KOTO-
poie no PoRy paboThl AOJIKHE NPEojoJeTh «OJHOCTOPOHHOCTL» CBOeR
1pe’kHei MOATOTOBKH, TO OHUM MOIYT COCPEJOTOYUTH BHUMAHHE COOTBETCT-
BEHHO Ha (UBMKO-TEXHOJOIHMUYECKHX WJIHW CXEeMOTEeXHUYECKUX pasdhenax.
PyKoBOACTBYSICh CHCTEMHAIM HOAX0JI0M, ABTOPD BKJIOYMI B yueGHOe I1o-
cobue Bce Heo0xXoguMble pasfeasl MUKDPO3JIEKTPOHHMKYK, HE3ABUCHMO OT
TOr'O, YTO HEKOTOPEIe U3 HUX ABIAIOTCA IpegMeTaM¥ CHeUANbHBIX KyPCOB
(HannpuMep, «PuU3NKA NOAYIIPOBOSHUKOB», «IloaynposogHuKoBsie Npubo-
pul», «MryabcHble cXeMBI», « YcuwinTenar» u T. I.). Takyio Touky 3peHud
PasfgesifloT, Kax HaM Ka)XeTcd, 1 aBTOPHI yiKe BRINIYIeHHbIX nocoduit, Of-
HAKO aBTODP CYMTAJ HEeNPaBUIbHLIM MEeXaHHYeCKH BKJIOYATh B OCHOBHI
MUKDPO3JEeKTPOENKY Bech MaTepHaJl YHOMAHYTHIX KYPCOB JaKe B COKpa-
menHoM Buae. IToaToMy 3TOT MaTepuas OblLi He TOJLKO TIATEIBHO OTO-
0paH, HO ¥ 1epepaboTaH B COOTBETCTBHY C KOHKDETHBHIMY 3aJaYaM¥ MUK-
PO3JIEKTPOHUKY, & TaKsKe ¢ Y4eTOM BHyTPeHHel B3aNMOCBA3Y Pa3jeioB.
Hanpumep, B ri.2 He BKJIOYEHH TAKHE caMu 110 cefe BAXKHBIE BOIIPOCHI,
KaK 3JIEMeHTHl KBAHTOBOMEXAHWYECKOIl Teopuyu TBepjoro tena, 3PQPeKTsl
Tana u »Kosedcona, pasMepHsle 3(hdeKTsI B TOHKHUX NJeHKax ¥ gp. U3
Ypcaa TPAH3KUCTOPOB B IJi. 4 ¥ 5 paccMoTpensl TOJbKO MAaJOMOIIHBIE TPaH-
3UCTOPHI, COCTABJAIOUINE OCHOBY COBPEMEHHBIX WHTEIDAJBHBIX cXeM. To
KacaeTcs TPAH3UCTOPHBIX CXEM, TO MX HOMEHKJaTypPa Pe3Ko COKpaljeHa U
npuBefeHa B COOTBETCTBHE C DeanbHBIMY KOHGUIYyPAIUSIMU, HCHOJb3ye-
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MBIME B MUKPO2JTeKTpouunke. FI3MeHeHa TakiKe TPagWIIMOHHAA I1OCAER0BA-
TeJIbHOCTh IPY M3YYEHNH ABYX OCHOBHBEIX KJACCOB cXeM: cHayama (ri. 8)
paccMaTpHBAIOTCA KI0YeBEIe CXEMEL, a 3aTeM (r1. 9) — ycunuTeapHsle.

He meHee cloKHas 3ajayda BcTaja npu oTGope MaTepuasia ¥ BeIpaboTke
METORHKH ero uajoxxkeHus B ri. 10, mocssiieHHOR pealibHBIM WHTErpalib-
HBIM cXeMaM. 34ech, BO u30erKaHue HeONDABAAHHBIX CJOXHOCTEeH, NPH-
[IJIOCH BO MHOI'MX CJYYasiX OTKA3aThcd OT PACCMOTDEHUs OAHEIX HPUHIY-
HaldbHLIX CXEM ¥ COCPEROTOYNTH BHIMAaHWe Ha CTPYKTYDPHBIX cxemax. Ta-
KO IOAXOJ COOTBETCTBYET MEeTOJaM NPOeKTHpOoBaHuA coBpeMeHHBIx BUC
u TeMm 0OoJiee anmnmapatypsl Ha WX OCHOBE.

«OCHOBBI MUKPOJJIEKTPOHHKH» — IIEPBOE U3 TPeX yYeOHbIX ITOCODHIA, mpeaHas-
HA4YEHHBbIX IS BCECTOPOHHEH NOATOTOBKH MHXEHEPOB-pa3pabOTUYMKOB UHTEIPaNib-
HBIX CXEM, T. €. CIELMAIHCTOB, XOPOLIO 3HAKOMBIX CO BCEMU TPEMS ACEKTaMK MUK-
poanem'pormxul.

ABTOp HajgeeTcs, 4TO ero 3aMhICe]I, peajN30BAaHHEBII B JAHHOHM KHure,
OynerT oxo0peH cTyjeHTaMH, 3aMHTEePeCOBAHHBIMM KadiegpaMu, a TaxKe
CIEeNUAMUCTAMY, KOTOPhIe BOCHOIL3YIOTC €10 I CaMONOAroToBKY. Boee
TOr'0, OH HajeeTcd, 94TO CO BpeMeHeM yuebHbIi Kypc «OCHOBBEI MHKDPO3JIEKT-
POHHKM», HOCTPOEHHBIN B COOTBETCTBHH CO CTPYKTYPOH RAaHHO¥ KHUIH,
CcTaHeT TAKUM JKe TPAgHIIMOHHEIM, KaK Kypcel «IloaynpoBogHuKoBEIEe IPYU-
Oopul» niay «TeopeTUuecKyie OCHOBH 3JIEKTPOTEXHUKY » . TO, HECOMHEHHO,
crnocof6eTBOBANO OB KAK eJUHOO0PA3HIO NOATOTOBKYU CHEIWAICTOB OJHOr0
¥ TOro ’XKe npoduis, Tak ¥ B3AUMONOHNMAHWIO CIEI[HMAJNCTOB CMEXKHBIX
npoduieil («3JeMeHTHIUKOB» ¥ «annapaTyPIINKOB» ), Hen30eKHo BCTyna-
IOIIUX B KOHTAKT NPY paspadoTKe CIOKHLIX MUKDPOIIEKTPOHHALIX CUCTEM.

IIpepnmaraemoe yueGHoe nocobyie pacCuuTaHO NPeK/e BCEro Ha CTY/JEHTOB,
CHeUANIN3UPYIOMINXCA 110 MUKDPO2JEKTPOHHKEe B paMKax CHeruabHOCTel
0604, 0629, 0648, 0701, 0705 u xgp., a Tak)Ke Ha MHKEHEPOB, OKOHYMBIINX
BYSHI IO 3THM clieguaabsHocTaM Oosee T—10 srer nasax. OHo, BeposaTHO, OymeT
NOJIE3HO CHeHATNCTAM N0 DafgMOTEeXHHUKe, BLIMUCINTENIbHOH TeXHHKe, KHU-
OepHeTHKe, aBTOMATVKE, M3MEPUTE/ILHOM TeXHWKEe ¥ APYruM 06JacTAM Hay-
K¥ ¥ TeXHUWKW, CBASAHHBIM C NPUMEHeHHEM WHTErpajibHBIX CXeM.

ABTOp BRIpa)KaeT WCKPEHHIOH OiarogapHocTs mpo®d. C. f. Hlany,
upod. B. H. Qyauny u gon,. I0. E. HaymoBy 3a noje3Hble 3aMedyaHus ¥ CO-
BeThl, a TakMe KOJJIeKTUBY Kadeapsl MUKPOaJeKTpoHuKkyn MHUPU za no-
Momp B pabore m oQOPMJIEHUN DYKONUCH,

H. II. CrenaneHKo

1 VyeGupie nocobua: Bepesun A.C., Mowaaxuna O. P. «TexHOJNOrUsi H KOECTPYHPOBa-
HUe HHTerpaibHBIX MHUKpOCcxeM», u3ji. «Pamuo u cBasb», 1983 r. u Axexcen-
koA, I, Hlazypun H. H. « MEKPOCXEMOTEXHMKA», u3f. «Pazuo u cBass», 1990 r.
(IIpum. ped.)
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MNpepmMeT MUKPOIEKTPOHUKN

1.1. Beegenne

Poss MUKPO3TEKTPOHWKYW B COBPEMEHHOH HayKe M TeXHHUKeE
TPyNHO NepeonenuTs. OHa CIpaBeIMBO CUNTAETCS KaTaJIN3aTOPOM
HayYHO-TeXHUYeCKoro nporpecca. CleKTp ee IpuMeHEHUA IIPOCTH-
paerca OT HyHZaMeHTAIbHBIX WUCCAeZOBAHME JO NPUKJIAZHOTO HC-
TIONb30BaHUA. MUKPO3JIeKTPOHNKA BINAET Ha BCe HAPOAHOE X03Aii-
CTBO, HO He HETIOCPeACTBEHHO, a yepes Iejblid Pan cnenuduuecKux
oTpaciyeil, TaKUX KaK BHIYUCIUTEJbHAS TeXHUKa, MHPOPMAIHOH-
HO-M3MePUTe/bHbIe CUCTEMEI, PODOTOTEXHHAKA, MUKDPOIIPOIECCODPHI.
MuxposjieKTPOHHKA, OUYePegHOH HCTOPHYECKHM O0YyCIOB/IeHHBIN
3Tan pa3BUTHUA 3JeKTPOHUKY ¥ OJHO U3 ee OCHOBHBIX Halpasiie-
HUI1, obecnieyuBaeT NPUHIANNAAILHO HOBEIE IIYTH PEIIeHUA Ha3pes-
mux 3ajay.

dNeKmpoHUKa — 3TO 06JIacTh HAYKHW, TeXHUKH U IPOU3BOACTEA,
OXBaThIBAOIad VCCHAefOBaHUE U Pa3paboTKy 3JIeKTPOHHBIX Mpubo-
POB M TIPHHIIMIOB MX MCIOJIb30BAHHUA.

MukposnexmpoHUKG — 3TO pasjes 3JeKTPOHUKY, OXBATBHIBAIO-
LUt MCCIeOBaHUA K paspaboTKy KaueCTBeHHO HOBOT'O THUIIA 3JIEKT-
POHHBIX TpuUBGOPOB — WHTETpaJbHbIX MHUKPOCXEM — ¥ IPUHIUIORB
UX IpUMEeHeHWA.

UHnmeepaavras mukpocxema (V14 IpOCTO MHTETPAIbHAA CXeMa)
€CTb COBOKYIIHOCTH, KaK IIPABHJIO, GOJIBIIOT0 KOJHYECTBA B3AHUMO-
CBSIBaHHBIX KOMIIOHEHTOB (TPaH3UCTOPOB, AUOAOB, KOHIEHCATOPOB,
Pe3uCTOPOB ¥ T.H.), M3TOTOBJIEHHAA B €JUHOM TEXHOJIOTHYECKOM
nukie (T.e. OXHOBPEMEHHO), HA ONHOI ¥ TOM ’>Ke Hecyleil KOHCT-
PYKIUMY — no0A0X#Ke — ¥ BBINOJNHAOIAS OIPEAeeHHYI0 QYHK-
U npeobpasoBaHud nHGOpMAIIUU.

TepMun «uHTerpadbHaa cxeMma» (FMC)! orpaskaer daxT obmenu-
HeHMsa (WHTErpamyi) OTHAENAbHBIX [geTajgedl — KOMIIOHEHTOB — B
KOHCTPYKTHBHO eQUHLIIT NTPU6Op, a Tak:ke (HaKT YCIOKHEHUA BbI-

1 Integrated Circuit (IC)
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IONMHAEMBIX 3TUM Npubopom OYHKI M II0 CPAaBHEHUIO C GyHKI[HA-
MH# OTHAeNbHBIX KOMIIOHEHTOB.

KoMmnonenTsi, kKoTophle BXo4AT B coctaB YIC u TeM caMbIM He MO-
ryT ObITh BhlfejieHBl M3 Hee B KaueCcTBe CaMOCTOSTEJIbHBIX M3Ae/unit,
HaspIBaTCs aaemenmamu VUC wmm unmezpaavnbimu anemenmamu.
Onu 06/1a3aI0T HEKOTOPEIMY OCOGEHHOCTAMY IO CPaBHEHHUIO ¢ TpaH-
3UCTOPaMu U T.X., KOTOPbIe U3TOTABJVBAIOTCA B BUAE KOHCTPYKTHB-
HO 060CO6IeHHBIX eJUHUIL X COeQUHSIOTCA B CXeMy HyTeM IaiKu.

B ocHOBe pa3BUTHA 9JIEKTPOHUKY JIEXKUT HENIPEePHIBHOE YCIOXKHE-
Hue HYHKLWII, BRINIOJHAEMBIX 3JIeKTPOHHOM annaparypoii. Ha omnpe-
JeNleHHBIX 3Tanax CTAHOBUTCA HEBO3MOJKHBIM pelllaTh HOBEIE 343Uy
CTapeIMU CPEACTBAMHY MJM, KAaK TOBOPAT, Ha OCHOBE CTAaPOM dJleMmeH-
m#uoit 6a3vl, HAIPUMEP C IOMOIIBIO 3JEKTPOHHBIX JIAMII MJIM AUCK-
PeTHbIX TPaH3ucTOPoB. OCHOBHBIMY (DaKTOPaMH, JIEXKAIIIUMH B OCHO-
Be CMeHpl 3JIeMeHTHOI 0asnl, ABJAIOTCA: HAaJEe)KHOCTL, rabapuTsl U
Macca, CTOMMOCTE ¥ MOIIJHOCTE.

OcobeHHOCTRIO M3JeUil MUKPO3JEKTPOHUKY SABJIAETCS BBICOKAs
CTeleHb CJIOKHOCTY BBITIOTHAEMLIX (DYHKIWI, IOJIA 4ero Co3ZaloTCs
CXeMbl, B KOTOPBIX KOJMYECTBO KOMIIOHEHTOB MCUUCJIAETCA MUJIJINO-
Hamu. Orcioma sCHO, YTO 00eCIeduTrs HANEKHOCTH GYHKIMOHUPOBA-
HUS NIPY COeAWHEHUN KOMIIOHEHTOB BPYUYHYIO — 3aJaya HeBBINOJIHHI-
Mas. EQuHCTBEHHBEIM CcIOCOOOM ee pellleHWA SBJAsAETCH IpUMeEHeHHe
KaueCTBeHHO HOBBIX BBICOKHMX TeXHOJIOTHIA.

Jnsa u3roToBNeHUs1 UHTeIPAJILHEIX CXE€M HCIOJL3YETCHA TPYIIO-
BO¥ MeToj NIPOM3BOACTBA ¥ IJIAHADHAS TeXHOJOTHA.

I'pynnoeoit memo0d TPOM3BOACTBA 3aKJIIOYaeTCA B TOM, UTO,
BO-TIePBBIX, Ha OQHOM IIJIaCTHHE NOJYIPOBOJHMKOBOrO MaTepuala
OZHOBPEMEHHO M3rOTaB/JMBaeTCA 00JbINOe KOJUUECTBO MHTErpalb-
HBIX CX€M; BO-BTOPHIX, €CJIY IO3BOJISIET TEXHOJOTHUYECKHI mpoIece,
TO OJHOBPEeMeHHO 00pabaTriBalOTCA AECATKH TAKHUX IIacTHH. Ilo-
CJiie saBepilleHus IuKia narorobiaeHuna VIC muacruna paspesaercs B
IBYX B3aVMHO-IEPIEHAUKYJADHBEIX HaIpPaBJeHUIX Ha OTZENbHbIE
KpHCTa/IE', KOKABII M3 KOTOPRIX IpexcTapiaser coboit HIC.

ITranapuas mexnonozus — 3TO Takasd OpraHU3AUA TEXHOJO-
TUYEeCKOTO IpoIecca, Korja BCe 3JIeMeHTHI ¥ UX COCTaBJAIOIIHAE CO-
3Jal0TCA B MHTETPAJbHOM CXeMe NyTeM HMX (POPMHUDPOBAHUA Uepes

TLIOCKOCTB2.

1 Ilo-avramitcku chip (wum).
2 Tlo-aHrIMHCKHE IJIOCKOCTE — plane.
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Tasnos X Ha NJacTUHe MOJKHO BOCTHYb AByMA NYTSAMU: YBeJINYeHU-
eM pasMepa IUIACTHHBI ¥ yMeHbllIeHHNEeM DA3MePOB OTAEJIbHBIX 3JIe-
MEHTOB. JTH 00a HaIpaBleHUs HCIOJB3VIOTCA pa3paboTunKaMI.

B zaxiioueHue 3aMeTHM, YTO BCe KOHCTAHTHI, BXogdauue B Gop-
MYy, He ABJSIOTCA HY TIOCTOSIHHBIME, HU 3aBUCHUMBIMHU ADPYT OT
apyra, NI03TOMY aHaJAW3 Ha MUHUMYM CTONMOCTH Ha CaMOM feJle sB-
JISIeTCST CJIOYKHBIM M MHOTOMaKTOPHBLIM.

1.2. HaTerpansabie CXeMbl

B mporecce pa3putusa MuUKposjaeKTpoHuKY (M3J) HOMeHKIaTypa
VIC mempepsiBHO uamensanacs. I'nasusiit Tun MC B macToaee Bpe-
ms — noaynposoguukossie UC. Vim u GymeT mOCBAIEHO OCHOBHOE
comep)Kanye 3TOro nocobusd.

Kinaccudpuranus HC. Knaccuburkamua VIC moxker nmpoussogu-
ThCA MO PA3JIUUHLIM IPU3HAKAM, OTPAHHUUNMCS 3L€Ch JHUIUb OQHUM.
ITo criocoby M3TOTOBIEHUS K NOJIy4YaeMOi IIPU 3TOM CTPYKType pas-
JIMYAaloT ABA NPUHOWNNAILHO Da3HBIX THUIAa WHTETPaJbHBIX CXEM:
TIOJIYIIPOBOSHUKOBLIE U TIJIEHOUHBIE.

Ioaynpoéodnuroeas HC — 3To MHKpocxema, 3JIeMEHThI KOTO-
pO# BBINOJHEHbLI B NPUIOBEPXHOCTHOM CJI0€ TIOJYIIPOBOAHHUKOBOM
nognokku (puc. 1.2). 9tz VFIC cocrasisiioT OCHOBY COBpeMEeHHOMH
MHKDPO3JIeKTPOHUKH.

1 MM

50 MEM Peaucrop

P

MKM

Tpansucrop

250

Kpemani

Puc. 1.2. CrpykTypa saeMeHTOB IoaynpoBogHHKoBon MC

Ilrenoznas UC — 370 MUKPOCXeMA, 3JI€MEHTHI KOTOPOI BBINOJI-
HeHrl B BUJe PA3HOTO POZA IJIEHOK, HaHECEHHBIX Ha IOBEPXHOCTH
OU3MeKTPHUUECKOH nomiIokku (puc. 1.3). B 3aBMCHMOCTH OT CIIOCO-
6a HaHeCeHUA MJEHOK U CBA3AaHHOM C 3THM HX TOJIIWHON pasdjmya-
0T MmoHKoOnAeHoxnvie UC (Tonmuba IIeHOK A0 1-2 MKM) U moa
cmonaenoxnbvie UC (ronmuua rniaeHokK ot 10-20 mKM u BbllIe).
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OpHa miM HEeCKONBbKO TeXHOJIOTHYECKHUX ONepPanuil IIPM K3roToB-
nennn VIC 3axniouaeTcsa B COeZUHEHUH OTHE/bHBIX 9JIEMEHTOB B CXe-
MY ¥ IPUCOeQUHEHUY UX K CHeNUaJbHbIM KOHTaKTHBIM ILIOIaAKAM.
Ilosromy Heo6xomumMo, YTO0BI BHIBOJLI BCEX 3JIEMEHTOB ¥ KOHTAKT-
HBle TUIOIAAKYM HaXOAWJIVCH B OZHOH miockocTd. Takyro BO3MOXMK-
HOoCTh ofecreuywBaeT IJaHapHad TEXHOIOTHA.

(DuHanbHAA Omepanusa — KOPNYcupogaHue — 3TO IIOMellleRue
VIC B xopmyc ¢ npucoeguHeHNEM KOHTAKTHBIX ILIOIAJOK K HOMK-
kam HC (puc. 1.1).

a2y

6)

Puc. 1.1. AnarocTpanus H3TOTOBIGHUS NpOCTEHIIeN MHTEerpajbHOH CXeMbI:
a — KpeMmHHEBad IJIAaCTHHA C «KOMIUIEKTAMK» M3 JBYX TPaH3HCTOPOB, QHOAA
U pesucTopa; 6 — MEKCOeJUHEHHA 3JEeMEHTOB BHYTDH «KOMILIEKTa»
(mnasapuas TexHoJOrus); 8 — rorosasd UC B kopmyce

CroumocTs D opnoit VIC (ogHOTO KpucTaiina) YIPOUIEHHO MOYKHO
BBIYHCJANTH CJEAYIOIIXM 00pasom:

1 {A+B
- JArS el
XY VA

rlle A — 3aTparsl Ha HAyYHO-UCCJIE/JOBATENbCKYE ¥ OIBITHO-KOHCT-
pyKTOopckue pabGorsl o co3ganuio YMIC; B— 3aTparsl Ha TE€XHOJOTH-
yeckoe 060pyAOBanue, IOMeIeHYe U aAp.; C — TeKyliue PacXoAbl HA
Marepuaabl, SNeKTPOsHepruoo, 3apaboTHyw Ijiary, B IepecuyeTe Ha
OfHY IJIACTHUHY; Z — KOJWYeCTBO IJIACTHH, USTOTOBJIAEMBIX IO
amMopTU3aIMy OCHOBHBIX IIPOU3BOJCTBEHHBIX (POHA0B; X — KOJHye-
CTBO KPHCTAJLIOB HA ILIACTHHe; Y — oTHolueHue rogueix MC x ko-
JIMUECTBY, BaNyIleHHOMY B IIPOM3BOACTBO B Hauaje ero.

Kpome oueBHAHBIX KOMMEHTApHEB OTHOCHUTEJIBHO 3aTpaT, HYKHO
OTMeTHTh CJlefyiolllee. YBennueHHe Y HOCTHTAeTcsA cO3JaHHEM Bce
foJiee COBpPeMEHHOM TexHOJOTHM, TO)KaJayi, Hambojee CIOKHON U
YHCTON Cpenyl MHOTHX HOBeHMINWX IPOM3BOACTB. PocTa umciaa Kpuc-
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Pesucrop Koupencarop

HHAYKTUBHOCTH

¥
=
= CrexJio
=3
pie
Pac. 1.3. Crpykrypa asemerToB mienouroit HC:
]— BepxHsas o6KIafKa; 2 — HIMKHAA oOKIagKa; 3 — AMITEKTPHK;

4 — coegHHUTeNbHas MeTa/UIHUYecKas IIOJIOCKAa

IIocKOMBKY 4O CHX NOp HUKaKada KOMOMHAIMsA HAaIbUIeHHBIX
IJIEHOK He II03BOJIfAeT HONYyUUTs AKTHBHBIE 3JIeMEHThI THIIA TPAH3H-
cropoB, mieHounble MIC comep»kaT TOJHKO IacCHBHBIE 3JIeMEHTEHL
(pe3ucTOphI, KOHJEHCATOPH! U T.1I.). IIosTOMYy QYHKIMH, BBIIOMHA-
emble umeTo ImeHounsiMu VIC, kpaitne orpanuuensi. drobel mpeo-
ZOJeTs 9TH OrPaHUUeHu:A, IJIeHOUHYI0 VIC nononHAIT aKTHBHEIMY
KoMIOHeHTaMu (oTaensHeIMu TpansucTopamu unu MC), pacnona-
ras ©X Ha TOI >Ke TOMJIOKKEe ¥ COeTUHAA C IIJIeHOYHBIMY 3JIeMeHTAa-
mu. Torga momyuaercs MIC, KOTOPYIO Ha3bIBalOT THOPHAHOM.

TI'ubpudnaa HC (unu THIC) — 3T0 MUKpOCXema, KOTOpas Ipen-
cTaBasaeT coboit KomMOMHAIMIO NJIEHOYHBIX NaCCUBHBIX 3JI€MEHTOB U
AKTHBHBLIX KOMIIOHEHTOB, PACIOJIO’KEHHBIX Ha o0Ineil AU3JIeKTpHU-
ueCKoit nogsokke. JJUCKpeTHLIEe KOMIIOHeHTHI, BXOAAIEe B COCTAB
rubpuanoit IC, Ha3bIBAIOT HABECHbIMU, TIOAUEPKUBAA 3THM UX 06o-
c0B/IeHHOCTh OT OCHOBHOTO TEXHOJIOTMYECKOTO IMKJa IOJNyHYeHUdA
IIJIEHOYHOH YacTH CXeMBbl,

Eme oguu Tun «cMernaHeix» MC, B KOTOPBIX COUETAIOTCHA IIO-
JIYTIIPOBOJHUKOBLIE U IIJEHOUHbIe MHTETrDaIbHbIC dJIeMeHThI, Ha3bl-
BaOT COBMEILIEHHLIMMU.

Cosmeujennas HC — 3TO MHUKPOCX€Ma, Y KOTOPOH aKTHBHBIE
3JIeMEHTHI BHIIIOJHEHLI B MPUIOBEPXHOCTHOM CJI0€ IOJYyIPOBOJHH-
KOBOrO KpHcTalna (kak y mosynposogaukosoit HC), a maccusHbie
HaHeCeHBI B BUJe IJIEHOK Ha IpeaBapuTe/IbHO M30JMPOBAHHYIO I10-
BEPXHOCTh TOTO ke KpucTaiia (kak y mreHouxoir MC).

CoBmemienHsre VIC BRIrOZHBI TOTHa, KOTAa HEOOGXOQUMBI BBICO-
KYe HOMMHAABI ¥ BpICOKaA CTAGHMIBHOCTb CONMPOTHBJIEHHH M eMKO-
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creit; a3ty TpeboBaHuA Jerye o0eCHeyuTh C MOMOINLIO IIJIEHOYHBIX
3JIEMEHTOB, Ye€M C IIOMOIILIO TOJYIPOBOAHUKOBBIX.

Bo Bcex Tunax VIC mMe)xcoeJUHEHUs 5JI€MEHTOB OCYIIEeCTBJISIIOT-
CcA C IOMOINBIO TOHKHX METAJJIHUEeCKHX IIOJIOCOK, HAaIbIMeHHBIX
WA HaHeCeHHBIX HA IIOBEPXHOCTH IOAJIOXKKHY ¥ B HYXKHBIX MECTax
KOHTAKTHUPYVIOIINX C COeqUHAEeMBIMH 3jemeHTaMHu. Ilpoiecc Hane-
CEeHYs 3TUX COeQUHUTENbHBIX IIOJIOCOK HA3LIBAIOT Memariuiayuell,
a caM «pPUCYHOK» MEXKCOeJMHEHHUN — Memalluieckoil pa3godroil.

Hoaynposogankosbie MC. B HacToAlee BpeMA pas3avuyaloT CIeny-
e nonynposoaaukossie MIC: ounonsapasie, MOII (merani-oku-
cen-noaynposoguuk) u BUAMOIL. Ilociaeguue npeacTasiarT coboit
coueTaHue IePBbLIX ABYX, X B HUX KOMOMHUPYIOTCS HOJIO)KHUTEIbHbIE
UX KauecTBa.

Texnonorusa mnonynposogHukoBeix VMIC ocHOBaHa Ha JierumpoBa-
HYY HOJIYIIPOBOAHUKOBOM (KPEeMHUEBOI) IJIACTHHBI II00UEPEHO JO0-
HODHBIMY ¥ AKI[eIITOPHBIME IPHMECAMH, B Pe3yjpTaTe 4yero Ioj
IIOBEPXHOCTHI0 00pas3yroTcA TOHKWE CJIOM C PA3HBIM THUIIOM IPOBO-
JUMOCTH ¥ p—n-Iepexoisl Ha rpanuIax ciaoes. OTaensHble CIOU HC-
MOMB3YIOTCS B KayecTBE DPE3UCTOPOB, a p—IN-Iepexoabi — B QUOL-
HBIX ¥ TPAH3UCTOPHBIX CTPYKTypPax.

JlerupoBaHue ILIACTHHBI IPUXONUTCA OCYINECTBIATH JIOKaJIbHO,
T.e. Ha OTHEJbHLIX YUACTKaX, pasfAelIeHHBIX HOCTATOYHO OGOMBIINMU
paccroaHuAMU. JIoOKaJbHOE JIETHPOBaHWe OCYILIECTBISIETCSI € IIOMO-
IILI0 CIEMUAJbHBIX MOACOK C OTBEPCTUSMU, Yepe3 KOTOpPhIe aTOMBI
NpuMecH NPOHUKAIOT B IJIACTHMHY Ha HYJKHBIX yuacTkax. [Ipw maro-
TOBJIGHUM TOJIynpoBOAHUKOBRIX MC posip Macku OOLIYHO UIDaer
IJIeHKa ZByoKucu kpemHHuA Si0,, NOKpEIBaOIad OBEPXHOCT KPeM-
HYEBOI IJacTUHBI. B 3TOH IJIeHKE CenuaIbHBIMY MeTOJaMU TPaBu-
pyeTca HeobXoaumas COBOKYIIHOCTH OTBEPCTHUI PasJIUUHON (POpPMbBI
UIH, KaK TOBOPAT, HeoOxomumbiit pucynok (puc. 1.4). Oreepcrus B
MacCKax, B UaCTHOCTH B OKHUCHOM IJIeHKe, Ha3BIBAIOT OKHAMU.

Oxna Macka

510,

| VWV V.V V. V. V.V V0.9 V. V. 9N

S1

Puc. 1.4. OKucHas MacKa ¢ OKHAMM JJIsl JIOKQJbHOIO JIETHPOBaHMS
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Teneps KPATKO OXapaKTepH3yeM COCTaBHbie YacTH (3J1€MEHTHI)
noaynposogHukossIx MIC. OcHoBHBIM 31emerTOM OunosaapHsix MC
SABJIAETCA N—P—N-TPaH3NCTOP: HA €r0 U3TOTOBJIEHVE OPUEHTHUPYETCsI
BeCh TeXHOJIOTWYEeCKUH UK. Bce gpyrue ajeMeHTsI JOKHBI H3TO-
TaBJMBAThLCHA, TI0O BO3MOYKHOCTH, OAHOBPEMEHHO C 3THUM TPaH3HUCTO-
pom, Ge3 JOIOJHUTEJbHBIX TEXHOJOTHUYECKHX OIepamuil.

OcuoBusiM anemenTom MJII MC sasaserca MIII-Tpansucrop.
Wasrorosiierue APYrux 3JIeMEHTOB TaKKe IOJCTpauBaeTcsa noj Oa-
30BBI# TPAH3UCTOP.

dnemenTs! bunonapHoit IC HeobGxoqumo TeM MM MHBIM CIIOCO-
00M M30JIMPOBATH APYT OT APYTra ¢ TeM, YTOOBI OHU He B3aMMOJEMCT-
BOBAJIM Yepe3 KPHUCTAI.

OnemenTst MOII YIC He HY)K[AIOTCH B CHEMMaAbHOM H30JAINHU
APYT OT APYra, TaKk KaK B3auMOAEHCTBHE MEXKAY CMEKHBIMU
MOII-Tpan3ucTopaMyu He UMeeT MecTa. B 3ToM — OQHO M3 IIaBHBIX
npeumymects MOII MC o cpapHeHW0 ¢ OHIONAPHBIMH.

XapakTepHasa ocO0eHHOCTH MOJYINPOBOAHUKOBEIX MIC cocTomT B
TOM, YTO CPEAY HX 3JIEMEHTOB OTCYTCTBYIOT KATYIIKHA UHAYKTUBHO-
ctu ¥, Tem 6osee, TpaHchoOpMaTOprI. ITO 06BACHASTCA TEM, UTO JO
CHX IOD He YRaJO0Ch MCIIOJIB30BATh B TBEPAOM Telle KaKoe-a1ubo ¢u-
3U4yecKoe sABJIeHNe, 3KBUBAJEHTHOE 3JIeKTPOMAarHUTHON MHAYKIINH.
Iloaromy upu paspaborke MC crapaioTcsa peanmsoBaTh HeobXoxu-
Myl PYHKIUIO 6e3 MCHOJNB30BAHUA MHAYKTHUBHOCTEH, 4TO B 6OJb-
II¥HCTBE CIyYaeB yaaeTcA. Kcau 'Ke KaTyIIKa HHAYKTHBHOCTH WU
TpaHC(HOPMATOD NPUHIUINAIBHO HeO0XOAUMBI, UX IPUXOTUTCA HC-
NIOJIL30BaTh B BHUAE HABECHBIX KOMIIOHEHTOB.

PasMephl KPUCTAJINIOB ¥ COBPEMEHHBIX NOAYyIpOoBOAHuKOBEIX HC
mocruraioT 20 x 20 mm2. Yem 6osblire MIOMAAb KPUCTAJLIA, TeM 60-
Jiee CJIOXKHYIO, 607ee MHOro3/IeMeHTHYI0 YIC MOXXKHO Ha HeM pa3Mec-
TuTh. IIpy OZHOI ¥ TOM ’Ke IIOLIa Iy KPUCTANIa MOYKHO YBEJIHUYUTH
KOJIMYECTBO DJIEMEHTOB, yMEHBIasi MX DPa3Mephl K PacCTOSHUSA
MEeXKAY HIMH.

DYyHKIUOHANBHYIO cN0KHOCTh VIC NIpUHATO XapaKTepu30BaTh
cmenexvio UHMezpayul, T.e. KOJIUUECTBOM SJIEMEHTOB (Jallie BCETo
TPaH3UCTOPOB) Ha Kpucrajine, MakKcuMajibHasi CTelleHb MHTErpa-
muu cocrasiager 10% anmemenTos na xpucranne. Ilopsimenue creme-
HY MHTETpanuy (a BMecTe ¢ Hel0 U CIOKHOCTY (PYHKIIMI, BLITIONHSA-
embix MC) — ommHa U3 riaaBHLIX TEHACHIIHI B MUKPO3JIEKTPOHUKE.
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JAna KoauwdecTBeHHON OIEHKHM CTeNeHH WHTEerpamuy UCHoJAb3YIOT
ycJa0BEBIN KoaddunueHT k = 1gN. B 3aBucHMOCTH OT €ro 3HaYeHud WHTer-
panbHple CXeMbl Ha3bIBAlOTCH II0-Pa3HOMY:

k <2 (N <£100) — wrrerpansuas cxema (HC);

2 <k <3 (N £1000) — uwHTerpajgpHaA cxeMa cpegHe#l cTeleHHM HHTEr-
panuu (CHUC);

3<k<H (N 105) — Gonbmaa nHTerpajgsbHas cxema (BUC);

k>5(N > 105) — cBepxboubinas wHTErpasivHas cxema (CBIC).

Hurke npusegeHbl anTrauiickue 0603HaUeHUs U UX paciuudpos-
KH:

IC — Integrated Circuit;

MSI — Medium Scale Integration;

LSI — Large Scale Integration;

VLSI — Very Large Scale Integration.

Kpome crenmenu MHTerpanmu, HCHOJL3YIOT €llie TAKOH HOKa3a-
TeJb, KaK NA0OMHOCMb YNAKOEKU — KOJUYECTBO 2JIeMEHTOB (dalme
BCEro TPaH3UCTOPOB) HA eAUHUNY IJIOIIAAN KPHUCTAJIA. ITOT IOKAa-
3aTeNs, KOTOPHIM XapaKTepu3yeT IJIaBHBIM 06pa3oM ypoOBeHB» TeX-
HOJIOTHY, B Hacroalee Bpemda cocrasisaeT o 500-1000 snemen-
TOB/MM?.

I'mépunnsie UC. Ilnenounsie, a 3HauuT, u rubpugusie IC B 3a-
BHCHMOCTY OT TEXHOJOTMY H3TOTOBJIEHMS JEJSATCA HA TOJCTO- U
TOHKOIIJIEHOUHEIE.

Toncronnenounsie I'MC (0603mauum ux TeI'IC) narorasmiuBaioT-
cs1 BecpMa mpocTo. Ha AU3IeKTpUYeCcKYIO IIACTUHKY-TOAJIOKKY Ha-
HOCAT nacmut pasHoro cocrapa. IIposogdainue macTsl obecrmeunBaOT
MeKCOeZMHEHUs 9JIeMEHTOB, OOKJIafKU KOHJEeHCATOPOB U BBIBOALI K
ITHIPHKAM KOPIyCa; Pe3UCTUBHbIE — IOJyYeHVEe DPe3UCTOPOB; AU3-
JIeKTPUYECKHE — H30JALVI0 MEXXAY OOKJIaJKaMy KOHAEHCATOPOB U
obmyio samury mosepxHocTH rotopoit I'MC. Kaskanlil cioit gowkeH
HMeTh CBOI0 KOH(UIypaiuio, cBoil pucyHok. IlosTomy npu uaroros-
JIEHVY Ka)KJOTO CJ0s IIacTy HAHOCSAT Jdepes CBOIO MacKy — mpada-
pem — ¢ OKHaMu B TeX MeCTax, Kyja AOJ’KHA HONaCTh ITacTa JaHHO-
ro ciaosa. ITocie aTOro IpUKJIEUBAIOT HABEeCHbIE KOMIIOHEHTHI M COe-
OUHAIOT UX BBLIBOABI C KOHMAKMHLIMU NAOWATKAMU.

Touxkonnenounsie I'VIC (o6osnauum ux TkI'MIC) usrorasiusaior-
ca no Gonee ciaoxkHoil TexHomoruu, ueM TcI'MIC. Kiaccuueckas
TOHKOIIJICHOYHAA TeXHOJIOTHA XapaKTepHa TeM, UTO IJIEHKH OCaK-
JaloTCsi Ha TOAJOXKY M3 ra3oBoit ¢assl. BsipacTup ouepemHyio
NJeHKY, MEHSIOT XMMHUYECKHI COCTaB rasa ¥ TeM CaMBIM 3JIEKTPO-
tdbuzuvecKkue cpoiicTBa cleAylouiesl mienku. Takum o6pasom nooue-
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pPenHO IOJYYalOT NPOBOAAINKE, PEe3UCTHBHBIC M AU3JIEKTPHUYECKUE
ciou. Koudurypamus (PUCYHOK) KayKAOT0 CJI0A OIpeAelideTcs JIubo
rpadaperom, Kak B caydae TcI'IC, nubo mackoii, mTogobHO OKwMC-
HOM MacKe B IOaynpoBogHu#KOBEIX HMIC (cMm. puc. 1.4).

Hagecuste anementsi B TKI'MC, kax u B TcI'MIC, npuxiaeuBaioT
Ha TIOBEPXHOCTL I'OTOBOI IJIEHOYHOU YaCTH CXeMBl M COEQWHSIOT C
COOTBETCTBYIOIIMMY KOHTAKTHBIMY IIJIOIIaZKAMU 3JI€MEHTOB.

Crenens murerpamuu I'MC He MOXKeT OI[eHMBATHLCA TAK JKe, KAK
B ciayuae noaynposoguukoesix MC. Tem He meHee CyIecTByeT Tep-
MmuH Goavwas 'HC (wiu BI'YIC), KoTOpsIil 03HauaeT, YTO B COCTaB
I'IC B xauecTBe HaBeCHBIX KOMIIOHEHTOB BXORAT He OTHeJbHBIE
TPaH3UCTOPHI, a Iejble moaynpopoguuxkossie MC.

1.3. OcofbenHoCcTH HMHTErpaJbHBIX CXeM
KaK HOBOTO THIIA 3JIEKTPOHHBIX NpHOOPOB

Iockonsxy MIC, mogo6HO TpaH3MCTOPY, NPeACTaBiAeT CO00H KOH-
CTPYKTHUBHOE eJUHOE I[eJI0e, BHITIOJIHAET ONPEJeIeHHYI0 PYHKIIO U
JO/KHA YAOBJIETBOPATH OIpeNeIeHHBIM TpeOOBaHUAM IIPH UCILITA-
HUAX, TOCTABKaX ¥ 3KCILIyaTayy, OHA OTHOCUTCH K Pa3psify 3JIeKT-
pOHHBIX Npu6opoB. OFHAKO II0 CPAaBHEHHUIO C ZUOAOM, TPAH3MCTOPOM
u T.11. UC sABasieTcAa KaueCTBEeHHO HOBRIM THIIOM Hpubopa.

Ilepeas — ezaaenas ocofennocmys HC Kak 3JeKTPOHHOrO npubo-
pPa COCTOHT B TOM, YTO OHA CAMOCTOATEJLHO BHITIOJHAET 3aKOHUYEH-
HYIO, 4aCTO BeChrMa CIAOKHYI0 GYHKIVIO, TOTAA KaK 3JIeMeHTapHbIe
3JIEKTPOHHbIEe NTPUOOPHI BHINIOJHAIOT aHANOTUYHYIO PYHKIMIO TOMb-
Ko B ancambie ¢ gpyrumu Komnosentamu. Hanpumep, orgensHbli
TPaH3KCTOP HE MOYKeT 00ecneunTsh yCUJIeHNe CUTHAMA WK 3alOMU-
HaHVe nHopmanuu. I 3TOro HY>XKHO U3 HECKOJBbKUX TPAH3UCTO-
POB, Pe3UCTOPOB ¥ APYTUX KOMIIOHEHTOB coOpaTs (CIasdATh) COOTBET-
CTBYIOIIYIO CXeMy. B MUKPO3JIeKTPOHUKE JKe YKazaHHble QyHKIMHU
BBITIOJIHSIIOTCA OOHUM NPrOOPOM — WHTErpajbHOMN CXeMOM: OHa MO-
JKeT ObITh yCHUAWUTeeM, 3allOMUHAIOIUM yCTPOHCTBOM K T.I.

Bmopoii gasxcroit ocobennocmyio HC siBisieTcsa TO, UTO HMOBBIIIIE-
HYe PYHKIHOHAJIBHON CJOXKHOCTH 3TOTO Ipubopa IO CPaBHEHUIO C
3JIEMEHTAPHBEIMY HE COIIPOBOXKAAETCA yXyAlleHueM KaKoro-nu6o u3
OCHOBHBIX TOKasaTeseil (HaJe>KHOCTb, CTOMMOCTH M T.I.). Bosee
TOrQ, BCE 3TH IOKA3aTeJy YJIy4IIaloTCH.

Ilockonsky rabapursl u Macca npocrsix u cpeguux MC 6nusku
K rabapuTam U Macce JUCKPETHBIX TPAaH3MCTOPOB, MOYKHO CUMTATh,
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YTO B IT€PBOM NPUOJIVXEHUY BBIVTPHIII IO 3TUM II0Ka3aTeJAM IpHu
mepexoje OT AUCKPETHBIX CXeM K WHTerpajbHBIM OIpeesdaeTcsa
CTEIIeHLI0 MHTETPAIlMY X MOXKEeT AOCTHTaTh COTEH M ThIcAu pasl.

TlockoabKy HafekKHOCTH PaboThI HOJYIPOBOAHUKOBOrO Npubopa
B anmapaTtype omnpejeseTca NpeXkje BCero KOJUUYECTBOM MNaAHBIX U
(B MeHblImeil creneHu) CBapHBIX coefuHeHuit, To MC, y xKoropnix
MEXKCOeqUHEHUA 3JeMEHTOB OCYIIECTBISAIOTCS IIyTeM MeTasliu3a-
nuu (T.e. 6e3 mailky ¥ cBapku), o6gafaioT 3aBegoMO IMOBBLIIIEHHOM
HaZe)KHOCTRIO II0 CPAaBHEHMIO C JVCKPETHBIMH CXeMaMH, BLINOJHA-
OIMUMY Ty ke pyHknuo. Ilo mepe yBenuveHus crenenu MHTerpa-
V¥ 3TOT BLIUTPHIII BO3pPacCTaerT.

Ilockonsky Bce anemenTsl VIC M3rorapauBaroTCs B €JUHOM TeX-
HOJIOTHYECKOM IIWKJIe, TO KOJMYECTBO TeXHOJOrUYECKHUX ONepaIui
110 UX H3TOTOBJICHUIO HEe HAMHOIO IIPEBLIIIAET KOJUYECTBO OIepa-
Ui 0 W3COTOBJIEHWIO OTAEJbHOTO TpaHaucropa. IlosTomy crom-
mocTh MIC npu Ipouux paBHBIX yCJIOBUSX O/JHM3Ka K CTOMMOCTH Of-
HOTO TPaH3UCTOpa. 3HAUUT, B 3aBHCHMOCTH OT CTeleHH HHTerpa-
muu (UM, TOuHee, OT IJIOTHOCTH YIAaKOBKHY), CTOMMOCTH OZHOTO
saementa FIC mo cpaBHEHUIO CO CTOMMOCTBIO aHAJIOTHYHOTO NUCK-
PeTHOr0 KOMIIOHEHTa MOXKeT ObITh B COTHU pas meHsbimne. Takoe ke
COOTHOLIIIEHMEe MMeeT MeCTO MexXAy croumocTsio YIC u crommocTrsio
aHaJIOTUYHOM CXeMbl, BHIIIOJIHEHHON HA JUCKPETHLIX KOMIIOHEHTAaX.

Tpemvsa ocoGernocmy HC COCTOUT B IPEATIOUTUATEIbHOCTH aKTUB-
HBIX 3JIEMEHTOB IIepel TaCCMBHBIMHM — TIPUHIUI, JUAMETPaIbHO
TIPOTHBONONOXKHBIA TOMY, KOTODBIY CBOMCTBEH JUCKPETHOI TPaH3H-
CTOPHOI TexHHKe. B mocieaneit aKTUBHBIE KOMIIOHEHThLI, OCOGEHHO
TPaH3UCTOPhI, Haubojee QOpoOrve, ¥ INOTOMY OINTHMH3ALMA CXEMBI
IIpY IPOYHUX PABHBIX YCJIOBUAX COCTOUT B YMEHBINEHUH KOJIHUECTBA
axTuBHBIX KomnoHeHTOB. B MIC geno obcrowTt mHaue: y HUX 3ajaHa
CTOHMMOCTDL HE 3JIEMEHTa, & KPUCTaJJIa; II03TOMY IeliecoobpasHo pas-
MeIaTh Ha KpHCTAJIIe KaK MOXKHO OOJIbIIE 3JIeMEHTOB C MHHHMAJIE-
HOM IIomansio. MUHUMAaNbHYIO IIJIOMIAAb UMEIOT aKTUBHbIE 3JIEMEH-
TH — TPaAH3UCTOPHI ¥ AUOABI, 2 MAKCUMAaIbpHYI0 — mnaccuBHslie. Cie-
posarensHo, ontuMaiabHasg VIC — sto HIC, y KOTOpO#t cBemeHBI K
MUHUMYMY KOJIHMYECTBO ¥ HOMMHAJbLI PE3VICTOPOB ¥, 0CO0EHHO, KOH-
JeHCaTOpOB.

1 TouHmBlil BEIUrphIN B rabaputax M mMacce TPyAHO OIEHHTh TEOPETHYECKHM pacie-
TOM, TaK Kak IC uMeIOT Apyrue TUIODasMepsl KOPIYCOB 1 GoJbillee YHCIO BEIBO-
OB, UeM dJeMeHTapHBle KOMIIOHEHTHI.
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Yemseepmas ocobernocmy HC cpA3aHa ¢ TeM, ¥TO CMeXKHbIe 3JIe-
MEeHTBI PACIOJIOKEeHBI IPYT OT APYTa Ha PACCTOSHUW, N3MEPAEMOM B
MKM WJIH Joaax MEM. Ha TakuMX MajeIX PacCCTOAHUAX pasjiAyme
3JIeKTPO(H3UUECKKUX CBOMCTB MaTepuala MajoBepOsiTHO, a CaeJoBa-
TeJIbHO, MAaJIOBEPOsiTeH K 3HAUUTEJbHBIN Dasbpoc mapaMeTpoB y
CMe>KHBIX 31eMeHTOB. VIHaue roBopsi, napaMeTpPb! CMeXKHBIX 3JIeMeH-
TOB B3aMMOCBA3aHBRl — KOPPEJHPOBAHBI. JTa KOPPENAIUA COXPaHA-
eTcd ¥ IIPY M3MEHEHHW TeMIIePaTypPhl: ¥ CMEe)KHBIX 3JIEMEHTOB TeM-
nepaTypHeie KO3(ppumueHTsl TapaMeTPOB IPAKTAUYECKH OQUHAKOBbI.
Koppensius Mmeskay IapaMeTpaMy CMe)KHBIX 3JIEMEHTOB HCIIOJb3Y-
eTcd NIPH IpoeKTUPOoBaHMU HeKoTopsix VIC ¢ messio CHUBHUTHL BIMA-
Hue pas3bpoca mapaMeTpPOB ¥ H3MEHEHWI TeMIIepaTyphl.

T'n6punusie VIC Toske mpeacraBiaoT coboit TUN 3J€KTPOHHBIX
npubopoB. OxHaxko HaaWYrWe HABECHLIX KOMIIOHEHTOB HeJiaeT uX Me-
Hee cnenubuuneiMu, uYeMm noxnynpoBogHmKoBsie MC. Ocraerca B
cuie ¢dyHRZaMeHTassHad uepra Bcakodr HMC — dyHKiuoHaNbHAA
CIOXKHOCTEL IpubOopa, YTO, KAK M NPH HCIOIL30BAHUY IOGJIYIIPOBOA-
HukoBpix MC, KaueCTBeHHO MeHSAET CTPYKTYPY 3JEeKTPOHHOM anma-
parypsl. Cnenmuduroit ['MC xak npuGopa MOryT O6bITh 160 BRICOKKE
HOMWHAJIbI PE3HCTOPOB U KOHJAEHCATOPOB, HEZOCTM)KWMEbIE B IIOJIY-
npoeoaHukoseix MIC, 1160 NMpei3MOHHOCT: PEe3UCTOpoB, aubo, Ha-
KOHeIl, NOBbIMIeHHAaA QYHKIoHaIbHaA ¢a0KHOCTs. ['IC — 3T0 rub-
Kuil, gelleBslii, OnepaTUBHO nNpoeKTupyemslit Tun MIC, xopoiro npu-
Ccrnoco0JIeHHBIN K PeLUeHHIO0 CIeHaIbHLIX, YaCTHBIX 3agad.

1.4, Kparkuii ucropuueckuii 0630p

Wcroprusa MUKDO3JNEKTPOHUKYU -— YACTh UCTOPUK TEXHUYECKOro
nporpecca HOCJAeQHUX JieT. YUaCTHWUKK ee — B IIEPBYIO OuYepensb
TBOpYeCKHe paGOTHHKY — yueHble, uaobpeTaresm 1 HHXKEHEDHI.
PesynbsraTsl padsuTHA MHKDO3JIeKTPOHNKY B 3HAUHTEILHOM CTeme-
HY YBEJVUYWIN BOZMOKHOCTY HAYKV U TeXHUKYW, YCKOPUIYU MHOTHE
NIPOLIECCHI, CBA3AHHBLIE C HAYUHLIMY KCCJIEZOBAHUAMYU U paspabor-
KO¥ HOBBIX BBICOKUX TE€XHONOTHH, CYILIECTBEHHO HMOBBICUJIY IIPOM3-
BOAUTEJBHOCTs TPYAA BO MHOTHX OTDACHAX IIPOMBIIILIEHHOCTH,
aHTACTHUECKH PACIIIMPUIN BO3MOMKHOCTH MH(DPOPMAIMOHHBIX CHC-
TeM M OKa3aJjiy CePhe3HOe BAMAHVE Ha INPOTPect Pa3BUTH UeloBe-
yecTea B lienioMm. MHorza wcmosp3yeTcsd gaske HOBOe HA3BaHWE CO-
BPEeMEHHOI0 IIeproja MCTOPHH UejioBeyecTBa -—— BEK HH(popMarusa-
MM, ¥ B 3TOM TOK€ OTPOMHBIN BKJIaJ MHUKDO3JIEKTDOHHKU.
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ITepsvim CTApPTOBBIM LIArOM K MUKPO3JIEKTPOHUKE, HECOMHEHHO,
OblJl IIepexof OT 3JIeKTPOHHBIX BaKYYMHbBIX JIaMII, B KOTOPBHIX HPU-
MEHAJCA NPAHIUI YIPaBJIeHUA SJIeKTPOHHBIMY OTOKaMY B BaKyy-
Me, K TBePAOTeJIbHBIM Npubopam, Irie UCIONAb30BANOCH YIPABIeHHE
ABI)KeHMeM IOABM)KHBIX HOCHUTeNel B MONYNIPOBOJHUKeE, JTOT IIar
Obi1 cenan B gaboparopuu Bell Telephone Laboratories B 1948 r.
¥ 3aKJI0YajIicad B M300peTeHWH TPaH3UCTOpA.

KoukypeHnusa MeXAy BaKyyMHBIMY 3JIEKTPOHHBIMU JIaMIIaM¥ U
TPaH3UCTOPAMH CONPOBOMKAAach OypHbsiMu febaTaMu cpexu crenu-
JINCTOB H, B NEPBYIO ouepefb, CBA3aHa C GOJBINMM KOJHUYECTBOM
YCIIeIIIHO AeHCTBYIOIEH 3JIeKTPOHHOM anmaparyphl, TJIABHBIM 3Je-
MEHTOM KOTOpo# ObLia 3jeKTpoHHas jamna. IIpousBoicTBeHHBIH
IIUKJ TAKOM anmapaTypsbl ObIJ XOPOILO OTJaXKeH M OHA IIPHHOCHIIA
6oabiuyio npubsiias npoussogureaaM. Emne 1Be OCHOBHBIE IPUYMHBL
cnocobeTroBany 3ToMy. IJ1aBHasA 3akjamouallach B HeCOBePIIIEHCTBE
TeXHOJOTHH H3TOTOBJIEHNSA TPaH3KUCTOPOB, NMPUBOJAINe K HecTabu-
JIBHOCTH XapaKTepucTHK Ipubopa, HeJOCTATOYHOH eTo Hafe KHOCTH
¥ BBICOKO# cTOMMOCTH. [[pyras cBsizaHa ¢ HeIpUATHEM HOBOTO IIPH-
f6opa GOABIINHCTEOM CHEI[HMAJIVCTOB, BOCIUTAHHBIX HA IPDUMEHeHUH
B 3JIEKTPOHUKEe BaKyyMHbIX jamIl. HegocTaTku Iepsbix o0pa3iioB
TPaH3HUCTOPOB YKPEIJIAIN YBePeHHOCTH PaJUONHXEeHEePOB B NIPABU-
JBHOCTH MX COMHEHHH OTHOCHTEJNbHO TPaH3KCTOPOB.

IlepBble TPaH3UCTOPHI GHLIN TOUEUHBLIMHU U, B JONOJHEHUE K YKa-
3aHHBIM BbIIlle HEZOCTATKaMm, 00jafaly BHICOKMM YDOBHEM IIYMOB.
MarepuaJjoM AJjisi ©X U3TOTOBJIEHUsI ObLI, B IIEPBYIO OuUepexb, repma-
Huit. [lepexox OT TOUEUHBHIX TPAH3UCTOPOB K IIJIOCKOCTHBHIM IO Bpe-
MeHY COBIIAJI C IIEPEeXCAOM OT I'epMaHNA K KPeMHHUIO K OBLI OCyIIeCT-
Bied B 1953 r. na dupme Texas Instrument Incorporation. Kpem-
HUIEBBLIM TPAHBUCTODP C BBIPAKEHHBIMU p—7-IePeXOfaMy TIO3BOJIHI
yBeJIMUMTL MOINHOCTE TpaH3ucTopa. IlosgHee mpomecc u3rorosie-
HUSI TPaH3UCTOpAa, OCHOBAHHBIN Ha guddysuu, MO3BOIUI HAIATUTH
TPYIINOBOE IPOU3BOLCTBO TPAH3UCTOPOR, YTO HEMEJIEHHO CKa3aloch
Ha yMeHbIIIeHWH CTOMMOCTH 3TuX npubopos. B 1956 r. Tpem amepu-
kanckuM yvuensivM, Iloxknu, Bapguny u Bparreiiny, Oblia IpHCY:K-
nena HobeneBckasa npemus 1o GuU3uKe 3a KUCCJIeNOBAHUSA IOJIYIPO-
BOZHHUKOB ¥ OTKPBITHE TPaH3ucTopHOro sddekra. K aToMy Bpemenu
ysKe CTaJIo ACHO, YTO BO MHOIMX OTDPACisAX IPUMeHEeHWe TPaH3UCTO-
POB CHJIBHO TIOTECHUT HJIM HaXKe 3aMEHUT 3JeKTPOHHYIO JIaMILy.

Bmopoit — pemnawoliui mar — HOsABJCHNIE HHTEIDATLHBIX CXEM.
Ilepsaa wnTerpansHaa (bunosnspHaa) cxeMma Opla H3TOTOBIEHA B
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1961 r. na ¢pupme Fairchild Semiconductor u npeacrasisiia coboit
TPUTITED, COCTOAIUI U3 YeThIPeX GUIONAPHKX TPaH3UCTOPOB U ZBYX
pesucTopoB. Yoke B 1963 r. dupmoit RCA Onina BrimyIeHa IepBas
MOIl wunTerpajipHas JOTHYeCKas CcXeMa, B KoTopod Ovwio 16
MOII-Trpan3ucTopoB. DBHICTPOMY pacnpoCTpPaHEHUIO HHTErpajbHbIX
CX€eM CIocofCTBOBaa X0Opouio orpaboranHas TexHosorudeckas 6asa
NIpYU IPYIIIOBOM IIPOU3BOACTBE TPaH3UCTOPOB.

Takum ob6paszom, ¢ MOMeHTa N300peTeHNA TPAH3UCTOPA J0 HU3TO-
TOBJIEHU IE€PBbLIX MHTErpalbHBIX CXeM, IIOCTYNHUBIIUX Ha PHIHOK,
npouwao 4yTk 6osee 10 et u ganee mociaefoBasio oueHbL GhICTpOE
Pas3BuUTHE MUKPOJJIEKTPOHHUKH.

B nauane cBoero nyTu TpaH3UCTOPHI IPUMEHAINUCH, IMIABHBIM 00-
pas3oM, A5 BOGHHHIX IeJIedl, TAK K€ KaK, BIIPOYeM, ¥ IIPeJIIecTBO-
BaBIIIYie UM 3JIEKTPOHHEBIE JIaMIbl, ¥ HOCHEAYIOI[He 38 HUMH HHTEr-
pajbHbie cXxeMbl. KpoMe TOro, oH¥ CrocoGCTBOBANY Pa3BUTHIO TEX-
HUKY paguoBeljaH¥s ¥ TeJeBUAeHWs, & BIOCJHEJCTBHH H
KOMIILIOTEDHON TEXHWKU y)Ke AJsi Oojlee MIUPOKOTO IPHMEHEHM .

Beuio 6vl, 0gHAaKO, COBEpIIIEHHO HENPaBWIBHBIM OTAATh IOJHO-
CTBIO TIPUOPHUTET TEXHOJOTHY B MUKDPO3JIEKTPOHUKE, XOTs, HECOMHEH-
HO, UMEHHO B TEXHOJIOTMH OBLIO 3aHATO HamboJblIlee KOJIUIECTBO CO-
TPYAHUKOB ¥ BJIOXKeHp! HawboJsImue kanurtaisi. Ha camom gese mo-
HUMaHue (UIMYeCKUX IPOIECCOB B 3JeKTPOHMKE HAYMHAJOCH C
dbyHOaMeHTaIpHBIX PaboT IPOIIIOrO BeKa, BBHINOJHEHHBIX TAKKMU
u3BeCTHRIMM VueHpiMu Kak Papaneit u Makcpenn B obsacty sKcme-
PHMEHTa ¥ TeOPpHH 3JeKTpruyecTBa X MarHetusma; I[lonoe u Maprouu
TIO Iepefaue CUTHaJIOB ueped athup; PneMuHr, NOMYIHBLUINIT B HAUAJIe
HAIlero BeKa MaTeHT Ha 3JIEKTPOHHYIO JIaMITly, ¥ IOCJeJyIOINero Imu-
POKOr0 Pa3BUTHSA CBA3Y, PANVOBEINAHW ¥ TejeBuAeHus. Bee atu pa-
GOTHI MOATOTOBIIIN IIOABJIEHVIE HOBBIX OTDACJEH IIPOMBIIIIEHHOCTH U
PLIHKOB CObiTa AJIA IPOAYKTOB ee IPOU3BOACTBA.

[na moruMaHUA ¥ Pa3BUTHUA pabor B obnacTu pHUSHKM TBEPAOTO
TeJIa MCKJIOUUTEILHYIO POJib Chirpasu ucciaepoBanua Maxca Ilnan-
Ka, onybanxosaBmero B 1906 r. kBaHTOBYI0 rumnoTesy, OGBLACHIB-
IIYIO0 TIOBEJEHUE 3JICKTPOHOB B TBEPAOM TeJse. [JId KOJM4YeCcTBEHHOro
O0'BACHEHUsS 3TOTO ’Ke SBJEHUS IIOCTY KMJIO KBAHTOBO-MeXaHWUe-
ckoe ypasHenue 9. Illpegunrepa, KoTopoe O6b1JI0 UM ONyOIMKOBAHO B
1926 r. Taxum o6pas3omM, TeopeTUUECKOe NIOHUMAHYE 3JIeKTPUIECKUX
SIBJIEHU# M TIPOI[eCCOB B NOJYIIPOBOAHWKAX IPEAIIIECTBOBAJIO KOHK-
peTHOMY INPHMEHEeHHIO 3TUX IIPOIECCOB, BOILJIOIIEHHLIX B NIPUOODEHI B
BYle MHTErPaJbHBIX CXEM.
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1.5. 3akiaodenue

Ilepssie sTans! pasBuUTUA MHUKPO3JEKTPOHUKU ObLIM XapakKTep-
HBI TJIaBHBIM o0pazom mporpeccoM B ob6sactu Texsoaoruu MC. Ha
9TUX STalax COBEPLISHCTBOBAJNMNCH METOAbLI U3OJANUH 3JIEMEHTOB,
MeTOALI IIOBBIIIIEHUA CTEIIeHU HHTerpaiuy, Crocofbl MOHTaXKa Ha-
BeCHBIX KOMIIOHEHTOB ¥ T.NI. UTO KacaeTcs CXeMOTeXHuKH (T.e.
KOHOUIypala CxeMm, NOAJIe)KalldX HHTEerpamuyu), TO Ha IepBLIX
Iopax OHa 3auMCTBOBaJach U3 apceHasla JUCKPETHOM TPaH3UCTOp-
HOM 3JIEKTPOHUKH,

OgHaKO BCKOpE CTaJo sICHO, YTO KAaUueCTBEHHO HOBOM TEXHOJIOTH-
YyecKOH peanuzaiuyu, cBoicTBeHHO#M YIC, HOJPKHBEL COOTBETCTBOBATH
ajleKBaTHbIe CXeMHEIe pemeHusd. [lajeko He Bce CXeMbl, CUUTABIIN-
ecs TUIWYHBIMYU B JUCKPETHON TPAaH3UCTOPHOM 3JEKTPOHUKE, OKa-
3aJIUCh IPHEMJIEMBIMY B MUKpPO3JIeKTporuKe. ¥ Haobopor, Muorue
CXeMbl, KOTOPbIe B QUCKPETHON TPaH3UCTODHOH 3JIEKTPOHHUKE CUM-
TaJNCh «3K30THUYECKMMU» U HE HMMeJNU INUPOKOro paclpocTpaHe-
HYfA, B MHKPO3JIEKTPOHUKE OKAa3aJuCh IIPUEMJIeMBIMY ¥ HJa'Ke OI-
TumansHEbIMHU, [TosTOoMy cxemorexnuka MIC oTHIOOL He COBHAjaeT ¢
OGBIYHOH TPAH3UCTOPHOM CXeMOTeXHUKOM.

B mnpomecce pasBUTHA MWUKPOIJIEKTPOHUKH HOABHUJIOCH HEMAaJo
crermubpuyeckux saemeHTOB VIC, KOTOphle He MMEWOT aHAJOrOB B
TPaH3HUCTOPHOM CXEeMOTEeXHWKe ¥ He BBINYCKAIOTCSA B KauyecTBe JU-
CKPETHBIX NOJYNPOBOJHUKOBLIX NPUGOPOB (HapuMep, MHOTO3MUT-
TepHBII TPAH3UCTOP, IPHUOOPHI C 3apsAOBOH CBA3bLIO U Ap.). MHTer-
PajibHBIE CXEeMBbI, B KOTOPBIX MCIOJIL3YIOTCS TaKkue crernuduyecKue
3JIEMEHTHI, He MOryT ObITh gake IPOMOZENVPOBAHBI HA QUCKPET-
HBIX KOMIIOHEHTaX.

Bce cxazanHOe rOBOPUT O TOM, YTO MUKPO3JEKTPOHUKA KaK 00-
JIaCTh HAYKU M TeXHUKY HYU B KOeM CJIydae He CBOSUTCA K TEXHOJIO-
ruu FMC. Osa unTerpupyer B cebe Tpu papHO3HAYHBIX acmeKTa: Qu-
3uvecKuil, mexHonozZULeCKUll u cxemomexHuyecKkuil. 3HaHUe ITUX
TpeX acIeKTOB MWKPO3JIEKTPOHHWKM II03BoJjseT paspaborumky HIC
TpPe3BO OI[EHVWBAaTh KaK HOBEIE BapHMAaHTHI 3J€MEHTHOH 0a3bl Wiy
CXeMHBIX peIueHu (C TOUKY 3peHUs UX TeXHOJOTHYEeCKOH peannsa-
I[H), TAK ¥ HOBbIE€ BaPMAHTHI TEXHOJOTMUYECKUX IIPOLECCOB (C TOU-
KM 3peHUd UX IIPUTOAHOCTH A pealu3aliyl JaHHLIX 3JeMEHTOB U
JaHHBIX CXE€M).
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ROHTpOJIbeIe BOIIPOCHI

1. Yro Takoe uHTerpassbHas cxema?

2. B yem cOCTOAT OCHOBHbIE IPEHMYIECTBA IPUOOPOB, BHINOJIHEH-
HHX Ha HC, mo cpaBHeHuMIO ¢ npubopamy, BHINOJHEHHBIMHY Ha
OUCKPETHBIX cxemax?

3. IloAacHuUTE CMBICT NOHATHA ¢« MEKPO3JIEKTPOHUKA».
4. Natite knaccuduxamuio KC.

5. Kaxkue CclI0’XKHOCTH BO3HUKAIOT IIPH IPUMEHEHHUH IOJYIPOBOJ-
HuKoBbIx VIC?

6. YTo Taxoe cosmerennan MC?
7. Rak xapakTepusyeTcsa GyHKIIHOHaMbHaA CIOKHOCTh YIC?
8. Kak xapaKTepu3yIOT ypPOBEHb TeXHOJIOTHHY u3roTopienusa MC?
9. Naitre onpenesenye moHATAA «OunoasipHasa MC».
10. NaiiTe onpegenenue MIII VIC,
11. Yo Takoe rubpugras UC?
12. Kaxum ob6pasom B YUC gocTuraercs BricOKas HaZEKHOCTE?

13. KaxoBbl 0COGEHHOCTH CXEMOTEXHUUECKUX PEIIeHUuH B MHUKPO-
3JIEKTPOHUKe?

14. YTo HaseIBalOT QYHKIMOHAIBHOMH clnoXKHOCThI0 IC?

15. Ilepeuncaure TpH I'VIaBHLIX ACIEKTa PasBUTHUA MUKPO3JIEKTpPO-
HUKHW ¥ IIOKAYXUTEe CBI3b MEXKAY HAMH.

16. B uem CyIIHOCTH IPYNIIOBOTO METOAA IPOA3BOACTBA?

17. Yo gocTHraeTcsa yBeluueHHEeM paszMepa KPHCTaJIa ¥ HJIACTH-
HBI?

18. B ueMm 3akJa0YaOTCA HEJOCTATKY IIAHAPHOK TeXHOaornu?



Fnosa 2 - - -
NonynpoBogHWKN

2.1. Beepenue

B nepsom npubIMiKeHUM INOJYIPOBOZHUKK BBLIAEJIAIOT U3 ADPY-
TrUX BeIeCTB [0 3HAYEeHUI0 YAEJLHOTO 3JIEKTPUYECKOT0 CONPOTHUB-
neaus p. CunuTaoT, YTO yAeNbHOE CONPOTHUBJICHNE META/JIOB MeHee
107 OmM - cM, TOSTYIIPOBOAHKKOB — B guanasoHe oT 1078 no 109 Om -cm,
BM3JIeKTPUKOB — Gomee 1010 Om-cm. Takas UMCTO KOJMUECTBEH-
Has kJaccudHuKaIus BeCbMa yCJIOBHA, 0COOEHHO MPUMEHHUTENLHO K
TIOJYIIPOBOSHUKAM ¥ AU3JIEKTPHUKAaM, MEXIY KOTOPBIMH IO CyIIe-
CTBY HeT NPYHIUNUAILHEIX pasiauumit. ITo Kacaercsa NONynpoBOj-
HUKOB ¥ METaJIJIOB, TO TJIaBHOE Pasjuyve MeXKAY HUMHU 3aKJII0UaeT-
Cs1 B TOM, YTO Y METAJJIOB YAEJbHOE COIIPOTHBJIEHVE BO3DPACTAET C
POCTOM TeMIEepaTypsl, & y MOJYIPOBOAHUKOB — Iajaer.

¥z upcia NoJynpOBOZHUKOB Haubojee NOAXONSIIUM [Jjisi M3TO-
TOBJIEHH A UHTErpajbHBIX CXeM oKasaicsa Kpemuuil, OH GvICTPO BbI-
TecHu1 repmanuii. IloaTomy Hmke B GOJIBINMHCTBE IPUMEPOB M HJI-
nocTpanuax OyAyT HCIONL3OBATHCA 3JIEKTPOGUIHMUECKIe ITapaMerT-
pel KpemHuA. B mociesnee Bpemsi Bce Gosmbimee konmumuectso MC
HM3TOTABIUBAETC U3 apCeHuja rajliud.

2.2, Crpykrypa NOJYNPOBOXHHKOB

ITnomans coppemennsrx VIC mopagka 10-500 mm?, naomany ux
3/IeMeHTOB Topagka 1072-107% mm?2, a nuHeitHbIe pa3Mepsl OTAENb-
HbIX 3JIeKTPOROB foxozAaT fo 0,1 MrM. fcHO, ¥TO B IIpefesiaXx TaKMUX
IJI0maedl ¥ PacCTOAHUH UCXOLHAA IOJYyHIPOBOAHUKOBAA IIJIaCTHHA
NO/KHA OBITE HOCTATOYHO ONHOPOAHOHM ¥ 00JagaTh KOHTPOJIHpYe-
MbIMU CBoicTBamMu. Eciau ke mMeroTcsa gedeKTbl U HEOZHOPOIHO-
CTH, TO OHH HOJDKHBI ObITH JIOKAJM30BaHBI M MX JOKHO OBITH HO-
crarouno mano. Torga B Opak yHgeT OrpaHUuYeHHOE KOJHYECTBO
HC, xoTophle OKazaauCh PaCHOJIOKEHHBIMY Ha 3TUX AedeKTHHIX
yyacTrax. IlosToMy OZHOPOAHOCTH U Oe3ZeeKTHOCTH IOJAYyIIPOBOJ-
HYUKOB B MHUKPO3JIeKTPOHUKE yJejsieTcd BecbMa 0OJIsIIOe BHUMA-
Hue.
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Kpucrannmueckaa pemerka. IIonynpoBogHuKYM, Kak IIpaBu-
JIO, — TBepAble Teja C PEryAspHO¥ KPUCTAJJIUYECKON CTPYKTY-
poil — MmoHOKpucmanavi. IX KpuUcTaaIudyecKas pelIeTKa COCTOUT
U3 MHOXKECTBA NOBTODPAIOIUXCA U IIPHU-
MBIKAIOIIUX JPYT K APYTY 3Jemenmap-
HblX AYeeK TOM WY MHOHM GHOPMBI U pas-
mepa. B cayuae mpocreitineit Kyoumue-
7 ckoit pemnterku (Ge, NaCl u gp.) pebpo

3JIeMeHTapHOH sueiikm — Kyba — eCTs
nocmoannas pewemrxu a (0,4—0,6 um).
Kybuueckas pewemrxa muna aamasa
(Si, Ge) cocrour u3 Terpasapoe (puc.
2.1); paccroaHVe MEXAY CMEXHBIMHU
Puc. 2.1. CTtpykrypa Kpuctan- 910MaM# OKOJO 0,25 um.
JHAYEeCKOU peLIeTKH THIIa CBsA3s aToMOB B KPHCTAJIUUECKOH
anmasa pellleTKe KPEeMHUs ¥ piAga APYTHUX IIO-
JYIPOBOAHUKOB 00yCJOBIeHa crenudu-
yecKUMY OOMEHHBIMY CHJIaMV, BO3HUKAIOIIUMH B pe3yJbTaTe IIO-
NapHOro o0beaVHEeHUd BAJEHTHHIX 3JIEKTPOHOB y CMEXKHBEIX aro-
moB. Takas cBsa3p (IIpU KOTOPO¥ Ka’KABIH M3 aTOMOB OCTaeTCA
HeNUTpaJbHBIM) HA3bIBAETCS KOBALEHMHOU UIY IPOCTO 6GAEHMHOLL.

Perynsapuocts (I1epHMOZMYHOCTE) CTPYKTYPHI KPUCTAJLIa IIPHUBO-
OUT K 3aBUCHMOCTH €r0 CBOMCTB OT HATPABJIEHUS B KPUCTAJJINUE-
CKOi1 pelnteTke — K arusomponuu. OuneHuBaThH Haﬁpanne}me, T.€.
«OPHEHTHUPOBATLCA» B KPUCTANJINYECKOH pelleTKe IIPHUHATO ¢ IOMO-
IILI0 KPUCMALL0ZPAPULECKUX NAOCKOCMell. ITH TLIOCKOCTH 0603Ha-
YaloT Tpex3HauHbIMU uHdexcamu Muananepa. Ana ob6o3nauenunsa uH-
Jekcrl Muiiepa 3akam04aloT B KpyTisie ckobku: (111), (100) u T.11.

IIponcxoxpeHue uEAekcos Muijgepa nokasaHo Ha puc. 2.2, @ npuMe-
HUTEJIBHO K mpocTeillle#li KyOudueckoil pemeTrke. OTpe3xku, OTCeKaeMbie
JAHHOX IJIOCKOCTHIO HA OCAX KOODAWHAT, M3MEDPAIOT B eAUHUIAX NOCTORAH-
HO# pelleTKH: X = la, y = ma, 2 = na, rae [, m, n — 1eJjble Yuciaa. 3aTeM
ofpaTHbpIe BeauuuHb [ , m™!, n”! npusoaaT x o6mEMy HavMeHbIIIeMy 3Ha-
MeHAaTeJ10 ¥ 3HAaMeHAaTeJ b oTOPACHEIBAIOT; TOTJA YMCJIUTENN 00pasylT HH-
aexcsl Munnepa And JAHHON IJIOCKOCTH.

3aMeTdM, YTO K&KAOH KPHUCTAIJIOrpadpuIecKol TMJIOCKOCTH
CBOMCTBEHHA CBOA ILUIOTHOCTH ATOMOB Ha eJUHHUIY Iomazu. Ha-
IIpHUMep, eCJIU «IIOCMOTPeTh» Ha KPHUCTANN ¢ KyOMUeCKOt pelmeTKo i
epneHAuKyAApHOo naockocTaM (100), (110) u (111), To pacmono-
JKeHue aTOMOB B IIOjJle 3peHUA OygeT Takum, KaK INOKa3aHo Ha
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Pac. 2.2. KpucrayuorpagpudecKkue IUIOCKOCTH: @ — IPOUCXOKAEHNE WHIEKCOB

Mutepa; 6 — pacmosioKeHHe ATOMOB B KpHCTALIOrpaduvecKHX ILIOCKOCTAX

puc. 2.2, 6 (gj1s ACHOCTH y3JIOBbIe aTOMbI IIpOHyMepoBaHsi). Hau-
GoJsrpIllasi IJIOTHOCTH aTOMOB COOTBETCTBYET miockocTHu (111), nau-
MeHpImas — maockocru (100). ¥V kpemuua mnockoers (111) asmas-
eTCA NJAOCKOCMbIO CnailHocmu: Mo Hed, KaK IPaBUJIO, pacIpocTpa-
HAIOTCA TPEIUHb] ¥ IIPOVCXOAUT pacKalbiBaHWe KpHUCTaJia.

I pasHbIX KpUCTANIOTPaduuecKUX IJIOCKOCTEH OKa3bIBAIOTCA
Pas3HLIMY MHOTHIE CBOMCTBA M IapaMeTphbl KPUCTAJIA: ONTHYECKYE
CBOMCTBAa, CKOPOCTH TpaBneHud u Ap. IlosToMy HIacTHUHBI AJIA U3T0-
topnenus VIC maudyoT TOUHO 110 3apaHee 3aJaHHOI KPUCTAJIOrPa-
(puuecKoif ILTOCKOCTH.

Hcexakenna xpucraummyeckoid pemerkn. CTpyKTypa Kpucrai-
Jla HUKOTrJa He ObiBaeT MaealbHa — HU B o0'beMe, HU TeMm Gosee Ha
IIOBEPXHOCTH. Beerga uMeloTcs feeKThI PelleTKH U JUCIOKAINH,

HetexTsl pelreTKN MOTYT MMETH BHUJ HyCTOro yana (fepexm no
LIlommxu) uau COBOKYIHOCTH IYCTOTO Y3Ja M MEXKAYY3eJIbHOTO
aTroma (Oegpexm no Ppenxenio). ITo — nedeKTs TOUEUHOrO THUIIA
(puc. 2.3, a, 0).

Puc. 2.3. ToueuHnle AedeKTH KPUCTAJUIMYECKOH pPEUIeTKH: 4 — JedeKT
mo IHorTin; 6 — zederT no PpeHKeNIO; 6 — NpUMECHBE HedeKThI
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JIx000it peanbHBIN HMOJMYIPOBOAHUK COAEPIKUT IpuUMecH — Judo
TapasuTHbIe, OT KOTOPBHIX He yjgaercs u3baBUTHCS IPHU OUYUCTKeE,
nubo ToJe3HbIEe, KOTOPhHIE BBOJSATCS CHENUANBLHO AJIS IOJNYIeHUA
HY>XHBIX CBOMCTB KpucTtania. Kaxariit mpumecHslil (T.e. 4y Kepoa-
HBII) aTOM PaBHOCWUJIEH TOUeUHOMY fedeKTy peireTxku. [IpumecHnIe
aTomsl (puc. 2.3, 8) MOryT pacHnoJiararscs Jubo B MeXKAYY3MUAX pe-
meTKu (npumecv éHedpenus — 1), mubo B caMux y3jlax — BMECTO
OCHOBHBIX aTOMOB (npumece 3amewerus — 2). Ilocneguuit BapuanT
00Jlee pacIpOCTPaHEeH.

Oucnoxkanuy, T.e. CMEIEHUs IIJIOCKOCTe pelleTKy, GLIBAIOT JAuU-
Hellnbie (Kpaessie) U unmoguie (ciupanbHble). IlepBble — pes3yiib-
TaT HEeHOJHOro (He IO BCcel riIyOuHe) CABUra PeIleTKM: NOABIAETCA
He3aKOHYEeHHas IOJYIIOCKOCTH, aTomMoB (puc. 2.4, a). Broprie —
pe3yJabTaT IOJHOTO (10 Bceil riybuHe) cABUra HEKOTOPOTO y4acTKa
pewretku (puc. 2.4, 6).

) ——
]
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(% ——
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i ,
L

Prc. 2.4. Juciokanuu B KPUCTA/UINYECKOH pelleTKe:
a — JauseHHBIe, 0 — BHHTOBEIE

Hanunuwe gucnokamnuit npusoauT K gecexram MC. ITosToMy Ko-
JIMYECTBO AUCJOKANMI HA NJACTUHE HMOJYIIPOBOAHUKA OrpaHUYMBA-
IOT.

IIpenenbusiMm cnydaeM OGeCHOpAAOUHBIX AUCJIOKAOUHM MOXKHO
CUHUTATh NOJAUKPUCMANLL, COCTOSAINUN U3 MHOKECTBA MOHOKPHCTAJ-
JNYECKUX 3epeH (MHUKPOKPHUCTAJIOB) C pa3HOI OpUeHTaIuell, TeCHO
NpUMBIKAIOINUX APYT K APyry. B nosuxpucrasiax oTCyTCTBYET pe-
TYJAPHOCTH CTPYKTYPHI ¥ CBOMCTBEHHAsA el aHU30TPONUA CBOMCTB.

TIoaToMy MOJMKPUCTA/LNLI He CTal¥ OCHOBOI A Haubojee OT-
BETCTBEHHBIX — aKTUBHBIX 3JeMeHTOB MIC ¥ UrpaoT B MUKDPO3JIEKT-
POHHMIKE BCIIOMOTAaTeNbHYIO POJib.

Kpome monumkpucrannnuyecKux (3epHHUCTHIX) TBEpPABLIX TeJ, Cy-
ILIECTBYIOT AMOP(HblE, T.€. COBePIIeHHO OJHOPOZHRIE, 6ECCTPYKTYD-
Hple. M3-3a NI0X0H BOCIPOM3BOZUMOCTH U CTaOUJIBHOCTH CBOMCTB
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amopHbIe NMOJYIPOBOAHUKY HA IPAKTUKE HAXOAAT JUIIbL Y3KOCIIe-
nyajbHOEe IpUMeHeHYe.

Ilomumo pucaOKanuit, B IJACTUHAX IIOJYyIPOBOAHUKA MMEIOT
MeCTO MaKpOCKONHUecKye AedeKThl: MUKPOTPEIUHbI, IOPLI (11y3hI-
pPbKH) u T.I. Bce 3TO — IOTeHI#a IbHble IpuduHb 6paka B VIC.

IoBepxHOCTH KpHCTAJLIA. Y ATOMOB, PACIOJIO’KeHHBIX Ha TTOBED-
XHOCTH KPHUCTaJ/1a, YaCTh KOBAJEHTHBIX CBsA3€H Heu3be)XxHO Hapy-
11aeTcA #3-3a OTCYTCTBUA «COcejeil» IO APYTYIO CTOPOHY IPaHUIILI
paszena. KoimuecTBO HapylIeHHBIX CBA3eH 3aBUCUT OT KPHUCTAJ-
norpadu4ecKoyl opHMeHTan Uy IoBepxHocTHu. Hanpumep, ana KpeMm-
Hus B mockocTy (111) okasniBaercs 000pBaHHOH OfHA U3 UETHIPEX
cBaseit, a B mnockoctu (100) — ase (puc. 2.5).

urn 100y

aj 5)

Prc. 2.5. HapymuieEne KOBaJIeHTHBIX cBsi3eil Ha NOBEPXHOCTU KpPUCTAJLJIA:
a — B miaockoctu (100), 6 — B mnockoctu (111)

Hapymenue KOBaJIGHTHBIX CBsI3eil BiedeT 3a coboil HapylleHue
9HEepreTUYECKOI'0 PaBHOBECHs HA MOBepxHOCcTH. PaBHOBECHe BOCCTAa-
HaBJIUBaeTcAd Pa3HBIMU IYyTAMU: MOXKET M3MEHUTHCA PACCTOAHUE
MEKAY aToMaM¥ B IIPUIIOBEPXHOCTHOM CJIOe, T.e. CTPYKTypa 3JIe-
MEHTapHBIX fAYeeK KPUCTAJJa; MOXKeT IPOM3ONTH 3axBaT — adcop-
6yus — YyKepoOZHBIX aTOMOB K3 OKpYskaioiell cpelbl, KOTOpHIe
TIOJHOCTHI0 MIJIM YaCTUYHO BOCCTAHOBAT OOOpBaHHEIE CBSA3H; MOXKET
06pasoBaTeCia XMMHUECKOe coefuHeHue (HAIpuMep, OKHCeN), He
uMelolee He3allOJHEHHBIX CBsI3eH Ha HMOBEPXHOCTH, ¥ T.I. B mio-
oM ciydae cmpyKmypa MOHK0Z0 npunoéepxHocmmozo cios (Toi-
IIIWHOM HECKOJIbLKO HAHOMETPOB M MEHee) omJauiaemcs om cmpyx-
mypbt OCHOBHO20 066eMa KPUCMAALA.

Kaxk cnegcrsue, snexkTpodusmieckre napaMeTpsl IPUIOBEPXHO-
CTHOTO CJIOA 3aMETHO OTJIWYaloTCs OT IapaMeTpoB o6beMa, IPpUYEM
3TOT BHIBOJ He 3aBHCHUT OT TOTO, I'PAHUYUT JIM KPUCTAII C BaKyy-
MOM, BO3AYLIHOW CpeRoil miau APyrum TBepAbiM Tejom. IlosTomy
NnpunoéepxHOCMHbLYL UAU 2PAHUYHbLY CA0U (QACTO TOBOPAT IIPOCTO
— IIOBEPXHOCTH MM TPaHUILy) caedyem paccmampusams KAK 0CO-
Oy obracmy kKpucmaara. ITa obJacTs UIpaeT BaXKHYIO DPOJb B
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MUKPO3JIeKTPOHUKE, INOCKONLKY 3JIeMeHTsl nnanapHsix MC pacmo-
JIO’>KEeHBI HEeIoCPeCTBeHHO IOJ IIOBEPXHOCTHI0, a pa3Mepsl paboumnx
obJlacTeil 4acTO COM3MEPHMMLI C TOJINHHON IPaAaHUYHEIX CJIOEB.
IIoBepxHOCTP KpHCTA/UIA, pasyMeeTcsa, MOKeT OBITh 3arpsa3HeHa
caMbIMH Pa3NMMIHBIMH BeIlleCTBaMM: OCTATKAMY KWCJOT KM I1eJio-
yeil, UCIIONIL30BAHHLIX IIPH ee 00paboTKe, JKUPOBBLIMH IIATHAMMY H T.II.

2.3. Hocurenu 3apsaga

DJIeKTPOIPOBOAHOCTh MMEET MECTO B TOM CJIydae, KOTJa HMEIOT-
cs1 cBOOOAHBIE HOCHUTENH 3apaAga, KOTOPhBIE MOTYT IepeMellaThbCA
IO AeHCTBHEeM 3JIEKTPUYECKOTO IOJNA WY TPajueHTAa KOHIeHTpa-
nuu. PaccMOTPUM IIPOMCXOXKAeHNe CBOOOAHEIX HOcHUTe et 3apsaja B
TIOJIyIIPOBOAHUKAX.

BecnipumecHbiii u GeslieeKTHBI NONYIPOBOAHUK C HealbHOH
KPUCTAJIIMYECKOM PeIieTKON Ha3bIBAIOT COOCMEEHHbIM NOAYNPo6osd-
Hurxom. IIpu TeMnepaType aGCONIOTHOrO HyJIsI B HEM HET CBODOZHBIX
HOCcHUTeNel 3apAfa U OH ABNAeTCs UAeaIsHbIM H30aaTopoM. Ilo mepe
Harpeea B KpuCTaJlJle BO3HUKaeT KoyebaTembHOe JBUMKEHNE Y3JIOBLIX
aTOMOB pelnreTKu. B KOPNyCKYJIAPHOI MHTEPIpeTanyy HOCUTEIAMU
3HEpPTHUM MeXaHWYeCKuX KoJeGaHU peleTKH SIBIAIOTCA KBAHTOBbLIE
YacTHIBI JOHOHbL — aHAJIOTH CBETOBLIX (POTOHOB.

C mopbiiieHNEM TeMmIlepaTypsl KpUCTaljla KOJIUYECTBO K 3HEp-
rusa (poHOHOB BO3pacCTAlOT ¥ OHY Pa3pHIBAIOT KOBAJIEHTHBIE CBA3U
MEXAY aromaMmu peimeTku. Ilpu 3ToM OgHOBpeMeHHO 06pas3yloTcsa
cBOOOAHbIE 3JIEKTPOHbLI U He3aloJHEeHHbIe CBA3U — Obipku BOIU3U
TOr0 aroMa, OT KOTOPOr'o OTOpPBaH 3JeKTpoH (puc. 2.6). IIpomecc 06-
pasoBaHUA 3JEKTPOHHO-ABIPOUHBLIX Iap noj JeiicTrBueM (DOHOHOB
HOCUT Ha3BaHWE MePMOZeHepayul.

HeszanonnenHas CBsA3b 3ANONHAETCA OJHVUM U3 BaJEHTHHIX 3JI€K-
TPOHOB cMe)kHOTo aroma. Ha mecre aToro sjsexTpoHa obGpasyerca
HOBafd JbIPKa, ¥ 3TOT Ipoliecc noBTopsieTcsa. CiemoBaTenbHO, Obip-
Ka eedem ceba nodobHO “acmuuye ¢ NOAOKUMELbHUIM ILEMEHINAD-
Hbuim 3apadom.

JTOo oueHr yZOOHOe NIpeACTaB/ieHUMEe IO3BOJSAET PaCCMaTpPHUBAThH
3JIEKTPUYECKHI TOK B HNOJYIPOBOJHUKE COCTOAINUM M3 ZBYX KOM-
IIOHEHT — 3JIEKTPOHHOIO M ALIPOYHOTO, NPH 3TOM HCHOJb3YIOTCA
OZMHAKOBbIe, JaBHO M3BECTHbIE M3 3JIEKTPOTEXHUKY BhIDAYKEHUA.
IIpasma, meKoTOphie mapaMeTphl HOCHTeJeiH 3apAga OKa3bIBAIOTCH
Pa3HLIMU.
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Cro6omusiit Caobonnas
9JIEKTPOH IBIpKa

CpoGomuniit
AJIeKTPOH

(S —(s9)
o

¢orHOH
Cymwm )
I»Ipka CBA3aHHBIN
9JIeKTPOH
a) 0)
Puc. 2.6. IIpomecc Pac. 2.7. 3amelleHue MpUMECHBIMH ATOMAMH
06pasoBaHUA ABLDKH OCHOBHBIX ATOMOB DelIeTKH:

a — pmoHOpHAas NpuMech (006pasyloTcs cBOGOIHBIN
3JIeKTPOH ¥ HEIOABUKHBIH IOJIO)KUTEJILHBIA HOH);
6 — aKnenTopHas npumechk (0Gpasylorca cBoGozHAs

ObIPKa ¥ HEeNOABMSKHBIA OTPHIATENbHBIH MOH)

Hapymienne KoBaJIeHTHBIX CBA3€H M TeHepauusd Iap 3JeKT-
POH—ALIPKa MOTYT IPOKCXOAWTH KaK IHoJ AedcTBUeM (POHOHOB,
TaK 4 APYT¥X KBAHTOB 3HEepI'WY, HaIpHUMep, 1107 JeliCTBHEM CBeTa,
PeHTreHOBCKUX ¥ y-ayueit. Cnenuduka aTux pakTOpOB IO CpaBHe-
HUIO ¢ HarpeBoOM COCTOUT JIMINb B TOM, YTO HUX AeilCTBUE JOKaMIb-
HOE: OHO OrpaHX4eHO 10 riiyfuHe IPOHMKAIOIEH CIIOCOGHOCTHIO, a
TI0 NTOBEPXHOCTH — IIOIanblo nyuka. Vlmaue rosops, o6ayienue
noaynposodHUKa 3KEUBALEHMHO €20 N0KAAbHOMY Hazpesy. Ecan
TJIOINaAb MyuYKa NpeBbIllaeT pasMepPsl KPHCTANIA K KPUCTAILI JO-
CTaTOYHO TOHKHI (IIPO3paUHbIH A U3JIYIEHUA), TO pe3yanTaT 00-
JIy4eH¥Ws1 HO CYIIeCTBY TaKo# ke, KaK IPU Harpese.

IIpoBOAMIMOCTE COOCTEEHHOTO NOJYIIPOBOAHUKA, 00y CIOBIEHHYIO
TIaPHLIMY HOCHUTENAMHU TEeIJIOBOTO NPOMCXOXKAEHUA, HA3bIBAIOT CO0-
CmeenHo{l npoeodumocmyio.

IIposogumocTs, OOYCIOBIEHHYIO HAJIUYeM IIPUMECHBIX aTOMOB,
Ha3LIBAIOT NpumecHoil nposodumocmeio. IIpumecu, xapakTepHBIe
A1 KPeMHUs, SIBJIAIOTCA NPUMECAMH 3aMeIeHHsd.

Ecnu BBecTM B KpeMHUH aTOM NATHUBAJEHTHOrO 3JIeMEHTa (Ha-
npumep, docdopa, CypspMbI MJAU MBIIILAKA), TO YeThIPe U3 IATH Ba-
JICHTHBIX 3JIEKTPOHOB 3TOI'0 3JI€MEHTa BCTYIAT B CBA3b C YETHIPbMSI
3JIEKTPOHAMY COCEJHMX aTOMOB KpeMuus (puc. 2.7, a) u obpasyior
YCTONYNBYIO ODOJIOUKY M3 BOCHMHU 3JIEKTPOHOB. [leBAThIN 371€KTPOH
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B 3TOM KOMOMHAIIMY OKa3BIBAeTCs €J1ab0 CBA3SAHHBIM C ALPOM IIATHU-
BAJICHTHOTO 3JIEMEHTA; OH JIETKO OTpbIBaeTcsa (JOHOHAMU U JejiaeTcd
cBo60oZHEIM. IIpu 3TOM NpUMeCHBIA ATOM IIPEBpAIllaeTCA B HEIO-
ABYOKHBIM VMOH € eQUHWYHBIM TIOJIOXKHUTEJLHLIM 3aPAJOM.

CBoGogHbIe 9/IEeKTPOHLI NIPUMECHOTO NPOMCXOXKAeHUdA mobaBJsi-
oTcs K cobcTBeHHsiM cBOOOZHBIM 3ieKkTpoHam. IloaTomy mpoBoau-
MOCTH HOJYIPOBOAHUKA CTAHOBUTCA IIPEUMYIIECTBEHHO 3JIEKTPOH-
Hoit. Takue HONYHNPOBOAHUKY HA3BIBAIOTCS IJNEKMPOHHbIMU WA
n muna. IlpuMecu, oOYCJIOBIVBAIOINVIE 3JIEKTPOHHYIO IIPOBOIY-
MOCTBH, Ha3bLIBAIOT GOHOPHLLMU.

Ecnu BBecTM B KpeMHUI aroM TPeXBaJEHTHOrO 3JeMeHTa (Ha-
npumep, 6opa, raanrud Iy aalOMHIHAA), TO BCe TPH ero BaJeHTHBIX
3JIEKTPOHA BCTYNAT B CBA3b C YETHIPbMSA 3JIEKTPOHAMH COCESHUX
aToMOB KpeMHHus (puc. 2.7, 0).J1na o6pazoBadus yCTOHYUBOR BOChH-
MU3JIEKTPOHHOH 000/I0UKY HY)KeH JOUIOJIHUTeAbHEIH 3/1eKTpoH, Ta-
KOBBIM OKa3bIBAETCS OQVH U3 BAJIEHTHBIX 3JIEKTPOHOB, KOTOPBIH OT-
6upaeTca oT GamsKaliero atoma KpeMEUsA. B pesynsraTe obpasyer-
CcA He3anoJHEeHHasds CBA3bL — [JbIpKa, a aToM IpUMeCHu
NIpeBpalaeTcsi B HEMOABMIKHBIN WOH C €QUHWUYHBIM OTDPUILATENb-
HBIM 3apAAOM.

[IbIpKY IPUMECHOTO IPOMCXOXKACHUA JOOABIAIOTCA K COOCTBEH-
HBIM ALIPKaM, TAK YTO IPOBOZUMOCTH IOJYIIPOBOAHHKA CTAHOBHUT-
Cs1 IPEeMMYIIeCTBEeHHO ApIpOouHoil. Takue MoayIPOBOSHUKY HA3bIBa-
10T Owpounvimu unu p-munal. IlpuMmecu, o6ycioBnuUBalOIUe BbI-
POYHYIO IIPOBOAUMOCTDL, HA3BIBAIOT GKUYENMOPHLIMU.

OTpBIB «JIMIIHErO» 3JEKTPOHA OT JOHOPa M <«HEJOCTAIOIIEro»
3JIeKTPOHA AJIA aKIeNTopa TpeGyeT HEKOTOPOil 3HEPruyl — IHepIuU
uonHu3ayuu UIu axmueayuy npumecu. Ilosromy npu Hy1eBOH TeM-
neparype T = 0 K monusamus He mMeeT MecTa, HO B paboueMm gua-
nazone Temmnepatyp (ot —60 °C u Bville) U, B YACTHOCTH, NIPU KOM-
naruoi remneparype (T = 1525 °C) npumecHble aTOMbI HOHU3HPO-
BaHBI IIPAKTUYECKH IIOJMHOCTHIO.

IlockonbKy B IPUMECHBIX IOJYHPOBOJHWKAX KOHIIEHTpAIUHU
9JICKTPOHOB ¥ JBIPOK PE3KO PA3JWYHBI, IPUHATO HA3bIBATh HOCHUTE-
el npeolJafaIero THUIA OCHO8HbLLMU, a HOCUTENeH JApyroro

1 Byksw 22 (oT negative) u p (ot positive) OGHUIETIPHHESATE] B IOJAYIPOBORHUKOBOMH du-
3UKe U TeXHHUKE AJ1s1 0003HaYeHUs BeJIMYNH, CBSI38HHEIX COOTBETCTBEHHO C JIEKTPO-
HaMu ¥ AbIpKRaMH. [Js BeJIMYNH, XapaKTepH3YIOUUX COOCTBEeHHBIH IOJYIDOBOZ-
HHUK, HCIOJb3yeTcsa GyKsa i1 (OT intrinsic).
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THIIa — HEOCHO6HbIMU. B IONYIPOBOAHUKE N-TUNA OCHOBHEIE HOCH-
TeNyw — B3JIEKTPOHBI, & B IOJYNPOBOJHUKE P-THUIA — AbIPKH,

2.4, DHeprernyecKue YpPOBHH M 30HBI

KonuuecTBeHHbIH aHAMN3 TONYIPOBOAHUKOB ¥ IIOJYHDPOBOLHH-
KOBBIX TIIpubOpoOB 6a3upyeTcd Ha 30HHOH TeOPHUY TBepAOTO Tesa.

30HHAA CTPyKTYpa. TBepmoe Teso mpeacTaBisieT cobOH MHOM e-
CTBO aTOMOB, CUJAbHO é3aumoldeiicmayoujux apyr ¢ apyrom 6iaro-
Japsi MaJIbiM MEXKaTOMHHIM paccToaHusM. IlosTomy BMeCTO COBO-
KYIHOCTH HUCKPeTHBIX 3HEPreTHYeCKHX ypPOBHEH, CBOMCTBEHHBIX
OTAe/ILHOMY aTOMy, TBepHOe TeJO XapaKTePu3yeTcs COBOKYIIHO-
CTHIO 3HEpPzZemUuYeCKUX 30H.

Bepxusa paspeireHHas 30Ha Ha3bIBAETCs 30HOM IPOBOLMMOCTH,
HM)KHAS — BaJIGHTHOH 30HOU. B moJynpoBogHUMKAaX u AU3JIEKTpHU-
Kax OHY pa3jesieHbl 3alpelleHHON 30HO#, OTiuune AU3JIeKTPHAKOB
OT TMOJYNPOBOAHUKOB COCTOUT IVIaBHEIM 00DaszoM B 3HAYHUTEILHO
Gonblleil mupuHE 3amperneHHoi 3oubl. [Ipy HyseBoit abcomioTHOM
TeMIIepaType BajieHTHas 30HA BCEera MOJHOCTHIO 3aIIOJIHEHAa 3JIeKT-
pOHaMH, TOTAA KaK 30HA NIPOBOAUMOCTH jub0O 3aI0JIHEHA TOJBKO B
HIYDKHeR uwacTtu, jaudo TOoJHOCTHI0 mycTa. IlepBwifi cayuail cBOHCT-
BeH MeTajjaM, BTOpO#l — IIOXYIIPOBORHUKAM ¥ JU3JIEKTPHKAaM.

IIpu remmneparype, OTIMUHOI OT aGCOIOTHOrO HYJA, CATYAI[UIA
HECKOJIbKO W3MEHSeTCs.

JHepreTuyecKyue AUarpaMmbl Ha puc. 2.8 NOCTPOeHbI AJIA dHEep-
Ty 3JIeKTpoHa. Korga sHeprus 3JIeKTPOHA YBeJIUYUBAETCH, 3JEKT-
poH 3aHmMmaeT GOJee BHICOKOe IIOJIOXKEHME B 30HHOM quarpamme.
Ecnu ke roBoputThs 06 yBeJIWYeHUU 3HEPTUH ALIPKH, TO 370 OynxeT
COOTBETCTBOBAThH, OUEBHUHO, NIPOBIIKEHUIO ABIPDKY BriyOb BaJleHT-
HO# 30HBI. JHEPrusA 3JeKTPOHA W ABIPKK M3MEPSAETCH B 3JIeKT-
poH-BoabTax (3B).

IIupuna 3anpenreHHOH 30HBI PaBHa

Qs =@ —Qyp» (2-1)

rae ¢, U (, — COOTBETCTBEHHO 3HEpreTHYeCKYe YPOBHU [JIsi 30HBI
TIPOBOAMMOCTH ¥ IOTOJIKA BAaJIEHTHOH 30HBI.

Ha prcyske 2.9 nokasaHpl OCHOBHbIE IIapaMeTpPhl 30HHEIX AHAa-
rpaMM MHOJYNPOBOGHMUKOB AJIsA TEeMIEPATYpPhI, OTJIAYHOH OT abco-

2--3423
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Pac. 2.8. 3oHHBIEe ZuarpaMMbl MeTa/Ul1a, AMIJIEKTPHKA U NOJYIPDOBOSHHKA:

a — MeTasl (B0HBL MEePeKphITEl u Aake HeGosbllas Ao6GaBKa 9HEpruM IPUBOLUT
K ABW/KEHHIO 3JIEKTPOHOB); 6 — pHajneKTpuk (o4eHb GOJBLION 3HEpreTHdecKui
3a30p MEXKJAY 30HAMH, NPOBOZUMOCTL HEBO3MOYKHA); 6 —— COOCTBEHHEBIH IOJIYIIPO-
BOJHHMK (paccTOAHKE Me)XXJY 30HAMH He OUeHb BeJUKO — IOSBJISIOTCSA 3JIeKTpO-

Hbl B 30HE IPOBOAMMOCTH H DaBHOE KOJMYECTBO ALIPOK B BAaJICHTHOW 30He,
BO3MOJKHA KOHEYHafd IPOBOJUMOCTB); I — 30HA HPOBOAMMOCTH,
II — BameHTHas soHa, III — BzampelieHHas 30Ha

JIOTHOTO HyJs. IllupuHa 3aIpelIeHHON 30HbHI 3aBHCHUT OT TeMIlepa-

TYPBI:
0, =0, —€,T, (2.1a)
rae ¢y, — MmwupuHa 30He npu T = 0,
T — abcomoTHasa TeMIepaTypa,
g, — TeMIlepaTypHad YyBCTBUTEIbHOCTb.
[ns xpemHuda g, =3- 107* B/°C, a npu KOMHaTHON TemIlepaType

¢, ~L11B.
JHepruio, COOTBETCTBYIOILYIO CepeyuHe 30HbI, HA3bIBAIOT 3JIEKT-
POCTaTHYECKUM IIOTEHIIMAJNOM IPOBOTHHUKA

0p =3(Pc + @) (2.16)
P3 oF ¢3
OF O 9F s 5 }
3 Or
?y 0, ‘ ®y
a) 0) 8)

Puc. 2.9. 3HaveBus 3Hepruii B 30HHOH Auarpapme s

a) coGcTeeHHOro; 6) aJIEKTPOHHOTO; B) JBIPOYHOrO IOJIYNPOBOAHUKOB;
©r — yposeHb Pepmu (cM. pasz. 2.5)
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IIpuBenennble BbIllle KaueCTBEHHEBIE COOOpakKeHUs OTHOCHUTENb-
HO TIPMMECHBIX IIOJIYIIPOBOAHUKOB MOIYT ObIThH IPOUJIIOCTPHUPOBA-
HBI eIl]e pa3 KauecTBeHHO HA 30HHBIX JUarpaMMax. JJIeKTpuuecKue
YPOBHY IpHUMecel HOKa3aHBl Ha 30HHBIX guarpamMax @ (mosmoku-
TeJIbHO 3apAKeHHbie MOHELI-ZOHOPHI) U © (OTpUOATENBLHO 3apsKeH-
Hble MOHEI-aKIeNnTopsl), puc. 2.10.

S > u U

DsiEDOsiC D ETDOsIC
D D - +
DsiEDr Ds8CEC DB &
A A A A
S v

~_,
—_— 9g N %
2000060
Pu Fr s+ s+ P
a) 0)

Prc. 2.10. CxemaTu4ecKoe aTOMUCTUYeCKOoe udobpaskeHue M SOHHasl gUarpaMma
TIIPUMECHEIX TIOJIYIPOBOAHNKOB:
a — TMOJYNPOBOAHHUK N-THIA, 6 — MOJYNPOBOAHUK p-tuna (1 — HMOHBEI AOHOPOB;
2 — HOHBI aKUENTOPOB; — — JJIEKTPOHBI; + — ZABIPKH)
+
B nmonynposogHuKe OZHOBPEMEHHO NPHUCYTCTBYIOT 3JI€KTPOHBI U

ABIPKH, MOPOXKASHHbBIe ABYMA IpuuuHamu: 1) Bo3GykaeHueM cob-
CTBEHHOTO MOJYIPOBOAHUKA I, U p,; 2) B3Oy K/AeHNeM JOHODHBIX U
(unu) axenTopHBIX mpuMeceil, IIpy 3TOM NOJIHbBIE KOHIEHTPAIUU
HocuTesell 3apaga 414 IPHUMECHOTO IOJyIpPOBOAHUKA OyAyT n = n,,
+n,up = p, (OHOPHEII); p = p, + p, ¥ n = n, (AKIEeNTOPHEIH); NpX
HOJIHOM MOHU3AIUY Npumeceit n, =Ny — KOJINUECTBY JOHOPOB, &
Py = N,, T.e. KOnuuecTBy akienTopoB. OOLIYHO BCIEACTBHE MaJOH
3Hepruy BO30YI)KJEHUs 3TH BEJIWYVHEI 3HAYUTEJIbHO BBIIIe COOCT-
BEeHHBIX KOHIIEHTpaluii, T.e. n,>>n, U p,>>p, KOHIEHTPaIHHu
OCHOBHEBIX HOCHUTEJICH OIpeReNsIioTCA BhIpaXKeHuAMU n = N P (ua ca-
MoMm Aene n=Npg — Ny, HO Np; >> N,) AnA AOHOPHOTO IOJYNIPO-
BOAHMKA M p =N, [Ola aKIeNTOPHOrO IOJIYIPOBOAHUKA.
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2.5. Pacnpenesienne HOCHTEJed B 30HaAX
TIPOBOIHMOCTH

Paspelliennrie 30HBI COAEpP’KaT OrpoOMHOE KOJIMYECTBO YPOBHEMH
(1022-1023 B 1 cm%), Ha KaKAOM M3 KOTOPHIX MOTYT HaXOZUTHCH
3JIEKTPOHBI. PaKTHUECKOe >Ke KOJMUYECTBO 3JIeKTPOHOB 3aBUCHUT OT
KOHIIeHTPaIuy JOHOPOB HU OT TeMIlepaTypsl. UTOGHI OlleHUTH (hak-
THYECKYI0O KOHI[EHTPAIlMIO HOCHUTeJeH B IOJYIPOBOJHWKE, HYXHO
3HaTh pacIpejiejieHNe YPOBHEH ¥ BepPOATHOCTH 3AIOJHEHUS 3ITHUX
ypOBHEH.

OHepreTU4ecKoe paclpejefieHue 3JeKTPOHOB B TBEDAOM Tele
ompegeinsaercs craTuctukoil Pepmu-Nupaka. Ilpuniunuansusiit pe-
3yapTaT (PYHKIUM pacupenenenud Pepmu-/lupaka Haer BeposT-
HOCTBH TOT'O, UTO 3JIEKTPOH 3aHUMAET YPOBEeHb, COOTBETCTBYIOIUI I10-
TeHIHAJY @:

F(Q)=———, 2.2)

l+e

rge ¢p = kT — TemMuepaTypHbIil moTeHIual, I — abcosroTHAA TeM-
mepaTtypa, K — TOCTOsSHHaa Bonenmana, ¢p — ypoBeHs Pepmu.

MoskHO OIpemenuTh ypoBeHr PepM¥ KaK IIOTEHIIMAJ, BepOAT-
HOCTH 3aIIOJIHEHUsA KOTOPOTO 3JIEKTPOHOM DaBHA B TOUHOCTH OFHOH
propoit. PyHKIUN pacnpepenenusa (Pepmu-llupaka CHMMETPUYHBI
OTHOCUTeJbHO ypoBHA Pepmu. Ecim sHepreTuueckue COCTOAHUS B
30HEe IPOBOAUMOCTH ¥ BaJIeHTHOH 30He OAWHAKOBLI, TO YPOBeHb (Pep-
MY HaXOJWTCs IOCepefuHe 3alpeleHHO 30HBI. JTO ciaydait cober-
BeHHOT'0 IOJIyNpoBogHuKa (puc. 2.11, a). B nonynpoBogHuKe n-Tuna
KOHI[EHTPAI[MY 3JIeKTPOHOB B 30He IIPOBOZMMOCTH O0JbIlle, Yem B
caydae cOOCTBEHHOTO HMOJYIpoBogHuKa (puc. 2.11, 0), a B moaynpo-
BOOHUKe p-TuNa — MeHbie (cm. puc. 2.11, 8).

dns1 noTeHImanoB B HeCKOJNbKO emuuun kT Bblllle AU HIMDKE
ypoBHs Pepmu, KOTJa 3KCIOHEHTa 3HAUYUTEIHHO 60JIbIlle eqUHUIBI,
pacnpegenenne [Jupaka-Pepmu MOKHO 3aMEHUTh PacIpefeleHUEM
Maxcsenna-Bonsimana. Ipu 3ToM BeposiTHOCTS 3aIlOJIHEHUA YPOB-
HA B 30HEe IIPOBOAMMOCTH OIpefesaeTca Kak

_%-0Qr
F(p)=e °7 (2.3)
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Or Or

0 15 1 F, 0
P ——————— Qg ———— Qe —
T — wE——-————(pF OF .
F
e T Py T T
a) 6) 8)

Puc. 2.11. dyaknus pacnpegeseEins Pepmu-dupaka Al coGCTBEHHOTO,
n- ¥ p-TUIOB IOJIYIPOBOSHUKOB: @ —COGCTBEHHBIH IOIYIIPOBOZHUK,
6 — MOJYNPOBOAHUK N-THIA; 6 — IOJYIPOBOAHHK p-THIIA

BeposiTHOCTL HE3amoOJMHEHHUA YPOBHA B BaJIGHTHOH 30He (T.e. Ha-
JIMU¥A ABIPKU Ha 3TOM YPOBHE) OIpemessieTcd aHaJOTHYHOM PYyHK-
muei

_9r-@

Fy(9)=e * . , @9

O6o3rauum yepes P(Q) IIOTHOCTH YPOBHEM B 30HE IIPOBOAYIMOCTH
B6sm3u yposua ¢. Torga P(¢)doe bymer kosmuecTBOM YPOBHEH B gua-
nagoHe d@. YMHOKHB 3TO KOJIUYECTBO Ha BEPOSATHOCTE B3aIOJHEHWs
3THX ypoBHeil F, (¢), MONYINM KOHIIEHTPAIHIO CBOGOJHEIX 3JIEKTPO-
HOB C 3HeprusaMu OT ¢ A0 ¢ + do. Ilonnyio koHUeHTpauuo cBobox-
HBIX 3JIEKTPOHOB Il IIOJYYUM IIyTeM UHTETPUPOBAHMA 110 BCEH IITUPH-
He 30HBI IIPOBOJUMOCTH. EC/IH IPUHATH 3aBICUMOCTS P(0) ~J6, TO

P —@r
@

n=Nge . (2.5)

3aece N, — Tak HaseiBaeMad IPPexmusnas niOMHOCMb Ypos-
Heil (cocmoanuil) 6 3one npogodumocmu:

N, =0,5-10"(m,/m)3/2T%/2,

rae m, — 3(dekTHBHAA Macca 3JeKTPOHA.
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AHaJOTMYHBEIM METOAOM II0JIyYaeTCA BhIpa’keHue AJs KOHIeHT-
panvy ABIPOK:
= P

p=Ny,e * . (2.6)

3necs N, — appexmuenas nromuocmbs yposueii (cocmoanuil) 6
8aeHMHOU 30HE:

N, =05 10 (m,/m)3/2 T3/2, 2.7

rae m, — 3(deKTHBHaA Macca ABIPKU. [l KpeMHUA OTHOLIEHUE
N./N, = 2,8. Hacto gna npoctoTsl mojararor N, = N,.

IlepemMuoOskaa nepsle  npaBsie YacTu B dopmyaax (2.5) u (2.6) u
YYHTBIBAL, 94TO @, = ¢, — @, , HETPYAHO IIPeJCTABUTDH IIPOU3BEJEHHIE

KOHIIEHTPAIIMH 3JIEKTPOHOB ¥ ABLIPOK CJEAYIONMM 00pazom:
np =N N,e?/?. (2.8)

Kaxk Bugum, npu HeusmenHoil memnepamype npousgedenue Kon
yenmpayuii — 6eAUYUHA NOCMOAHHAA, T.e. YBeJIUUEeHUE OZHOM HU3
KOHIIEHTPAaIlU#l CONIPOBOXKJAeTCA YMeHbIlleHUeM APYyroi.

B cobGcTBeHHOM HOIYNPOBOJHUKE KOHIIEHTPAOUU 3J€KTPOHOB MU
ABIPOK onuHaKoBrI. O0e oHM 0603HAUAIOTCA Uepe3 1, M Ha3hIBAIOTCH
cofcmeennbimu Konyenmpauusmu. IloncTapasaan =n, up =n, B
(2.8) u usBIeKas KBaApaTHbLIN KOPEHb, NOJIyUaeM BhIpa)KeHHUe N
COBCTBEHHOM KOHIIEHTpAI[HH:

- 2
n, =N.,N,e 0o/20r (2.9)

OTMeTHM IOJHYIO 3aBHMCHUMOCThL COOCTBEHHOH KOHIEHTPAaI# OT
IIVPHUHLI 3allpeIeHHON 30HBI ¥ TeMIlepaTypsl.

Coornomrenue (2.8) uacto 3anmmchiBalOT B (oJlee KOMIIAKTHOM
dbopMe yepe3 COOCTBEHHYIO KOHIIEHTPAIIUIO:

np=n;. (2.10)

Hcnonssya BeipaskeHua (2.5) u (2.6), mosmaras [jsi IpOCTOTHI
= =1
N, = N, u yuursisas, 4T0 @5 =5 (¢, + ¢,), HETPYAHO NPEACTABUTH
OTHOIIIeHYIE KOHIEHTPAIUi 3JIeKTPOHOB ¥ [ALIPOK B BHJE:

_2(9g-9p)
n/p=e T | (2.11)
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ITogcraBuM B JeByio yacTh (2.11) 3Hauenue p = nlz/n u3 (2.10) u
npoJorapudmMupyem obe uacTy; TOrAa ypoBeHb (PepMmu 3amuineTcs
yepe3 KOHIEHTPALMIO CBOOOZHBIX 3JIEKTPOHOB Clexyloumium obpa-
30M:

Or =¢g + @rln(n/n). (2.12a)

Ecsiu ogcTasuts B (2.11) snauenue n = n2/p us (2.10), To ypo-
BeHpr Pepmu 3anuuiercs yepe3d KOHIEHTPALHIO JbIPOK:

Qr =@ —0p In(p/n,). (2.1206)

Bropsle umeHbl B Ipasbix uyacTax (2.12), xapaxTepusyromjue
KOHI[EHTpAIMY HOCHUTeJel, Ha3bIBAIOTCA XUMUYECKUM NOMEHUUA
aom. CirenoBaresHo, ypoBeHs PepPMHU ABISCTCA CyMMOI 3JI€KTPHU-
YeCKOro ¥ XMMHUYeCKOro norexnuanos. Orcioza ele OQHO ero Ha-
3BaHVEe — INEKMPOXUMULECKULl NOMEeHLUaL.

Ozxnao u3 dysgaMeHTaJbHBIX [OJ0KEeHUH B (PU3UKe MOJAYIPOBOJ-
HUKOB GopMyIupyeTcAa clemgyouuM obpazom: yposenv Pepmu odu
HAKO08 60 8CeX LACMAX PABHOBECHOL cucmeMmbl, KAKOL Gbt pa3Hopod
HOUl OHG Hu Obina. ITO MOJOXKEHVEe MOXKHO 3aIlMCaTh B BUJE ABYX
PaBHOCHJIBHBIX BBIPAYKEHWI:

@y = const,

grad (p;) = 0. (2.128)

Ws yciaosus (2.128) B ogHOMEPHOM ciydae CJIeAyeT, YTO eClIH
KOHIIEHTPaLyA 3JIEKTPOHOB M3MEHSIeTCHA BAOJL KOOPAMHATHL X, TO
BOBHUKAET JJIEKTPUUYECKOEe II0Je

dn/dx
-

E=0r

Taxkum o6paszom, B HEOZHOPOLHO-JIETHPOBAHHAIX IOJYIPOBOIHU-
Kax CMelleHVe INOABIIKHBIX HOCHUTeNel, 06yCHOBIeHHOe IDagueH-
TOM KOHIIeHTDAI(M{, YPABHOBELIWBAETCI BHYTPEHHUM 3JIeKTPHUYe-
CKuM noJsieM. VlHOrza ero Ha3bpIBAIOT BCTPOEHHLIM, & BO3ZHUKAKIIlee
IIpH 3TOM DaBHOBECHe HAa3bIBAIOT 0OJIBIIMAHOBCKUM.

IBm>xeHue HOcuUTeNed B 3JIEKTPUIECKOM IIOJIe HA3BIBAOT Opeil
pom. ILnmorHocTs ApeiihOBOro TOKA ONpeAessieTcid U3BECTHBIM BBI-
barxkeHueM

j =okFE, (2.13)

The ¢ — yQhejbHas IPOBOLMMOCTE.
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IIocKoabKY B IIONYIPOBOAHUKAX MMEETCH ABa THIA MOABHIKHBIX
HOcHUTesiel, yaedbHasd IPOBOSMMOCTE CKJaAbIBaeTCd M3 LBYX CO-

CTaBJAOIMINX — 3JeKTPOHHON M OLIPOUHOM:
C=gnu, +qplp, (2.14)
rae W, ¥ op, — nodeuiHoCcCmMuU COOTBETCTBYIOIIUX HOCHUTEJNeH.

[apHO# cocraBiswomeit B dopmysae (2.14) saBaaerca Ta, KOTo-
pas cBA3aHA ¢ OCHOBHBIMH HocuTejsimu. CocTaBisamolasi, CBI3aH-
Has ¢ HeOCHOBHBIMY HOCHUTENAMHU, OGBLIUHO He cyliecTBeHHA. B cob-
CTBEHHOM TMOJIYIIPOBOJHUKE 06e COCTaBISIION[NE PABHOIEHHBI.

14 o1eHKHu yaeanHOH INPOBOEUMOCTH, & 3HAYUT, U ApeithoBoro
TOKa HeoOXOAMMO IIpesKAe BCEro 3HATh KOHIIEHTPALUY 3JIEKTPOHOB
¥ IBIPOK.

Kagasiocs 6b1, 3HaueHWA N ¥ p MOJKHO HaiiTu 1o opmynam (2.5)
u (2.6). OgHako [JidA 3TOTO HYXKHO 3HaTh HojokeHme ypoeusa Pep-
MY B 3alpell[eHHOI 30He. Mexkay TeM ypoBeHr PepMmu, Kak U XHU-
MHYECKHH NOoTeHIMa , aABiadercd (yHKIUel kKoHmeHTpanuu. Cie-
JOBaTeNbHO, pacyeT KOHI[EHTPAIUY JOJKeH NpeJIeCTBOBATH OIpe-
meneHn0 ypoBHA Pepmu. OITY 3amadyy MOKHO  DeIluTh,
PYKOBOACTBYACE YCA06UEM HeUmpasbHOCMU.

Wcxona u3 ycioBus HeHTPATIbHOCTY, 3alIUIIEM /IS 9JIEKTPOHHO-
ro MOJNYIPOBOHUKA CJHEAYIOIIee COOTHOIIEeHUE:

n=~N, +p (2.15)

rge N ; — KOHIIEHTpaIud HOJ0KUTENbHLIX JOHODHBIX NOHOB (MMe-
eTcsa B BUAY 3¢deKTrBHAA KOHIEHTpamusa). Belparkaa KOHIIEHTpa-
IIMIO OLIPOK Yepes KOHIEeHTPAIMIO 3JeKTPOHOB ¢ momoIinbio (2.9) u
pelias moJyuuBIeeca KBagpaTHOe ypaBHeHHWe OTHOCUTEJbHO 71, Ha-
XOOUM KOHIEHTpPAIUIO 3JIEKTPDOHOB B BHAE:

(2.16a)

AHanoruuHbBM IIyTéM MOXKHO HalTH KOHIEHTDPAIIMIO ABIDOK B
ABIPOYHOM IIOJIyIPOBOZHUKE:

(2.166)
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VIHAeKCHI n ¥ P O3HAYAIOT NPHUHALIEIKHOCTE K HOJYIPOBOJHUKY
C COOTBETCTBYIOIIMM THWUIIOM NPOBOJMMOCTH.

Pabouuit remIepaTypHEBIN Auanas3oH IPHMECHBIX IIOJYIPOBOLHU-
KOB OTpaH{4YeH CHH3Y TeMIePaTypOH IMOJHOW HOHHU3AIUM IIpUMecer
(zna xpemuua —70...—100 °C), a cBepxy — KpHUTHYECKOM TemIepa-
TYpOH, NIPU KOTOPOR IPUMECHBIN IIONYIPOBOJHUK IIPEBpAaIaeTcs B
cobcTBenHbBHI. B aroM puamasoHe dopmyisl (2.16) MoxkHO ynpoc-
THTB, 3aMeHAA 3(PQEeKTHBHYIO KOHIEHTPAIMIO IPIMECHBIX NOHOB N*
3 HeKTUBHOI KOHIEHTPaIued IPHMECHBIX aToMOB N (IIOCKOJIBKY B
pafouem guana3oHe MPAKTUUYECKHU BCe aTOMbI IpUMECH MOHU3UPOBA-
HbI) U npeHebperasa coOCTBeHHOH KOHIlEHTpamueil n, (IIOCKOJLKY B
paboueM gUAana3oHe OHA CYIHIECTBEHHO MEHbINle KOHI[eHTPAIUy IpH-
mecH). Torma KOHIIEHTDAI[MW OCHOBHBIX HOCHTEJIEil 3anuillyTCA B
BHzE:

np = N;p (2.17a)
Py = Na. (2.176)

KoHIiteHTpanyyu HeOCHOBHBIX HOCHTEJIE JIETKO ONpeJenTh, BOC-
TI0JIb30BABLINCE COoOTHOMmeHueMm (2.10):

Pp = n2/Ny, (2.18a)
n, = n,2/N,. (2.186)

KpuruuecKyio TemIeparypy T, MOXHO HalTH CREAYIOIUM 06-
pasom:

=5800 ———- 1\{ ;——-) (2.19)

roe N — KOHIEeHTpaiusa npumecu, a N, u N, 3aBHCAT OT TeMIepa-
TYPHI.

Ilonaras a = 0,1 u N = 1019 cm® u sagaBasces napamerpamu And
xpemuud ¢, = 1,11 B, N, =2,8-10¥% em3® u N, = 1,0 - 10! cm 3,
MONYUHM

10
» =273 ——— —1},
451lnp (2.20)

rne yaensHOe conporusieHue p = 0,85 OM - cM cooTBeTCTBYET KOH-
menTpanua N = 1016 ca3,



42 T'nasa 2. IloaynpoBogauKy

W3 seipakenuii (2.18) ciexgyer, YTO IpHU HUZKUX TeMIepaTypax
KOHI[eHTpalusaA HEOCHOBHBIX HOCUTejXedl oueHr Maja. Tak, ecau
N, = 2 .10 cu™®, To npu KOMHATHOH TemIepaType B KPeMHUH
KOHI[eHTpanmua JAbIPOK corjgacHo (2.18a) cocraBisier Bcero
2000 cm?, T.e. Ha 14 mopankos (!) MeHbIe, yeM KOHIIEHTPAIUA
3/IeKTPOHOB. OMHAKO C IIOBBINIEHWEM TeMIIEPaTypPhI KOHIIEHTPAIUA
HEOCHOBHBIX HOCHUTEJeH BO3PACTaeT OUeHb Pe3K0 — IIPONOPIHOHA-
JIBHO 1,2, T.e. HECPABHEHHO GBICTpEe, UeM Jake KOHIeHTPaIuA CoB-
CTBeHHBIX HocuTeneil. Tak, B KpeMHHMHU PoCT TemmepaTypsi Ha 50°C
COIIPOBOJKJAETCs yBeJMYeHreM KOHI[EHTpaIluy HEOCHOBHBIX HOCH-
TeJleil MIPUMEPHO Ha 3 HOPAOKAa.

CTons »Ke CHJIBHO BJIUAIOT Ha KOHIEHTPAIIMI0 HEOCHOBHBIX HOCH-
Tejeit Takue (aKTOPHI, KAK CBET M Pa3HOr'0 poja WOHU3HUDPYIOIIME
uasaydenus. IIosaTomy B TeX IOJYIPOBOAHUKOBLIX NMpubopax u sie-
meHTax MIC, pabora KOTOpsIX OCHOBaHA Ha HEOCHOBHBIX HOCHUTEJAX,
9TH (PaKTOPhI HEOOXOAMMO IO BO3MOIKHOCTH MCKAWYaTh. C Apyroi
CTODPOHBI, B CIEIUAJBHEIX CIAydYasdX BIUSHVE 9TUX (PaKTOPOB MOXK-
HO HCIIOJIb30BAaTh AJIsI IIOCTPOEHUs (OTOUYBCTBUTEIbHBIX NpUGO-
POB, MO3UMETPOB MBJAYUEHHUS U T.I.

Kak u3BecTHO, B ¢BOGOZHOM IIPOCTPAHCTBE (BaKyyMe) 3JI€KTpO-
HBI IO JEeMCTBYEM 3JEKTPUYECKOr0 IHOJs COBEpPUIAIOT PABHOYCKO-
PeHHOe JBU KeHUE.

B TBepmoM Tesle ABHMIKYIUECH JJIEKTPOHBI HEIIPEPBIBHO HCIIBITHI-
BAlOT CTOJKHOBEHUS C y3/1aMy KPHCTAJJINYECKOM pellleTKH, IIpUMe-
caMu U fgedexTamMu, T.e., KaK TOBOPSIT, UCHBITHIBAIOT PaAcCesHue.
PaBnoycKOpeHHOE ABIKEHUE IIOf feiCTBUEM I0Jd BO3MOXKHO TOJIb-
KO B KOPOTKHX WHTepBajlaX ME)KAY CTOJKHOBEHUAMH, Ha OJUHE
800001020 npobeza. Ilociie KaXXAOTO CTONKHOBEHUA 3JIEKTPOH, I'PY-
60 roBopsa, NOJDKEeH 3aHOBO «HabupaTh» CKOpocTs., B pesyibrare
cpeaHas ApeidoBad CKOPOCTE 3JIEKTPOHOB M ABIPOK OKA3BIBAETCA
BIIOJIHE OIIpefesIeHHOH BeIMYMHOM, NPONOPIMOHANLHON HaTIPAXKEH-
HOCTH TOJIA:

v =ukE.

KosddumueHT NponopiHoHaIbHOCTH |I €CTs NOJBUNHOCMb HO-
cuTesreli, H3MepaeMan B egununax cM2/B c¢. Ilpy HaOPAKEHHOCTH
nona 1 B/cM nmOgBHXKHOCIE YMCJIEHHO PaBHA CKOPOCTH.

B cBasu ¢ pasnnuuem 3 (PeKTHBHBIX MACC 3JIEKTPOHOB ¥ IBIPOK
KX MOABYKHOCTHU TOXKe pasauvaorcia. Kak npasuno, nodeuxcrHocme
aaeKmpoHo8 Goavuie nodeuxrocmu Gvipor (y KpeMHUSA IOYTH B 3
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pasa). Yem 6ospirie IOSBMYKHOCTH, TeMm OOJbIIe CKOPOCTH ABIKeE-
HYA HOCHUTeJIeH ¥ TeM BbIie GLICTPOAEICTRYE OTYIPOBOAHUKOBOTO
npubopa.

IIoZBM>KHOCTS 3aBUCHUT OT pAAa HaKTOPOB, Ba)KHEMINIUMU U3 KO-
TOPHIX ABJAIOTCS TEeMIIepaTypa, KOHIIeHTPpal(ysa DpuMeceil 1 Hanpd-
SKeHHOCTb IIOJIsI. OTH 3aBUCHMOCTH HeOGXOAMMO MMETh B BUAY IIpH
paspaboTke IIOJIYyIPOBOAHMKOBBLIX NIPuGOpoB u saemeHToR UC.

3aBUCUMOCTS OJABMIKHOCTH OT TeMIIepaTypbl OIIPefeseTCsI Me-
XaHU3MOM paccedHusa HocuTeseil. Ecnu npeobnajaeTr paccesnue Ha
y3Jax pellueTKH, TO

pp =por(To/T), (2.21)

ecIu e npeoﬁnauaeT paccesgHne Ha HNMOHaAX IpuMecHu, TO

wp=por(T/To)?" . (2.22)

3HaueHUA ||, OTHOCATCA K HCXOAHOH (Hampumep, KOMHaTHOMH)
temneparype T,, a 3HaueHHMA U — K Temmeparype T (umeloTca B
Buay abcosroTHeie TemmeparTypsel)!. IlokasareNs CTENEHH ¢ 3aBUCUT
OT MaTepHaa u Tuna nposogumoctu. [Iya kpeMHUsA (3J1€KTPOHHOTO
U IBIPOUHOTO) € =~ 9.

Yuer ABYX IpPOIIECCOB IPHBORUT K CJIEAYIOIIEMY BHIPaYKEHHIO
sl TIORBMIXXHOCTH

+ (2.23)

PeayabTupyomas HOABYM)KHOCTL O/MM3Ka K MeHbINEH U3 ABYX
COCTABAAKIIMX V; u ;. [aa KpeMHuMsA IpH TeMneparypax
T > 0 °C meHblilledl OKa3bIBAETCA COCTABAAIOINAA |l;; IO3TOMY 3a-
sucuMocTs W(T) omucsiBaerca dopmyrnoit (2.21): nodeusxrocmy
yMmenvuwiaemcs ¢ pocmom memnepamypvi. Ilpu TemmepaTypax
T < =50 °C MeHpuIe# OKa3bIBAETCH COCTABJAKOINAA |;; IOITOMY
3apucumocTs U(7") onmceiBaerca popmynoit (2.22); nodsuxcnocms
YMeHbULAGEMCA € YMeHblUleHUeM Mmemnepamypsl. B guamnaszone pa-
6ouux Temmneparyp —60...+125 °C moABMKHOCTE MOYKET H3MEHA-
TbcAd B 4—5 pas, ¥TO, KOHEeYUHO, CYII[eCTBEHHO.

1 Nupexcol L u I mpoucxogat ot Lattice (pemerka) u Ion (uoH).
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SanuieM obiree BeIpa’KeHUe AJ1d YASABHON IDPOBOOUMOCTH IPH-
MEHHUTEeJIbHO K COGCTBEHHOMY ¥ IPHUMECHBIM HOJYyIPOBOZHUKAM.
[l coBCTBEHHOTO NOIyNPOBOAHUKA 11 = P = I, H, CJIEKOBATENBHO,

o, =qnu, +u,) (2.24)

TeMreparypHasa 3aBICHMOCTb COOCTBEHHO IPOBOAMMOCTH OIIpe-
IeJIIeTCs1 TeMIePaTyPHOM 3aBUCHUMOCTBIO COGCTBEHHOM KOHIEHTDA-
oum n, , cM. (2.9). 9Ta 3aBHCHMOCTE, KaK y’Ke OTMEYaToCh, O49€Hb
CUJIbHAA — aKcHNoHeHnmansHasa. Ha puc. 2.12,a dynrnua o, (1/7T)
JJIs KpeMHUA Ipe[CTaBleHa B HOayjaorapupmuueckom maciirabe;
npuBefeH Takke macwurad B °C. Kak Bugum, B paGouem gmarnasoHe
—60...4+125 °C cobcTeeHHaA HPOBOJUMOCTh KPeMHHS MeHAeTCA Ha
5 mopapkos. ¥ MarepHaJoB ¢ MeHbIIeH IIWPHHON 3allpelleHHON
30HBI (HanpuMep, y TepMaHKA) U3MeHeHHe o, OyAeT MeHbIIe, XOTA
camMu 3HaueHus o, 6yayT Goabie u3-3a Gobireit coGCTBEHHON KOH-
I[eHTPAIHH.

GL/GLO 0'/0'0
4
10 .
10
2
10 [ R
10
1 rl 1
2 3 3
4 10 /T 1
-2}
10 R
1 I 1. 1 10
250 100 20 -40 -70 T.,°C
a) )

Paec. 2.12. 3aBHCUMOCTS OTHOCHTENbHON yaeJnHON NPOBOZHMMOCTH KPEeMHHSA OT
TeMIeparyphl, ¢, # o, — OpoBogumocTu npu +20°C
a — coGCTBeHHBIN KPEeMHHH, 6 — IpPuUMecCHBIN KpeMHHH

15 mpuMecHBIX MOJTYyIPOBOAHUKOB — 3JIGKTPOHHOIO ¥ ABIPOU-
HOro — npenebperas B BoipakeHuu (2.14) cocraBiaAmoimmumu, cBA-
3aHHLIMY C HEOCHOBHBEIMY HOCUTEAMY, ¥ UCIOIb3yd COOTHOIIEHUA
(2.17), monyuaem

o, =qN, 1,; (2.25a)
Op =qN,pp- (2.256)



2.6. P derT mons 45

B pabouem puanasoHe TemnepaTypsl KoHueHTpamuu N, u N,
MOYKHO CUHTaTh mocToaHHbIMU. CiiefoBaTeslnHO, B 9TOM AuanasoHe
TeMIIepaTypHasd 3aBUCHMOCTH IPOBOZUMOCTH IIPUMECHOTO HOJYIIPO-
BOAHHKA ONpefe/seTcs: TeMIepaTyPpHOH 3aBUCUMOCTHIO ITOJBUXKHO-
CTH.

Ha puc. 2.12, 6 noxasansl ABe kpuBbie (5/60)(1/T) ana pasHo
KoHmeHTpanuu npumecu (N, > N,). llna cpapHeHnua WITPHXOBOH
KpuBoil 1 mokasaHa uacTe Gyuknuu o, (1/7), sauMcTBOBaHHOH H3
puc. 2.12, a. TouKn @ COOTBETCTBYIOT KPUTHUECKOH TeMIlepaType
(2.19), npu KOTOpPOIl IpUMECHBIH HMONMYIPOBOSHUK IpeBpamaeTcsa B
coBCTBEHHBIN, TO3TOMY JieBee TOUEK a4 KPHBbLIe G CJHUBAIOTCA C
mrTprxoBoil KpuBoit o,. Toukm b COOTBeTCTBYIOT TeMIepaType
MOHW3al¥ IPUMeCH; IIpaBee 3TUX TO4YeK (T.e. mpu 0oJslee HUBKUX
TeMIIepaTypax) KOHIEHTPaIVAd MOHUBUPOBAHHLIX NIPUMECHBIX aTo-
MOB yObIBAeT ¥ COOTBETCTBEHHO YMEHLIIAETCA yAeJIbHas IIPOBOIH-
MOCTb,

Kax BupuiM, B pabouem gumamnasoHe 3asucumocTb o(T) miaa npu-
MECHBIX IOJYIIPOBOOHUKOB HeCpaBHeHHO ciabee, uem njs cobcr-
BeHHOro. KpoMe Toro, oHa mmeer «0BpaTHEIN» XapakTep: ¢ pOCTOM
TeMIIePaTypsl G HE YBEJMUYUBAETCHA, a YMEHbIIAeTCs.

UItpuxoroit kpusoit 2 nokasana 3asucumMocTs 6(1/7T) gna oueHb
60bINON KOHIEHTPAIUY IIpUMeCH, T.e. AJsI BEIPOXKAEHHOI'O II0Jy-
NIPOBOAHUKA, 3aBUCHMMOCTb 3Ta OueHb cjabasi, UTO HMOATBEDIKZAET
6/1M30CTE BHIPOKAEHHBIX IOJMYIPOBOJHUKOB K METAaJIaM ¥ OIIPaB-
AbIBAeT WX Ha3BaHHWeE -— IOJYyMEeTaJJbI.

2.6. 9ddexT nmoasa

SdpeKTOM IOIA HASHIBAIOT U3MEHEHUE KOHYEeHMPayi Hocume-
aeil (a, 3HAUHAT, ¥ IPOBOJUMOCTH) 8 NLPUNOEEPXHOCIMHOM CL0E NOLY
npoéodnuxa nod deiicmeuem anexkmpuieckozo noai. Cioit ¢ noBsbI-
IIeHHOoM (110 cpaBHEHUIO ¢ 00'BbeMOM) KOHIIEHTPAIIME! OCHOBHBIX HO-
cuTe el Ha3LIBAIOT 0002GUleHMHbIM, @ CJAOM ¢ IOHMXKEHHOHM HX
KOHIleHTpanueit — 06e0HEeHHbIM.

IIycrs MeXxay MeTaNauvecKodl IJIACTMHKOH U TIOJYIPOBOZHHU-
KOM, pa3ZeleHHBIMY AU3JeKTPUKOM (HallpuMep, BO3AYXOM) 3aJaHO
Hanpsoxenue U (puc. 2.13). fAcHo, uro B cucreme MIII (meTann —
OU3JIeKTPUK — IOJAYIPOBOAHHUEK] IPOTeKaHHe TOKa HEBO3MOXKHO.
IIoaToMy Takasa cucTema paBHOBEeCHA ¥ IpefcTaBiader coboil cBoeos-
PasHeI KOHZEHCATOP, Y KOTOPOro OfHa M3 00KJIagoK NOJYIIPOBOX-
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M"TMEJ‘ Huxopaa. Ha stoit obknagke 6y-
E] B geT HaBeleH TaKoH »Ke 3apdan,
- + 4 Homympo KaK ¥ Ha MeTaJaumdeckoil. OgHa-
- +  + BORHHK - VL
=] IR KO 8 omJauiue om Memaanad 3a

h - pAad 8 noaynposodHuke He cocpe-

‘-—————o0

ovU ° domouusaemcs Ha NOBePXHOCMU,
o, lr“’ a pacnpocmpansemci HG HeEKO-
~J - mopoe paccmosuue 6 zaybb Kpuc-
- maanna.
dneKTpuUecKoe Moje, Co3JaH-
d

Hoe HanpsoxenueMm U, pacmpepge-
Puc. 2.13. 9ddexT moias B CTPYKTYpPe JIAETCA MEXKAY AUIJIEKTPUKOM U
MeTaLN-AUIIEKTPUK—IONYIPOBOAKUE  [10JIyIIPOBOJHUKOM. Ilone B pus-

nexrpuxke E, mocTosiHHOE (Tak
KaK B ZU3JIEKTPUKeE HET 00'beMHEIX 3apsifioB), & IoJIe B IOJYIPOBOJ-
HUKe 3aBeJOMO HEIIOCTOSIHHOE, TaK KaK 3apAZ ClajaeT oT NMOoBepX-
HOCTH B I/1y0b HOJIYIIPOBOAHMKA.

3HaK 3apaja B NOJYIIPOBOAHVKE 3aBUCUT OT MOJISAPHOCTH HPHJIIO-
JKeHHOTO  HanpsoKeHuA. [Ipu  OTpUIlaTeNbHOM  TOJSAPHOCTH
(puc. 2.13) HaBefeHHBIA 3apsAx HOJOXKUTEIbHHH. B abIpounoM mo-
JIYIIPOBOJHYIKE IIOJIOXKUTENbHEIH 3apAx 00yCcIoBIeH AbIPKaMu, KOTO-
pbIe IPUTAHYJIUCH K TIOBEPXHOCTH, & B 3JIEKTPOHHOM TIOJIyIIPOBOAHM-
Ke — HOHaM¥ [JOHODOB, OT KOTOPBHIX OTTOJNKHYJ/NCH 3JeKTDPOHEI,
KOMIIEHCHPOBAaBIIIVEe UX 3apAj. 3HAYUT, B I€PBOM CJIydae IIPOMCXO-
aut oborameHue, a BO BTopom — OOGegHeHVe IIPUIOBEPXHOCTHOTO
CJIOSI OCHOBHBIMHM HOCHUTEeNIsaAMu. IIpU HOMOKUTENBHOH HOJAPHOCTH
HanpsKeHUs, Hao00poT, B 3JIeKTPOHHOM HOJYIIPOBOAHUKE IIPOMCXO-
AT oboralicHYe NPUIIOBEPXHOCTHOTO CJIOA 3JIeKTPOHAMH, & B JbI-
POUHOM -— ofefHeHWEe IObLIPKAMY M <«ODHa KeHMie» OTPHIIATENbLHBIX
AKIIeNTOPHBLIX HOHOB.

IIpoTAKeHHOCTH IOZBIDKHBIX 3apAJ0OB B ofOralleHHOM CJioe Ha-
3BIBAIOT Oaunol Jefas unu de6aesckoil AUROIL, & IPOTAXKEHHOCTD
HETOABYKHBIX HOHHBLIX 3apAmOB — 2AYOUHOU 00e0HEeHH020 CaO0A.
O6e 3TH BesMuuHBl paccMaTpuBaioTcs Huke. Oboramenusie 1 0bex-
HeHHbIE CJIOM OKa3bIBAIOTCHA TeM TOHbIIE, yeM OoJIblIe KOHUEHTpAa-
¥ MPUMecH, a 3HAUMUT, U KOHI[EHTPAI[MA OCHOBHLIX HOCHUTeJEeH.
HWnaue roBopsi, TOHKHE CJIOU CBOMCTBEHHBI HU3KOOMHBIM NOJIYIIPO-
BOJHWKAM, a TOJCThle — BHICOKOOMHBIM.

Ecny nmpuHATE DOTEHIMAN B 00'beMe HOJYyNPOBOHMKA PaBHBIM
HyJ10, TO IIOTEHIWaj MOBepXHOCTH OyJeT OT/IHuYeH oT HyJsa Oiaro-
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Aaps HaJIW4¥MIO 3apsagoB MeXQy o0beMOM ¥ IIOBEPXHOCTHIO. Pas-
HOCTH IOTEHIIMAJIOB MEXXKAY IOBEPXHOCTHIO U 00beMOM HAa3LIBAIOT
NOBEPXHOCMHbLY NOMEHYUAIOM A 0003HAUAOT uepe3 ¢,.

Crnegyer 3aMeTHTh, WTO B OTCYTCTBUE BHEIHErO0 HAIPSXKEHUS
TIOBEPXHOCTHBIN NOTEHIVA He NafaeT A0 HyJs, a UMeeT KOHEUHYIO
PaBHOBECHYIO BeIMUMHY Q.. Ona 0bycloBjieHa HaJWuMeM HOBEpX-
HOCTHBIX COCTOSIHWH, KOTOPble CIOCOOHBI 3aXBAaTHIBATH HJIHU OTHA-
BaTh 3JIEKTPOHBI Ha CPABHUTEJbHO AJIUTENbHOe Bpems. BEine oguum
(axTOpOM, BAMAIOWMM Ha BEJUYUHY Qi ABIAETCA KOHMAKMHAA
PA3HOCMb NOMEHYUAL08 MeHNcOY Memaniom u noiynposooHuUKOM.
Bremsee nanpaskenue, HeoOX0ZUMOe OJIA TOTO, YTOOHI CKOMIIEHCHU-
pOBaThk PaBHOBECHBIN IIOBEPXHOCTHBLIN IOTEHIVAM, HA3bIBAETCHA Ha-
npajxenuem cnpamieHus 30 u ofosHauaerca uepes U, (or Flat
Band — mnnockwme 30HbI).

Kak y)ke ormeuanocsh, 3JEKTPHUUECKOEe IIOJIe paclpefgesdercs
MEeMX Iy AU3JeKTPHKOM M IOJynpoBogHUKOM. Ilose B gusjieKTpuke
BO3pacTaeT IPY yYMeHbIIIeHUH paccrosHus d. PaccrosiHue d He MO-
JKeT OBbITh IPOMBBOJIBHO MaJbIM: Ipu ycjaosuu d < 10 HM pusmexT-
PUK CTAHOBUTCS NPOHUIIAEMBIM [JIf TIOABIDKHBIX HOCHTeselt 6iaro-
napa myuneavHomy a@gexmy. Ilpu srom crpykrypa MIII nepe-
craeT OBITE QHAJOrOM KOHJAEHCATOpa: O0OMEH HOCHUTENAMH uYepes
AU3JIEKTPUK BHI3BIBAET NIPOTEKAHKe TOKA, a 3HAUUT, HApyIlaeT paB-
HOBeCHOe cocTodHme. Pacmpefesienre NoTeHIuanza B obacta 06b-
eMHOI'0 3apsja MOXKHO OIEHHTH C IOMOIIBI0 OJHOMEPHOIO ypaBHe-
Hua Ilyaccona

2
L, (2.26)
dx €ptE

rae A — NJIOTHOCTH 3apaga; €y — 3JeKTpudYeCcKada IIOCTOAHHAaA,; &€ —
OTHOCHUTEeJIbHAaA AU3JIEKTPUYECKada NPOHUIIAeMOCTh IOJNYIIPOBOAHM-
Ka.

B o6mem cnydae NJIOTHOCTE 3apAja B NOJYNPOBOOHUKE 3aIIHCHI-
BaeTcs CHeyIomum obpasom:

A=q(p+ N, -n-N,), (2.27)

rae N, u N,” — KOHIGHTPan¥u# MOHH3MPOBAHHBLIX TIPHMeCe.
Konnentpannu cBOGOIHBIX HOcHTenell B mpasoir uactu (2.27)

CBA3aHBI C BEJIM4YUHON 3JIEKTPOCTATHYECKOr0 MOTeHnHala ¢g. dro-

OBl YCTAaHOBUTHL 3Ty CBsA3b, BOCIOJb3yeMcs BrIpaskeHuamu (2.12).
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IIycTs B riiybune noJIyIPOBOZHMKA, e 3apAAbL U II0Je OTCYTCTBY-
10T, KOHIIEHTPAIIUH 3JIeKTPOHOB ¥ JBIPOK PaBHEI iy K P, & 3JIEKTPO-
CTaTH4eCKHUH IOTeHIHaNl PaBeH Qp,. COOTBETCTBYIOINHEe BEJUUHUHDI
BOJIN3H NTOBEPXHOCTH 0003HA4YUM IIPOCTO 4Yepe3 11, p U ¢. Ilogcra-
BuM B (2.12a) cHauasna 3HaAYeHHA Ny U Qgy, 4 3aTeM 1L ¥ ¢y ¥ NPH-
paBHAeM IpaBble YacTH (IIOCKOJbKY B PaBHOBECHOH CHCTeMe (p =
const). B pesyabrare moiayuum

9 ~Qpo = ¢, In(ne/n).
IlpuveM i1 IPOCTOTHI P = 0 (3TO COOTBETCTBYET 3a3eMIEHHIO

IONYyNPOBOAHUKA Ha puc. 2.13). Torga KoHmeHTpamua 1 BHIPA3UT-
¢ yepes @y CIeyoIquM obpasom:

n=nge /07, (2.282)

AnasoruyneIM myTeM, ¢ nomoubo (2.126), MOKHO BBIPa3UTh
KOHIIEHTPAIIMIO P 4Yeped Pg: e

p=poe™ . (2.286)

3ameHuM B popmynax (2.28) BennuuHy @5 Ha —@, T.e. IepeiineM
OT 3HEepreTWYeCcKUX NOTeHIUAaNoB K 3jeKTpuieckum. [locae storo,
HOACTaBMNAA KOHIEHTPAIUHY Il K p B IPaByo yacTs (2.27) u ganee —
IIJIOTHOCTH 3apsAjna A B ypaBHeHue Ilyaccona, mosyuyam HejluHeiHoe
guddepeHnIaTbHOE ypaBHEHNE, KOTOPOe B 00IIIeM cilydae He MMeeT
amaguTHyecKoro permenuda. OZHAKO B ABYX Ba’KHBIX UaCTHBIX CIHY-
yasix, KOrja MO)KHO IpeHeOpeub MuG0 KOHIEHTpaIMel MOHUBUPO-
BauHHBIX Hpumeceir (oboramjeHHsle cJ0ou), JuOO KOHIeHTpalwei
cBOOOAHBIX HocuTened (o0emHeHHbBIE CJIOM), aHANUTHUECKHUE Dellle-
HUSA CYIEeCTBYIOT. JTH CIYydYa¥ DacCMOTDPEHBI HIDKE.

IderT Hosa B cCOOCTBEeHHOM noaynporogHHke. Ilozcrasum B
npasyo dacts (2.27) koHieHTpanuu (2.28) u 3aMeHUM @y Ha ~@
Hanee, yuuTbIBasg, YTO TNOJYIPOBOAHUK COGCTBEHHBIH, IIOJIOMXUM
ng=py=nuN ; =N, a* = (. Torga naOTHOCTE 3apsiga NMPUBOUTCA
K BUAY

A =-2qn,sh(¢/¢@r).

IloacraBum moJydeHHOe 3HAUYeHUe A B IpaByio uyacTh (2.26), mo-
menuM obe yacTH Ha ¢p K BBeleM 0e3pasMepHyIO IepeMEHHYIO
P =¢/@r. Ilocne aroro ypasHenume IlyaccoHa nmpumeT BHJ:

o 1

dxz l2D1

sh(®d), (2.29)
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rae

08P

2.30
2qn, (2.30)

§ lDl =

— pebaeBCKad AiuuHa B COOCTBEHHOM NOJYNPOBOAHUKe. 1A KpeM-
HEA lp, =14 MEM.

PaccmoTpum mpocTeiitumit cayuait, Korga | @,|< ¢p, T.e. |®f< 1L
B sTOM Ciyuae MOYKHO IOJOKUTE sh © ~ © u (2.29) npespamaerca
B jauHeiHoe puddepeHnuasbHOe ypaBHeHue 1-ro mopagka. [ma
TpaHMYHBIX ycaoBuit (o) =0 u ¢(0) = ¢, peilenue mmeeT BHZ:

~ —x/lp
p(x) = @0 7. (2.31)

W3 (2.31) cnenyer, uto pebaeBcKas OJIUWHA — 3TO PacCTOAHHE,

Ha KOTOPOM IIOTeHIAaj YMeHbIlaeTcd B €

pas 10 CPaBHEHUIO C MAaKCHMAaJbHBIM 3Ha- Ph

yeHHeM (, Ha IOBEPXHOCTH. -—W 0,
3nas GyHKOMO @(X), JErKO HOIYUUTh o | | N

dpyaxmuu E(x), Mx), n(x) u p(x). Bce onm ' ‘P/p>7; o

NOKas3aHbl Ha puc. 2.14 pi4 Toil JKe MOaAp- Y

HOCTH HAaIpsDKeHHA, 4YTo ¥ Ha puc. 2.13. 0 >

IToxasana Takike 30HHAA gUarpaMma noay- ¢ “x

TIPOBOJHUKA, Iie KpuBad @ p(x), a 3HA4HT, ¢

¥ BCce JpyTHe 3HepreTHMYeCcKUe YPOBHU AB- 0

JNAIOTCA 3epPKaJbHbIM OTOOpaskKeHHeM KpH- l/ *

Boll ¢(x). VckpuBneHHMe sHEPreTHYECKUX E

30H BOJIM3Y rPaHUIBI IOJAYIIPOBOSHUK-TV3- }”T\

JIEKTPUK — XapaKTepHasd 0cobeHHOCTH 3gh- Y >

dbexra mons. nh—
Ecny wu3MeHUTH NONAPHOCTH HAIpA- 0 = »

JKeHUdA, TO 3HAK 00beMHOr0 3apAfa u3Me- 4

HUTCA ¥ 30HLI UICKPHUBATCA B APYTYIO CTO-

POHY — «BHUu3». OgHako npu obeux mo- o

JIADHOCTAX IIPUNOBEPXHOCTHBIN CJIOII B w x

COﬁCTBeHHOM INONAYIIPOBOOHUKE OKa3hbiBa-
erca oﬁorameHHmyM Iznnﬁi 3JIeKTPOHAMY Pre. 214, Sggexr moxs
’ B cOGCTBEHHOM IIOJYIIPOBOA-
au6o peipKamu). HHUKE. 30HHAA AUArPAMMa,
BeJ'II/I‘IIrIHy IIOBEPXHOCTHOI'O IIOTEHIIA- pachpejesieHue NOTeHIHaIa,

Jla MOXKHO HAWTH M3 yCJIOBUSA HeIpepnIB- HOA, 3apiaa M KOHNEHTDA-
Ui HOcHTeJ el
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HOCTH 3JIEKTPUYECKON WHAYKIUY HA IPaHUIle NONYIPOBOSHUK-A3-
JIEKTPUK:

e, E(0) =5, E (0), (2.32a)

rze €, ¥ £, — OTHOCHTeJIbHbIE AHM3JEKTPNYECKHe NPOHUIIAEMOCTH
TIOJIYIIPOBOAHUKA M AUIJIEKTPHKA.
Ilone B AuW3jieKTpHKe NOCTOAHHOe, MosTOMY (puc. 2.13)

E (0)=(U -9,)/d; (2.320)

7oJIle B IOJYIPOBOZHUKE Ha IPaHuIle ¢ OU3NeKTpuKoM (puc. 2.14)
ompepeisierca GyHKIuedr ¢x):

d
EQ) = -2 0) . (2.328)

Onyckasa MaTeMaTHu4yeCKue
BbIKJIaAKY, I[IpUBEJEM 3aBHCHU-
mocTe @4 (U) B BHAe KPHUBHIX HA
puc. 2.15, I3 3TuX KpUBBIX BHUJ-
HO, UTO IIOBEPXHOCTHBIN IIOTEH-
Ouajx COCTaBJAET TeM O00JbIIyIo
HOJI0 IMPHUJIOXKEHHOr0 Hampske-
0 —_— ) . . HUS, YeM TOHbBIIe JU3JeKTPHUK

5 10 20 50 100 v/er (yem MeHbuIe napamerp a). Ilpum

BCEX peajbHBIX 3ZHAYEHUAX TOJ-
HOro noTeHIHaJla B coGCTBEHHOM IIO- I_[II/IHBI nnaHEKTpHKa u an.TIO‘
JIyNIPOBORHUKE OT TOJXUIMHEBI JHIJICKT- me}mor? HalpAXKeHudA IOBepXx-
pHKa U HaUpsS/KeHus Ha meraarmde- HOCTHBIM IIOTEHIUAJN He IPEBbI-
CKOM 3JIeKTpoje maeT  HECKOJBKUX  HeCATHIX

JloJlefl BOJIBTA.

Ilpumecusniit noxynposogHuK. OcobeHHOCTHIO addeKTa MONA B
IPUMECHBIX IIOJYIPOBOIHUKAX MO CPABHEHHUIO C COOCTBEHHBIMHU AB-
JIAETCS BO3MOXKHOCTHL IHOJIYUEeHHA Kak oforaiieHHbIX, Tak u obel-
HEHHBIX CJIOEB.

Pescum obozawenus COOTBETCTBYET TAKON IIOJAPHOCTH IIPHUIO-
JKeHHOTO HANpPAXKeHUA, IPH KOTOPOH OCHOBHBIE HOCHTEJH IPUTH-
TUBAIOTCA K II0BEPXHOCTH. JTOT ciIyyait 6IN30K K pPAaCCMOTPEHHOMY
Ha puc. 2.14, HO oTauMuyaeTcsa MEHBIINM WCKPHBJIEHHEM 30H
{puc. 2.16, a). MeHpllee UCKpUBJIeHHEe 30H OGYCJIOBJIEHO TEM, YTO
NPHMECHBLIM NONYNPOBOSHHUK OOraT NMOABMKHBIME HOCHTENAMHY U

Puc. 2.15. 3aBHCMMOCTE TIOBEPXHOCT-
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OTOMY Jake HebGOJBINON HOBEPXHOCTHBIN NOTEHIVAM oﬁecneana-\
eT HeOOXOQUMEIN 3apsaj BOJM3YM IOBEPXHOCTH.

oF
®) o W
0
L Z - é?l =
P
IhPE 9£oTO Op :
& ._L{ b ©ro=0
) & NDE : \ £0 0,
| —n H
Pri/ i \ ®g0=0 0, NnBepcuoH-
N HBIA CJIOH

a) o) )

Pac. 2.16. SddexTt moss B OpHMMECHBIX NOJIYNPOBOZHUKAX: @ — DeXHM ofora-
mesns; 6 — pexxum obegHenus, 6 — o6pasoBaHHe MHBEPCHMOHHOIrO CJOSA

Ilpu ycnoBuu ¢, < 2@, HOTEeHIHAT B IPUMECHOM IOJYNPOBOA-
HYKe onuceiBaerca Buipaskenumem (2.31), HO nebaeBcKada ANHHA
nMeeT BHU[

EgEQy
l = |j—,
D gN (2.33)

rae N — KOHIEeHTPaLs MOHU3UPOBAHHOI IPpUMeCcH (JOHOPHOI UIH
aKIIENITOPHOH).

Ilockonsky N » n,, pebaeBckas ANWHA B IPUMECHBIX IIOJIYIIPO-
BOZHHMKaX ropaspo MeHbIlle, yeM B coOcTBeHHbIX. KpoMe Toro, ona
IPaKTH4YeCKH He 3aBHCHT OT MaTepmana. Ilomaraa N = 1016 cm3,
nonyuaem u3 (2.33) TunuuHoe 3Hauenue [, =~0,04 mxm. Kak Bu-
LM, TIOJIe TIPOHUKAET B IPUMeCHbIE MOJIYIPOBOAHUKY Ha HUUTOXK-
HYIO IyOuHy.

Ecnu npumenuts dbopmyny (2.33) k Metanaam (X0TA 3TO He CO-
BCEM NIPaBOMEPHO), TO NPX CBOMCTBEHHLIX UM OTDOMHBIX KOHIIEHT-
panusax cBoGogubix HocuTededr 10%22-1023 cm™3 pgebaeBckaa AruHA
{p JeKuT B IIpefesax geCsaThIX LOoJieil HAHOMEeTPAa, YTO COOTBETCTBY-
eT 1-2 me)kaToMHBIM paccToaHUAM. [Jogo0HaT OIleHKAa XOPOIIO M-
JIIOCTPUPYET TOT M3BECTHHIN (aKT, YTO 3apsgpl B MeTaJllle Bcerga
COCPeOTOYeHbI Ha IOBEPXHCCTH, GHYMPL Memaarira 3apadvl u
dreKmpuiecKue noas OMCYymcmaeyiom.

Pexcum o6ednenus COOTBETCTBYET TaKOM IOJISAPHOCTH IIPHUJIO-
JKEHHOr0 HAIpsKeHUdA, IIPU KOTOPOY OCHOBHBIE HOCUTEIH OTTAJIKH-
BAIOTCs OT IOBEPXHOCTHA. B 3TOM ciiyuae MOBEePXHOCTHBIN HOTEHILH-
a7 MO)KeT MMeTh ropasjno 0oJnllive 3HaYEHMs, YeM B pekume 060-
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ramenusa (puc. 2.16,6). OrrankuBaHue OCHOBHBIX HOCHTeNei, Kak
yiKe OTMeYaloCh, NMPUBOSUT K IOSBJIEHHI0O HEKOMIICHCHUDPOBAHHOTO
06 beMHOTO 3apAfa IIPUMECHHIX HOHOB.

IIpexmonosxkuM, 4TO rpanvila 0GeJHEHHOTO CJIOS pesKas U pac-
TIONIOXKeHa Ha PACCTOAHMM [ OT IoBepxHOCTH. IInoTHOCTE 06BEMHO-
ro 3apAaza B o0eZHEHHOM CJIOe IpUMeM IIOCTOSAHHOH u paBHOH’ ¢N,
rge N — KOHIEeHTpalluA HOHU3WPOBaHHOI npuMecu. Iloacrasiadaa
sHauenue A =¢gN B ypasuenue Ilyaccona (2.26) u ucnonssysa rpa-
HYUYHble sHauenua E () = 0 u ¢(ly) =0, monyuaem nocje AByKpar-
HOI'0O MHTErpupOBaHUA:

@ =(M280E)x —1y)°.

IHonosxkus B sToM Bripavkerun x = 0 u ¢(0) = ¢, HaligeM npoTA-
JKeHHOCTh (TONINUHY) 06eJHEeHHOrO CIOA:

2808/ 0,]
1, = |[=20°1%st
0 N (2.34)

Xorsa cTpyKTypa BolpaskeHuit (2.34) u (2.33) oguHakoBa, MeXAY
HYMY €CTh ¥ CyllleCTBeHHas pasHuna: gebaeBCcKad AJIHHA 3aBUCHT
TOJILKO OT CBOMCTB MaTepuaia, TOrEa Kak TOJIIUHa 00beMHOro 3a-
psja 3aBUCHUT eIlje ¥ OT NPUIOKeHHOTO HAaNpPAXXKeHWdA, IIOCKOJBKY
OT Hero 3aBHUCHT DoTeHOualI ¢, {cM. puc. 2.135). O6pIuHO BeMUUUHA
[, B HECKOJNIBKO pa3 IpeBBILUAET BelWuUMHy [,

C pocToM HampsA’KeHus OCHOBHbIE HOCHUTEJH IPOLOIXKAIOT OT-
TaaKUBaThCA (& 00egHEHHBIN CJI0H paclInpATLCA), HO OFHOBPEMeH-
HO K IOBEPXHOCTH IIPUTSTHBAIOTCA HEOCHOBHbIe HocuTenu. Korpa
HapacTamomu#d 3apAj] HEOCHOBHBIX HOCUTeJeHd IpPeBLICUT 3apiaf
OCTaBIIVXCA OCHOBHBIX, USMEHUMCA MUN Nnpoéodumocmu npuno
8EPXHOCMHO20 CA0A. ITOT ciayuail XapaKTepHU3YIOT TePDMHUHOM UM
gepcus muna npogodumocmu, a cloi, o6pa3oOBaHHBI HEOCHOBHBI-
MU HOCHUTEJIAMHY, HA3EIBAIOT UKEEPCUOHRbIM caoem (puc. 2.16, 8).

C Touru 3peHUs 30HHOH Teopuu 00pa3zoBaHVEe WHBEPCHOHHOTO
¢J105s1 OO'bACHSIETCA TeM, UTO BOJIU3Y IIOBEPXHOCTHY YPOBEHB 3JIEKTPO-
CTaTUYEeCKOTO IIOTeHIVajia IepecekaeT ypoBeHb Pepmu. Tem ca-
MbIM Ha IIPUIIOBEPXHOCTHOM yUYaCTKe ypPOBeHb PepMH OKa3bIBAETCA
B TOH IIOJIOBUHe 3alpellleHHOH 30HBI, KOTOPas COOTBETCTBYET IIpe-
oblagaHUI0 HEOCHOBHBIX HocuTesnedl. TolmmHa HHBEPCHOHHOTO
CJI0A COCTaBJsgeT Bcero 1-2 HM, T.e. 3—4 NOCTOAHHBIX PElIETKH.
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W3 puc. 2.16, 6 BuAHO, YTO MHBEPCHMOHHEIN CcJOi obGpasyercs
IIpY 3HAUEHUH INOBEPXHOCTHOrO NMOTeHnuala —(¢r — ¢ po). Jdanpneii-
Ilee yBeJMUeHUWE BHENTHErQ0 HANPsKeHUS COIPOBOXKIAETCHA Oallb-
HelIINM yBeJIWYeHHEM MNOTeHIHaka ¢, OO TeX NOp, NOKa yPOBEHb
@epMH He IlepeceueT I'PAHUIlYy paspelreHHON 30ubI (puc. 2.16, 6 —
paneHTHO#). Iloce 3TOoro rpaHuyYHbIN €0 NpeBpalaeTca B IONy-
MeTajI, a HOTeHIuAN (¢, NIPAKTH4YeCKH He MeHAETCA M COXPaHdeT
3HAuUeHUue

Psm =_2((pF —'(pEO)' (235)

B 06p1uHbIX CAYUIAAX MAKCHUMAaJIbHLIN ITOBePXHOCTHBIN IIOTEHIIU-
an cocrasiager 0,6-1,0 B.

2.7. PexomMOuHAIINA HOCHTEJ e

IIpomeccs reHepanuu ¥ peKoMOuHaAIUYU HOCHUTENeH 3apajna He-
oT'BeMJIEMBI APYT OT APYra, XOTs U IPOTHUBOMOJIOXKHBI 110 COAEPIKa-
Huo. XOTs B IOCHAELYIOIeM H3JI0KeHUH OyAayT obcykaaTsecsa TOXb-
KO IpOIlecChl peKOMOUHAUY, HA TPeX HJLIIOCTPALUAX NPHUBOZATCS
oba mpormecca.

Ha puc. 2.17 yciaosuo u3006- 1 11
PasKeHBI NpPOIECcChl TeHepanuu Pe Pe
U peKoMOHMHaMuH, COBepLIAIO- , |
InMecss HENOCPeACTBEeHHBIM Me- o o& - -
PexomoM W3 30HHI B 30HY. \l\ l l

Pacemotrpum cayuait, Korma o oner o,
IpuMech XapaKTepuayerca 2.aYy- 6 6 © ® 06
Gokumu YpOBHAMHM, pACIIOJO- a) 6) 8 a) 0) e
KeHHBIMU BOJIN3N CePeAnHEI 3a- Puc. 2.17. IIpsimble IepexOabl M3 30HEL
npemenHoit 30HI (Ha puc. 2.18 5 jomy I — remepanus mocutenedt sa
u 2.19). DHepruaA aKTHBAaIM¥ B Daga, II — pexomGuuanus HocuTeel
3TOM cJIyuae JOCTATOUHO Gojp- 3apdaa (@ — mavasbHOE COCTOAHUE,
s, [03TOMY AaTOMBI TaKHX fm; nepexon, 6 — KOHEYHOE COCTOs-
npuMecedf TNpaKTHU4YeCKH  He
MOHMBUPYIOTCSA, COOTBETCTBEH-

HO He MeHAIOTCA KOHI[eHTpamuy cCBoOOZHKIX HocuTenelt. Tem He me-
Hee poJp IJIyOGOKMX YpPOBHe# MOXKeT ObITH BechbMa CYILECTBeHHOIM:

OHH IpeACTaBJIAIOT COGOM Tax Ha3blBaeMble JIOBYIUIKY MM IEHTDLI
3axBaTa TMOABIYKHBIX HOCHTeJei.
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a) ©6) 8) a) ©6) ) a) 6) s8) a) 6) 6)
Ia Io Ila II6

Puc. 2.18. Ia — 3axBar ajekTpoHa; 16 — omdana saexmpona; Ila — saxsar
neipkw; II6 — orgava awplpKu (6 — HadaapHOe COCTOSHUE; 6 — IIepexoj;
6 — KOHEeYHOe COCTOSHHe; ¢, — IHEepreTH4eCKUH ypOBeHb JOBYIIKH)

Ha puc. 2.18 nokasasbl IPOIIeCCHl 3aXBaTa ¥ OTHAYHU 3JIeKTPOHA
¥ ApIPKH JIOBYIIKOHM NpH OZHOCTYIIEHUATHIX IIPOIlecCax.

JJIEKTPOH, IOMAaBIIUil U3 pa3pelIeHHOH 30HBI Ha JIOBYIIKY, Ha-
XOAUTCS Ha Hed B TeueHUe HeKOTOPOTO BPpeMEHHU — BPEMEHH DeJlaK-

canuu. Ha puc. 2.19 mokasassl

Pe 9 OBYXCTyNeHYaTbi€ IIPOILECCHI.

BepoaTHOCTL ABYXCTyIIEHUa-
TBIX IPOIIECCOB Topasgo 060jib-
e, YeM OJHOCTYIIEeHYAThIX,
paccMOTPeHHBIX BbIlue. IlosTo-
o ¢, MY B TPHCYTCTBHK JIOBYLIeK
1 I TIpoIeccsl reHepauu-pexoMon-
HaIy UAYT 3HAUUTEJNBHO HH-
TEeHCHUBHee ¥ BpeMsA >KU3HU HO-
cuTesell OKa3bIBAETCS 3HAUMTE-
JH5HO MeHbIIe.

3axBaT 3J€KTPOHOB INIyOOKVMMU ypOBHSAMHY OCOBEHHO XapaxTe-
PeH A/ TOBEePXHOCTH IOJYIPOBOZHHKA, KOTOpas Oorara mopepx-
HOCTHLEIMHY COCTOSHHAME. B 3aBHCHMOCTY OT BpeMeHY pejaKCalyuu
TIOBEPXHOCTHBIE COCTOSHUS OENAT Ha Ovicmpbie 1 medaeHHbie. Boi-
CTpbi€ COCTOSHYA XapaKTePHLI BPeMeHaMM peJlaKkCcalyi IIOpAnKa
107% ¢, a mepnenHble — BpemeHamu mnopagka 1073 ¢ u 6Gouee,
BILJIOTE B0 HECKOJBKUX CeKyHJ. PexoMOuHamusi, IPOTUBOLEICTBY A
HaKOILJISHHIO HOCcHUTeNei, 00yCc/loBINBaET X paBHOBECHBIE KOHIIEH-
Tpanuu. Baarogapsa pekoMGuHauY CBOOOAHBIE HOCHUTENH HMEIOT
KOHe4YHOe 8peMs HU3HU, & 3TOT IapaMeTp BO MHOTOM OIpegesnseT
JJIATEJbHOCTL NEPEeXOAHBIX IPOIECCOB.

t—
i

-+

b— +
-]

b+

=
=
-

Prc. 2.19. I — pgByxcrymeHuartas pe-
Kombuuanus; II — pByxcrTynmenvaras
reHepanus
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MexaHu3Mbl peKoMOMHamuM. PasnuualoT Henocpedcmeennyio
PEeKOMOURAUUI0 ¥ PEKOMOUHAYUIO HA NPUMECHBLX UeHmpax.

HenocpeacTeeHHOH peKoMOuHaIIMeil HAa3bIBAIOT IEePEXOn 3JIeKT-
poHa U3 30HBI IPOBOSUMOCTH HEIOCPEACTBEHHO B BaJEHTHYIO 30HY,
rie OH 3aHVMAaeT OAUVH V3 BAaKAHTHBIX YPOBHEH, T.e. ¢«yHHUYTOXKAeT»
npIpKky. PasyMeercs, npu TakoM Iiepexoje HOJKHA BHIAENATHCH
3HepTud @, — Takad ’Ke, KaKas Obila paHee 3aTpaueHa Ha Ilepe-
BOJ, 3JIeKTPOHAa U3 BaJeHTHOH 30HLI B 30HY IIPOBOAUMOCTH. JHEPrud
MOJKET BBIZEeNATHCs Jaubo B BuAe GoToHa (U3ayuamenvHas peKomou-
Hayus), 1160 B Bujge houoHa (fesvi3ayiamenbias peKombunayus).
B 60abIIIMHCTBE IOJYIPOBOZHUKOB, B TOM YHCJIe U B KPEMHUU, Be-
POSITHOCTH M3NydaTeIbHOM PeKOMOUHAINY HA HECKOJIBKO IIOPAAKOB
Menbllle, uem OespIanmyuaTensHoOd 1.

OaHAKO BepOATHOCTH 0e3bI3IydaTebHOM HEeNOCpeJCTBEHHOM pe-
xoMOuHamuy cama 1o cebe ToXKe OUeHb Masa, IOCKOJIbKY CPaBHUTE-
JAbHO GoJbInas 3Hepruda ¢, (mopaaxa 1 3B) pegko mMokeT BONIOTH-
ThCA B OFHOM (OHOHeE, a ee OFJHOBpPeMeHHOe paclipefiesieHue MeXAy
aByMs (pOHOHAMH MajioBepoATHO. Takum obpasom, Henocpedcmeen-
HAA peKOMOUHAUUA 6 UeN0M He ABAAeMCA ZAAGHLIM MEXAHUIMOM
pexomOunayuu 6 noaynposodHUKaX.

[naBHy0 posib urpaeT peKoMOUHAIVSA Ha IPUMECHBIX I[eHTpax.
Peus uper o rybokux ypoBHAX, PACIHOJIOKEHHBIX BOJIM3U cepeRu-
HbI 3aIpelleHHON 30HBI, KOTOPHIE HA3BIBAIOT JA0SYULKAMU (CM.
puc. 2.18). lauubiii BUug peKoMOuHanmuy — ABYX3TalHBIN: CHauasa
37IEKTPOH TEepeXOAUT U3 30HBLI IIPOBOJUMOCTH Ha yPOBEHHL JIOBYII-
KM, a 3aTeM C YPOBHA JIOBYIIKY B BaJIeHTHYIO 30HY. Ha xarkgom
oTalle BhIAEJAETCA 3Heprus, 61usKaA K % qo,, T. e. BJBOe MeHbIIIe,
UeM IpY HEMOCPEACTBEeHHOHM pexoMOuHamuu. ITO 06CTOSATENBLCTBO
Pe3KO IOBBIIIAET BEPOSATHOCTHL Ilepefaud 3Hepruu (HOHOHY, UTO H
00bACHAET IPEUMYIIECTBEHHOE 3HAUEeHUEe JaHHOTO MEXaHU3Ma pe-
KombuHAaIHH.

Pons noByitiek MoryT urpats He TOJIbKO IPUMECHbBIE aTOMBI, HO
H pasauuHbie AedeKThl pelmerku. I[losToMy HOBIIIIEHHAsT CKO-
pocTs pexomOMHAIUY CBOMCTBEHHA, B YACTHOCTH, NOJUKDPUCTAI-

1 370 ofbACHASTCA TEM, YTO 3JIEKTPOH, BO3BPAINASCH B BATEHTHYIO 30HY, AOJIKEH OT-
NaTh He TOJILKO 3HEPruio, HO U UMIyJibc. IIocKONBKY GOTOH He cIocoGeH BOCHpH-
HATL CKOJIBLKO-HEuOYab 3aMeTHRIN HMIIyJIbc, HEOOXOAUMO, YTO6BI B IIPOLECC BKJIIO-
Yayachk eIe TPEThs yacTulla — (POHOH, a TaKas KOMOMHanmus BCTpeuaeTcs Kpaiine
DPEAKO.
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gaM (y KoropsIx HedeKTaMu ABISAIOTCA BCE I'DAHU MEXKIY OTHEJTb-
HBIMY 3€PHAMHK) ¥ NPHUIOBEPXHOCTHBIM CJIOAM JI0060T0 MOHOKpPHC-
TQJAMUYECKOr0 MOJYNPOBOAHKKA (Toe HeusbexHBI HapPYIIeHHS
NePUONNUYHOCTH PeIleTKH X DPaspPhiBbl KOBAJIEHTHBIX CBsA3ei).

PexomOuHanus paBHOBECHBIX HOcHTeleil. BeposaTHocThs Hemo-
CPeACTBEHHON peKoMOuHAIMY 3JIeKTPOHA C OXHOM M3 JBIPOK B €XM-
HUIy BPEeMEHH MOXKHO 3alucaTh CJAEAYIOIHUM 00pasom:

r= GE(IIIJUT’

THE O,y — dPPeKmusnoe cevernue 3aX6ama; Uy — CPELHA TEILNIO-
Basd CKOPOCTL 3JIeKTPOHOB 1. BequuuAy 7 Ha3BIBAIOT KOIPOUUUEH-
mom pexomburayuu. Y MHOXKUB KO3 QHITUMEHT 7 Ha KOHIEeHTPAIHIO
ZBIPOK, IOJAYUYHAM IIONHYIO BEPOSITHOCTh PEKOMOWHAIMH 3JI€KTPOHA
B egUHUNY BpeMeHM (C n060il u3 mmerolIuxca AbIpok). ObparHas
BesimumHa OymeT CpefHHM HMHTEPBAJIOM MEKIY aKTaMu peKoMOuHAa-
oYY, T.e. CpEJHUM épemMeHeM JHU3HU 3JIeKTPOHOB NIPU HENOoCpencT-
BEeHHOM peKOMOwWHAaIWW:

1, =1/(rpy)- (2.36a)

IIyrem apasoruuHbIX pacCy’KHeHUU mojyuaeM CpeJHee BpeMd
SKHU3HHU IBIPOK:

1, =1/(rng). (2.366)

B dopmynax (2.36) ungexc «0» mpuCBOeH paBHOBECHBIM KOH-
menTpanuam. Takum o6osHaueHreM OymeM IONB30BATHCA U B JaJIb-
Hel1eM.

Ecay yMHOMKHTS BEPOATHOCTH PEKOMOWHAIIUY OJHOT0 3JIeKTPOHA
rpy Ha KOHIIEHTPAIMIO 3JIeKTPOHOB N, MOJYUNTCA 06IIiee KOTHIeCT-
BO aKTOB peKOMOMHAUWNK B efUHUIly BPEMEHH, T.e. CKOPOCMb Heno
cpedcmeernuoll peKombunayuu:

RO = I'gpDo- (2.37)

1 OueBuHO, YTO HENOABUKHBIH JIGKTPOH HUKOIa HE ¢BCTPETUTCS» C ABIPKOI; YeM
GoJIpl1IIe CKOPOCTH JIEKTPOHA, TeM GoJiee BEpOsiTHa Takas «BCTpedas. TO KacaeTcs
CcedeHus 3aXBaTa, TO OHO XapPaKTepHayeT TOT 00beM BOKPYr ALIDKH, IONaB B KOTO-
PBIH, 2J1eKTPOH Hen3GeXKHO IPUTsSHETCA K Helf, HECMOTDS Ha HHEDIIMIO CBOEro ABH-
JKEeHH.
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W3 ¢opmyn (2.36) saAcHO, UTO paBHOBeCHbIE BpeMeHa JKU3HU
3JIeKTPOHOB M ABIPOK B 00llleM Ciydae Pe3KO PasjIuuHbI U3-3a pas-
AuYnA KOHIEeHTpauui n, u p,;, IpuieM BPeMdA KU3HU HEOCHOBHBIX
HOCHTeJIeHl Bcerga MeHbIIle, yeM OCHOBHBIX.

3aMeHnsaa B npasoii yacTu (2.36) npousBegenue rn, Ha 1/7, uan
rpy Ha 1/1,, 3anmineM CKOpoCTs pexoMOuHaInuy elne B OZHOM pac-
npocTpaHeHHOt dopme:

Ry =po/t, =ng/1,. (2.38)

HenocpencrBeHHad peKoMOMHAanus. B HepaBHOBECHOM COCTOS-
HUY TIOJYIIPOBOSHUKA KOHIEHTPAIUK CBOOOLHBIX HOCHTEeH OTIH-
YalOTCA OT PABHOBECHBIX 3HAUEHUIL:

n=ny + An; (2.39a)
P=po +Ap. (2.396)

HepaBHOBeCHBIE KOHIIEHTPALUY N1 ¥ P MOTYT OrITh GOJble ¥ Me-~
HbIlle PAaBHOBECHBIX, T.e. 3HAKH IIpUpaIeHuil An u Ap B dopmyiax
(2.39) moryr ObITh KaK TOJIOXKUTENLHBIMM, TaK ¥ OTPHUILATEIbHBI-
mu. Ilpupamenusa An 1 Ap Ha3bIBAIOT U30bLMOUHbIMU KOHUCHMPA-
yuamu. JIaa coxpaHeHUs HEHNTPaJpHOCTH TIOJYNPOBOJAHUKA HU3DBI-
TOUHbIe KOHIIEHTPAIINH 3JIEKTPOHOB ¥ ABHIPOK JOJDKHBI ObITH OfUHA-
KOBBIMH:

An = Ap. (2.40a)

Bounee Toro, npu namMeBeHUAX U3OLITOUHBIX KOHI[EHTDPAIIUNA Hell-
TPajJbHOCTDb TOXKE JOJIKHA COXPAaHATHCHA, OTCIO4a — YCJIOBUE paBeH-
CTBa CKOPOCTeHN M3MEHEHWA KOHI[eHTDAaIlVi:

dn/dt = dp/dt. (2.406)

Wz Boipaskenuit (2.40) crnegyer, uTO aHAAUIUPOBAMb NOPO3HbL
nogedenue u30LLMOUHLLY 3LEKMPOHOE U U3BLIMOUHLIX OblpOK He
umeem cmblcaa, mak Kax Gyuryuu An(t) u Ap(t) cospnagaror. 1los-
TOMy HM)Ke PacCMaTPHUBaeTCA TOJLKO IIOBeJeHVEe 3JIeKTPOHOB.

IIpeanonokuM, 4TO IO KaKOH-TO IPUYKMHE HAPYIIEHO PABEeHCTBO
Me)KAY CKOPOCTAMM IeHepaiuy U peKoMOuHanuu 5J1eKTpoHos. Tor-
Ila 3JeKTPOHEBI OyAyT HaKanauBaThesl (MM PaccachbIBaThCsI) CO CKO-
POCTBIO, PABHON Pa3HOCTH CKOPOCTeil reHepamyuy U peKoMOuHanuu:

dn/dt = g - r{np), (2.41)

rae g — CKOPOCTH reHepamnuu; r{np) — CKOPOCT: PEKOMOMHAIIMH.
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3amnuilteM CKOPOCTHL TeHepaluu B BUAE:
g=8¢ +Ag =r(ngpy) + Ag, (2.42)

rae £, — PaBHOBeCHOe 3HAUEHHWe, DABHOE DABHOBECHON CKODOCTH
pexombunamuu (2.37).

IIpeoGpasyemM pekoMOMHAMOHHBIN YieH B MpaBoit yactu (2.41),
noxgerapasaa (2.39) u yuursisasa (2.40):

r(np) =rlngpy + An(ny + po) + An’].

Ilonoskum An <<ng + pg; ®TO AaeT OCHOBaHHe IpeHebpeus uie-
HoM An® m NuHeapus3oBaTh ypasHeHue (2.41). Jlamee xoHIeHTpa-
LMK Ny X Py B KPYTJIBIX CKOOKax BEIPA3KMM Uepe3 BPeMEeHa JKH3HH C
nomorslo (2.36), Torga

1 1
r(np) =r(nopo) + Av{—— + —-] .

T, T

Haxonen, BBefieM drgusasrenmuoe epemsa wu3nu T B popme co-
OTHOILIEHUA
1

Tp

A |

1,
. (2.43)

ITocie 3TOro CKOpOCTh PeKOMOMHAIMY 3aIHUINETCSA CIEAVIOIHM
obpazom:

r(np) =r(ngpo) + An/t.

Ilopcrasasa B (2.41) nmonyuenHoe 3HaueHue r(np), a Takke CKO-
pocTs renepamuu g us (2.42), nonyuaeM ypasHernue HAKONJAEHUS
u30BITOYHBIX HOCHUTEJIeH B BHUIE:

dn/dt =Ag - An/t. (2.44)
Ecau nmpuuare Ag =0, nonydaem ypasHeHue paccacbi8aHus:
dn/dt = -An/r. (2.45)

Pemenuem ypaBHeHuA paccachIBaHUA fABJAETCA SKCIOHEHIHAJb-
Hasg QyHKIUA

An(t) = An(0)e ™", (2.46)



2.7. PexomOuHanmHEA HOCHTEEH 59

rae An(0) — HavanbpHOe 3HaueHWe M30BITOYHOH KOHIIEHTpAanuu. 3a-
BHCUMOCTE (2.46) MO3BOJAET ONpEENUTh BPEeMs »KU3HU KaK UH-
mepea, 8 meierue KOmMopozo U3GblMOLHAA KOHUEeHMPAYUA YMEHb-
waemcs 6 e pas.

U3 cTpykTyphl BRIpkKeHus (2.43) ciepyeT, uTO BeAWYUHA T
61M3Kka K MIHMMAJIbHOM M3 ABYX ee COCTAaBJANOIUX T, U T,. Cie-
[OBATEJILHO, IKEUBANCHIMHOE 8PEMA HUSHU UI0LIMOYHbLX HOCUME-
nell onpedensemca epemeneM HU3IHU HeOCHOBHbLX Hocumeneil. ¥
3JIeKTPOHHBIX IOJYNPOBOAHUKOB T~ T,, V ABIPOUHBIX T~T,.

PexomOunanusa Ha Josymxax. IIpu sosywevnom mexanusme
PeKOMOMHAIUY CKOPOCTH PaccachiBaHUA HM3OBITOYHBIX HOCHTENel
onuceiBaerca gopmyroir Hloxau—Puda:

dn np —ng Py
dt (n+n)r, +(p+pt)rn-

(2.47)

3nech n, ¥ p, — NapaMeTPh C PA3MEPHOCTHI0 KOHIEHTPALY, 3a-
BUCAIME OT PAacIloIO’KeHNsa YPOBHsS JIOBYIIEK B 3alperjeHHoH

sonel; T, ¥ T, — BpeMeHa >XM3HY HEOCHOBHBIX HOCHTeJei:
T, =V(,N,); (2.48a)
T, =1/(r,N,), (2.480)

rae N, — KOHIEHTpaunus JOBYIIEK.

Dopmynsl (2.48) uMeIOT Ty Ke CTPYKTYDY, uTo u (2.36). Onnako
TIpY HEeNOCpeACTBEeHHOH PeKoMOMHAIWyl BpeMeHA >KU3HU pasimua-
AKWCh M3-3a Pas3jMu¥dg B KOHI[EHTpan¥MsaX HOCHUTeNeid, a B JaHHOM
cliydyae OHH Da3IN4aloTCA H3-3a Pa3MYua B Ko3doHIMeHTax pel
KoMOMHaI uH.

IlpupasruBad mpassle uacTu (2.47) u (2.45), MerKo NONYYUTH
BpeMd ;xku3HY 1. [logcTaBnaa 3Havuenus n u p us (2.39), yuursisas
(2.402) 1 nonaraa An <<n, + p, [Taxoe >ke ycaosue GbI7I0 IPUHATO
npu eeisoge (2.44)], moayuaem

ng +n, +
=T tT+P0 PtT

ne 2.49
ng + Po d ng + Po ( )

1 KosuesTpamus n, 4 p, Ha HECKOJIILKO MOPALKOB MEHLIIE KOHUEHTPAIHE OCHOBHLIX
Hocuresnei. OZAHAKO cOGCTBEHEYIO KOHIEHTPALUIO OHM MOTYT IIPEBLIIIATE B ZIECAT-
K¥ paa.
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/T, /T,

100F 7_99°C 100}
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10 F ‘[P 10 L 10
100
T, 1,
H 1 N=10"°
Nd/n't Nn/n‘
L L L L 1 X . X N
10 10 1 10 10 -50 0 50 100 150 7cC

a) 0)

Puc 2.20. 3aBucHMOCTb, BpeMeHHU JKUBHH HOCuUTeself OT KOHIXEeHTpanHu
npumecu (a) 1 oT Temneparypul (6)

nusa T) He HapacTalomjaa, a cnajgamomad, Tak Kak KOHIEeHTpamus
n, yBeJM4YUBaeTCA MenjieHHee, deM n,. Ha pue. 2.20, 6 nmokasaHb
npumeps! byHknuu W(7T) qa pasHbIX KOHIEHTpauwit npumecu. Kak
BUOUM, MEeMNEPAMYPHAA 3A6UCUMOCTL 6DEMEHU HUIHU Haulbonee
cyujecmeéenna 6 caafo Je2upoB8aHHbLx noaynpogodrukax ( pasa
kpemuua npu N < 1014-10!% cm3). B cunsHO nerupoBanHsIx (Hu3-
KOOMHBIX) IOJIYyIPOBOJHUKAX 3Ta 3aBHCHUMOCTh BTODOCTEIEHHAA.

B zakiaiouenve OTMETHM, YTO TUIWYHBIE 3HAYEHUS BPeMeHU
JKU3HY A KpemHusa cocrapisoT 0,1-1 mxe. Ecau ciemuansHo Je-
TUpOBaTh KPEMHUH «JIOBYIIEYHOM» HpuMechblo (ualme BCero 30,10-
TOM), TO BpeMdA KHU3HH yMeHpIlaeTca Jo 10 HC u meHee.

IloBepxHOoCTHAA peKoMOMHamMA. B mpuuIume mnpomeccsl pe-
KoMOMHAI{UY B IIPUNOBEPXHOCTHOM CJIO€ IOJYIPOBOAHUKA HE OT-
JIMYaTCsi OT IporeccoB B o6beme. OgHAKO NPUIOBEPXHOCTHBIMN
CJIO uMeeT Oco0yi0 30HHYIO CTPYKTYPY, a 3HAYWUT, U KOJHUYECT-
BEHHO WHbIe IapaMeTpsl, 4yeM o0beM. JTO HelAb3s He YUUTHIBATh
Ipy asajauie ¥ MPOEKTUPOBAHUY NOJYIIPOBOAHUKOBBIX NpuOOPOB
u UIC, tem bosee, uro akTupHbie obnactu MC pacnonoxensr B6iu-
3U IIOBEPXHOCTH. YUWTHIBasA CHeNUMUKY IPUIOBEPXHOCTHOTO
¢710s1, 0603HaYNM IIOBEPXHOCTHOE BpeMd XKU3HU Uepes T,, a 06beM-
HOe uepes T,.

Ecnu pabounit yuactok ajnemenTta VIC pacnosioskeH MOJHOCTHIO B
TIPUIIOBEPXHOCTHOM CJIO€ MJIY IOJHOCTBIO B 0O6'beMe KPHCTalia, TO
TIpH aHajIu3e¢ HY)KHO HCHOJb30BaTh COOTBETCTBEHHO IlapameTp T,
unu 1,. OgHako, eciu (kax o6bIuHO ObIBaeT) pabouuil yuacToOK «BbI-
XOOWUT Ha IOBEPXHOCThL», T.€. YACTUUYHO paclojicykeH B obbeme, a
YaCTUYHO B NPHIOBEPXHOCTHOM CJIOE, TO IPHHATO IOJIb30BATHCS
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JJIsi 9JIeKTPOHHOTO HOJIYIPOBOAHWKA IIPY BBLINOJHEHUU CBOMCT-
BeHHBIX €My HepaBeHCTB Ny >> py U ng >>n, p, us (2.49) caenyer:
T~ 7T,. [ ABIPOYHOrO [ONYNPOBOAHUKA IIPY BLINOJHEHHUN aHANIO-
THYHBIX HEPAaBEHCTB CJIEAYeT: T = T, . SHAUUT, NPH JOBYIIEUHON pe-
KoMOuHAIIWY, KAK ¥ NIPU HEIOCPEeACTBeHHOMH, gpems Ju3HU u3bbi
MOYHbLX HOCUmMeaell onpedensemcs epemenem HUSHU HEOCHOGHbLX
HocumeJeu.

3aBUCHUMOCTh BPEMEHH JKH3HY OT KOHIEHTPal¥H JIOBYIIEK CJIe-
ayeT u3 BoipaskeHuit (2.48): yem 0osipille KOHIIeHTPAIUA JIOBYIIEK,
TeM MeHbIle BpeMdA >KM3HH.

3aBUCUMOCTE BpeMeHH »KM3HYU OT KOHI[EHTpAIWY IIpUMECH pac-
CMOTPHM Ha IpuMepe 3JeKTPOHHOIO MOJYIPOBOAHUKA, ¥ KOTOPOTO
BPEeMsA JKVI3HY XapaKTepU3yeTcs IePBhIM ClaraeMbIM B IIPaBOY yac-
T (2.49):

ng +n
TzO t

Tp- 2.50
ng + Po d ( )

Eciau KOHIeHTpamus [JOHOPOB AOCTAaTOYHO BeJHMKa, TO
ng >> pyn,. Torga BpeMs >KM3HM He 3aBHCHT OT KOHIEHTDAIHH
npumecu: T~T,. C yMeHplleHNeM KOHIEHTDPAIIMH JOHOPOB Hepa-
BEHCTBO N >>n, HapylllaeTcsa W BpeMms >KU3HU pacTer. B mpezneie,
KOTZa KOHIEHTPAIHsA JOHODOB IPHOIMKAETCSH K HYJII0, HOJYIIPO-
BOOHUK CTAHOBHUTCA COOCTBEeHHBIM U BpeMdA JKHU3HH JOCTHUraer MakK-
CHMAJIBHOTO 3HAUEHUS:

ny

Rl et & (2.51)

Anasoruunsie pe3yJabTaThl MOJIYYAIOTCA JJIsi ABIPOUYHOTO TOJY-
nposogHuKka. Xapakrep Gyukmuu 1(N) mokazan Ha puc. 2.20, a.
Kak BuguM, Yy CUAbHO JNE2UPOBAHHBLX NOAYNPOBOJHUKOE 6peMs
JHU3HU MeHblle, YeM Y CAAG0 NeZUPOBAHHBIX U COOCMEEHHO0Z0.

3aBHCUMOCTL BPEeMEHY JKM3HH OT TeMIepaTypsl 00yCJOBjeHa
pe3KMM BO3pacTaHueM KOHIEHTDPAaIluH 1, IO 3aKOHY, GIM3KOMY K
(2.9). Korpga sBenuuuHa n, AejlaeTcsa CPaBHUMOI ¢ Ny, BPeMsA XKHU3HH
HauWHaeT YBeJIUYUBaTLCA, a IPH YCIOBHUH 7t, > 1 3apucumMocTs 1(T)
IpaKTUYeCKu COBHajaeT C SKCIOHeHImanasHoM dynknomeit n,(7).
DBeICTpEIZ POCT BpeMeHY >KU3HU 3aMeAJIs1eTCsa BONMN3N KPUTAYECKOH
TeMIIepaTypbl, KOTJa HONYIIPOBOSHUK IMPEBpaIaeTcsa B COGCTBeH-
Heiit. {14 coGCcTBEHHOro MOJNYNpOBOAHUKA coryacHo (2.51) dyuk-
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TaK HA3LIBAEMBIM JIJPeKmueHbiM 6peMeHeM HU3HIL T, KOTOpOE
OmpezessieTcsi CcleAyIoIIuM obpasom:

11 =(/1, +1/1,). (2.52)

HMenno 3sToT mapaMeTp MMEIOT B BHAY, KOTJa aHAJIU3UPYIOT
TpaH3UCTOpPEI M Apyrue anemeHTsr HC.

Ilockoneky, Kak mpaBuio, T, <T, (U3-3a GOJLIION KOHIEHTDA-
OU¥ JIOBYIIEK BOJM3H MOBEPXHOCTH), TO 3 GeKTUBHOEe BpeMs KU3-
Hu 6awrke K BenuuwuHe T,. Ilocnenunasn, ogHako, TpyAHee NOAAaeTCA
pacueTy ¥ M3MepeHuIo, ueMm T,. IlosToMy mIMpOKOe pacmpocTpaHe-
Hue JJId XapaKTePUCTUKY NTOBEPXHOCTHOH PeKoMOMHAIINY TTOIYIHI
0OCOOBIi MapamMeTrp — CKOPOCMb NOGePXHOCMHOU pexomOunayuu §
(cM/c), KoTopas Jerue NOAJAETCS M3MEPEHUIO, YeM BpPEMs KHU3HU
7,. CropocTe NOBepxHOCTHOH peKOMOMHAIVMM CYIeCTBEHHO 3aBH-
CHT OT criocofa ¥ KauecTBa 00pabOTKH IIOBEPXHOCTU Kpuctasiia. He
TUINYHBIE 3HAuUeHusl JeXKaT B INUPOKHX mnpejenax or 100 go
104 cM/c u Goee.

PDusnyecKuil CMbICJ TTapaMeTpa $ COCTOUT B ciepyloiem. Ecau
n30bITOUHAS KOHIIEHTPAMA HOCHTeNIel co3fana BOJIusy IIPUNOBED-
XHOCTHOTIO CJiodA (TZe MHTEeHCHBHOCTL peKoMOMHALIUM BBIIIIE, YeM B
o6beMe), TO 3HAUUTENbHAd 4acTh M30LITOUHBIX HOCHUTeJeil Hampa-
BUTCS K IIOBEPXHOCTH, YTOOLI CKOMIIEHCHPOBAaTHL YObLNIbL HOCHUTEJNEH
B INIPUIIOBEePXHOCTHOM cioe. CiemoBaTessHO, MeXKAy 00beMOM u
NIPUIOBEPXHOCTHBIM CJIOEM BO3HHKAET IOTOK HOCHUTeJeH, CKOPOCTh
KOTOPOTr'Q ¥ OIpejessieTCs IapaMeTpoM S.

CBs3b MEXKIYy CKOPOCTHIO IIOBEPXHOCTHOH peKoMOuHamuu S #
TIPUTNIOBEPXHOCTHLIM BpPeMeHeM >KM3HH T, B 00IeM ciiydae yCTaHo-
BUTH TPYAHO. JTa 3ajayva pelleHa TOJHKO B ABYX YACTHBIX, XOTA U
Ba)KHBIX cAyuYaax: 0ada Opycka GeCKOHEUHON JMMHBI U A TOHKOH
ILIaCTHHKH, ¥ KOTOPOM TOJIIUHA paBHa d, a Iiolafs 6ecKoHedHO
Gonpinias, B mocnegHeM, mpakTHuecKy Hambosiee WHTepPeCHOM CJIy-
Yae MOJy4YaeTcd COOTHOILIeHUe:

1, =d’/(4nD), (2.53)

roe D — xospdunuent guddysuu HocuTeseir, a BeJUYUHA 1) OIIpe-
mendeTcA TPAHCLEHAeHTHBHIM ypaBHEHHEM

n tgn = sd/(2D).
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IIpu ycnoBuu s < D/d cooTHOIIeHNEe MEXKAY BeJIUUUHAMHY S U T,
TIepeXOJUuT B SgBHOE:

1, =d/2s. (2.54)

Ha npakTuke TOK¥Y, CBA3aHHBIE C ABMIKEHUEM U30BITOYHBIX HO-
curesnel us odreMa K NMOBEePXHOCTH, YAOOHO pacCuMTHIBATL He3 uc-
TOJIL30BAHUSA IIapaMeTpa T,, HOCKOJBbKY IJIOTHOCT: TOKa, 06yCIOB-
JIEHHOTO TAaKUM BUYKEHNEM, BecbMa IIPOCTO CBA3aHa CO CKOPOCTHIO
TIOBEPXHOCTHOM DEKOMOMHAIIN:

7, =gsAn. (2.55)

Boo01e roBops, 3TOT TOK ABJSETCA NAPAa3UTHLIM U €ro ClefyeT
YMEHbIIaTh, YMEHBIIAA CKOPOCTH IIOBEPXHOCTHOH peKoMGHUHAamuuU
BCEMH [JOCTYIIHBIMY CPEJCTBaMU.

2.8. 3axoHBI ABHIKeHHT HOCHTEJ el
B IOJYNPOBOTHUKAX

B ob0mem caydae gBMiKeHWe HOcuTeseil sapsafa 00yCJOBJIEHO
aAByMsA Tporeccamu: guddysueil mox geiicTBmem TpajueHTa KOH-
LeHTpauy U gpeiidoM 1oz JeiicTBUeM I'PajUeHTa 3JeKTPUYECKOro
norenumana. IIOCKONBKY MMEIOTCS ABA THIIA HOCUTeNel — 3JIeKT-
POHBI ¥ ALIPKY, IOJHBIN TOK COCTOUT M3 YeTHIPEX COCTABJIAOIIMAX:

J z(jn),up + (jn)anq) + (jP)JlP + (]p )AH‘P’ (2.56)

The UHAEKCHI «Ap» U «Au(» OTHOCATCA COOTBETCTBEHHO K Apeido-
BbIM ¥ AuG@Y3UOHHBIM COCTABIAMININM TOKA.

IIpu ananuse yagoOHee MOIB30BATHCA He TOKaMH, & NJIOTHOCTAMY
TOKOB ], 4TO H cxesiano B ¢popmye (2.56). Tam, rge sTo He BRI3BIBA-
eT HeJopasyMeHUi, Oygem AJis1 KPATKOCTH Ha3bIBaTh BEJIUYUHY ]
TOKOM.

CocraBagwimne TOKa. B OJHOMEPHOM ciyuae, KOTZa ABUYKEHUE
HOCHTeJIe IPOMCXOOUT TOJIbLKO BIOJb OCH X, peiihoBbie COCTABIMIA-
IOI[YIe 3alUCHLIBAIOTCA CJHeAYIOIIUM 00pasoMm:

Un)ap = gnunE = ~qnp,(d9/0x); (2.572)
Up)ap =qnu,E = —gnu ,(8¢/0x). (2.576)

Ons quddy3uOHHBIX COCTABAAIOMINX HY’KHO BMECTO TPajjHeHTa
9/IeKTPHUUECKOr0 IMOTEeHIMAJIA HUCIIONB30BaTh MPASUEHTHI XUMUAUECKO-
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ro NMOTEHI[MaJa COOTBETCTBYIOIUX HOCUTesNeH. XUMUYeCKue IIOTeH-
I¥ajel — 3TO BTOPBIE ClaraeMeie B NIpaBbiX yacTax dopmya (2.12).
IIpoaunddepeHuupyeM 3TH cjaraeMsble 10 X U NOACTABUM De3y.bTa-
THI BMECTO BenwduHbl E B Bolparkennd (2.57). Torga guddysuonusie
COCTaBJAIIIYIe TOKOB B3alMIIYTCA CIEZYIOIIUM 00pasoM:

. dn dn
(]n)m{d) =qu,Pr a’; = an E;’ (2.583)
- dp _ dp
(]p),qmb =—qUp 0 i —’Q’Dp dx (2.586)

Koapdunuents: D, u Dp, KOTODbIE BOIILIY B BhipakeHus (2.58),
Ha3sIBAOTCA KO3pPuyuenmamu Jugdysuu 3J1eKTPOHOB U ABIPOK.
OTH BeJIMUYMHEI UTPaloT Npu guhdys3nu Ty *Ke PoJb, UTO U NMOABUIK-
HOCTH IIpu ApeiidoBoM mexaHuaMe aBroKeHuA. CBsaA3b MeXxay Koad-
unuerTamu gudQy3uu ¥ NOLBUMKHOCTAMM BBIpa)KaeTca @opmy
A0l JiHwmenna:

D =o¢pp. (2.59)

CpaBruBasa pelpaskenusa (2.57) u (2.58), MO’KHO 3aMeTHUTH, UTO
Apeidossie COCTABIAIOIIME TOKOB IPONOPIMOHAIBHEI KOHIEHTpA-
nmuAM Hocuresaei, Torga Kak Auddy3monHBIe He 3aBHCAT OT KOH-
OeHTpanui, a onpeneasioTca TOIbLKO I'Pa¥eHTaMu KOHIIEHTPaI[UH.

Y paBHeHHA HeNpepbIBHOCTH. BripasxeHus (2.57) u (2.58), roso-
PAT O TOM, YTO JJIsA OLEHKH IOJHOTO ToKa (2.56) Heobxomgumo, Kpo-
Me pacImpejesleHus HOTeHIHalka ((X), 3HATH elle ¥ PaclpejeeHUs
KOHIeHTpamuit n(x) u p(x).

B obuiem caydae KOHIEHTPALYIM 3aBHUCAT HE TOJLKO OT KOOPAU-
HATHI, HO M OT BPEMEHH, T.e. MbI uMeeM fHelo ¢ QYHKIUAMA LBYX
TIepeMeHHBIX: n(x;t) u p(x;t). OTH QYHKIUA ABIAIOTCA PEIleHUAMY
TaK Ha3bIBAeMbIX YPAGHeHUll HenpepvigHocmU nomokKa. Jus anexr-
POHOB M ALIPOK yPaBHEHWS HENPEPLIBHOCTY 3aIVICHIBAIOTCH B ClIe-
ayoiieMm obliemMm BuAe:

dn _ n-— nO 1 PP EEE
E =Ag - ——T— + ;dlv(]n )’ (2.603)
dp P-Po

1
Lo pg -2 Zaing,),
a e T ) (2.606)
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rAe n-ng=An U p-py =Ap — u36LITOUHBIE KOHIEHTPAIHNH,
Ag — CKOpOCTh reHepamUu¥ HOCHUTeJeH IoJ HeHCTBUEeM BHEIIHUX
(haxTOpOB, HAIIpUMEDP, CBETA; T — BpeMs JKM3HHU M36LITOYHEIX HOCH-
Teses.

Jlerxko sameTuTh, YTO ypPaBHEHWs HEIPEpPBIBHOCTH 00001aioT
ypaBHEHWe HaKOIIEHHUS HOCHUTeJNeil, KOTOpoe ObLLIO HMOJIYYEeHO IpH
ananuse npoieccos pekombunanuu [cm. (2.44)]. O6o6menue cocTo-
T B TOM, YTO IPY HAJUYUM TOKA B IPAaBYIO YacTh, IIOMUMO reHepa-
IIMOHHOTO ¥ PeKOMOMHAIIMOHHOTO YJIEHOB, R0o0aBidgeTcda eine OZMH
(pakTOp, M3MEHAIOIUHA KOHIEHTPAIIMIO: JUBEPreHIus BeKTOpa Io-

Toka (7/9)-
B ogHOMepHOM cayuae

divl _], :lﬁ_]
q q Ox

Vcnonsaya aTy onepamuio 4JIA BCeX YeThIPeX COCTABJIMIOIINX
TOKa, ONMHUCHIBaeMBbIX BeIpakeHuamu (2.57) u (2.58), mogcras-
J1AA NoJy4yeHHbie 3HaueHuA B (2.60) ¥ onyckasd reHepamuOHHBINR
uleH Ag, 3aluilleM ypPaBHEHUA HENPEPHIBHOCTH B CIEAVIOIIeH

dopme:

on  n-ng o*n on OE
—=——2 4D, —— +u,E—+ —;
5 - n oz P Bt (2.61a)
o P-DPo *p op oE
P__ PP p 2P | EL _p ZE
ot T P o Hp o pu, e (2.616)

Ilocnennue cnaraemsie B npaBsix dacTax (2.61) ceasamsl ¢ Ha-
nvuneM o6'beMHBIX 3apaAnoBl. B ycloBuAX HeHTpalbHOCTH 3TH Cla-
raemble OTCYTCTBYIOT, TpeTrH claraeMsie He CBA3aHBI C HAJNYUEM
00beMHEIX 3apAAOB U B PAAe CAy4YaeB NOJKHBI YUUTHIBATHCS, Ha-
TIpuMep, €cJU HMeeTCA BHYTPeHHee 3JIeKTpHUeCcKoe IIoJie, CBOMCT-
BeHHOe HEONHOPOJHBLIM IOJYIIPOBOJHUKAM.

1 IIpu sanuuyuy oGbEeMHBIX 3apAJOB, IOMHMO YPaBHeHUH HEIIpEepHIBHOCTH, IIDHXO-
auTcA &M aHAJNHN3a IPHBJIEKATHL eme ypapHeHue [Iyaccona (2.26).

3--3423
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Ecnm mose orcyrcTByeT MAM €ro BIMSTHWEM MOXKHO 3aBEJOMO
npenebpeus, nonaraem E = 0. Torga obmjue ypapHeHus HEIIPEePHIB-
HocTH (2.61) ympomaroTcs:

on n-ng o*n

— =+ D, —;

Y, T LNy (2.62a)
a — 2

P __P~Po +D, 6_13 (2.626)
ot T axz

VYpasHeHnua (2.62) HassIBalOTCs ypasHnenuamu dugpysuu. OHu
IIUPOKO UCHOJNB3YIOTCS NIPY aHau3e TOJYIPOBOSHUKOBLIX Npubo-
POB.

Hudpdysus Hocureneit. IlycTs Ha NOBEPXHOCTL NOJIYIPOBOJHU-
Ka IajaeT paccesHHBIN ny4ok ceera (puc. 2.21). Torga B TOHKOM
TIPUIIOBEPXHOCTHOM CJIOe, B KOTODBIH IIPOHHUKAET CBeT, OyAyT reHe-

pHupoBaThCA 3JIeKTPOHHO-ABIPOYHBIE

: 8: napsl. MexJy IIOBEPXHOCTHI0 M 00Be-

§ rdtha MOM BO3HHMKHYT IDaJiMeHTHl KOHIIEHTDAa-
© : 8: MY 3JIeKTPOHOB M JBHIPOK ¥ u30BITOU-
> |@—> HbI€ HOCHUTENHN HauHyT JubdyHAUPOBaTH

Briay0s mosynposogHuka. Takoe copme-
CTHOE ABM)KeHue OBOMX TUIIOB HOCHUTE-
Jefl HasLIBAIOT (UNOMAPHOU WIW aMOU-
noasproit guddysueit.

Ecau On1 mogBuiKHOCTH (& 3HAYUT, U
KoadunmuenTsl guddysuu) y 3J1eKTpO-
HOB ¥ JbIPOK GuLIM OJUHAKOBBLI, TO OHU
ABUTrajauchk Ob1 B BUAE eZUMHOr0o HeMHTpa-
JHHOTO MoToKa., Ha camom e gene no-
ABMIKHOCTH HOCHUTENeH pasjIudHbI, I03TOMY Y 3JIEKTPOHHOTIO MOTO-
Ka OygeT TemgeHIUA «00OTHaTH» ZLIPOUHBIA NOTOK. B pesyasrare
HeOOJNBIIIOr0 B3aMMHOTO CJBHUTa IOTOKOB oOpa3syercs HebONbLIION
o0'beMHBIN 3apAjN M COOTBETCTBYIOILEE 3JIEKTPHUECKOe II0JIe; 3TO
IOJIE TOPMO3UT IIOTOK 3JIeKTPOHOB M YCKOPAET NOTOK ABIPOK. B
KOHIIE KOHI[OB YCTAHABJIMBAETCS CTAIMOHAPHLIN PEXKVM, IIPU KOTO-
POM u30LITOUHEIE 3JIEKTPOHLI ¥ ABIPKH PacipefesieHsl B BULe CABU-
HYTHIX OTHOCHUTEJIbHO APYT APYTra «00JauKOB». OTH «06IauKa» ABU-
raloTcs CHHXPOHHO, TaK UYTO Pe3yJbTHPYIOIIVMH TOK OTCYTCTBYET.
KonneHTpamusa Hocureleil B «0o6Glaukax» CIlafaeT ¢ yaaJleHueM OT
TIOBepPXHOCTH Ojiarofapsa peKoMOuMHAaIIuu.

Puc. 2.21, Bunonsipuaa
Auddysus; abdext HembGepa
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OnucauHble ABJeHHWA M3BECTHBI IIOJ HasBaHueM agPexma em-
Gepa, a 3JeKTPUYECKOoe II0Je U PA3SHOCTE IIOTEHILUANOB, CBOMCTBEH-
goie aToMy 3¢dexTy, HasEIBAIOT OeMOePOSCKUM NoNem U dembepos-
cxum nanpaxcenuen. dpbext Jembepa cyliecTBeHEH TOJIBKO IIPH
GOJBININX U3OLITOYHHIX KOHNEHTPAIUAX U OONBIIUX YAEALHBIX CO-
NPOTHUBJIEHUAX IIOJIYIPOBOZHUKOB.

Ha npakTuke rjasHyI0 POJb UTPAET MOHONONAPHAA Oupdysus’,
XapaKTepHasd TeM, YTO B IPUIO-
BePXHOCTHHIII CJIOH nOJYnpo-
BOAHUKA TEM WM UHBEIM CIIOCO-
6omM BBouﬁTCH TOJIBKO OJHH THI
HOCHUTEJIeH — HEeOCHOBHHIX (pHC.
2.22). Ilpomecc BBegeHuA HeOC-
HOBHHIX HOCHUTeJlell HasplBaeTCs
unNCeKyueil.

Ilyers mna onpenesieHHOCTH
OCYIL[ECTBIAETCS HHXKEeKIUA
3JICKTPOHOB B JBIPOUHBIH HOJy-
TIIPOBOOHUK. W HXeKTupoBaH-
Hbl€ 3JIeKTPOHBI OJarozapsd rpa-
AUeHTY KOHIEeHTpamunu OyayT
mubdyagupoBaTs Briaydbe Kpuc-
Tajja, T.e. MOABATCA 3JIEKTPOH- x
HpIfi TOK. 3apany H30GLITOUHBIX
3JIEKTPOHOB IPAKTUIECKH MI'HO-
BEeHHO (CO BpeMeHEeM [AHU3JIEKT- 2
pUYecKoil penakcamuu) Oyaer E
KOMIIEHCHPOBaH TaKUM JKe 3a-
PAAOM ABIPOK, NPUTATHBAEMBIX
U3 ray0oKHUX cyoeB. B pesyis-
TaTe BOJMM3U HHIKEKTHDYIOIe
IOBEePXHOCTH oOOpa3yerca KBa-
3UHeUTpaNbHOE 3JEeKTPOHHO-ZLIPOYHOE «OGJIaUKO», IOYTH TaKOe
JKe, Kak npu 6unonsapHoyt auddpysuu. HecmoTpss Ha 3TO BHelllHee
CXOACTBO, MOHONIOJNAPHasA AU Yy3us NPUHIUNHAILHO OTINYAETC
OT OMUIOJNAPHOH CJIEZVIOIIUMH OCOGEHHOCTSIMU:

Puc. 2.22. Monononsapuas Auddysus;
HEXXEKIUA HocUTeneii: 1 — oMHUeCKoe
noste; 2 — pAeMGepoBCKOe IoJie

1 VuureBas 601bpmYyI0 pACIPOCTPAHEHHOCTh MOHOIIONAPHOH AuddY3Hu, IpuIarare-
JIbHOE « MOHOIOJIAPHAA» OBLIYHO OMYCKAIOT,
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0 HaJuuyue TOKa IIPeAIOJaraer, 4TO IOJYIPOBOAHUK ABIAETCA
3JIEMEHTOM 3aMKHYTOM IIeIH; 3HAYUT, IOMHUMO AeMOEpOBCKOro
nonA (COCpPeJOTOUEeHHOTO BOMU3M HHXKEKTHUPYIOIIEH II0BEpPXHO-
CTH) BO BCEH TOJIIIe NONYIPOBOZHUKA AeHCTBYeT «O0hIUHOEe» —
oMHueCKoe 10Je, 06yCIOBNIeHHOe IPUM0KeHHBIM HAIIPsIPKeHeM
(puc. 2.22);

O TIOTOKM 3JIEKTPOHOB ¥ ABIPDOK HAIIPaBJI€HLI B Pa3HEIE CTOPOHEI:
3JIeKTPOHBI ABUralOTCA BIiIy6h KpUCTalia, a ALIPKYU B CTOPOHY
UH)KeKTUPYIOILeH NOBEPXHOCTH ~— B PAfOH 3JIeKTPOHHO-ALIPOY-
HOro «obyauKar, e IIPOMCXOAUT UHTEHCUBHAA PeKOMOUHAIYUA
U HeoOXOZUMO NONIOJHEHWEe OCHOBHBIX HOCHUTEJell;

O B CBABH C IIOCTOSIHCTBOM IOJIHOI'O TOKAa €ro 3JIeKTPOHHAS ¥ JbI-
POUYHAsA COCTABJAIONIYIE MEHAIOTCA B PadHbie CTOPOHBI: C yAale-
HYEM OT IIOBEPXHOCTH 3JIeKTPOHHBIH TOK yObIBaeT (M3-3a PEKOM-
OuMHaIWM), a JLIPOYHBIN TOK pacTeT; I03TOMY BAAJNH OT IIOBEPX-
HOCTH [JbIPOYHAasi COCTAaBJAIOI[ad — IJIaBHAsI M MMeEeT YUCTO
apeitdoBbIil XapakTep (ALIPKM ABUTAIOTCA B IOJIE, CO3TaHHOM
BHEITHMM HaIpsa)KeHUeM); Hao60poT, B HENOCpeaCTBEHHOM Oiu-
30CTH OT IOBEPXHOCTH TOK IIOUTH YNICTO 3JIEKTPOHHBIX M 00y-
caosieH auddysueil, Tak Kak HAIPKEHHOCTh IIOJS 3Jech
6au3ka Kk myao (puc. 2.22).

Crporoe pemrenme 3ajauy o pacnpefelleHUH HOCUTeNeH IIpU
Audbdysun 3arpyaauTensHo. O0bIYHO 3Ty 3ajauy pelIalT B TaK Ha-
3bIBaeMOM OUPPYIUOHHOM NPUBAUNCEHUU U IS MajabiXx U3GHITOY-
HBIX KOHIIEHTPanu# MM, KaK TOBODST, AJA HU3KOIO YPOBHS MH-
JKeKI[HAH.

OuddysuonHoe npubimkeHue 03HAYAET, YTO AJA aHAMHU3A HC-
TIOJIL3YIOTCs ypaBHenus guddysuu (2.62), HecMOTpA Ha 3aBegOMOe
Haauuue 3jeKrpuyeckoro nousa. CropasegnusocTs guddy3MOHHOTO
NpuUGIMKEHNA ONEHWBAIOT B KAXKAOM KOHKDETHOM CJyuae.

Ypoenem unscexyuu IPUHATO HA3LIBATH OTHOLIIEHUE KOHIIEHTPA-
¥y u30BITOYHBIX HOCHUTENEH K PABHOBECHOH KOHI[€HTPAIIU OCHOB-
HBIX HOCHUTeJNeH MY, YTO TO JKe CaMoe — K KOHI[eHTPaIlu¥ IpuMe-
cu:

§=An/N. (2.63)

HusxuMm ypoBHeM HMH)KEKIMH cuHTaeTcA 3HaueHue 8 << 1. Ilpu
9TOM HEeUCTBUTENHLHO HEPABEHCTBO

An <<ny + po, (2.64)
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KOTOpOe Y>Ke HUCII0JAbh30BaNoch NpH Beizoge Gopmyn (2.43) u (2.49).
VciaoBre HU3BKOrO YPOBHA HHMKEKIUH obecreuuwBaeT JUHEHHOCTH
ypaBHeHu#l Aubdy3uu. B ycaoBHAX HeHTPaJIbHOCTH An = Ap, 103-
TOMY BbIpakenus (2.63) u (2.64) geficTBATeNbHBL AN1A 000MX THUIIOB
HOCHUTEJeH.

Anamnz mponeccoB auddysun. Ecau urTepec mnpeacTaBIAIOT
TOJBLKO U30LITOYHEIE KOHI[eHTpanmuy (Kak 06bIvHO U OBIBaeT), TO q0-
CTATOYHO HCIIOJNBL30BaTh OJHO U3 ABYX ypaBHeHuit auddysuu, no-
CKOJILKY BTOpOE [laeT TaKOMH Ke Pe3yJAbTaT B CHJY YCIOBUA HeHTpa-
asHOCTH (An = Ap). Ha camom gene dbyrkmum An(x) u Ap(x) Hecko-
JIBKO Pa3NuyaloTcA u3-3a pazauuusa B Kosbdunuenrax guddysuu
D, n Dp, T.e. u3-3a apdexra [Jembepa. Oguaxo B guddysmonHOM
npubANIKeHNY 3JIeKTPUYECKUMY IOJsIMHU (B TOM uucie u geMbepoB-
CKHM) IIPeHebperaror.

Haitnem u306LITOUHYIO KOHI[EHTPAUIO An u3 ypapHenus (2.62a).
Jl1a 3TOTO NMOACTABUM NI =N, + An ¥ ONYCTHM HHJEKC n 'y Koaddu-
nueHra guddysuu. Kpome Toro, nogenmum obe uactu Ha D. Torga
ypaBHenue quddysuu NpuUHUMAET BH[

o°(An) _An _ 1 dan)
ax2 L2 D ot

(2.65)

CramoHapHbIN BADUAHT YPABHEHUS IMOJIYUAETCs, €CIU B IPaBOi
YacTH MOJNOXKUTH (An)/ot =0:

dm _an_g 2.66

a2 2 (2.66)

Beauuura L, sxogamiad B ypasHenud (2.65) u (2.66), suIpaka-
eTCs1 CHAeRyIOImMUM 0Opa3om:

L =+ Dr. (2.67)
9To — TaK Ha3bIBaeMas cpeduas Jud@ysuonnas dauna. OHa

XapaKTepuayeT TO CpejHee pacCTOsHHWE, Ha KOTOpOe HOCHUTEeJH
yeneBaioT npoguddyHINPOBaTh, 3a BpeMmsA >KU3HH. [[oaTOMy OTHO-
meHue L/1 ecTs cpednaa ckopocmbv Ju@@dysuu Hocumeneil. Hud-
dbysuonnasa gavHa — ofHa U3 PyHAaMEHTANbHBIX BEJIUYNH B IOJY-
TIPOBOAHUKOBOH du3uKe U TexHUKe. 1 KpeMHMA TUNHYHbIC 3HA-
yeHusa L cocraBaaoT 5-20 MKM B 3aBHCHMOCTH OT BpeMeHU
JKU3HU.
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Craguonapuoe ypasHenue (2.66) — 3170 00BIKHOBEHHOE JIMHEH-
HOe ypaBHeHue 2-ro nopsAaxa. Kro peineHue npepcTasiaser coboi
CYMMY 3KCIIOHEHT:

Anlx) = Aje™* + Aje™E, (2.68)

rae K03 unuenTh A; U A, OIPeReNdIOTCa U3 TPAHUYHBIX YCJIO-
uii. IIpumem An(w) =0, T.e. IpPeaIOT0KHAM, UTO BAATMHA OT HHMKEK-
THPYIOIell IOBEPXHOCTY M30BITOUHbIE KOHI[EHTPAL UMY OTCYTCTBYIOT
¥ 3Ta 4acTh HMOJNYIPOBOZHUKA HAXOAUTCA B DABHOBECHOM COCTOSA-
uun. [Ipu Takom rpanuuHoM yciaosuu A; = 0. Ilonaraa x = 0, no-
nyuaem A, =An(0); cmegopaTenbHO, pacmpefeneHue U30LITOUHOR
KOHI[eHTPaluK dKCIOHeHIuaasHoe (puc. 2.23, a):

An(x) = An(0)e ™/~ (2.69)

W3 sToro BeIpa’kenus u u3 puc. 2.23, a clefyer, UTO Ha PaccTo-
Aauu zuh¢y3uoHHON AAUHBLI M30LITOUHASA KOHIEHTPanusd YMeHb-
uraercs B e pa3. Ha yuacTke guunoil (3—4) L KoHIleHTpauusa yMeHb-
maerca B 20—-50 pas, T.e. cTaHOBUTCA IpeHedpekMMO Masoil IO
CPaBHEHWIO C TPaHUYIHOM.

An (x)4
an (0) n,An
o
L x
N ? :
0 P An
0 =x An (0)
0)

Puc. 2.23. CraguoHapHOoe pacnpezellenie H3GHITOUYHBIX HOCHTeJNeH IPH HHXKEK-
nud (@) ¥ 9KcTpakmuu (6)

Oudpdepennupya (2.69), monyuaem rpajueHT KOHIEHTPAIIAY

d(An) __ An(0) oL
dx L ’

(2.70a)

Kax BupuMm, rpagueHT KOHIIEHTPAaIlu¥, a 3HAyuT, U Auddys-
MOHHBIHA TOK CIAJAIOT IO Mepe VAAJeHUs OT HOBEPXHOCTH Briaydn
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KpucTrajia. 'pafmeHT MMeeT MaKcHMalbHoe (II0 MOAYJIIO) 3Hawde-
H¥e npu x = 0, T.e. Ha HHIKEKTUDPYIOUIE# HOBEPXHOCTH:

d(An) An(0)
dx x=0 L ) (2.706)

Hecramunonaproe ypasHenue (2.65) — aro nuneiiHoe guddepen-
nyajlbHOE ypaBHeHUE 2-r0 NMOPsiJKa B YaCTHHIX NPOU3BOZHBIX.

KauecTBenHbie BBIBOABI OTHOCHUTENHHO IIE€PEXOTHOTO IIPOIECCa
COCTOAT B CJIEAYIOLIEM.

B mayaneuniii MomenT, xorga L(0) = 0, rpagueHTt KoHIleHTpa-
nuy BOMM3Y MH)KEeKTHPYIOIe nosepxunocTu coriaacHo (2.706) oka-
3bIBaeTCsa OeCKOHeuHO 0oJpIIM, H, CJAeAOBATENbHO, M30BLITOUHBIE
Hocurenu OyayT auddyHAUMPOBATH B KPHUCTANJI C OUeHb GOJILIION
cxopocTeio. Ilo Mepe Hapacranua BesuuuHBLI L(#) rpafueHT KOH-
IEHTPaIuy Ha IOBEPXHOCTY YMEHLINAETCHA M CKOPOCTh AuPPy3un
CTAHOBUTCS BCE MeHbIe, B KOHIle KOHI[OB IIpH { ~ 2T JOCTUrAETCH
cranmuoHapHbIil pekuMm. HWMcexoza wu3 Takux coobpaskeHwuit, Ha
puc. 2.24 iokasanpl IpUMepHbIE KPUBLIE PacpefesieHud KOHI[EHT-
panuy AJsA HECKONBKUX MOMEH-  Ap (x 1)
TOB IIEPEXOJHOTIO IIpoIecca. An ()

o cux mop usbaITOUHAA KOH-
HeHTpanua An cuuTanacsk MHOJO-
SKUTENbHOHM, TIOCKOJBLKY B De3y-
JIpTaTe WHIKEKIOUY IOSBISIIOTCH
JOMOJHUTENbHBIE HOcuTenu. Of-
HaKO MOYKeT ObIThb M OBpaTHBIH
IIpolecc, Korga u3 IIpUIOBEpX- x
HOCTHOTO CJIOA HOJNYIPOBOAHUKA Puc. 2.24. Pacnpe‘,'u;enenne MHKEKTUPO-
0T6HpaeTCﬂ 4acTh paBHOBeCHI:IX BaHHBIX HOCHTEJIEH BO BpeMs IIepexojn-
HOCHUTeNeH. Horo mponecea

OueBHUAHO, YTO HM3GBITOUHAA KOHIEHTPAIMA B CJyyae DKCTPAK-
uu Gyaer orpuiaTeasHoi (puc. 2.23, 6), TaK KaK KOJIUYECTBO HO-
cuTeNed YMEHbIIIaeTCA 110 CPAaBHEHUIO C PABHOBECHBIM COCTOSAHUEM.

KoHTpoJbHBIE BONPOCHI

1. s vero cayskaT uagexcel Musinepa?

2. Kaxue BoI 3HaeTe Ae()eKTrl KPUCTAIIAUESCKON pemieTKu?
3. B uem 3akmouaerca cnenuduKa IOBEPXHOCTH KpUcTa€xa?
4. Yto Taxkoe IpuMechs 3aMeIeHus?
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5. Yro Taxkoe OCHOBHBIE ¥ HEOCHOBHBIE HOCHUTEIH?

6. Hapucyiite sHepreTuuecKue 30HbL MeTaJJa, IOJYIPOBOAHUKA 1
IU3JIeKTpUKa. B uem ux ornuuune?

7. Hanuinure ycja0BUA 371eKTPOHEHTPAILHOCTH.

8. Uem oTnuuaerca pacnpefenenue Pepmu— upaka oT pacnpeje-
senua Maxcseana—Bonsnmana? Ilouemy MOMKHO HCNOMIB30-
BaTp BTOpPOe pacnpenenesne 6e3 6OMLLINX MOTpeIrHocTei?

9. YUTo Takoe cOBCTBEHHAA KOHIEHTpaua?

10. ChopmynupynTe OCHOBHOE II0JIOKEeHMe (PHUZUKH IIOJIYIIPOBOSHU-
KOB B PAaBHOBECHOM CHCTEME.

11. Banumure ypapHenue A gpeitda HocUTeeil.

12. Kax nogBuXKHOCTb 3aBHCUT OT TeMIIepaTyphi?

13. B uem oTauuMe 3aBHCHMOCTH IPOBOZUMOCTEH COBCTBEHHOrO U
TIPMMECHOTO HOJYIPOBOZHUKA OT TeMIIepaTypbI?

14. Yro na3rpipaoT 3(hdHeKTOM NOJA 1 KaKoe IPAKTUYEeCKOe HCIOb-
30BaHUeE B MUKDO3JEKTPOHUKE OH MMeeT?

15. Onuirure asnenue spderTa Mo B COGCTBEHHOM IOJIYIIPOBOJ-
HUKe.

16. Yem ornuuaercs peskum oGOTameHusa OT peXuma obegHeHNS U
KaK MOYKHO MX JOCTHAYb B IPHMECHOM IOJYIIPOBOJHUKE?

17. Iloacuure o6pa3oBaHre HHEEPCUOHHOTO CJIOA.

18. Pacckaskure 0 pas3nuyHBIX THNAX PeKoMOMHAIIUY 3apAga.

19. Yem oTnuuaeTcsa HeNOCPeACTBEHHAs PeKOMOGUHAIMA OT PeKOM-
OMHAIVHM Ha IPHMECHBIX IIEHTpax?

20. Kakasa pasHUDA MEXAY H3AyYaTeNbHOM M 6e3nI3NydaTesbHOK
pexoMOuHan MU ?

21. YTo Takoe CKOPOCTH peKoMOuHAaIAM?

22, Yem ompepesserTcda 9KBUBAaJICHTHOE BpeMs )KV3HYU HEOCHOBHBIX
HocHUTeNeR?

23. YUTOo TaKoe NMOBEPXHOCTHAA PeKOMOVMHAaI¥A M KakKOil IapamMeTp
BBOJUTCA JJIA ee onpefeaseHus?

24. Hanuinure BhipaXkeHue A APeiidOBLIX COCTABIAIOIINX TOKA.

25. 3anuure hopmysl A JuDPY3UOHHBIX COCTABIAIOIINX TOKOB.

26. Yro Takoe ypaBHeHUE HEIPEPHRIBHOCTY IOTOKa?

27. B ueM 3aKJII0YAETCsI Pa3HULIA MEXKAY OUIIOIAPHON U aMOUTIONAPHOM
muhdysueit? Kax onpenenuTs cpegHIon ckopocTs auddysuu?



- Fnosa 3 -

I'Ionyn POBOAHNKOBbLIE MNepexonbl
N KOHTaKTbl

3.1. Beegenne

OpuopoaHbie TIONYNIPOBOAHYKY YU OJHOPORHbBIE HMOJYIPOBOZHU-
KOBBI€ CJIOY HAXOLAT BeCbMa y3Koe NMpPHUMeEHEeHME: OHU HEeIOoCpeCcT-
BEHHO WHCIOJNL3YIOTCA TOJLKO B BHAE DasHOTO DOJA Pe3UCTOPOB.
OcHoBusie ke aneMeHTH MIC (¥ ocHOBHAA macca ZUCKPETHBIX IIOTy-
TIPOBOAHUKOBBIX NPUOOPOB) NpeACTaBIAIOT CobOit cyrybo HeogHO-
poAHEBIE CTPYKTYphi. JlBa BasKHeHINWX BapHaHTa TaKUX CTPYK-
TYp — TaK Ha3bIBaeMEIil p—n-iepexof (KOHTaKT ABYX HOJIYIIPOBOX-
HUKOB C PA3HBLIM THIIOM I POBOAUMOCTH) ¥ CTPYKTypa MII (KoHTaKT
MeTajjia ¢ TOJYIIPOBOTHUKOM).

Huxe naubosiee MOZPOOHO pPacCMaTPHUBAIOTCA pP—N-1ePEXONEI,
6e3 KOTOPHIX HEMEBICJIMMA COBPeMeHHaA MUKPOIJEeKTPOHUKA, a TaK-
ske KOHTakThl MII, KoTOphEie MOryT BHINONHATL, KaK (PyHKIUY AHG-
J0B, TaK ¥ QPyHKIMH OOBIUYHBIX OMUYeCKUX KOHTaxkToB. Ilociaennue
Heu3besxHbl B Jio6oit MIC. 3akaounTenbHslit naparpag nOCBAIeH
SIBJIEHUAM, KOTOPEIe OOYCJIOBJIEHBI KOHTAKTOM HOJYIPOBOIHHUKA C
OU9JIEKTPUKOM (B IePBYIO O4Yepefb — KOHTAKTY KpPeMHHUA C ABY-
OKHMCBHIO KPEMHHA). ITH HABJEHUA BIUAKT HA XapaKTEePHCTUKU
Pp—n-nepexoJoB ¥ 0cO0EHHO CyIleCTBeHHBI IIPY MCIHOJbL30BAHUM 3(-
texTa nmoss.

3.2. QIeKTPOHHO-ABIPOYHBIEC MepPexonbl

Kombunanus AByX NOJYIPOBOSHUKOBEIX CJI0EB C PASHBLIM THIIOM
nposoguMocTHu (puc. 3.1, a) obnagaer BEINPAMIAIOINNMY HIYA BeH-
THUJIBLHBIMY CBOHCTBaAMH: OHa ropaszo Jydllle IPONycKaeT B OJHOM
HampaBJeHUH, 4eM B Apyrom. IlogspHOCTE RapsIKeHRHUsi, COOTBET-
CTByIOIas OOJBIIINM TOKaM, Ha3bIBAETCS NPAMOH, a MeHbIIUM —
06paTHO. OOBIYHO NONB3YIOTCHA TEPMUHAMH npimoe @ 06pammuoe
Hanpasxcenue, NPAMoOiL U 00PAMHLLUL MOK.
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BroinpsimuTeabsnbie CBOMCTBA PACCMATPUBAEMON CTPYKTYPHI IIO-
3BOJIAIOT UCIIOJL30BATH €€ B KaueCTBe MOJYIPOBOAHUKOBOrO AUOJA.
Ha puc. 3.1, 6 roxasaHbsl CHMMBO-

I IuyecKoe obo3HaueHWe AHOA4, Ha-
— _ mpasjieHHMe INpAMOTrO TOKa u IIO-
JIAPHOCTH NIPAMOr0 HAIPAXKEHUA.

IToBepxHOCTS, 10 KOTOPOI KOH-
6) TaKTHPYIOT CJIOM p U N, Ha3bIBaeT-
Puc. 3.1. HosynpoBogHuKOBLIH JUOL: ;ﬂ nﬁiﬁj{flggﬁf ::e;’w:e;p ig;::s;‘;

a — yIpolleHHas CTPYKTYpPa;

6 — ycioBHOE 0GosHAYUEHUE 00'beMHBIX 3apPAJ0B — 3JJEKTPOH-
HO-ABIPOYHBIM IIEPEXOJOM WU
p—n-nepexodom. IOsa  mpyrux

(BHeIIHUX) KOHTAKTA B AUOJEe — HEBBINPAMISIIONIYE, I03TOMY HX
Ha3bIBAIOT OMUYECKUMU,

CTpykTrypa p—n-mepexoxa. IJJIeKTPOHHO-ABIPDOUHBIE II€PEXOIbI
KJaccu(pUIUPYIOT MO0 Pe3KOCTH MEeTaNJNypru4ecKOd IpaHUIBI U IO
COOTHOIIEHUIO YAeNbHBIX COIIPOTHUBJICHUN CJIOEB.

Cmynenyambimu nepexodamu Ha3bIBAIOT IIEPEeXOAbl C HAealb-
HOY rpaHHIeH, 110 OQHY CTOPOHY KOTOPOM HaXOgATCA JOHOPEHI C IIO-
CTOAHHOMN KOHIeHTpanuei N, a 10 APYyryio — aKueNTOpsI C IOCTO-
AHHOM KoHneHnTpanueit N,. Takue nepexoasr Haubosiee IPOCTHI AJ1A
aHaIHU3a.

ITnagnbimu nepexodamu Ha3BIBAIOT TaK¥e, Y KOTOPbIX B palloHe
MeTa/JIyPrU4ecKo IPaHUIBI KOHIEHTPAIHs OJHOTO THIIA IPUMeCcH
NIOCTeNIeHHO YMEHBIIaeT s, a APyroro tuna — pacreT. Cama meras-
JypruvyecKas IPaHUIla B 3TOM CJIydae COOTBETCTBYET PaBeHCTBY
IpUMECHBIX KOHOeHTpanui (N, = N,).

IIo cooTHOIIEHUIO KOHIEHTpAlLMil IpuMeceit B p- U n-clI0oax Ile-
Pexonbl AeNAT Ha CUMMempuiHble, HecUMMempuinsvie 1 00HOCMO-
ponnue. CuMMeTpUYHBIe INEpeXOhbl XapaKTepHBE! YCJIOBHEM
N an ©N ap» TAE N,,uN gp — KOHIIEHTPAHWH IpyuMeceil B COOTBeET-
CTBYIOIIUX CJIOAX.

CuMmMeTpuuHble Nepexofbl He THUIHYHBL JJA TOJyNPOBOAHUKO-
BOM TeXHUKH.

B cayuae pesxoir acuMMeTpHH, KOrAa KOHIEHTpAUY IpuUMeceit
(a 3HauUMT, ¥ OCHOBHEIX HOCHTeJjeii) pasznuyaloTca Ha 1-2 nopasxa
u OoJiee, mepexohrl Ha3bIBAlOT OJHOCTOPOHHMMU M OBO3HAUAIOT
cuMBoOJNaMu n—p uau pt—n, rae BepXHUH UHOEKC «+» COOTBETCTBY-
eT CJIOI0 CO 3HAYUTENbHO Gojpiiedl KOHIIEHTpamueil.

P-n-1epexoxn
2N
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Ha puc. 3.2 nokasaHa s/IeKTpHYEeCKadA CTPYKTypa p—n-Iepexofa.
JIIsi HaTNAZHOCTY pasHMNA B KOHIIEHTPAIMAX OCHOBHBIX HOCHTe-
7l N,y # p,o NIPUHATA MeHbIIe, YeM 9T0 UMeeT MeCTO B AeHCTBH-
TeNbHOCTH.

n-cryoit p-enoi n-cuoft p-caoi
Nn n, n, NA n, NA‘
b, N, E ' P A b,
—— N Na X . ; N, ¥
» n, | ; NE
-\ — : . Poy NN /—PA:
: T o | ¥
o000 Ty éééé@ e 4 @}?@é@@ iy +
00060 | (99990 | 80000 %°°0F | | d0000|°20 9T
0000 ©000p 0006 9_995@9+ 00000 e
""" + + + + A N S 7 i+ + AR R '
Soa55| (23092 | |8385g 00086 | |5800TIe00 b8
+ 1+t I T4 + I 1
----- Q0 & A )
66666] |9°9°° | (66600 °°°2°, | |06006|°°°°
© Hosop © Axgenrop Tlepexop Tlepexop
- DnekTpod + [pIpka
a) 0) 6)

Puc. 3.2. Dnexrpuyeckas CTPYKTYDa p—n-liepexofia: @ — HaUYaabHOE COCTOSAHHE
cyloeB; 0 — olbeMHbIE 3apSAfbl B PEANLHOM Hepexofe; 6 — oGbeMHble 3apAZbL B
Hrealu3UpPOBAHHOM Iepexoze

Ha camMoM feJsie OHY OTJIMYAIOTCA Ha HECKOJBKO IIOPAXKOB, I0O3-
TOMYy Ha rpaduKax yaie BCero AJd KOHIEHTpanui HCIOIb3yeTcs
norapupmudeckuil Maciutab. IIocKONbKY KOHIEHTpPauA 3JIeKTPO-
HOB B CJIOe N 3HAYUTEIbHO OoJbllle, UeM B CJIO€ P, YacThb 3JIeKTPO-
HOoB guddyHIUpYyeT U3 caod n B ciaoii p. IIpu aTom B ciioe p B6au3u
MEeTANNYyPravYecKoil IrpaHUNBI OKaKyTCs MU3OBITOUHBIE 3JIeKTPOHBI.
9TH 3J1eKTPOHEI OyayT PeKOMOMHUPOBATH C ALIPKAMH O TeX IIOp,
noka He 6yjeT BBEIIIOJNHeHO yciaopue pasHosecud (2.10). Coorserct-
BeHHO KOHIIeHTPAIUA ABIPOK B 3TOM 00JIaCTH YMEHbIIUTCA K «0obHa-
JKaTCA» HeKOMIIEHCHUDOBaHHBIE OTPHUIATENbHbIE 3apAABl AKIENTOp-
HbIX aToMoB. CjieBa OT MeTAJIIYPruvYecKoil rpaHunbl «00HaXKaTCa»
HEKOMIICHCHPOBAHHEBIE IIOJOXKUTENbHEIE 3apAALI JOHOPHBIX aTo-
MOB, OT KOTODPBIX VIIJIY 3JEeKTPOHHI (puc. 3.2, 6). AHajoruunsie
pacCcy’kAeHuA MOXXHO IIPOBECTH AJIA ABIPOK, KOTOpeIe aubdyHIH-
pyioT u3 cios p B cnoit n. OgHaKo B OJHOCTOPOHHEM IIepexoje, B
KOTOPOM Ppg <<Tl,q, IePEeMeIlleHNe ALIPOK MaJIO CYIIeCTBeHHO, TaK
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KaK UX rpajueHT KOHI[EHTPaluy HeCPaBHEHHO MeHbIIle rPagueHTa
KOHIIeHTPAIlUX 3JIeKTPOHOB.

O6pasopasinuecs 06'beMHEIE 3aPAALI ¥ CBA3AHHBIC C HUMY TIOJA
obecneunBarOT papHOBecue B obnacTu p—n-nepexoga. O6macTs 006b-
€MHBIX 3apAJ0B Ha3bIBAIOT OGeJHEHHBIM CJI0EeM, UMeA B BUAY PE3KO
TIOHMIKEHHYI0 KOHIEHTPAIHIO NOABIKHBIX HOcuUTeled B obeux ee
YacTAX.

B 6onpinmuHCTBE CilyyaeB p—n-rnepexol MOYKHO HAealU3UPOBATH
TaK, KaK MOKa3aHo Ha puc. 3.2, 8, T.e. NOJHOCTLIO IpeHebpeub Ha-
nyuueM cBODOLHBIX HOCHUTEJEH B Iepexofe U CYUTATh IPaHUIBI IIe-
pexona upeansHO peskumu. Takasa mpeanusanysa ynpoliaer perie-
HUe MHOrMX 3ajady.

Ilepexon B 1enIOM HelTpaseH: MOJOKUTENbHBIA 3apsiJ B JIeBOH
JacTH paBeH OTPUIATENHLHOMY 3apAay B mpaBoil uactu. OpHako
IUIOTHOCTH 3apAA0B Pe3KO pasMuuHbI (M3-3a Pa3Juyusd B KOHIEHT-
pamuax npumeceit). IlosToMy passiuuyHLI ¥ IPOTSKEHHOCTH oben-
HEHHBIX CJIOEB: B CJIO€ C MEHbIIeH KOHIEHTpaIuel nNpuMecH (B Ha-
meM ciaydae B p-cjoe) o6iacTe 00BeMHOTO 3apsija SHAUUTEIbHO
mupe. Kak rosopsaT, HeCHMMETPHUUYHEIN IepeXOj] COCPEeIOTOUEH B
BBICOKOOMHOM CJIOE.

Ha puc. 3.3 noxasaHo pacmpefjejieHue HOCHTeJeil B HOJysoTra-
pudpmuueckom wmacinrabe, Gosiee ynoO0HOM AJIA KOJMUYECTBEHHBIX

p.n ) omeHoK u cpasHenuit. Cienyer
1018 EEH p-cnod o6paTuTs BHHMAHHE Ha TOT
P (akT, 4TO BHYTDH p—n-Iepexoja

10MF HMeeTCA yuacTOK ¢ COGCTBeHHOM,
ool Y T.e. MHMHHMMAJBHON KOHI[EHTDA-
nueir Hocurenmei. Ilostomy 06-

10% JIaCTb nepexoja sBjiaeTcA Haubo-
102 " - Jiee BBICOKOOMHOM 4AacThIO BCeH
Tepexon > AUONHOM CTPYKTYDHI. uYneJn,Hoe

1018 » COIIPOTHUBJIEHHE B 3TOIl 0o0JacTu
2-10'® Ha HECKOJBLKO HMOPAZKOB IIPEBBI-

0,5-10'° n 1018 MIaeT yAeabHBIE COIPOTHUBJIEHUS

- o HeHTpalbHBIX - U p-obiacrei.
Ha puc. 3.4 nokasaHbl 30H-
rpaMMm —n-nepexoga

B HECUMMETDPHYHOM Ilepexone Hble QuarpaMMel p—r-1ep A

(momymorapudMmecKuit u nupekusm AC ¥ HOCJE BOOGpaskaeMoro «co-
MaCIITa6bI) [IPMKOCHOBeHHMs» cJoeB. Kak Bu-

I¥M, eQUHCTBO YPOBHA PepMu B

Pac. 3.3. Pacnpegesiesue HoOcHTeseH
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pABHOBECHOM p—7i-Tlepexofe IPUBOAUT K MCKPUBJIEHHIO 30H B paiio-
He MeTaXNyprudeckoil rpanunsi. B pesyssrare obpasyiooTcsa pas-
HOCTH IIOTeHIMAJOB (IOTEHIUANLHLIA Gaphep) M SJIEKTPHUUYECKOe
oJe, CBOMCTBEHHOe PaBHOBECHIO.

n-caoi p-caoit >
. %IQQ (PEp
) — // o
®rn o — e ——
R AR—
______ 0a Pen .
a) 6)

Pac. 3.4. 3onmas guarpamma cjoes (a) u p—n-liepexofa B PaBHOBECHOM
cocTrosiEuu (6)

AHanus paBHOBECHOTO p—n-nepexoga. BeICOTa paBHOBECHOTO
TIOTeHIKaIbHOrO baphepa oNpeleIaeTcs Pa3HOCTLIO 3IEKTPOCTATH-
YyeCKUX TOTEeHOUAJNOB B p- U n-cioax (puc. 3.4, 6):

AQo =QPgp — QEn- 3.1

ITorennuans: Pgp U Pp, JETKO MONYINTH U3 BhIPA’KEHUN (2.12),
NOACTaBIIsAA COOTBETCTBEHHO P = Ppg U Il = N,q (AHAEKCH 1L ¥ P 06o-
3HAYAIOT IPUHAAJIEKHOCTE K TOMY UJIM HHOMY CJIOIO, a uHAeKe 0 —
paBHOBecHOe cocToanue). Torga

AQo =@ In(nyg pyo/nl ). (3.2a)

Ecnu nonowuts n,g =N, u p,g =N, (rae N, u N, — abdex-
THBHBIC KOHIIEHTPAIIMH TIpHMeceii), TO

AQo = ¢p In(N N /n}). (3.26)

OueBuaHO, YTO IIPH INPOYUX PABHBIX YCIOBHAX PAaBHOBECHAS BBI-
COTa MOTeHIMAJbHOro 0apprepa Tem BEHIIE, UYeM MEHbIIe COGCTBEH-
HadA KOoHIeHTpanus (T.e. ueM 0oJIbllle MIMPHUHA 3alIPEI[eHHON 30HEI
HOJYIIPOBOAHNIKA). Honc'ranmm B (3.26) N, = 109 cM3, N, = 1016
cm™3 u 3HaueHme n,=2- 100 A5 erMHHﬂ, nojgyuaeMm AJIA KOM-
HaTHOH TemmepaTypsi AQ, =330, ~0,83B.

Wcnonsaysa coorHomrenue (2.10), zamenum B dopmyie (3.2a)
OJHY 13 KOHIIEHTPaIUN OCHOBHBIX HOCHTeJeH (1 ,¢ uiu Ppo) Ha KOH-
IEHTPaIMI0 HEOCHOBHHIX (p,, UIH npo). IIpu aTom oxasmpiBaercd,
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YTO PABHOBECHAA 6biCOMA NOMEHUUANRbHO020 apbepa onpedeniemcs
OmHOWeHUEM KOHUeHmpayuil 00HOMUNHLLX Hocumenell (31eKTpo-
HOB UJIY ABIPOK) N0 ofe CmOPoOHb. nepexoda, Ha ero TPaHUIAX:

Apo = @7 Inlryo/myo); (3.3a)
Apy = Q7 I0(Ppo/Pro )- (3.30)

9TH BapHMAHTHI 3aIMCH MBI HUCIOJIb3yeM IIO3gHEe NPH aHaIu3e
HEPABHOBECHOT'O COCTOSIHHA IIepPexofa.

Yro6hl pacCUUTATh PABHOBECHYIO IIIMPUHY IIepPeXxofa, BOCIOJIbL3Y-
eMCs  HMAeaJM3MPOBAHHBIM  paclpefmesieHHeM  3apamoB  (cM.
puc. 3.2, 8). IIpu TaxoM pacupepenenun {puc. 3.5, @) IJIOTHOCTH 3a-
pAna B KaXKAOH U3 ByX uacTeil lepexofa MOCTOAHHEEH (puc. 3.5, 6):

B JeBo# wactu (B n*-cimoe) A, =gN n’

B IpaBOf 4acTu (B p-cioe) A, =—¢N,.

Topcrasnasa atu sHadeHuA B ypaBHeHue Ilyaccoma (2.26) u uH-
TErpUpyH ero JBAXKABI A KaKAOH U3 ABYX dacTeél mepexopa, HOJYy-

yaeM JIMHEHHOe paclpegejeHue Ha-

n*-cnoit  p-cnoi npaykeHHOCTH E M KBajgpaTWUHOE pac-
a) TIpefesieHue 3JIEKTPUYECKOTO IOTeHIH-
Z:l
N 2«; . amg (puc. 3.5, 8, 2).
x=0 x dyarnua E(x) nmeer Bug:
6) +gN,
A N
- > Bx)=1Ag, +x); x<0
g ~ €g€
o ufy | N 0
E___] 3.4)
T gN
| BE(x)=—2(, -x); x20.
In_ | €q
B | | IIpupaBauBaa sHadeHus E(x) mpm
2 3 L x = 0 (Ha MeTaJMypru4ecKoil rpaHu-
9 %  pe), mosy4aeM COOTHOIUEHHE MEXIY
AR X COCTABNAIOIMMY INUPUHBI II€peXofa
Iy B N- U pP-CJOAX:
Prc. 3.5. Pacupegesiesne KOH- ln/lp = No/Ny. (3.5)

HeHTpanuu IpuMeced (a), IWiIoT-
HocTH oGBemoro sapaga (6), B mHecummeTpuuHOM (M TeMm OoJee

+
HANpSKeRHOCTH mona (6) u mo- OBHOCTODOHHeM) Iepexope THma n'-p
TeHOHata (2) B CTYIeHUATOM BBHINONHsAETCA HepaBeHCTBO N, >> N, .
n'—p-nepexozae
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3mauur, [, <<l, u noJHas MUpUHa Nepexofa Gau3ka K COCTABJIAI-
me# B BBICOKOOMHOM cioe: lg ~1,.

¢ Dysroua ¢(x) uMmeeT BHA:

4

N
(%) = ¢, —Z A (x+1,)%; x<0;

EH 808
) (%) = +qN°(x—l ) x>0
¢ r 2gpe pror e

wd

"’ IlpupaBHusas 3HaueHua ¢(x) npu x=0 u yuuTEHIBaA, UTO
q;n =@, =A@g, monayiaem:

gN
Aggy = &

l,zl + N4

12
2g¢¢ 2g08 7

%3

i HeCUMMETPUYHEIX IIePeXOJ0B OOHMM U3 CJaraeMblX MOJKHO
npenebpeus. Hanpumep, gaa n*—p-nepexopa, y Koroporo I, << L,
MO>KHO IpeHeGpeyb NePBHIM ClaraeMbIM ¥ HONOXKUTH L, =1;. IToa-
TOMY, OIIyCKas AJs OOIIIHOCTY MHAEKCHI, 3AIUINEM [IVPUHY HOTEH-
nHaNsLHOro 6apbepa B HECHMMETPHYHOM IIepexofe CHeAYIOIuM 00-
pasom:

. 2g89eA0

0 gN (3.6)
rge N — KOHIIEHTpaIuA IIPUMECH B BLICOKOOMHOM CJIO€ Iepexofa.
ITonaras Ag, = 0,8 B u N = 10%¢ cm3, monyuaem ana xpemuus
lo =0,3 MrM.

IIpn aHanuze MJIABHLIX TIEPEXOJOB CUUTAIOT, UTO HA KOPOTKOM
yuacTke (B mpefjeiiax IIMPHHL Iepexoja) pacmpepeseHue sbdbex-
THBHON KOHIleHTpanuu npuMecu JjauneiiHoe. Torga u mmoTHOCTH
06 beMHBIX 3apAJO0B B IIepexoje MOXKHO CUMTATH JUHeHHEIMY QYHK-
IusaMu KoopauHartel x (puc. 3.6). B aTom caygae peiieHue ypasHe-
Hua [Iyaccona mpuBOAUT K KBagpaTUyHo# PyHKuuM E(x) u Kydu-
gecko dyHKIuU @(x). Mcnonbsya atu PyHKIUH Tak ke, Kak H
BBIIIE AJISL CTYIIEHYATOTO MePeXofa, MOYKHO IOJMYIUTh IMUPUHY PaB-
HOBECHOI'0 IIJIAaBHOT'O IIepexoja B CJIeRYIOIeM BUIe:

—s 9e,eAQ
gN’ ’ (3.7)
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Puc. 3.6. Pacupegese-
HHe KOHIEHTPaIuKu
npumecei, sddexTuB-
HOM KOHIEHTPARUU JO-
HODHOM IIpMMeCH, IJIOT-
HOCTH OGBEeMHOro 3aps-
A&, HaNpAKEHHOCTH
IOJIsA U NIOTeHmuaia B
IUIaBHOM 1’ —p-HlepeXxoze

rae N' — rpagueHT 3(ppeKTHUBHON KOHIIEHT-
panuu. IlocKoApKy TrpagueHT OIUHAKOB B
obenx uacTax mepexoja, TO U IIUPUHA [, Ae-
JIATCA MOPOBHY MEXAY Nn- U p-CIOAMU, T.e.
IJIaBHBIN IIepeXOof CHMMeTPHYeH.

YTo racaercs BBHICOTHI PaBHOBECHOTO IO-
TEHIUAIBLHOTO Gapbepa, TO OHA ONpefeNAaeTcs
dopmynoir (3.20), ecan nog N, u N, nmoHu-
MmaTth 3 deKTUBHBIE KOHIEHTpalluy IpuMe-
cedl Ha COOTBETCTBYIOIIMX I'DAHUIIAX IepeXo-
aa.

Anann3 HepaBHOBECHOT0 p—n-nepexona.
Ecny nogkIOunTs UCTOUHUK 3/4.¢. U Mexay
P- ¥ n-cnoAm¥, TO paBHOBeCcHe Ilepexofa Ha-
PyIIUTCA U B OENH HOTeueT TOK. Brirme yike
TIOAYepKUBAJIOCH, UTO YAEJNbHOE COIPOTUBIE-
HYe ODEeJHEeHHOTrO CJIOSA HAMHOTO BEIIe, YEM
yaenpHbIe CONPOTHUBIEHUA  HeNTpaJbHBLIX
cioeB. 1losToMy BHeElIHee Haps)KeHYE IPAK-
THYECKH IIOJIHOCTBIO IIajaeT Ha Iepexoje, a
3HAYUT, U3MEHEeHNe BhICOThI IOTeHIIUATbLHOTO
0aprepa PaBHO 3HAYEHUIO IPUIOKEHHON
3.4.C.

Korga s.p.c. U mnpunoskena IJIOCOM K
p-cino, BoicoTa Oapbepa yYMEHbBLIAETCH
(puc. 3.7, a):

Ap =Apy - U. (3.8)

(o]
=
+0

~————0 U o0———
n d

nr

Agp ~ ¥ ;g Ao
S

p nt p

Aol |

A‘Po ™ N

~

a)

6)

Puc. 3.7. Cueniesne nepexoga B npsamoMm (a) H oGpaTHOM (6) HAIDABIEHHAX
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Hanparkenue Taxkoil NONAPHOCTH sABAAETCA NpAMsIM. Ilpu oTpu-
[IaTeJbHOM TOTEeHIWAalle Ha P-CJ0e BBICOTa 0apbepa yBeJHUUHUBAETCHA
(puc. 3.7, 6) u 3Hak MmuHyc B dbopmyne (3.8) cienyer ©3MEHUTHL HA
oc. Hanpaskerue Takoif IONAPHOCTH ABjgeTca oOpaTusiM. B ga-
NbHeHeM npsaMbie HAaNPAMKEeHUA OyAeM CUHUTATH MOJIOKUTEIbHbI-
MHu, a o6paTHrIe — OTPULIATENbHBIMH.

BMecTe ¢ BHICOTOH TMOTEHUHANLHOTO 6aphepa MEHAITCA €ro Iiu-
pUHA ¥ TPaHUUHbIEe KOHIEHTPAIILHM HOCUTEJIeH.

IlogcraBnasa 3HauerHue A u3 (3.8) B (3.6), monyyaem HIUpUHY
HepaBHOBecHOro Gapmepa B BuAE:

2e9e(Apy —U)
gN '

l= (3.9)

Kax Bupgum, nepexof cy)kaeTcd IPH IPAMOM HanpPsKeHUHU
(U>0) u pacimupsierca npu obparHom (U<O0).

W3smenenue BICOTHI NOTEHIMIANBHOTO Dapbepa COIPOBOMKAAETCS,
BooOIIje TOBOPA, U3MEHEeHVEM BCeX UYeTHIpeX IPaHHUYHBIX KOHIIEHT-
panuii. OfHAKO TOCKOJLKY KOHIEHTpPAIMy OCHOBHBIX HOCHTeJIei
3HAYUTENHHO 0OJbille, YeM HEOCHOBHBIX, MOXKHO CUUTAThL, UTO Me-
HAIOTCA TONBKO Iociepuue. [loaTomy 3aMeHMM B IIPaBRIX 4acTAX
dopmyn (3.3) xoHIEHTpAI UK N, Ha n, ¥ p,, Ha p, a B JIeBbIX Hac-
TAX — BenMuuuHy AQ, Ha A¢. Ilocie aToro, noacrapnsasa sHaueHUA
Ap, u3 (3.3), HeTPYAHO YCTAHOBUTH CBA3b MEXKAY TPAHHUHBIMU
KOHIeHTPaIMsIMHM HEOCHOBHBIX HOCHUTeJNeH B PABHOBECHOM M Hepag-
HOBeCHOM COCTOSIHUSX Ilepexoja:

np =rpee” /% ; (3.10a)
U
] Pn =Pnoe '*". (3.106)

¥ Ilpu npsAMBIX HafIpAKeHUAX IPAHUYHLIE KOHIEHTPALUHY OKa3bi-
BaoTcs Bosbiile PABHOBECHBIX. 3HAYHT, B KAXKJOM M3 CJIOEB IOAB-
JNA0TCA U30LITOUHBIE HOCHUTEJIH, T.€. IIPOHCXOAUT HHKeKIud (CM.
puc. 2.23a). IIpu obpaTHBIX HaUPAKEHUAX IPAHUYHbIE KOHIEHTPA-
MY YMEHBIIAIOTCA II0 CPABHEHUIO ¢ PaBHOBECHBIMH, T.. MMeeT
MecTo sKcTpakmuda (cMm. puc. 2.2306).

M30piTOunbBie KOHIESTpauM¥ Ha IpaHUnax Iepexoza Halmem,

BbIYuTas U3 N, U P, COOTBETCTBEHHO I,y U Ppgi

An, =np0(ewq’r - 1) (8.11a)

Ap, = Pao(e”/?" - 1). (3.116)
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Ilogenus (3.11a) Ha (3.1106), 3aMeHuB B IpPaBoil YaCTH KOHIEHT-
paluy HEOCHOBHBIX HOCHUTEJIEH KOHIEHTPamusAMY OCHOBHBIX C IIO-
MOIIBIO cooTHoUIeHuA (2.9) U cuuTas KOHOEHTPanuy OCHOBHBIX HO-
cHUTesiell paBHEIMH KOHIIEHTPALUAMY COOTBETCTBYIOLIUX IIpUMecei,
TIOJY9IUM

An,/Ap, =N /N,. (3.12)

Orcioga ciegyer, UYTO y HECUMMETPUYHBIX II€PEX0J0B KOHIIEHT-
panua n3beITOYHEIX HOCUTE/IeH B BEICOKOOMHOM cJioe (C MajioHl KoH-
IeHTpanuei) ropasgo 6GoJssire, yeM B HU3KOOMHOM. MOJKHO CKa-
3aTh, YTO B HECHMMETPHUYHBIX Ilepexoax MHXKEKIUA UMeeT OZHO-
CTOPOHHHU#I XapakKTep: TIJaBHYI0 DOJb HrpalT HOCHUTEIH,
UH)KEKTUpyeMble U3 HU3KOOMHOrO (CHJIbHO JIETMPOBAHHOTO) CIOA B
BLICOKOOMHBI.

HNuokexTupylomuit ¢10# (C MEHBIITUM yAeJIbHBIM COIPOTUBJIEHH-
eM) HasSbLIBAIOT IMUmmepom, a cnoif ¢ SONLITUM yaeIbHBIM COIPO-
THBJIEHYEM, B KOTOPHII UHI>KEKTHUPYIOTCS HEOCHOBHEIE AJIA HErO HO-
curtenu, — 6a3oil.

IIpu o6paTHBIX HATIPSXKEHUAX, T.€. B PeKMMe 3KCTPaKIUHU, Ipa-
HUYHBIe KOHIEHTpamuu corjacHo (3.10) MeHbIle paBHOBECHBIX H
MOTryT OBITH CKOJBb yroguo Maibimu. IIpu 3Tom m36bITOUHBIE KOH-
meHTpanuu corjacHo (3.11) — orpumareabHbl, 10 MOJYJIIO OHY HE
IPEBLINIAIOT PABHOBECHBIX 3HAYEHUI N, U Py.

BoasT-amMnlepHas XapaKkTepHCTHEKa p—n-nepexoma. Ha puc. 3.8
IIOKa3aHa CTPYKTypa TOKOB B TIiepexose. B obmem ciaydae
(puc. 3.8, a) TOK COCTOUT U3 INEKMPOHHOU U JbLPOLHOI COCTABIAIO-
mux (HMKHUEe MHAEKCH Nl U P), a KaKAasa U3 HUX, B CBOIO OUepexs,
U3 UHHCEKYUOHHOU ¥ PEKOMOUHALUOHHOU COCTABISIOIUX (BepxHUe
WHIEKCH «H» U «p»). Ilocmeqamre obycioBiIeHEl pekoMOmMHanueit
HocuTesneil B obGnacTu O0beMHOTO 3apsja, Ha IYTH B CMEXXKHBIR
cnoit, PeKoMOUIIMOHHEBIE COCTABAAIOIME 3JIEKTDOHHOTO U JBIPOYHO-
ro TOKOB, PasyMeeTcs, OQUHAKOBBL, ITH COCTABJAIONIVE NHOTAA WUT-
paloT Ba)KHYI0 DOJIb, OHAKO IIPHM BHIBOAE HAeaTUSUPOBAHHOH
BOJILT-aMIIEPHOM XapaKTePHUCTHKH MBI uMHU Ipenebpekem u Oyzem
TIOJIL30BATHCA CTPYKTYPOil, IOKa3aHHOil Ha puc. 3.8, 6.
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Puc. 3.8. CtpykTypa Toka B n —p-lIlepexofe ¢ yueToM {a) u Ges yuera (6)
pexoMOusaguyu B 0GiaacTH 06BeMHOrO 3apsia

e

JTa CTPYKTypa XapakTepHa TeM, UTO 3JIeKTPOHHAA ¥ JbIPOYHasA
COCTABJIAOIIYE OFUHAKOBLEI B 000OHX CJIOSX, T.e. He IIPETEepPIEBaIOT
U3MeHeHM® B 06J1acTH mepexofa.

Iua pacuera MHKEKIUOHBLIX COCTABJSIONINX BOCHOJb3yeMCH
TeM OOCTOSTENLCTBOM, UTO HA TPAHMIAX IIePexofa 3JeKTpHUYecKoe
moJie paBHO HyJI0 (puc. 3.5, ), a 3HaUUT, TOKY HHKEKTUPOBAHHBIX
HocuTeNed uucto auddysuvoHHBIE. JnddysuoHHEIE TOKH paccHu-
ThIBalOTCA 1o dopmyraam (2.58). 3anumueM rpaHAYHbIe TPAgUeHTH
KoHIeHTpanui B ¢opme (2.706), cuumrada, 4TO IMUPHUHA IIepPeXoxa
l= 0 (cMm. Bmime), T.e. 6a3oBadA ¥ IMUTTEpHASA TPaHHILI Iepexona
coBnagaioT. Torza:

dan)y  _ _An, o dAp)) A,
dx %0 L, de =0 L,

SHaK IIIOC AJIA ABIPOYHOrO IpajueHTa OOYCJOBJEH TeM, UTO
OBIDKY MHIXeKTUDPYIOTCS M3 6asbl B 9MHUTTED, T.e. B HaIpaBJIeHUH
OTpHnATeJbHBIX 3HaueHui x (cM. puc. 3.8). Iloacrasnsga atu rpa-
gueHTs! B (2.58) u ucmonb3ysa sHaueHua (3.11), monydaeM 3JexT-
POHHYI0O U ALIPOYHYIO COCTABJAIOLIME TOKAa B BUAE
_an npo(eU/‘Pr ~1);
n

gD
Ip = ~—2 poe?/or 1. (3.136)

Ly

in =

(3.13a)
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3HaKyu MUHYC OBYCIOBJIEHEI TOJBKO TE€M, UTO OCh X HaIpaBJieHa
OT OTPHUIATEJBHOr0 Iojawca 3.4.c. U K IOJIOXKUTEILHOMY
(puc. 3.8). C dusnueckoil TOUKY 3peHUA TOKY IPOTEKAIOT OT ¢ILJII0-
ca» K ¢«MHHYCY», T.€. ABJAIOTCA OJOXKUTeAbHBIMU. CyMMupys Be-
JIMYUHEL ], ¥ J,, YMHOMad UX CYMMy Ha IUIOIIaAk Iepexoza S u
onycKas 3HakK MuHyc, 3anumeM BAX p-n-mepexojga B BHZe

I=Ty(e"% -1, (3.14)

rae

D S
anSnpo + qLP

I, = Dno- (3.15)

n p

I, ®opmyna (3.14) — opgsa u3
50} BUKHEHIIMX B TPAaH3WCTOPHOH
asekTpoHuke. Ee HauanpHEIN yua-
CTOK IpepcTasieH Ha puc. 3.9 B
OTHOCHUTENBLHBIX efumHHUIlaX. BAX,
onpenensemyn ¢opmyaoit (3.14),
Ha3bIBAIOT UdeanbHOll, TaK Kak
Ipud ee BpIBOAe OBLIV ONYILEHBI
20+ MHOTHIE TIpUBXOASIuue (HPAKTOPHI.
Peansurie BAX oraumuaioTcsa oT
10t UAeaNbHOM, HO COOTBETCTBYIOIIIVIE
BBIPa’KEHUsA OKa3blBAIOTCA HE TO-
et 1 . a4 JbKO MeHee HarIAJHBIMHM, UeM
0 2 4 U/op (3.14), HO ¥ CIOKHBIMH IJIs IPaK-
Puc 3.9. Bonsr ammepuas THYECKOro wucmoab3oBanua. I[los-
XapaKTepHCTUKA upeanHsupoBasHoro TOMY IIPM aHalu3e M pacuere IIO-
p—n nepexoza (Zuoza) JYIPOBOOHNKOBBLIX IIpHﬁOpOB BCE-
raa moJbayiorea Gopmymoi (3.14).
Tox I, onpepenaromuit «macmrab» BAX, nHassiBaeTca menao
8biM MOKOM, IOCKOJBKY OH HMMEeT TEeIJIOBOE IIPOMCXOJKIeHYe H,
KaK VBHUAXM, CHJIbHO 3aBHCHUT OT TeMuepaTrypsl. M3 Gdopmyisl
(3.14) BupHO, UTO IIpPH JOCTATOUYHO 6OJILIIOM OGPATHOM HAaIpPsKe-
uuu (a umenwo, npu |U| > 3¢r) BemunHa 00PaTHOrO TOKA PaBHA
— [, ¥ He 3aBUCHUT OT HamnpspreHusn. Takmm 06pasoM, MOKHO CKa-
3aTh, YTO TEILJIOBOI TOK OIpefeNsieT BeJIUUUHY 0OpaTHOrO TOKa QI
uneansHoit BAX. Kpome TOro, TemnoBOil TOK BJAMAET HA MHOTHE
Ba’KHpIe NapaMeTpsl p—N-IePexof0B 1 TPAH3UCTOPOB; IO3TOMY pac-
CMOTPHM ero moxpobmee.
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B HecuMMeTPUYHBIX IIePEXOAaX COCTABJIAIOINNE TOKA ], H J, CY-
LIECTBEHHO Da3jInyaloTCA K3-3a Pasdnuuusd HU30BITOUHBIX KOHI[EHT-
pamuit [cM. (3.12)]. CooTBeTCTBEHHO pPa3MUYAIOTCSA M COCTaBJIAIO-
II¥e TeIJIOBOro Toka. [asa nt—p-nmepexoja IJ1aBHOH ABAAETCA JJIEK-
TPOHHAaA COCTaBJIAKOINasd, T.e. IepBOe cjaraeMoe B IpaBoidl 4acTH
(3.15). 3anuieM 3Ty COCTAaBIAIIIYIO, 3aMEHAM N, Ha nlz/ppo co-
raacHo (2.10) u monaras p,o, =N, . [I71s 06IHOCTH ONIYCTHM UHAEK-

CBI, TOTHA
I, =(¢DS/LN)n?. (3.16)

Ecau N = 101% ¢ 3 u L = 10 MKM, TO 471 KPeMHUA IIPH KOM-
HaTHOH TeMiepaType IJIOTHOCTb TEIJIOBOTO TOKa Jg =2 10710
A/cm?. YV coBpeMeHHBIX HHTErpalbHBIX TPAH3HUCTOPOB ILIOLATH
6a3 cocTaBagioT He 6omee 2107° cM?2, a mioImaAM 3MATTEPOB — JHO
1075 cm? u menee. IT03TOMy IIpHM KOMHATHOH TeMIlepaType THIIMY-
HBIM 3HAUEHHEM TeIJIOBOTO TOKA y HHTEerpaJlbHOro KPEeMHUEBOTO
nepexoxa MOXHO cumrars I, = 10715 A,

TemreparypHas 3aBHCHUMOCTE TEIIJIOBOTO TOKA OIpeJeAeT s Be-
JAAYTHON nlz. Ucnossaysa dopmyny (2.9), sanuineM TemJIOBOH TOK B
BHJE

Iy =Igee®™/"". 3.17)

He6onsmue n3MeneHNs TeMIepPaTypsl IPUBOJAT K PE3KOMY H3-
MEHEHUWIO TeIJIOBOTO TOKA.

IIpamasa Berss» BAX. Ilpum manpspokenmax U > 0 zasucumocTs
I(U) HacToMBKO KpyTasA, YTO IIOJYYHUTH HY’KHBIH TOK, 3amaBas Ha-
NpsKeHue, OYeHb TPYLHO: MaJleiilllee U3MeHeHHe HalPAXKeHUA BbI-
3bIBA€T CyIIeCTBeHHOe M3MeHeHue TOKa. [[osTomy ANlA p n-mepexo-
OB XapaKTepeH peKuM 3aJaHHOTO IpAMOro Toka. UTobnl mccieno-
BaTh saBucumocTb U(I), sanumem BAX (3.14) B ciegyromieit popme:

IO

IIJIH KPeMHHEBBIX IIePeX0A0B C MX HHUUYTOXHBIM TEIlJIOBBIM TO-
KOM MOJKHO II0JIb30BaTbCsA BbIPparKeHHEM

U = ¢p In(I/I,). (3.18)



86 Tnasa 3. IllonynpoBOgHHKOBbIEC NIEPEXOAbI H KOHTAKTHI

Ecny guanasoH M3MeHEHUsA IPAMBIX TOKOB COCTABJAET 4O 2-X II0-
pagKOB u Gojiee, TO IPAMOe HANPs KEHHE B 9TOM AHAaINa3oHe MOKeT
MeHATHCA cyliecTBeHHO. OgHAKO Ha MPaKTHKe JUAaNa3OH TOKOB pej-
KO ObIBaeT TakuM IIupoKuM. Torza mpamoe Hamps>KeHue B pabouem
auarasoHe MeHSeTcA O4YeHb He3HAUUTEILHO.

Paznuuaior zBa pexuMa paloThl Iepexofa — HOPMAJILHBIH,
KOTJa TOK HOpAAKa MUJIUaMIlepa, H MUKDPOPE)KYM, KOTJa TOK MO-
pAAKa MUKpOaMIepa.

B 3asucumocmu om duana3zona moKoe npamvie HANPAKeHUA He-
CKObKO PA3NUNAIOMCA, HO 8 npedenax OUanaszona ux MONCHO CHU-
mame NOCMOAHHBIMU U PACCMAMPUEAMb KAK €60ez0 poda napa-
Memp OMKPbLM02z0 KpeMHUeE020 nepexoda. Ilna sToro mapaMerpa
BBEeJEM clienualbHOe of0o3HaueHume U* u GyneM HasbsIBaTh €ro Ha-
npajxcernuem omipbimozo nepexoda. Ilpu xoMHaTHON TeMieparype
OyzeM CUUTATH, UTO B HOpMaabHOM peskume U* = 0,7 B, a B MuKpo-
pexxume U* = 0,5 B. Hanpsokernue U* 3aBUCHT OT TeMIepaTypsl
IIpY HEM3MEHHOM TOKe.

OgHoit u3 ocobeHHOCTEH peansHON BAX sBiasgeTca oMHUYecKoe
najfieHVe HanpAXKeHud B caoe 6asnl. [eficTBUTeNbHO, eciyu 6a30BHIH
CJIOH MMeeT JOCTATOYHO OONBIIIOe CONPOTHUBIIEHME Iy, TO BHEIIHee
HanpsA’KeHue, BOOOIle roBOpA, He IOJIHOCTHIO IajaeT Ha p-n-mepe-
Xoze, a pacupefendeTcs MeXKAy HUM U cjoeM 0a3nl. Torga mpamoe
HaIpsKeHue BMecTo GopMyan (3.18) OyaeT BhIpaskaThesa CyMMOit

OpguH ¥3 BaskHeHIIVX IMapaMeTpoB IpsMoii BeTBu BAX — dugh-
pepenyuarvroe conpomusienue nepexoda. Ina nHadaabsHoro (HeBHI-
POKIZEHHOr0) yIacTKa ero JEerko IoJyYuTh u3 BeIpakeHus (3.18):

ry-n =dU/dI = @p/I. (3.20)

DusuyecKui CMBIC] 3TOT0 IapaMeTpPa CTAHOBHUTCSA SCHBIM, €CJIH
3ameHUTH guddepernuansl dU u dI KOHeYHbBIMY IPUpAIEHUAMH,
TOrga

AU =AIr,_,.

3Hauur, Tp_n €CMb CONnpomugnenue ona npupawenuii moxa Al,
MALbLX NO CPABHEHUIO C NOCIMOARKOU cocmasgasouyeit moxa I, onpe-
densoujell 6eAULUHY Ty_,, .

TunuyHsIM 3HaUeHHEM, KOTOPOe IIOJIE3HO 3allOMHUTL, ABIAETCSH

ry_n = 25 Om, coorBercTByIOIIee TOKY I = 1 MA.

p-
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O6patrHaa Bersp BAX. Kak orMeuanocs, pealbHBIA 0OpaTHEIH
TOK IlepeXofa HaMHOTO IpeBbIlIaeT BeNIWYuHy I), ImpefcKa3blBae-
Mmyio BeipaskeHveM (3.15). IIpuuwHO# aToro siBnsercs, mpexige Bce-
ro, reHepamnus 3JeKTPOHHO-JBIPOYHBIX Hap B obsactu o6paTHOCMe-
meHHOTO Iepexofa. CocTaBiAoIIyio oOpaTHOTO TOKa, 00yCJIOBJIeH-
HYIO 3THM ABJIeHUEeM, Ha3bIBAIOT MOKOM mepmozeHepayuu.

IIpomecchl remepanyyl ¥ peKOMOMHanmuy HOCHUTENEH NPOUCXOAAT
BO BCEX YACTAX qUOAa — KaK B HEMTPAJBHBIX CIOAX N 4 P, TaK 4 B
ofsacTu mepexona. B paBHOBECOM COCTOSHUY CKOPOCTH IeHEpaI[uU
¥ peKoMOMHAauy Besje OZUHAKOBBI, IIO3TOMY HaIlpaBJIeHHBIX IIOTO-
KoB HocuTesei mHer. Korga x mepexony NpmJIOKeHO oOGpaTHOe Ha-
npaxkenue, 00acTe Iepexoja AONOJHUTENIbHO 00egHAeTCA HOCHTE-
aamu. IlosTomy peKoMOMHanusa 3gech 3aMejiAeTca M IIPOIleCC re-
Hepanuu OKa3bIBAaeTCAd HeypaBHOBEIIeHHBIM. M30bITOUHBIE
reHepupyeMble HOCUTENHU YHOCATCA 3JIeKTPUYECKUM II0JIeM B Hei-
TpajbHbIe CJIOM: 3JIEKTPOHBI B 711-CJIOH, ALIPKH B P-CJOi. DTH HOTO-
KM u o0pa3yloT TOK TepMoreHepanuu Ig:

Ig =Igoe "™, (3.21)

Tox TepMorenepanuu 3aBUCUT OT OOpaTHLIX HANpAKEeHUS U
TeMIepaTypsl, OH Ha 4—5 mopaakos Gosbmre Toka I

IIpoGoii nepexoma. Pasnuuaror Tpu Buaa (Mexanusama) mpobos
D-n-miepexoja IpU ZOCTATOYHO OOJNBIINX OOPATHLIX HANPSKEHUAX:
MmyHHeLbHbLL, TABUHHbLIL U menao6oil. [lepBrie fBa CBA3AHHI C yBe-
NNYeHVEeM HaIpsKeHHOCTH 3JIEKTPUYECKOro HOJs B Ilepexofe, a
TPpeTHU#f — C yBeJMUeHVEeM pacCeMBaeMON MOIIHOCTH M COOTBETCT-

BEHHO TeMIIepaTyphI.

B ocHoBe TyHHeNIBHOTO Ipo6OA JIEKUT p-cnoi  necnod
TYHHenbHBIH 3ddeKT, T.e. «mpocauusa- JIIIILT
HHe» 3JIEKTPOHOB CKBO3L TOHKHH IIOTEH- Ao,
nuanbHbIA Gapsep (puc. 3.10). e vaes

B OCHOBe JIaBMHHOTO TPOGOA JEXHT  Agli|U] Ty‘:;:ggp°'
«PasMHOXKEHHe» HOCHUTeNeHl B CHUJILHOM S-\-\--~
3JIEKTPHYECKOM IIOJIe, HAEeHCTBYIOIIEM B /d/ 7

obsacty mepexona. DJIEKTPOH U JbIpKa,
VCKOpeHHEBIE TI0JIeM Ha JAJIHHEe cBoGOgHOTro
npoGera, MOTYT Pa3opBaTh OAHY U3 KOBa-
JIEHTHBIX CBA3eH HeMTPAJBHOrO aroma ro- Puc. 3.10. Tyssensnuifi npo-
NynpopogHuKa. B pesyisrare poskgaerca 0% (S0EHAT muarpamwa)
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HOBasd Napa 3JeKTPOH—AbIPKA ¥ IIPOIece MOBTOPSIETC yXKe C yyacTH-
eM HOBBIX HocuTeseii. OOpaTHBIH TOK IPH 3TOM, eCTECTBEHHO, BO3pa-
craer. Ilpu mocraTouHo GOMBIIOH HaNPAXKEHHOCTH HOJA, KOTZA HC-
XOQHas Imapa HOCUTeNell B cpegHeM IIOpPOXKAaeT OoJjiee OZHOM HOBOII
Tapbi, MOHU3aIUA IIPUOOpeTaeT JaBHHHEBIN Xapakrep. I'pamuunoe
3HaueHue NMPOGUBHOTO HAIPM)KeHUA, Bhillle KOTOPOTO npoboit TaBUH-
HBIH, a HW)Ke — TYHHEJBLHBIH, COCTaBJsgeT 0Koao 5 B.

B ocHoBe TemoBOro npobosi JeXKUT caMopasorpes Iepexofa Ipu
npoTeKanuu o6paTHOro toxka. C pocToM TeMIepaTypbl OOpaTHBIE
TOKH Pe3KO BO3PaCTalOT, COOTBETCTBEHHO YBeJUYMBAETCSA MOII-
HOCTb, paccenBaeMas B IepPexofe; 3TO BhI3bIBAET AOTIOJIHUTENbHBIN
pOCT TeMmepaTypsl ¥ T.n. XapakTepHoi ocobenHocTbio BAX mpu
TEIJIOBOM [po6oe ABJsIETCA HaNUuUMe Y9acTKa C OTPHIlaTeIbHBIM
auddepeHnuanbEsIM conporusaenuem: dU/dI <O0.

Baprepnasa emrocTs. [IOoNyIpOBOAHMKOBLIN AUOL HMHEPIVOHEH
TIO OTHOIIEHUIO K JOCTATOYHO OBICTPLIM M3MEHEHUAM TOKa HJU Ha-
NIPsYKeHUA, IIOCKOJNBKY HOBOE paclpefeeHye HOCHUTEeJe! yCcTaHaB-
JuBaeTcs He cpasy. Kak m3BecTHO, BHelIHee HANpsKeHHE MeHSAET
UIMPUHY IePexoda, a 3HAUYUT, X BeJIUUUHY 00'beMHBIX 3apAJ0B B Ie-
pexope. Kpome TOro, mpu MHKeKIUM HUAM 3KCTPAKHUN MEHSIOTCA
3apapst B obnactu Gaswel. CiemoBaTensHo, aumof oblnagaeT eMKO-
CTBIO, KOTOPYI0O MOXKHO CUHUTaTh IOAKJIOUEHHOH IlapaJjelbHo
p—n-mepexoxy.

ITy eMKOCTs IPUHATO Pa3fesATh Ha JBEe COCTABJISIOINME: 6apy-
ePHYI0 eMKOCMb, OTPAXKAIOLIYIO IIepepacnpeeieHue 3apAJOB B Iie-
pexone, U Ou@Py3uoHHYyI0 eMKOCMb, OTPAXKAIOIIYIO Ilepepacipese-
nenue B 6aze. Takoe pasgeneHue B 00I[eM YCIOBHOE, HO OHO YZ00OHO
Ha IIPaKTHUKe, IOCKOJbKY COOTHOIIEHVE 00eMX eMKOCTeil Pas3JInyHo
IIp¥ Pa3HbBIX HOJAPHOCTAX NPHUIOKEHHOro HanpsikeHusa. IIpu npa-
MOM HaUPSAXEeHHH TJIaBHYIO POJIb UrpPAlOT M3GLITOUHBIE 3apsARbl B
6ase u cooTBeTCTBeHHO — AMbDY3UOHHAA eMKocTh. IIpu obparHOM
HaIps’KeHuH M30BITOUHBIe 3apAAbl B 0ase Majbl ¥ IJIaBHYIO POJb
urpaer 6aprepHas €MKOCTb.

3aMeTuM 3apanee, UTO 00e eMKOCTU HeJuHeHHbI: guddysnonHad
€MKOCTh 3aBHCHT OT IPAMOr0 TOKa, a OapsepHas — oT oOpaTHOro
HanpAXesus. HenumeiiHocTs Auddy3MOHHON eMKOCTH HACTONBKO
CYINECTBeHHA, UTO €€ MCIIOJB30BAHUE IIPH PellleHuM IPaKTHJYeCKH
Ba)KHBIX 3afad He yIPOUJAeT aHAJIWU3 II0 CPABHEHWIO C HeNOCPeACT-
BEHHBIM HCIOOJIb30BAHHEM yDAaBHEHWI HeNpepsIBHOCTHU. [I0aTOMy MBI
9Ty eMKOCTh He paccmaTpuBaeM. UTo Kacaercs GapbepHON eMKOCTH,
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TO OH&, HECMOTPA Ha HEJUHEHHOCTh, sBJAETCA YAOOHBIM IIapaMer-
POM H 3aCHy’KUBaeT PacCMOTPEHHs.

IIpumem pacnpezpesneHue 3apAgOB B Ilepexoje CTyIeHYaTsIM. By-
JeM IO-IIPeKHEeMY CUMTAThH IePexX0 HeCUMMEeTPUUHLIM, Tuna nt—p.
Torga IpPOTAKEHHOCTH OTPUILATEILHOrO 3apsifga B p-6ase MOXKHO
CYMTaTh PaBHOH BCeil IIMpuHe mepexopa: l, =l. 3anuimem Moxyis
9TOrO 3apAaja:

|Q|=qNSt,

rge N — KOHUIeHTpamus npuMecu B 6ase; S — IUIOIagb mepexona.
Takoit xe (HO TNOJNOMKUTENbHBIH) 3apaAx OyAeT B IMUTTEPHOM
n*-cioe.

IIpepcraBuM, UTO 3TH 3apARbLI PACIHOJIOKEHBl Ha OOKJIagKax BO-
ofpa’kaemMoro KoOHAeHcaTopa. EMKOCTs KOHAEHCAaTOpa 00LIYHO OIpe-
penstior Kak @/U. OgHako B JaHHOM clydae 3ap#Afg 00yCcJIOBJIeH He
TOJILKO BHEIIHUM HanpsokeHueM U, HO ¥ paBHOBECHOMH BBICOTOI Ha-
pbepa Agg, cu. (3.9). ITosTomy 3apaz |Q| HY>KHO JeIUTH Ha BEIUYH-
HY Ap = Apy —U. B TpaH3UCTOPHOH 3NeKTPOHUKE dallle NOJb3yI0T-
csa puddepeHMaNIbHEON DaphepHO eMKOCTBIO, KOTOPYIO IOJYYaloT,
nuddepernupya sapag |Q| mo manpsxenmio Ag. Yuursisaz (3.9),
nojiyuaeM yAeAsHYI0 6apbepHYI0 eMKOCTh (Ha eJUHULY TLIOIIANH):

0,5g9eqN

Ceo = .
60 Apy U (3.22)

Tak kak Hanpa:keHue o6paTHOe, T.e. MMeET OTPHUIATENbHBIN
3HaK, yAOOHO HOJIB30OBATHCA MOAYJAeM OOpPaTHOrO HANPKEHUA:

(3.23)

3.3. KOHTAKTHI MOJYIPOBOXHUK—METAJLI

Hcropuuecku IIepBBIMH NOAYIIPOBOAHMKOBHIMH INpudopaMu
ObLIM QUOXBI, OCHOBaHHbIe Ha KOHTAaKTe IIOJYIPOBOLHUKA C METAJ-
JoM (moueuHO-KOHmaKmuvie duodnl). Ix nmpuMeHeHVe OCHOBBLIBA-
JIOCh Ha 39KCIEPHMEHTAJbHO OOHapy)keHHOM (daKTe -— BBIIPIMIIE-
HUHY c1abbIX NTePeMEeHHbIX CUTHAJIOB IPY CONPUKOCHOBEHUY MeTal-
JIMYecKO# WINIBI C KpPHCTalJaM¥ HEKOTOPbIX eCTeCTBEHHBIX
MONYTIIPOBOAHUKOBBIX MUHepasnoB. B MHTerpasbHBIX CxXeMax KOH-
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TAKTHl MeTajljla ¢ IIQJYHNPOBOAHUKOM HAXOLST ABOSIKOe IIPHUMEHe-
Hue: nubo B KadecTBe HEBBHINPSIMJIAIOINIMX -— OMHUYECKHMX KOHTAaK-
TOB (coequHeHud 3neMeHTOB YIC), 1160 B KadecTBe cuenmudAUecKuX
BHIIPAMJIAIOMUX KOHTaKTOB (guogoB IllorTKH).

CTpyKkTypa u CBOMCTBAa KOHTAKTOB MeTa/JJI—IIOJYIPOBOZHUK 3a-
BUCAT B IIEPBYI0 OouepeJb OT B3aMMHOIO PACIOJOKEHHUs yPOBHel
Depmu B TOM u apyroM cioe. Ha puc. 3.11 BBepxy moxasansl 30H-
HBEIe AUarpaMMsl pasfie/IeHHBIX CJI0eB, a BHU3Y — 30HHbIE JUarpaM-
MbI COOTBETCTBYIOIIUX KOHTAKTOB (IIOCTIE «COINPHMKOCHOBEHUA» CJIO-
e€B M yCTaHOBJIEHWsI PapBHOBECHd).

Merann ITonynposogsuk MeTann ITonynposogauK
p-Tuna n tuna
o
Orr M o ———
Os| Em—
®s Orm o
Orm — Ppn
Orp ]
r— I —— —
— —]
P30
Op - %
Il =e= ] o
+
1(990
a) 6)

Puc. 3.11. 3ovHBIE auarpaMmbl BEIIPAMJSAIOIMX KOHTAKTOB MeTallia
C IOJNYIPOBOZHHKOM @ — KOHTAKT C IOJYIPOBOZHMKOM P THUIIA,
6 — KOHTaKT C IOJAYNPOBOZHMKOM n-THIIA

Bemipamiaromue koHTaKTsI. Ha puc. 3.11, g morka3aHsl 30HHBIE
AuMarpaMMel JAs Caydad, KOTAA Qp, > Qp,. Takoe COOTHOLIeHHE
03Ha4aeT, YTO 3aIIOJTHEHHOCTH 30HHI IIPOBOJMMOCTH B IOJYIIPOBOJ-
HHKe MeHbllle, UeM 3alOJIHEHHOCTh TAKOTO ’Ke 3HEePreTHUecKOTo
y4acTka B Meraaine. [[03ToMy mocie «CONPHKOCHOBEHHA» CJIOEB
YacTh 3JEKTPOHOB IepeiijjeT U3 MeTaJla B IOJYIPOBOAHUK P-THUIIA.
IlosaBmenye JZONOJHUTENLHBIX 3JIEKTPOHOB B IIPUIIOBEPXHOCTHOM
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cJIoe IOJNYNPOBOLHMKA IPUBONUT K YCUJIEHHOM pexoMOunamuu. B
pes3yJbTaTe YMEHBIIAeTCsI KOJIUYECTBO OCHOBHBIX HOCUTEJNEH ~— [gbI-
POK, 1 BOIM3Y I'PAHUILEI ¢ METANIOM «OOHAXKAIOTCA» HEKOMIEHCH-
pOBaHHbIe OTPUILIATENLHBIE HOHLI aKIEeNTopoB. [loABaseTcs 3JIeKT-
pUYeCcKOe II0Je, KOTOPOe IIPensiTCTBYET JAaJIbHEHINIeMy IIPHUTOKY
3JIEKTPOHOB u o0ecneduBaeT 60JIBIMAHOBCKOE paBHOBecue B obrac-
TH KOHTaKTa. JHEepreTHUYeCKUe YPOBHY OKA3BIBAIOTCS MCKPUBJIEH-
HBIMY «BHU3».

Ha puc. 3.11, 6 nokasampl 30HHBIE QUATPAMMbI AJA CIyYas
Qrm < ®pn» KOTAA IOCTIE COIPHKOCHOBEHMA CJIOEB 3JI€KTPOHHI IIepe-
XOOAT U3 NOJYIIPOBOAHUKA n-Tuna B Merasa. CooTBercTBeHHO BOIH-
34 TPAHUIBL C METAJJIOM «00HaKAIOTCsI» HEKOMIIEHCHPOBaHHbBIE II0-
JIOKUTENbHbIE MOHBI JOHOPOB, & 30HBI MCKDUBISIOTCS «BBEPX».

OG6nacte MCKPUBJIEHUA 30H (T.e. 001acTs 06beMHBIX 3apALOB) B
0o0ouX CHAydYasX uMeeT IPOTAKEeHHOCTh, OIpelenseMylo hopMyJoit
(2.34), obpruno 0,1-0,2 MrM.

KoHTaKThI TAKOro poja B HACTOAILEE BpeMs CO3JaI0TCA HaIlbLile-
HUEeM MeTajjla Ha HIOJYyIpPOBOZHUK B BaKyyMe.

O0OMeH 3JIeKTPOHAMH MEXAY METa/JIOM U IOJAYyIPOBOSHUKOM
O0BIYHO XapaKTepHU3yIOT He pa3HOCTHIO «MCXOZHBIX» ypOBHeil Pep-
M¥, a PasHOCTbIO pabom 6vixoda. PaboToil BEIXOZa SJIEKTPOHA U3
TBEPIOTO TeJa Ha3bIBAIOT JHEPTUI0, HEOOXOZWMYIO JJIS BhLJIETa 3a
npepenst Kpucranna (T.e. gasa Tepmoamuccuy). Ha 30HHBEIX pua-
rpaMmax paboTa BBIXO4a €CTh IHEPreTHUUECKOe «PACCTOSIHUE» MEX-
Ay ypoBHEM CBOOGOLHOTO 3JIeKTPOHA BHE TBEPJOrO Tejla M yPOBHEM
Depmu. Ha puc. 3.11 paboTsl BrIXOZa U3 meTajlja ¥ U3 IOJIYIPO-
BOJHUEKA 0603HaUeHBI COOTBETCTBEHHO UePe3 ¢y, U Qg. PasnocTs pa-
60T BEIXOZA Qprg = Pp — @g, BHIPAKEHHYI0 B BOJBTaX, Ha3bIBAIOT
KOHMAKmHuoOLL PA3HOCMbI0 NOMEHYUALO08.

B 3aBUCHMOCTH OT COOTHOIIEHUA PaboT BLIXOZA ¢y U Qg 3JEKT-
POHBEI II€PeXOAAT B TOT HJIM HMHOH cloi. Ecmm ¢u <@g (T.e.
Qs <0), TO 37IEKTPOHBI IIEPEXOAAT U3 MeTalyla B IOJYIPOBOJHUK
(puc. 3.11, a), ecnu xe @y > Qg (T.e. Qp5 >0), TO 37MEKTPOHEL IIe-
PeXOonAT U3 MOJNYyNpPOBOAHUKA B MeTaswnd (puc. 3.11, 6). Takoii kpu-
Tepuit GoJlee HaraAZeH, YeM HCIOJL30BAHHBIA B Hauane pasgena,
TeMm 0oJiee, YTO KOHTAKTHBIC PA3HOCTY HNOTEHIMAJIOB JJIA TUIOBBIX
KoMOUHAaNUi METAII0B ¥ IIQJIYIPOBOSHUKOB IPUBOAATCA B JIUTEPA-
Type.

Crellens MCKPUBJIEHUA 9HEPreTUUeCKUX 30H BOJIM3HM IOBEPXHO-
ctu (puc. 3.11) xapaxTepusyeTcsa BeJUUYNHON PAaBHOBECHOTO NOBEp-
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XHOCTHOTO NOTeHIHAaNa ¢go. Ecau npeHebpeus posisio HOBEPXHOCT-
HBIX COCTOSIHUH, TO BeJIMYUHA Qgo OyeT paBHa KOHTAKTHON Pa3HO-
CTH TOTEHIUATIOB (pg.

O6a koHTakTa, MOKa3aHHEIe Ha puc. 3.11, xapaxkTepHsL HATHYH-
em ObGeJHEHHHLIX CJIOEB B IPUKOHTAKTHOM CJIOE IOJYIPOBONHUKA.
31ech KOHIEHTPALYsA OCHOBHBIX HOCHUTeJIeil MeHbIle TI0 CPaBHEHUIO
C paBHOBECHOI1, COXpaHUBIIeiica pganu or koHTakTta. CiregoBareins-
HO, TaKOH IIPUKOHTAKTHLIN CJIOH 00JajaeT HOBBIIIEHHBIM YAEJIbHBIM
COIIPOTHBJIEHVIEM M IO3TOMY OmpefesideT COIPOTUBJIEHUE BCEH CHC-
TeMBbI,

IlorenmanbHbIi Gapbep B NPUKOHTAKTHOM CJIOe Ha3bIBAIOT (a-
pvepor IlTommxu. Ero BeicoTa ¢ gy ABJIAETCH aHAJOTOM BEJIMYMHBI
AQg B p—n-nepexoje. B saBuCcUMOCTH OT NOJAPHOCTY NPUJIOKEHHO-
ro BHEIHETO HAIPSKEHMUS HOTeHINal ¢ g ¥ COOTBETCTBEHHO COIIPO-
THUBJeHVE TPUKOHTAKTHOIO CJOs1 OYyAYT MEHSATHLCA.

Taxk, ecny HanpA)KeHYe NIPUIOKEHO ITLIIOCOM K MeTallly, a MH-
HYCOM K TIOJIYIIDOBOZHWKY, TO HOTEHIMAJbLHEIN 6aprep B KOHTAKTe
Ha puc 3.11, a noBsiiaerca. Torga NPUKOHTAKTHBIN Cioi eme 6o-
nbiie obeJHAETCA OCHOBHBIMY HOCHUTENSIMH — IbIPKaMH H, CJIefo-
BarejapHO, OygeT mMMeTh TNOBBIMIEHHOE CONPOTHUBJIEHHE IIO0 CpPaBHe-
HUIO C DAaBHOBECHBIM. SHAYUT, HaANPIKEHUe C 3TOH IOJSIPHOCTHIO
sIBJIIeTCA A [IAaHHOTO KOHTaKTa oOpaTHbiM. B KOHTakTe Ha
puc. 3.11, 6 npu TOI JKe MONAPHOCTH HATIPAYKEHUA IIOTEHI[HAATD-
HBIY Gapeep NOHMI)KAaeTCsi, NPUKOHTAKTHBIN CJIOH oboraImaercs
OCHOBHBIMHU HOCHUTENAMHU — 3JIEKTPOHAMH U €T0 CONPOTHUBIeHUE Oy-
JeT MeHblIIle PaBHOBECHOTO. 3HAUUT, HAIPSOKEHUE C 3TOMH HOJAPHO-
CTBIO ABIAETCA AJA JAHHOIO KOHTAKTA IIPAMBIM.

Taxum o6pa3oM KOHTaKTHI, MOKa3aHHeIe Ha puc. 3.11, obaaga-
IOT BHINIPAMJSIONIMMY CBOMCTBAMY M MOTYT OBITH OCHOBOI JUOLOB.
HOuopsr, ucnomsayromue Gapvepst IIIOoTTKM, HaswlBalOT duodamu
HTommkxu.

BapraHTOM BLIIPAMJIAIOIINX KOHTAKTOB SIBJSETCA KOHTAKT, B
KOTOPOM BOJIMI3M IPaHUMBI C METANJIOM 00pasyeTcsi MHBEPCHOHHBIN
CJIOH, T.e. CJOH C HPOTHBOIOJJOXXHBIM THUIIOM HPOBOJUMOCTH.

30oHHaA [JguarpaMMa KOHTAaKTa, COLEpIKallero WHBEPCHOHHBIN
p-cioii, TToKasaHa Ha puc. 3.12. IToT caydail XapakTepeH AN CHJIb-
HOTO MCKDHWBJIEHUA 30H, T.€. JJA OONBLIINX KOHTAKTHLIX DPa3HOCTEH
TIOTeHIHAJIOB @ g, KOTAa BOIU3M I'PaHUIIEI YPOBEHb 3JIEKTPOCTATH-
YeCcKOro IOTeHIMAaJNa NepeceKkaeT ypoBeHs Depmu. Tosmuna uusep-
CHOHHOTO CJIOsA, KaK y)Ke OTMeYajioch, He IpeBbiltaeT 1-2 HM.



3.3. KonTakThl OJIYIPOBOIHHK—METANN 93

Muonsr IMorrkm. Baxmeitmei ~— Meramr |  Ionynposoxmux
ocobennocTrio aguonos IHloTTKHu 1O
CPaBHEHUIO ¢ p—n-IIepexoqoM ABJs-
eTCaA omceymcmeue UHNCEKUUU He-
OCHOBHbLX HOcumeaeil. ITH TUOALI,
KaK T'OBOPAT, pabomaiom HaA OCHO8-

i

®
Hbix Hocumeasx. OTciopa cienyer, "
yto y pguonos HloTTku omcymcem-
syem Oud@ysuonnas emrocms, | Vnsepcuonnmrit
CBA3aHHAsA C HAKOIJIEHHMEM M pac- — p-ci0i

cachlBaHVEM HEOCHOBHBIX HOCHUTE- pyc 3,12, Bommas AuArpaMMA KOH-
next B Gasze. OrcyrcTBue quddy3U-  raxra, mpe Koropom obpasyercs
OHHOM €eMKOCTH CYyIeCTBEHHO IO- UHBEPCHOHHBII CJIOH
BHIIIIaET OBICTPOAEHCTBHE IHUOJOB

NIpY M3MeHeHHUAX TOKOB ¥ HANPsKEHWI!, B TOM dYHCIe NpU Iepe-
KJIIOUeHUAX C IPSIMOTO HaIpaBeHus Ha obpaTHOe U ¢ 06paTHOTO Ha
npamoe. Bpemsa TaKUX HepeK/IOUeHUN ONpejeadaeTcda TONBKO 6aps-
epHO# eMKOCTBIO ¥ ¥ JHUOAOB C MaJjIO¥ ILJIOINAaJbI0 MOYKET COCTaB-
JIATH JEeCATHIEe W COThIe noJu HaHocekyHAbI. CooTBeTcTByIOIME pa-
O6oume uyacTOThHI JiesKaT B mpepenax 3—15 I'Tm.

He menee Ba)kHOI ocobeHHOCTHI0O AuoxoB IIIoTTKH sABAAeTCA
3HAUHUTENHHO MEHbIlee NPsIMOe HAIPs'KeHWe II0 CPaBHEHHIO C Ha-
IpsykeHueM Ha p—n-liepexoge. OTo obbAcHseTcss Tem, uTo BAX y
auonos IlloTTKu onmceiBaeTcsa TOM ke dopmymnoit (3.14), uto m y
P—n-IepexofoB, HO TEIJIOBOIl TOK CYIIECTBEHHO GOJbINe, MOCKOb-
Ky gubdysuonHas ckopocTs D/L, xapakTepHas 4is p—n-epexoaa
[em. (8.16)], v auoga IlloTTkM 3aMeHAETCA Ha CPEeJHIOK TENJIOBYIO
CKOpOCT: HoOcHTeNneil vy. Ilocnepnasa npesnimiaer Beauduuny D/L
TIPEMEPHO Ha 3 HOpAJKa. B TakoM ke OTHOIIEHWY Pa3IudaroTcsa U
tensioele Toku. Torga ma dopmynst (3.18) cnegyer, uTo npamoe
HampsoKenue y guofoB IllorTrku 6ymeT npumepno Ha 0,2 B meHbI1IE,
uyem p-—n-nepexoga. TunuunsiM ansa auogoB IlloTTku aABAAIOTCA
npamsie Hanpsskenus 0,4 B. Yro racaercs obpaTHBIX TOKOB, TO
OHY MOTYT COCTaBJATH, B 32aBICHMOCTH OT IyIomana, go 10711-10712
A, T.e. 6IU3KY K pealbHLEIM OOpATHEIM TOKAM KPEMHUEBBIX P—N-Iie-
PexoqoB, OIpeJeNsieMbIM TepMOTeHepaIluei.

Eme ogna ocobeHHOCTs, AMOoxoB IIIOTTKYM COCTOUT B TOM, UTO HX
npamagd BAX cTporo moguuMHsAETCA 3KCIOHEHIMAJIBHOMY 3aKOHY
(3.14) B ouenb IIMPOKOM gUAIla30HEe TOKOB — Ha NPOTKEHUW He-
CKOJBKUX AeKaf, Hampumep, oT 10712 no 107¢ A. Orcroga cremyer

o e v debencatitRoss
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BO3MOXKHOCTSH MCIIOJIb30BaHUsA AuonoB IIIoTTKM B KadecTBe IIperjy-
3UOHHLIX JIOTApUPMHUDPYIOIUX 3JI€MEHTOB B COOTBETCTBHUHU C COOTHO-
mreaueM (3.18).

KauecrsenHnle 6apbepsl IIIOTTKM 00pasyloTcsi B KPeMHUM IIPH
KOHTaKTe ¢ TAKMMY MeTajIlaM¥, KaK MOJuOAeH, HUXPOM, 30JI0TO,
njaaTuHa (TOYHee, CIJIaB IJIATUHBI C KDEMHUEM — CUJIMIUA IIJIATH-
HbI), & TaKJKe aJIOMUHUHA — OCHOBHOH MaTepual AJMA MeTalausa-
muu B MC.

Hessmpamisomue KouTakTsl. [IycTs I7Id KOHTaKTa MeTajaa ¢
TIOJIyTIPOBOAHUKOM p-THIIA MMeeT MeCTO HepaBeHCTBO (¢ >0, a
JJ1A KOHTaKTa C IOJYIIPOBOAHUKOM N1-THIIAa — HEPaBEHCTBO Qg <0
(puc. 3.13). Kak y’ke U3BEeCTHO, B IIePBOM CJIy4ae 3JIeKTPOHEBI OyAyT
TIepexXofuTs U3 IOJYIPOBOAHUKA B METANJ M 30HbBI HUCKPUBATCA
«BBEpPX», & BO BTOPOM CJIyuae 3JIeKTPOHEI OYAYT IIePeXoqUTh U3 Me-
Taajna B NONYIPOBOAHUK ¥ 30HBI UCKPUBATCA «BHU3».

Merpamn OIYIDOBOZHMK pro.. . Iloaymposomeux
__ __ p-THOa — n-THIA
Dar
our R L s - Og
Prm v f—————
- OFn
Opm @rp —]
S — =
==
Op
= PF
—
—‘i+: —
a) 0)

Puc. 3.13. 3oHHBEIe AHarPAMMBLI HEBBIIPAMIASIOINMX KOHTAKTOB MeTaja ¢ NOJY-
NPOBOZHUKOM: @ — KOHTaKT C IOJIYIPOBOZHUKOM p-THUINIa; 6 — KOHTAKT C IOJY-
NPOBOZHUKOM n-TUIIA

B Takux KOHTaKTax BOJM3M IPaHULLI B IIOJNYIPOBOAHUKE Ha-
KaIJuBAalOTCs OCHOBHBIE HOCUTEH, T.e. IOJYVIaOTCA oboraieHHeie
ciaou. VX IpOTAYKEHHOCTEH COCTABJIAET COThbIe JOJMH MHUKPOMETpA.
Kax Buano us puc. 3.13, MbI IPpUHANIY OYeHb HEGONbITNEe KOHTAKT-
Hble Pa3HOCTH IIOTEHIIMAJIOB, IIO3TOMY MCKPHUBJIEHHE 30H He3HAuu-
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TeJIbHOe M IIOJYIPOBOZHHUKHM OCTAIOTCs HEBBIPOXKAeHHbIMu. Ecau
TNIpUHATE 3Ha4YeHusd Qs = 0,1-0,2 B u Gonee, TO NCKpUBJIEHYE 30H
6ymeT 3HaUYUTeJNLHO CHJIbHee M BONM3M IpaHUIB ypoBeHb PepMu
OyZeT IpPOXOAUTH Uepe3 COOTBETCTBYIOINYIO paspeilleHHy0 30HY. Ha
9TOM y4YacTKe HONYNIPOBOSHYWK IPEBPAIjAaeTCA B IOJIYMETAJLI ¢ HHU-
YTOJKHBIM YAEJIBHBLIM COINPOTHUBJIEHUEM.

Hanuuue oboramieHHOro ¢nod 03Ha4YaeT, YTO COIPOTUBJIEHUE CHU-
CTEMHI B I[€JIOM OIIpefeNnsieTcA HeATpaJbHbLIM CJI0eM IOJMYIPOBOLHHU-
Ka ¥, cJeJOBaTeJHHO, He 3aBUCHUT HY OT BEeJUUHMHBI, HA OT HOJSIPHO-
CTY IPUJIO’KEHHOTO HaNPsDKEeHWs. TaKye HeBHIIPSIMIAIOIINE KOM-
6uHamuUy MeTalla C IOJYIPOBOAHWKOM HA3LIBAIOT OMUYECKUMU
KOHRMAKmMaMmu.

OmuuecKye KOHTAKTHI OCYILECTBIAIOTCA B MeCTaxX INPHCOemHHe-
HUA BBHIBOAOB K TIOJYIIPOBOAHWKOBEIM cJoAM. Ilonmytuenue ommue-
CKYX KOHTAaKTOB — 3ajaua He MeHee BaKHasi, YeM IOJIyUeHUEe BHI-
NPAMJIAIOIIVIX KOHTaKTOB. IloMuMMO ABYCTOpDOHHEH IIPOBOAVIMOCTH,
BaYKHbHIM CBOMCTBOM OMMYECKOrO KOHTAKTa SBJIAETCA HUYTOKHOE
BpeMsd >KU3HY U30bITOYHBIX HOcHUTelell B oforamniensHoM cioe. IToaTo-
My IpH aHaj¥3e MOJYIPOBOJHUKOBLIX NPHUOOPOB OORIYHO CYMUTAIOT,
YTO KOHIEHTPAIU¥Y M30BITOUHBIX HOCHUTENEeH Ha OMUYECKOM KOHTAK-
Te paBHbBI HYJIIO.

B MUKpO3JeKTpOHUKE B HACTOsINee BpeMsi Haubojee pacipo-
CTPAaHEHHBIM METAJJIOM JJIA OMUYECKUX KOHTAKTOB SIBJIAETCS alio-
MUHUHA.

3.4. I'paruna NMOJYIIPOBOAHUK—IUIIEKTPHK

TIpunIOBEepPXHOCTHBIN CNOIl NONYIPOBOSHUKA — 3TO ocobas 06-
nacth. ViMeeT KpUCTAJLINYECKYIO CTPYKTYPY, COAEP’KUT agcopbupo-
BaHHbie IIPUMECH, XapaKTepeH HajluuueM 0CODObIX SHEepreTHUECKUX
ypoBHeit 1 T.I. COOTBETCTBEHHO, INPUIIOBEPXHOCTHOMY CJIOK0 CBOI-
CTBeHHBI CBOM 3HAUEHUs NOABMI)KHOCTY, BpeMEeHHU >KU3HYU U APYTHX
3JIEKTPO(PHUINUECKHUX IapaMeTpoB.

O6was xapakrepucruka rpannnsl Si—Si0,. CeoiicTea cpegsr, ¢
KOTOPO¥ I'PaHUYUT NOJYIPOBOSHUK, OKa3LIBAIOT BIMAHYE HA CBOH-
CTBa IPUIOBEPXHOCTHOTO ¢0A. IIpuMepoM MOrYT CIy>XKUTEH IpaHu-
I (KOHTAKThI) IOMYIIPOBOAHUAKOB C METaNJaM¥, PACCMOTPEHHBIE B
npeasigyem pasgene. Kax 0b110 mMOKasano, Hajauuve MeTallja Ha
TIOBEPXHOCTH IOJYIPOBOAHHUKA INPUBOAUT K 0OOpasC(BaHUIO B IIO-
ciaegHeM OOegHeHHBIX HMJAM OOOTAINEHHBIX CJI0€B. AHAJIOrMUHBIE



96 Taasa 3. ITonynpoBORHNKOBBIE NEPEXOABI U KOHTAKTHI

IIPOIECCHI UMEIOT MECTO Ha IpaHuIle NOJYIPOBOZHUKA C HZU3JEKT-
PHUKOM.

Oco0Oblit HHTEepeC MpPeACTaBIAeT I'PaHUIla KPEMHUA C ABYOKHUCHIO
KPEeMHHWA, IOCKOJLKY NOBEDXHOCTHL BCeX COBPEMEHHBIX HOJYIPO-
poguukoBbix WC zamumaercs OKHMCHHIM cjoeM. Kpome Toro, B
crpykrypax MAII (puc. 2.13), BeINONHEHHBIX HA OCHOBE KPEMHUS,
B KauecTBe AUIJNIEKTPHUKA TO)Ke, KaK IPaBUJIO, UCHOJIbL3YETCA CI0H
Si0,. IlosToMy HusKe, FOBOP:A O TPaHUIIE NOJTYIPOBOSHUK—JUITIEKT-
PHK, 6yZeM IOfpasyMeBaTh CTPYKTypy Si—S10,.

I'naBHas 0coGeHHOCTH CJ0eB (IIJIEHOK) ABYOKMCH KPeMHHs, HC-
noas3yeMsix B IC, cocTouT B TOM, ITO OHU 6cezda codepicam npu-
Mmecu Oonoprozo muna. Haubosee pacnpocTpaHeHHBIMU LPUMeCH-
MUY TaKOro THUIA ABJSMIOTCS HATpHit, Kaauil ¥ Bogopox. Bece onu co-
gep>KaTCA B THUIIOBBIX pacTBOpPax, KOTOPBIMU oGpabaTsiBaioT
TIIOBEPXHOCTM KPEMHUVA ¥ ero OKwucJa.

JonopHBIE MpHUMecH, cBoiicTBeHHbIe NIeHKe S10,, cocpenoTote-
HBbI BOIu3H rpaBune: ¢ kpemaueM. [losTomy B nnenke SiO, na rpa-
HUIE C KpeMHUeM 0o0pa3syeTcsa TOHKHUMN CJIOH TOJIOKUTENBHO 3apd-
JKEHHBIX JOHODHBIX aTOMOB, & OTAaHHbIE MMHU 3JIeKTPOHEBI IIepexo-
OAT B IPUIOBEPXHOCTHEIN cNoil KpemuHuA. IlocnemcTBma Takroro
TIepexofia 3aBUCAT KaK OT TUIla IPOBOLUMOCTH HOJIYIIPOBOJHUKA,
TaK ¥ OT KOHIEHTPallM¥ JOHOPHBIX NPHMecell B nuanexktpuke. Ilo-
CKOJIBKY JOHOPHBIE aTOMBI COCPEJOTOUEHHI B OUEHb TOHKOM CJIO€
OM3JIeKTpUKa, of’beMHad KOHIEHTpanua (cM °) oKkassiBaeTcsa Hey-
OOOHBIM TIapaMeTpPOM M BMECTO Hee HCHOJb3YIOT HOBEPXHOCTHYIO
KoHIOeHTpanuw (cM™2)., XapaKTepHHIMH 3HAUEHWAMM IOBEPXHOCT-
HOHM KOHI[EHTPAIlMM HOHOPOB B ZABYOKHCH KDEMHMA ABJIAIOTCA
Ny s, =©05-20)-10"% e,

Ecnu KpeMHUE uMeeT IPOBOAUMOCTS N-THUIIA, TO 3JIEKTPOHBI, IIe-
pelllefiliyie B HETO M3 OKUCJ]A, O0OrainaioT ero IPpUIIOBEePXHOCTHBIM
CNO OCHOBHBLIMY HOCHUTENsIMU: 00pa3yeTca TaK Hal3bIBaeMblil n-xKa-
Hax (puc. 3.14, a). Ecinu 'xe KpeMHEUIT MMeeT IPOBOZUMOCTE pP-TH-
11a, TO 3JIEKTPOHBI, Ilepeliefilive B HETO U3 OKHUCIA, b0 00efHSIOT
TIIPUIOBEPXHOCTHBINA CJIOH, «00Ha)Kasg» OTPHUIlATeNbHbIE MOHBI aK-
uentopor (puc. 3.14, 6), nubo 00pas3yioT HapaARy ¢ o0egHEeHHLIM
CJIoOeM TOHKHII MHBEPCHOHHBIN n-cioit (puc. 3.14, g).

BosnukHOBeHHNe He3ANJIAaHMPOBAHHBIX KaHAIOB moj caoem S10,
B npubopax, paboTaOINX KaK C HMCIOJb30BAHUEM P—N-IEePEXOHO0B,
tak ¥ MIII, Mo>KeT HAPYIIUTE CTPYKTYPY 3TUX NpubopoB 1 HOpMa-
asHyIo pabory siemenTtoB MC.
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Puc. 3.14. IIpunosepXHOCTHAS CTPYKTYpa KPEMHHA HA TPAHUIE ¢ OKHCJIOM:

a — oboraumiessblif cioi, 6 — oOegHeHHRIH cJOi, 6 — oGegHeHHEIN cJoH
¢ HHBEPCHOHHEIM KAHAJIOM

KoHuTpoJjsHBIE BONPOCHI

1. Yro Takoe MeTannypruueckas rpanuia?

2, Naiite knaccuduKamUIo NePEXofOB.

3. Hosicuure posib 06eTHEHHOTO CJIO4.

4. Yem onpepensaercs BeJrurEa NOTEHIIUAILHOTO Oaprepa Iepexo-
na?

5. B uem pasuuIla MeXKAY HECUMMETPUYHBLIM U IJIABHBIM II€PEXO0-
pom?

6. Uro Takoe mpsaMoe HaIpsAKeHWE U KAK M3MEHAeTCA BeIMYNHAa
TIOTeHIMAaNBHOro 6apsepa B pe3yabTare ero Bo3gecTeud?

7. IlosicuuTe BAUAHVE OOPATHOTO HANIPSIYKEHUA HA BEJHUUYHUHY IIO-
TeHIuaJIbHOTO Oaprepa.

8. KakoBa 3aBuCUMOCTE HIMPHUHEL IIE€PEX0da OT IOJISAPHOCTH U Be-
JIMYUHBI IIPUJIOXKEeHHOTO HAIIDAXKeHUA?
9. IloacuuTe CTPYKTYPY TOKOB B nL—p-Iepexoje.
10. Hapucyiite BAX upeanusupoBaHHOTO p—n-Iepexosa.
11. B yem oTiMuyle HOPMAJBLHOTO PEXKMMa paboTsl p—n-mepexonga oT
MUKpopekuma?
12, Yro Ha3BIBAIOT HANIPS KEeHNEM OTKPBITOTO nepexoga U* u Kako-
BBl €r0 BeJIMYMHEI IPY HOPMaJIbHOM ¥ MUKpPOpe:xume?
13. KakoBa Benuuuna gud@dy3snOHHOTO CONPOTHBICHUA pP—n-Iepe-
xoza?
14. Yto Takoe TOK TepMorenepanyu?
15. OxapaxrepuayiiTe BuALI Npob0s p—n-nepexoma.
16. B uem oTnuuue guddys3uoHHOH eMKOCTH OT GapbepHOi?

4—3423
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17. HapucyiiTe 30HHYIO QUATPaMMYy BbINPAMJSAIOIIETO KOHTAKTA
MeTaJLjIa C IOJYIIPOBOZHUKOM 7-THIIA.

18. HapucyiiTe 30HHYIO AUarpaMmy BbINPSIMJISAIOIIEr0o KOHTaKTa
MeTaJja ¢ MONYIPOBOJHUKOM P-THIA.

19. Yro Takoe 6apsep IllorTru?

20. Kaxossl ocHOBHEIe KauecTBa guoga HlorTxu?

21. B uem npeumymectsa guona HIOTTKY 110 cpaBHEHHUIO ¢ OOLIYHBIM
p—n-nepexomom?

22. B ueMm 3akjaouaeTCA BJIUAHWE I'PAHUNBI TIOJYNIPOBOJHUK—IUI-
nexkTpuK Ha pabory MIIII-cTpyKTypni?
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22— Fnasa 4
YHuUnonsipHbie TpaH3nUCTOpPbI

4.1. Beegenue

TpaH3uCTOPAMY Ha3bIBAIOT NIOJYIPOBOJHUKOBLIE YCHUIUTELHbBIE
nipubOpEI, T.e. IpHOODPEI, KOTOPLIE CIIOCOOHB YCHINBATE 3JIEKTPHYe-
CKYI0 MOIIHOCTb!. TpaH3UCTOPHI MMEIOT OUeHb MHOTO KOHCTPYKTHB-
HO-TE€XHOJIOTHYECKUX PasHOBUAHOCTEN, HO IO NPUHIUNY AeHCTBUA
HX JeJAT Ha Ba OCHOBHBIX KJIACCA: YHUNOAAPHbLE ¥ OUNONLADHBLE.

PaGora yHUNIONSAPHBIX TPAaH3UCTOPOB OCHOBAHA HA MCHOJIbL30BA-
HUH TOJBKO OJHOTO THUIIA HOCHUTEJEeH — OCHOBHBIX (MJIU 3JIEKTDPO-
HOB, wWiIHM AsIpoK). IIpomeccyl mmkeKnuu u AuddPysuu B TaKuUX
TPAH3UCTOPAX NPAKTUYECKH OTCYTCTBYIOT, BO BCAKOM CJyuae OHH
He WUTpaioT NPUHIUNUAIbHOU ponau. OCHOBHBIM CIIOCOOOM ABHIKE-
HUsS HOCHUTeJeil ABJseTcA Aped( B 3JeKTPHUUYECKOM IOJeE.

A toro uTofbl yOpapiATE TOKOM B IOJNYIPOBOAHUKE IIPH II0-
CTOSHHOM 3JIEKTPUYECKOM II0JIe, HYXKHO MEHATH jJub0 yAelbHYIO
TIPOBOAMMOCTS IOJYIIPOBOAHUKOBOIO CJIOs, Jubo ero miaomansb. Ha
TIIPaKTHKE HCIOJb3yeTcs ¥ TOT, U APYToi criocob, mpuueM B OCHOBE
o6oux cmnocoGos Jaexxur 3dhdexT moas. IlosToMy YHUNONAPHBIE
TPAH3UCTOPHI OOBITHO HAa3LIBAIOT NOJESLIMU MPAHIUCMOPAMU.
ITpoBogsamuit caoit, M0 KOTOpOMY HPOXonuT pabouuilt TOK, HA3HIBA-
0T Karaaom. Orciofa eie OXHO Ha3BaHWE TAKOTO KJacca TPaH3HU-
CTOPOB — KQHQJbHbie MPAH3UCTMOPHL.

Kananet Moryr GuiTh IPUIIOBEPXHOCTHHIMU 4 06bemMubIME. [Ipu-
TIOBEPXHOCTHLIE KaHaJNbI IIPEACTABAAIOT cOGoi nubo oforareHHble
CJIOM, 0OyCJIOBJIeHHbIe HAMHMIWEM AOHODHBLIX IIpUMeceil B MUIJIEKT-
PuKe, nmubo MHBepCHOHHBIE CJIOH, OOpasyiomuecsa IOX AeiiCTBEUM
BHelrHero nosisda. O0beMHEIe JKe KaHallbl NIPeJCTaBIAA0T co00il yya-
CTKM OZHOPOAHOTO TIOJYIPOBOAHMKA, OTAEIEHHbIe OT IIOBEPXHOCTH
obegnenneiM ciaoem. O6a BapHmanTa KaHANOB, a8 TAK)KEe CIOCOOBI MX
WUCIIOJNL30BaHUA NOKa3aHsl Ha puc. 4.1.

1 Mmerno ycunenne mongsocTy (a He OPO3HD HANPSKEHUA U TOKA) €CTh TOT KDHUTe-
PHH, 0o KoTOpOMY IIPHGOD MOKHO OTHOCHTh K yCHIMTENsHEIM. Hanpumep, TpaHc-
dopmaTop yemuBaeT HampssxeHHe (3a CUET TOKA) MM TOK (3a CUET HATIPAKEHHs),
HO He YCHJIUBaeT MOLHOCTD U IIO3TOMY He OTHOCHTCS K YCHJIHTEJIbHBIM IIpubopam.
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TpaHsucTopsl € IPHUNOBEPXHOCTHBIM
kananom (puc. 4.1, a) umelOT KJaccuye-
CKYI0  CTPYKTYPY  MeTalJ—JU3JIeKT-
puk—noaynposoguuk (MIII). Mx Ba3BI-
pator MJII-mpan3aucmopamu. B vacTHOM
cydae, ecJau [USNeKTPHUKOM SBJIAETCA

L okucesn (AByokuch Kpemuuda Si0,), mcmo-
[ An =SS nbayeTca Hassanue MOIT-mpansucmoput.

” TpansucTtopsr ¢ 06BeMHBIM KaHaJIOM
Kanan 6) (puc. 4.1, 6) xapakTepHEI TeM, UTO 0bex-

HeHHBIA CJIOM CO3[aeTCsd C IIOMOIIBIO

Puc 4.1. JIpyHEOUD HCIONB-
p—n-nepexoga. IlosTomy ux vacTo Ha3hHI-

30BaHHs KaBHaJIOB B YVHHIIO-

JAPHEIX TPAHSUCTODAX: BAIOT 1NOJLEGBIMU  MPAH3UCMOPAMU C
a — npunosepxHocTHHIE  p—n-nepexodom. OpHako 3To HasBaHUE
n-KaHa, nnuHHOe u Heynob6Hoe. IlosToMy HmKe

0 — OGbeMHLIA p-KAHAL, Ny GyneM HA3hHIBATH UX IPOCTO 70.1€6bi-
1 — ofegnenusIii cioi
MU MPAHIUCTMOPAMU.

Hecmorpa Ha pasnuuue B CTpyKType, nonepsie 1 MIII-Tpanau-
CTOpLI MMEIOT MHOro obOmjero. OfouMm TpaH3uMCTOpaM CBOMCTBEHHA
SIBHO BBIp&’KeHHaA YIPaBIAKINas Oens (C MCTOYHUKOM HAIpsDKe-
nua U), 4eTKO OTje/IeHHasl OT YIPAaBJsdeMOH ey, B KOTOPOH Hpo-
TekaeT paboumii Tok I. YopapiadAmolasa Lens IPaKTUUeCKH HE I0-
Tpebysaer TOKA, MIOCKOJBKY B Hee BXOQUT JM00 yYaCTOK JU3JIEKTPH-
Ka (puc. 4.1, a), 1u6o obpaTHOCMEILIeHHbIH n-1iepexoh (puc. 4.1, 0).
Hanpassienue 3JIeKTPHUYECKOTO I0Js1, CO3AABAEMOr0 YIPAaBJISIOINUM
HanpspKeHVeM, NepHeHZVKYJAPHO HalpaBieHHI0 Toka. Hapany c
o0IuMH YepTaMy KaKAbIM M3 3THX ABYX TPaH3UCTOPOB OGiajaer,
KOHEYHO, ¥ DPAAOM OTJIUUYUTENbHBIX OCOOEHHOCTeH.

4.2. MJII-TpaE3ucTOpBI

Peanbnaa crpyrTypa MII-Tpansucropa ¢ n-KaHajJaoM, BbINOJ-
HEeHHOI'0 Ha OCHOBe IOJIYIPOBOZHWKA, rokasana Ha puc. 4.2. Me-
TaNIAYEeCKHH 3JeKTpoy, codgaroinuil sh¢eKT MoJs1, Ha3blBaloT 34-
meopom (3). IIBa gpyrux siexTpoja HassIBaloT ucmorom (M) u
cmoxonm (C). OTu 3neKTpoAs! B npuHnumne obparumel. CTOKOM ABIA-
eTCs1 TOT U3 HUX, Ha KOTODPbIH ( IPY COOTBETCTBYIOLISH IIOMAPHOCTH
HaIpA)KeHUd) INOCTYNawT paboume HOCHUTENU KaHaxa. Ecaum Kapan
n-tumna, TO pabouye HOCUTENH — 3JeKTPOHBI ¥ TOJAPHOCTH CTOKA
HOJOXKUATEeNbHAA. VICTOK OOBIYHO COeSUHAIOT C OCHOBHOM IIJIacTH-
HOM NOJIYIPOBOAHUKA, KOTODYIO HassIBaloT nodaroscxoir (II).
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Ipusuun gevictsus. B uge- . HaoneKTpHK
alsHOM Cliydae, Korjga paBHO- o cu -»C
BECHBII NOTEHIHAN IIOBEPXHO- [ U 3
CTH paBeH HYMO (@go=0), Mr---4- + ‘
M/III-TpaB3ucTOp C N-Ka"ajloM
paboraer ciexyionmam obpa- f g
3oM. IlycTe 3aTBOpP COoeAMHEH C i A
ucroxkom, T.e. U, = 0. Ilpm — L p—

9TOM KaHaJ OTCYTCTByeT ¥ Ha
MyTH MEXAY CTOKOM M HCTO-
KOM OKa3bIBalOTCsI BA BCTpeY-
HOBKJIIOUEHHBIX p—n'-mepexo-
na. IlosTomy mpu mozade Ha-
npaxenusa U, TOK B menw croxa OygeT HHYTOMKHO MaJl.

Ecnu nogaTey Ha 3aTBOp OTpHIaTebHOE HAIIPsPKeHYe, TO IPUIIO0-
BEPXHOCTHBIH €J10i1 060raTHTCs SHIPKAMU; IPHU 3TOM TOK B paboueit
menu Mano usmeHurcs. Ecau ke nogasaTe Ha 3aTBOp Bce Oosbinee
oo HuTeabHOe cMemerue U, > 0, To cHauzana obpasyerca obex-
HeHHBIN CJI0i (06 beMHBIN 3apsa] aKIEITOPOB), a 3aTeM — HHBEPCH-
OHHBII CJIOH 3JIEKTPOHOB, T.€. UIpoBoxAInuit Kanak. Ilocne sroro
TOK CTOKa HPUHUMAET KOHEUHOe 3HAYEHUE M 3aBUCUT OT HAIpAKe-
HUs Ha 3aTBope. JTO u ecTh paboumit peskum MIII-Tpansucropa.
ITocxkonsKy BXOAHOM TOK (B Ilenu 3aTBOpa) HUUTOXKHO MaJl, HOJyda-
eTCA 3HAUUTEeNbHOe YCUJIeHVE MOIIHOCTH.

Kananeir, OTCyTCTBYIOIMe B PABHOBECHOM COCTOSHMY ¥ 00pasy-
IOIMecs oA AelCTBHeM BHEITHeTO HANDSKeHW:, HasdbiBaloT UHIY-
yuposarnnvimu. Tonlyuua UHAYIIMPOBAHHOTO KaHANa INPAKTUYECKH
Hem3aMmeRHaa (1-2 HM), HO3TOMY MOZYIAIUA €T0 IPOBOLUMOCTH
obycoBeHa U3MEHEHUSIMY KOHI[eHTDamuu HocuTesei. Hanpsxe-
Hye Ha 3aTBOpe, IIPM KOTOPOM o0pasyeTcsa KaHas, HasbIBalOT Nnopo-
20evim Hanpaxcenuem u obosmauarorT U,. Inmua xanana L pasHa
PacCTOAHUIO MeXKAY CIOAMY HCTOKA ¥ CTOKA, a IIUpUHA Z — HpPo-
TAXKeHHOCTH 3TUX cJjoes (puc. 4.2).

Ecnu Bibpars HMOZJIOMKKY N-THIA, a CJIOM MCTOKA ¥ CTOKAa CAe-
aate pt-runa, to noayuurcss MAII-TpaH3uCTOP ¢ MHAYIUPOBAHELIM
P-rananom. OH XapaKTepeH 080paTHBIMY IOJISIPHOCTAMHU IIOPOrOBOTO
u paboumx mampsxenwmin: Uy < 0, U, < 0, U, < 0.

JNeKTPOHHEIE CXeMbI, B KOTOPBIX HCIOJb3YETCSd COUYETAHUE
TPaH3UCTOPOB C - ¥ P-KaHAJIaMu, HA3LEIBAIOT KOMNAEMEHMAPHLIMU
cxemamu.

ITognoxxKa P-TIOJIyIPOBOIH UK

Puc. 4.2. Crpyxrypa MIAII-TpaH3uCcTOpa
¢ MHAYNUPOBAHHEIM n-KaHAJIOM
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Tlognoxkry MJIII-TpaH3MCTOPOB CTApalOTCs ZejlaTh U3 MaTepHa-
Jla ¢ BLICOKMM YAEeJbHBIM COIIPOTHBJICHUEM, C TeM UTOOLI 00/IeTYUTh
obpazoBaHue KaHajla U YBeJIUYUTh ONpOOGMBHOE Hampsi>KeHue Iepe-
XOJ0B MCTOKA ¥ CTOKA.

B nmpurnune mexanusm pabortsl u cBoiicTsa MI[II-rpaH3uCcTOPOB
ogunakoBbl. OJHAKO eCTb M HEKOTOphIe pasiInuuA. Bo-mepBsIx,
n-KaHajJdbHBIe TPaH3UCTOPEI 0oJee OBICTPOAEHCTBYIOI[ME, TaK Kak
NIOABYMKHOCTh UX pabouumx HOcuTes el — 3JeKTPOHOB — IPHUMEPHO
B TpU pasa BbIIIE, UeM ALIPOK. BO-BTODHIX, y N- U p-KaHANBHBIX
TPaH3UCTOPOB CTPYKTYpPa HPUIIOBEPXHOCTHOTO CJI0A B PaBHOBECHOM
COCTOAHUY OKa3bIBAETCA PA3HOM, U 3TO OTPAXKAETCA HA BeJUYNHE
TIIOPOTOBOr0 HATIPAKEHUs.

Paznmuue B CTPYKType NPUIOBEPXHOCTHOIO CJOA OOBACHAETCA
Pa3HBIM BAUAHUEM TIOJOKHUTEJLHOIO 3apsfa, KOTOPLIA OOBIYHO
uMeeTcs1 B OKUCAe. B mogiioskke n-Tuma 3TOT 3apsy cozgaeT obora-
IIIeHHBIH CJI0¥, KOTOPHIH IPEeNsATCTBYeT 00pa3oBaHuio p-KaHauia, Co-
OTBETCTBEHHO IOPOTOBOE HATIPAKEHYE y p-KaHAJIbHBIX TPAH3UCTO-
POB yBeNHMUMBaeTCA. B NIOANOKKe p-THIa TOT JKe 3apdAn co3gaeT
obeHeHHEI CIIOHM, T.e. ciocoGeTByeT 06pa3oBaHUI0 n-KaHaja; CooT-
BeTCTBEHHO IIOPOr'OBOE HAIIPAKEHUE Yy N-KaHAJIbHBIX TPAH3UCTOPOB
yMeHBITaeTCs.

VIHorna MOJIOXKUTENLHBIN 3apsis B OKHCJEe MOYKeT 00pasoBaTs He
TOJNBKO OOefHEeHHbIN, HO ¥ MHBEPCUOHHBII CJIOi, T.e. n-Kanalx. Ilo-
CKOJIbKY TaKO¥ KaHaJl CYILEeCTBYET IIPY HyJeBOM HAIpPsIKeHUU Ha
3aTBOpE, €ro yiKe HeJb3s CUNTATh UHAYIUPOBAHHBIM (T.e. HaBeJeH-
HBIM TIOJIEM 3aTBOpa). 3HAUUT, BeJIUYHUHA ITOPOTOBOTO HANPS KEHUs
TepAeT CBOI OOBIUHBIN CMBICJH. B TpamsuCTOpax 3TOro THUIIAa KaHAJ
Ha3bIBAIOT 6CMpoeHHblm (T.e. MMEIOIIUMCA <«3apaHee»), a BMECTO
IOPOr0BOro HAIPAYKEHUsI BBOLST IIapaMeTP HAnpAjicerue omcevKu.
9TO — HalpsAKeHYWe, IIPY KOTOPOM 3JIEKTPOHHI PABHOBECHOI'O HH-
BEePCHOHHOT0 CJIOS OTTAJKHBAIOTCA OT IOBEPXHOCTH M BCTPOEHHEIA
xaHan ucuesaer!. Boobe rosopsA, Haamuue BCTPOSHHOTO KaHAaIa
He dABJIAETCA IPENATCTBYMEeM IMA Hucnonab3oBausa MJIII-Tpanau-
cropoB. Takue TpaHaucTOphl paboTalT Ipu 06euX NOJAPHOCTAX

1 [na toro, 4ToGHl IpeAOTBEPaTHTh 00pa3oBaHMe paBHOBECHOTO KaHaIA, DY H3I'OTOB-
JleHUu n-KasHadbHbIX MJIII-TpaH3uCTODOB NPHXOAHTCS HCIOJIL30BATH CIENHAJb-
HBIE MeD5I 110 06paboTKe MOBEPXHOCTH KPeMHUA H JUIJIEKTPHKA, a TAKXKe HCIOJb-
30BaTh NOAJIOKKY C IIOBBIIIEHHOM KOHIEHTpanuel akuenTopoB. Bce sto memaer
TeXHOJIOTHIO N-KaHAJBHBIX TPaH3UCTOPOB HeCKOJIBKO CJI0Hee, UeM p-KaHANbHBIX .
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HAIPAKEHUsI 3aTBOPA: IIPM OTPUILIATENBHON IOJAPHOCTH KaHald
obeHsIeTCsA HOCUTENAMY ¥ TOK CTOKa YMEHLIIAEeTCs, IPH HOJ0XKU-
TeJILHOM TONAPHOCTY KaHaj oboraijaeTcsi ¥ TOK yBeJluuuBaeTc.
OgHAKO TPaH3WCTOPHI ¢ MHAYIVMPOBAHHBIM KaHAJIOM HMMEIOT ropas-
go Oosblllee pacIpoCTpaHeH¥E, XOTH
oHM paboTaloT TOJLKO HPH OZHOHM HO-
JIAPHOCTY HANIPAKEHWA Ha 3aTBOpEe —
TO, NP KOTOPOH BOSHUKAET KaHal.
B Tex CpaBHHUTENbHO peZKHUX CHAyua-
fAX, KOTZa BCTPOEHHBIN KaHal JKeJja-
TeJeH, ero OGLIYHO CHeIHaJbLHO OCy-
IIEeCTBASAIOT B BHAe TOHKOrO IIPHIIO-

Puc. 4.3. Ctpyrrypa
M/III-TpanaucTopa
BEPXHOCTHOT'O CJIOA C IIOMOIIBIO CO BCTDOGHHEIM 7-KAHATIOM

MOHHOro Jeruposanus (puc. 4.3).
B panbHeieM paccMaTpPHUBAIOTCS TOJbKO TPAaH3UCTOPHI ¢ MHAY-

IUPOBaHHBIM N-KaHAJIOM.

Iloporosoe naupaxenne, HanpsaskeHue 3aTBopa HaBOZUT B IO-
JIyIPOBOAHUKe TeM OoJNplvil yaedbHBIM 3apAf (Ha egUHUNy ILJIO-
mapu), yem Gosblile yaelsHAA eMKOCTh MEXKY METAJIJIOM U IOBEep-
XHOCTBIO TIOJYyIPOBOAHUKA. J3HAUUT, ylervHas emKocmby 3a-
meop—KaHnar onpedeasem Ynpasaiouyio cnocobHoCcmy 3ameopa u
N03TOMY fABJAETCA OFHYUM K3 BaXHBIX nmapamerpoB MIII-rpan3su-
CTOpa. JTa €MKOCTb MMeeT BUJ

Cq =898, /d, (4.1)

The d — TOJIUHA QU3JEKTPHKA; £, — ero JU3JIeKTPUUecKad Ipo-
HUII2eMOCTh. ¥ MEHbIIIEHYE BeJIMUNHbBI ¢ JKeJlaTeJIbHO, HO OTpaHmye-
HO IIpoboeM Au3IeKTpuKa., TUIMUHEIe 3HAUEHU TOJIIUHEL JBYOKH-
cu KpeMmHusa cocrapiawr d = 0,01-0,1 mxm. Ecnu monoxurs
d = 0,03 mkm, u g, = 3,9 (g1a SiOy), 10 C; ~ 1000 nd/Mm>.

IToporosoe Hanpaxenue U, MOXKHO pPasfeluTh Ha JBE COCTABIA-
romue (puc. 4.4)L.

Uog =Uor +Ugp- (4.2)

Cocrapnsiromiasa Uyy — 3TO Hanpssicenue cnpamieius 30H; oHO
CBOJUT K HYJIO PABHOBECHBIH OBEPXHOCTHBIN IIOTeHIHNAN (g, T.e.

1 Ha 30HHOH auarpaMme IIOJIOXKHUTEJIbHBIC 3HAYECHHUS JJIEKTPHYECKUX NOTEBIHAaJOB
OTKJIaZbIBAIOTCA BHHS3.



104 Tnasa 4. YREDONApHLIE TPAH3HCTOPHL

M [  IlonylpoBoAHMEK JUKBUAVUPYET HadalbHOE WCK-

-~ T T T puBjeHue 30H (cp. Kpusble I u

Bloy X < 2). Ha puc. 4.4 HauanbHOE HCK-

b /y —o PUBJIEHHE IPHUHATO NIPOTHUBOIO-

U,=0 1 e JIOXXHBIM TOMY, KOTOpoe HeoG6xo-
Uo{j‘-, 2/°3| or | Yposens depmn ZVMO 1714 06pa3oBaHMA KaHaa.

o1 i CocraBnaiomasa Uyg — 9To0

o] BajneRTHas S0Ha  HANPAJNCEHUEe U32uBAd 30H: OHO

v s / obecneunBaeT n3rud 30H B CTOPO-

4 HY, Heo0XoguMyI0o gja obpasoBa-

Kanan OSenuenmbiii cioft HuA KaHajxa (Kpusast 3) ¥ co3fa-

Puc. 4.4. BoRHE® AMATDAMMEL eT TIOBEPXHOCTHBHIA TIOTEHIMAJ
MJITI-TpaH3HCTOpa HpH HANDsKeHHax Psm? 1IpA KOTOPOM YPOBEHb 3JICK-
or 0 o U, TPOCTATUYECKOTO TIIOTEeHI[AAJIA
nepecekaeT yposeHbs Pepmu.
Takum obpasoM, HanpsKeHue U,y XapaKTepu3yeT <«IIOATOTOB-
JIEHHOCTb» IOJYIPOBOAHUKA K 00pa30BaHUIO KaHAJa; ecld ¢ o =0,
To 1 Uyp =0, a ecntu paBHOBeCHbIe 30HBI MCKDPHBJIEHBI BHHU3, TO
Uyr <0. Uro racaerca manpsaxenuda U,p, TO OHO OIpeAenAeT 3Ha-
YyeHUe IOPOTOBOr0 HANIPAKEHUS B «HAeaJbHEIX» YCJOBUSX, KOrga
TIOBePXHOCTHEII IIOTEHNOUAJ paBeH HYJIIO.
Hanpsoxenne U, BoIpakaeTca clepyromum obpasom:

Uor =0ms + Qos/Co- (4.3a)

rae Qy; — DPaBHOBeCHBIN y/AeNsHbIH 3apAf NOBEPXHOCTH, BKIIOUAIO-
muii B ceba 3apAx NOBEPXHOCTHBIX COCTOAHUIN WM 3apaAj, o6ycios-
JIeHHBIY MOHAMM IIpHMecedl B JUINEKTPHKE; @ps — KOHTAKTHAA
Pa3HOCTH NOTEHIHAJIOB MEXAY MeTaJJIOM U Ju3JeKTpuKoM. Benn-
u¥MHA @), TOJy4aeTCs SKCIEPVMEHTAJbHO M COCTaBJdeT OOBIYHO
5-10°-5.10"° Kn/cm?.

Hanpssxenue Uyp BoipaskaeTcsa cJAeRyoIEM obGpasoMm:

a
Uo =0sm + C—wsm, (4.36)

0

rae
a=.2gg¢e, N 4.4)

— K03(p(PUIIMEeHT, XapaKTepU3yIomuil BIUAHNE 00bEMHOTO 3apaja
B IOAJIOKKE (E; — AUIIEKTPUYECKAA IPOHUIIAEMOCTh TIOJYIPOBOA-
HUKa; N — KOHIeHTpauud IIpUMEecH),
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OBLIYHO NONAralT @, =2Qf, The @ — MOAYJL Pa3SHOCTH MeXK-
ny ypoBHeM PepMy ¥ YPOBHEM 3JIeKTPOCTATHMYECKOTO no'reHU,nana
B obbeMe noaympoBogHukxa (puc. 4.4). Hanpumep, ecaa N = 10%¢

cm3, TO JOF ® ~0,3 B U, 3HAYUT, O,y —06 B; coraacuo (4.4)
a~5-102@. B2.cu?. Tonaran Co =107 ®/cm? (cM. Bbie), U3
(4.36) monysaem: Uyp ~ 1,0 B. IlpakTuuecku 3HaYeHUA TIOJHOTO II0-
pOroBOrO HaIpsDKeHHUA JekaT B mpegenax U, =0,5-1,5 B.

CraTHyecKre XapaKTepUCTHKH. PaccMOTpUM BAHsHYE TOKa Ha
cTPYKTYPY Kanana. Ecniu nanpaskenne U, =0, To noBepxHOCTS 110-
JIyIPOBOAHVKA 9KBHUIIOTEHI[MAIbHA, I10Jle B JUIJIEKTPUKE OZHOPOJ-
HOe M TOJIIMHa obpasoBaBlleroci KaHajla h oJWHAKOBa Ha BCEM
nporsxenuu (puc. 4.5, a). Ecnu ke U, >0, To npoTexkaer TOK u
NOTeHIIMAaJ IOBEPXHOCTH BO3PACcTaeT OT UCTOKA K CTOKY. 3HAUYMHT,
Pa3HOCTH IOTEHIMAJIOB MeKJy 3aTBOPOM ¥ IIOBEPXHOCTBIO B Ha-
NpaBieEMHU CTOKA yMeHbIIaeTcs. COOTBETCTBEHHO YMEHLIIAIOTCA
HanpAKEeHHOCTH NO0JA B JUIIEKTPUKe U yAeJbHBIN 3apafl 371eKTpo-
HOB B Kanase. ITosToMy ceueHue KaHasa BOIU3M TOUKH x = L cyka-
erca (puc. 4.5, 6).

- I-= ! @_ _
B e
0 L
1 ++++++§+1++++ n 0 + *

IXRIREREERERND! I ER NI

000080 eo
‘zm\L NN
940

L2 2

h.____Y R |
a) 0)

s

Puc 4.5. Pacnpegenentie nona m sapsgaos B MOII-Tparsucrope npu HyaesoM (a)
1 HaubonannIeM IIOJOXKHTENLHOM (6) HANDSKeHHMSX HA CTOKe

IIpu HeKOTOPOM KPUTHYECKOM HANPAKEHUM Ha CTOKe, KOTOpoe
Ha3BIBAIOT HANPANEHUEM HACbIULeHUA, Pa3HOCTh IIOTeHIUAJIOB
MeX[Jy 3aTBOPOM M IIOBEPXHOCTBIO B TOYKe Xx = L Aenaerca paBHOH
noporogomy HamnpsxeHu0. O6pasyercsa Tak HasblBaeMasd «TOPJIOBU-
Ha» Kasgana (puc. 4.6, a).

Hanpaxcenue HACBIIEHHA HUMeeT BUJ

U, =U,, -U,. (4.5)
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IIpu mampsxenuax U, >U_, cnoit o6'beMHOTO 3apsAnga, KOTO-
PHIF [O CHX TIOP OTHENSJICA OT IOBEPXHOCTH KAHAJNOM, «BBIXOJUT
Ha NIOBEPXHOCTh» Ha yuacTKe AL, a «rOpPJOBHUHa» KaHajla COOTBET-
CTBeHHO cABHraercs B Touky L' (puc. 4.6, 6)!. Benencrsue atoro
IPOUCXOAUT YKOpPOUeHWe KaHajla Ha BeJuuyuHy AL; mOTeHmuas
«TOPJIOBHHEI» B TOUKe L' coxpaHser snHauenue U, , koTopoe 651710 B
Hayaje HACBIIeHUud.

_ Ic“—> _ _—»Ic“ _
(5] 0 L,U0>Ucﬂ
0 +
+4+++++1 T+ +L * vrr+++] v] L F
)

IR NN 1ivy o

Pac 4.6. Pacopeaenesue nons u sapsigos B MIII-TpaHsucTOope: @ — Ha rpasi-
me vacelmenusa (U, = U,); 6 — B obaactu maceuuenus (U, > U,)

Benuuuna AL (IpunoBepXHOCTHAs MIVPHUHA O0BEMHOr0 3apsana)
3aBHMICHUT OT Pa3HOCTH HaIpPAXKeHUil Ha aToM yuacTKe U, — U,,. 3a-
BHCHMOCTH 3Ta TaKasd )ke, KaK 3aBUCHUMOCThL ITUPWHLI P—N-Iepexo-
Aa or obparnoro Hampsukenusa: AL ~ U, ~U,, .

ITocne oGpa3oBaHusA «rOPJAOBUHBI» KaHaja TOK B paboueil memnu
IPaKTUYECKY TIePeCTaeT 3aBHCETh OT HANPAXKEeHUA Ha CTOKe — Ha-
CTyIlaeT Hacblilenue Toka (puc. 4.7, a), OTKyJa ¥ Ha3BaHue HaNps-
sxenua U, .

Ananus, BHIIOJHEHHBIH C YYETOM ONMCAHHBIX IIPOI(ECCOB, IIPH-
BOJUT K BhIpaxkeHuIo st BAX, KOoTOpoe HeyZOOHO Ajisi MHYKEeHep-
HBIX pacueToB (¥M3-3a HaJIMUUA yJeHOB B creneHu 3/2). IlosTromy Ha
IIpaKTHKe TOJb3YIOTCA annpoKcumanuamMu BAX, u3 KOTOpEIX Hau-
Goslee IIPOCTOM M PACHIPOCTPAHEHHON ABJIAETCA CIEAYIOLIAdA:

Ic =b[(U:m‘—U0 )UCH _%Ugn] (46)

1 IIporecchl 0Gpa30BaHHA «rODPJOBHHEI» KaHajla U ee CABHUIA IIPOCMATPUBAIOTCS I'0-
pasjo sicHee B IIOJIeBHIX TPaH3HCTODAaX, rjje KaHal HecpaBHEHHO ToJlle (puc. 4.13)
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Ic ch-x
ch > UcZ > Uc3
UcZ
Uc3
0 y
U, U,
0)

Pac. 4.7. CraTudeckue xapakTepuctuxknm MJIII-rpaHauctopa:
a — BHIXOAHBIe; 6 — TIepegaTOUHbIE

3xecs b — ydeavras kpymusna M Il-Tpansucropa (oguH u3 ero
OCHOBHBIX IIapaMeTpPOB):
Z totg Z

b=uC, 2 = 2.
L I (4.7)

rae | — IIPUNOBEPXHOCTHAA IMOABMIKHOCTHL HOCUTEJNEH (0OHa OOBIYHO
B 2-3 pasa meHbIlle 00'beMHOI); Z — ITupUHa KaHana. IIpu 3maue-
HuaAx p =550 cm?/ (B -c¢), Z/L = 10 u Cy = 107 ®/cm? monyuaem
THNIHYHOE 3HA4YeHMe b =~ 0,5 mA/B2,

Bripakenue (4.6) geiicTBUTEeNHHO TONBKO INPH  YCIOBUH
Uew <Ugy» T.e., Kak TOBOPAT, HA HAYAJBHEIX — KPYMbLX yYaCTKaX
BAX (cm. puc. 4.7,a). Ecnu ke U,, >U,,, TO TOK He MeHsieTCA U
ocraercsd PpaBHBEIM TOMY B3HAaYEHHWIO, KOTOpOe OH uMeeT IIpu
U, =U,.,. Ilosromy, noacrasnss (4.5) B (4.6), monyuaeM BrIpaske-
HYe AJ1sA 00JIaCcTH HACHIIEHUA, T.€. JJId nosozux yuacTkos BAX:

I, =%b(U,-Uy). (4.8)

OTOMY BBIPAXKEHUIO COOTBETCTBYeT Ha puc 4.7,6 KpuBas ¢ napa-
merpoMm U, .

O6sruHO HOMUHaALHLLM mokom MIIII-TpansucTOpa cumTaercs
TOK IpM Hampsxenuum U, =2U,, T.e.

2
Lo pom =% 0Uo- (4.9)
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Kak Bugum, ueM Mensbllle IOPOrOBO€ HaNpAXKEeHUE, TEM MEHBIIIe
paboumit Tox. HoMuHaneHOMY peskumy, T.e. sHaveHuio U,, =2U,,
corinacHo (4.5) cooTBercTByeT HanpsxceHue Hachitmenud U, =U,.
CneposaTesnbHO, Manste sHaueHMA U, obecmeunBaoT ¥ Majble
TOKH, ¥ Manble paboumne HalpAKeHUs TPAaH3UCTOPA.

Bripaskenus (4.6) u (4.8) HMeoT IIHMPOKOE pacnpocTpaHeHne Giaroja-
P4 cBoeil nmpocToTe U HaraagHocTu. OGHAKO OHY AT SHAYUTEALHYIO IO-
IPeIIHOCTh NPH PacyeTax, ecay KOHIEHTpAnUua HpUMecH B MOMJIOKKe Hpe-
srimaer 10%° CM_3, YT0 06EIYHO KMeeT MecTo. II03TOMY B Tex cAy4yasx, Kor-
Ka aro HeoOxoguMmo, BMecTo (4.6) mnoabayioTca Gojee TOYHOHR
annpoKcuManmen:

Ic =b[(Uan_U0)Ucn _}/2(1+n)Uczn]7 (4.10)
rje NOIPAaBOYHBIA KO3(DGIUIWEHT 1} MMEeT BUA
_1 _an, (4.11)
3 VPsm

Hanpuwmep, ecan a/Cq = 0,5 B2 (xax ObLrIO BRIIIE) ¥ ¢, = 0,6 B, TO
n~ 0,22.

Duddepennupya (4.10) no U, u nomaraa dI /dU,, =0, HaxozuM Ha-
IpAXKEHNe HACHIICHUA:

(4.12)

1
U = (U —Up)
l+n
OHo oKasweIiBaeTcsi MEHBINE, yeM IpHm pacdere no (4.5). IloacraBiaas
(4.12) B (4.10), moayuaem yrouneHHyo BAX jis nosoroii obsactn — 06-
JIACTH HACBIIIEHUSA

1 b 2 4.13
I, =- (U —Ug)". ( )

21+n
Ho cux nop cuuTanocs, YTO UCTOK COeRUHEH C MOAJN0KKOH. Drl-
BaIOT CayUa¥, KOTjAa NOAJIOMKKA MMeeT OTPHUIlATeJIbHBIN NOTeHIuaa
U, OTHOCHTENBHO MCTOKA (HAIpHMep, B MHTErPaJbHBIX CXeMaX, y
KOTOPHIX IIOJJIOKKa obmjas aiaa Bcex TpamaucTopos)!. Torma mHa-
npspKeHUe, Iajalolnee Ha CI0e 00beMHOTO 3apAga, YBeIUIUBaeTC s,

1 IlososxuTesbHOE HAaNIpsiKeHHe Ha MIOAJIOKKE (B CIIy4ae n-KaHaJIbHOTO TPaH3HCTOPA)
HeAONYyCTHMO, TAK KaK IIPH aTOM p—n-lepexoj UCcTOKa Gyaer paGorats B IPSIMOM
BKJIIOYEHHH U GYAeT UMeTh MeCTO HHXKEKI[Hs 3JeKTPOHOB B IIOQJIOKKY, T.e. Hapy-
UIMTCS TPUEIUI paboThl YHUIOAAPHBIX TPAH3HCTODOB.
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¥ 9TO IPUBOJAUT K IIOIIpaBKe B BeipaskeHuH (4.30) ANA HanpsDKeHUA
uasruba 30H:

a
Upg =Qsm + C_V(PsmHUxm‘ . (4.14)

0

IIpu sTom HanpsxeHue U, , ecTeCTBeHHO, BOHJET U B BHIDQXKE-
uue (4.8). CoorsercTBerHO TOK I, BOOOIIE roBopsi, Oyger GyHK-
mueil AByx Hanpskernmit: U,, u U, T.e. BO3MOXXHO J60ilHoe
ynpagienue moKom.

C ydJeToM BIVAHUA NOIJOXKYU XapakTepucTHKY (4.13) MoxHO
3aMEHHUTDH CJeAyIole:

_ 2 2
Ic ._————;]— 173ﬂ _Uo —§TI|Uxm|) . (4-15)

Kak puguM, Haluuye HANPAXKEHUS MEKAY NOLJIOMKKON ¥ HCTO-
KOM paBHOCHJILHO YBEJIHWYEHHIO IIOPOTOBOTO HANPSKEHHWA.

B zaknioueHve pacCMOTPHM HaualbHbIe KPYyThle yuacTKu BAX,
KOTOpbIe IIVPOKO HCHOJIB3YIOTCA B KJIOUEBBHIX (MMIYJILCHEIX) CXe-
max. Ilomaraa

Uy <<U, Uy,

MO’KHO npeHeOpeus KBaAPaTHUYHBIM UWJIEHOM B BhIpa)kenwuu (4.6) u
TIOJIYUUTH JIMHEHHYI0 3aBUCHMOCTH

I, =bU,, -Ug)Ucy- (4.16)

Coorsercrsyomee cemeiicteo BAX
nokasano Ha puc. 4.8. Kosbdunmenr °
npu U,, B npapo#l uactu (4.16) mager- 1,0
BaeTcA IMPOBOAUMOCTLIO KaHamna, a 00-
paTHas BelW4YuHA — CONPOMUBAEHU
eM Kanara: 0,5

_ 1
bU, -Uy)

MA

R,

(4.17)

1
Ucn’ B

L
0 0,5
Kax BuauMm, conpoTuBieHue KaHaka
MOYKHO peryJpoBaTs B INMPOKUX IIDEe- Puc. 4.8. Hayanossle KBasHJIH-
AeJlaX, MEHAA HanpsaXXeHne Ha 3aTsBo- HeifHEIe Y4ACTKH BBIXOAHEIX Xa-

pe. Takass BOBMOYKHOCTb MCIOJIb3yeTcss Paxrepuctux MIII-rpansucropa
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Ha mpaxTuke. Eciu monoxurs U,, -U, =4 B u b= 0,5 MA/B2, To
Ry= 0,5 xOm.

MaJsocHrHaIbHBIE TTAPAMETPhL. B ycuIuTenbHONH TeXHUKE HUCIIO-
nb3yTeA nonorue yyactku BAX — obiacTes HachIieHusA. JTOH 00-
JlacTH CBOMCTBEHHBI HauMeHbIIVe HeJIMHeHHbie MCKaXKeHud CHUrHa-
JIOB ¥ ONTHMaJbHble 3HAUCHUs MAJOCUTHAJIBLHBIX IapaMeTpOB, Cy-
IeCTBEHHBIX AJIA YCUJIeHUA.

ManocurHanpapiMu napamerpamu MJIII-TpaH3¥CTOpPa ABASIOT-
cA:

KpyTusHa S = —=

’
dU au | Uon =const

AU,
BHYTpeHHee COIIPOTHBJIEHME 7', =
dl c

dUu
ko3bpunuent ycunenual k= —2L
dv,,

OTH TpM mapaMeTpa CBS3aHbI COOTHOIIEHUEM

k=8r,. (4.18)

’
U,, =const

I.= const”

Kpyrusna B o6acTy HachIlleHUs JIETKO OIpeAesieTcs U3 BeIpa-
xeHua (4.8):

S =bU,, ~Up) (4.19a)

Kak BuauM, KpyTHU3HA NPONOPIMOHaNLHA Napamerpy b. Hassa-
Hue IociegHero (yeJpHas KPyTu3Ha) 00yCIOBJIEHO TeM, UTO IIpH
Ug — Uy =1B penuunna b uncIeHHO paBHa KpyTusHe. C nmomomsio
Boipakenuit (4.19a) u (4.8) Jerko ycTaHOBUTH CBA3bh KPYTHU3HEI C
pabourM TOKOM:

S =20l . (4.196)

Hanpumep, npu b = 0,5 MA/B%2 u I, = 1 MA nonygaem: S = 1,0 MA/B.
Ecnu ucnons3opaTe 6osee Tounyio dopmyay (4.13), To KpyTus-
Ha Oyaer MeHsbllle, yeM IIpH pacuere no hopmynam (4.19), mockomas-
Ky BenumuwHa b zamensercs Ha b/ + 1).
BuyTrpennee cONpOTHUBIeHHE Ha 1T00roM yuacTke BAX 06ycioB-
JIEHO 3aBHUCHUMOCTHI0 [JIMHBLI KaHalla OT CTOKOBOTO HAaIpPsDKeHUS

1 O6rnluH0 KOhPHUINEHT YCHUISHUS 3JIeKTPOHHLIX IPpHGOPOB 0603HATAIOT Yepes |, HO
aro obosHadeHHe B Teopuu M/II-TpamasHCTOPOB COBIagaeT ¢ 0GO3HAYEHHEM IIO-
ABHKHOCTH, K MBI ero usberaem.
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(puc. 4.6, 6). Poct manpaskerus U,, CONPOBOKAAETCH YBeIUYEHHU-
eM IIUPHHBI CTOKOBOTO Ilepexoga AL M COOTBETCTBEHHO yMeHplIle-
HUEM ANuHbI KaHana L'. Ilpu aToM BospacTaeT ygennHasd KpyTuU3HA
b, a BMecTe ¢ Helo ¥ TOK cToKa [, BHyTpeHHee conpoTuBieHue pas-
HO

JU
L |2 WY (4.20)
€08y Ic

ITonaraa N = 10% cm™3, U, =4 B, I, = 1 MA, L = 10 MM, noxy-
gaem r, = 100 xOm.

Ilepemuoxus (4.20) u (4.196), nonyuum ko3bdUIUEHT ycuie-
rus k. OH He 3aBHCHUT OT AJIWHBI KaHaMa; ero TUIAYHLIe 3HAUSHUA
cocraasaior 50—-200 (B 3aBMCHUMOCTH OT INUPWHLI KaHana Z).

Burirre 65110 oT™MeueHo, uTo MJIII-TpaH3ucTOp MOXKET YIIPaBIATh-
Cd He TOJBbKO HanpspKeHHeM 3aTBOpa, HO M HAaIpPMA)KeHHeM IOHJIONK-
ku. uddepennupya (4.15) mo |U axh TOIYYaeM Kpymusuny no nod-
Ja0JCKe:

2 1

2
S, =-2 U, -U, -2|U_| |
il 31 +n ( 31 0 3I nnlj (4.21)

SHaK MHUHYC TOBOPUT O TOM, YTO TOK I, YMEHBIIAETCHA C yBeJH-
yenuem Hanpsoxenus |U,,|. Tuddepennupya (4.15) mo U an » TIOJLY-
YaeM KpPYMmu3Hy no 3ameopy:

b 2
S, = 1 +T\(U3H =Uy -§T]|Um,|} 4.22)

Kax Bupum, Hanpune Hanpspkenud |U | IpEBOAUT K yMeHBbIIIe-
HHIO KPYTH3HBI S .

OrHomrenne KpyTUSHHL S, ¥ S, HAXOLUTCA B IPAMOIL 3aBUCUMO-
CTH OT KO3 dHUIUeHTa 1), T.€. B KOHEUHOM CYeTe ONpeReNaeTcs TOM-
INVUHOM AU3NEeKTPUKA ¥ KOHIIEHTpaIlMed NpUMeCH B MOAJOXKKE.
O6sruno | S, |<S,.

B nio6oM cayuae mpegNoOuYTHTEILHO yIIpaBjieHue IO 3aTBOPY, IIO0-
TOMY 4TO IIPH 3TOM BXOZHOe COIPOTHBJIEHMIE, OIpefeiseMoe JU3-
JeKTPHUKOM, HeCpaBHeHHO 6oJibllle (IIpHM YIPaBJEHUH IO MNOAJIOMKKE
BXOJHOE COIIPOTHBJIEHWE OIpeZesiaeTca OOpaTHRIM TOKOM MCTOKO-
BOTrO p—n-lepexopa).
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B 3axJaI0oueHMe OTMETHM, UYTO pacCMaTpHUBaBIleecsd BO BCexX Ipe-
OBIOVINUX pasfenax Brjaiouenue MJIII-rpansucTopa ¢ obmum ucro-
kKoM OHU (puc 4.9, a) — naubosee pacupocTpaHEeHHOE, HO He eqUH-
CTBEHHO BO3MOJKHOe. VIHOrZa MCIOJNB3yeTCs BKJIIOUeHHE ¢ O0IIuM
satsopoM O3 (puc. 4.9, 6). OHO XapaKTepHO BeCbMa HU3KHUM BXO[-
HbIM CONPOTHBJIeHueM (OMU3KUM K BeamuuHe 1/S) u moromy Haxo-
OUT IPUMeHeHHEe TOJBKO B HEKOTOPHIX CIeIMaJbHBIX CXeMax.

1, I, 1,
=~ —oC Ho—p— = ocC
1,0
30— Uu| Brx Bx (U, U,| Bex
Bx U, I’J 1.~0
. . ° o . °
n 3
a) 0)

Prc. 4.9. Bruiouenne MII-TpaH3ucTopa ¢ oGIIUM HCTOKOM (a)
1 ¢ obmuM 3atBopom (6)

CrabunpHocTh mapamerpoB. IIpu 3ajaHHBIX HaNPAXKEHUAX Ha
3aTBOpe ¥ CTOKEe TOK CTOKa 3aBHUCHUT OT TeMIepaTyphl. JTa 3aBUCHU-
MOCTB IpOsIBJIAETCA depe3 napameTpst b u U,. ®yurnua b(T) ody-
CJIOBJIEHA TEMIIePATYpPHOH B3aBMCUMOCTBHI0 MOABVIKHOCTH HOCHTE-
neit, a dynxmua Uy(T) — TeMnepaTypHOH 3aBHCHMOCTHIO YPOBHS
®epmu [cMm. (4.36), rae @, =2¢71]

C pocToMm TeMmmepaTyphl U yAelbHasg KPYTH3HA, ¥ IOPOroBoe Ha-
IpsiKeHue YMEeHBINAIOTCs, NPHMYEM YMEHbIIeHUe 3THX IIapaMeTpOB
BlusieT Ha TOK B IIPOTHBOIOJIOKHBLIX HalpasieHHAX, cM. (4.8) u
(4.13). CymecTeyeT Takoe 3HauYeHUE TOKa [, IPX KOTOPOM BIHAHHUA
sasucumocteir b(T) u Uy(T) ypasHOBemmBaioTcA. 910 crabuibHOe
3HaUeH¥e HARBIBAIOT Kpumuieckum morxom. Hanuuve KpATHIECKOTO

TOKa — Ba)KHasA orauuuTeilbHaa uepra MJIII-TpaHsucTopoB, OHa
obecreynBaeT BO3MOYKHOCTH TEMIIEPATYPHOI cTrabuausamuy cxem
OPOCTEHUINM IIyTeM — BbiOpoM pabodero ToKa.

Hs ycnosua dI /dT = 0 (c ydverom mpomsBopHeix 0Ob/OT u
oU ;/0T) MOXHO IOJNYIHUTH HaNpsyKeHHWe Ha 3aTBOPe, COOTBETCTBYIO-
mee KPUTHYECKOMY TOKY:

U -U, =(0,8-2,4) B (4.23)

3U Kp

(MuHMMaJIbHOE 3HAUeHHEe COOTBETCTBYET KOHIEHTpAUy IPUMecH B
mopnoxke 1018 cm3, makcumanoHoe — koHmenTpamuu 101% cm3),
O06r1yHO KpHTHUYECKHil TOK B 5—10 pas MeHbime HOMHUHAJLHOTO,
ompepgensiemMoro Gopmynoi (4.9).
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B pumanasone I, > I, ., (B 4aCTHOCTH, NPY HOMUHAJIBHOM TOKE)
TeMIIepPaTypHEIN K03(hIUIIMEHT TOKA IIOJIOXKUTEIbHbBIH, a B JUalaso-
e I, < I, ., (Mukpepe:xuMm) — orpunareiabHsiii. TemneparypHyio
HecTabUNHHOCTh TOKA NPUHATO XapaKTepu30BaTh He IpUpallleHueM
ToXa Al , a SKBUBaJeHTHBIM NIpupamenneMm AU, , KOTOpoe Hoay4a-
eTcs M3 OUeBUAHOTO cooTHommerua: AU, = Al /S. [ina Tokos, 61u3-
KHX K KPUTHYECKOMY, XapaKTEepHKI TeMIIePATYPHBIE UYBCTBUTEIbHO-
ctu +0,5 MB/°C, nnd «CBEPXKDUTHUYECKUX» TOKOB OHH COCTABJAIOT
+(8-10) MB/°C, a gna «cyOxpuruueckux» — (4—-6) mB/°C.

Kpyruzra M/III-rpaH3ucTOpa 3aBUCHUT OT TeMIIepaTypsl Uepes Te
ske napaMeTpsl b u U, uto u ToK. IlosToMy HapaAAgy ¢ HOHATHEM
KPHUTHUYECKOTO TOKa CYIeCTBYeT IOHATHE KPUMUYeCKOU KPYmus-
Hbl, AJIA KoTopoi BauaHuA 3asucumocredt b(T) u Uy(T) ypasHOBe-
IuBaioTcsi. Kpuruyeckas KpyTU3HA NOJyUaeTCA IPU TOKE, MEHb-
eM KPHUTHYECKOTro,

Tor ¢axr, uro raasHasa paGouasa uacTe MIII-rpamsucropa —
KaHaJl — IPaHUYUT HEIMOCPEACTBEHHO C MHOPOFHOM cpenoil — nus-
JIEKTPYKOM, OKAa3bIBAET 3HAUWUTENLHOE BIUAHWE Ha CTabUIBHOCTH
napamerpoB. ['1aBHOe IpOsABJIeHNEe HeCTAOGHILHOCTH COCTOUT B M3-
MEHEHUAX IIOPOTOBOT0 HANPsDKEeHUsA. ITH M3MEeHEeHMs1 06yCIOBIeHb
B IEPBYIO Oouepejb M3MEHEHHSIMY PaBHOBECHOTO IOBEPXHOCTHOTO
sapaga Qg [cM. (4.3a)].

IIpu npoTrexaHu¥ TOKA HeM30eKHO IIPOUCXOAUT OGMEH 3JEKTPO-
HaM¥y MeXXAYy KAaHAJIOM M JIOBYHIKaM¥, MMEIOIIVMUCA B AUIJIEKTPH-
YecKOH IUIeHKe. BaKHBIM clefcTBHMeM Takoro obMeHa SIBJASIOTCA
dbaykTyanuu TOKa — OJHA M3 IJIaBHLIX COCTABJSIONIUX CODCTBEH-
HBIX IIIYMOB TPAH3UCTOPA. JTa COCTABISIOIIASA OTHOCUTCA K KaTero-
puy M30BLITOUHBIX IIYMOB, T.e. LIYMOB He Hem30e)KHBIX, 00yCJIOB-
JIEHHBIX He QUCKPETHOH CTPYKTYPOIl IOTOKA HOCHUTENeH, a «IpH-
BXOZAINUMU» OGCTOATENBCTBAMY, B JAHHOM CJydae — HaJIuuueM
Onusnerxaiero guaseKTpuka. IIOBHIIIEHHBIH ypOBeHb COGCTBEH-
HBIX IIyMOB — opuH u3 Hegocratkos M/III-rpamsucTopos.

IlepexomHble M YAaCTOTHBIE XapaKTepHCTHKH. ManocursanpHas
sKpuBaJeHTHadA cxema MJIII-rpansucropa nmoxkasaHa B o0IleM BHAE
ra puc. 4.10, a. Ilockonsky nogpasymesaerca pabora TpaH3UCTOpPA
Ha nojorux ydacrkax BAX, B xauecTBe CONpPOTHBJIEHUs KaHala
HCIOJIb30BAHA BENHYHHA I,. OJIEMEHTaMH, OTPa’KalolIVMHU yCHJIH-
TeJIHHYI0 CHOCOOHOCTH TPAHB3UCTOPA, SBJAIOTCA HCTOUYHUKH TOKA
S U, n S U_. Conporuprenua R, u R, — 9TO CONPOTUBJIEHUA

n~ an®
[JU3JIeKTPUKA 3aTBOpa: MMu OOBIUHO IpeHeOperaior, Tak Kak OHHU
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umetor sHavenus 1013-101* Om u 6onee. Conporusnenus R, u R
— 9T0 ofpaTHbIe COIPOTHBIEHUA P—n-NePex0oJ0oB UCTOKA ¥ CTOKA;
ux sHavenus cocrasiasaor 1019-101! Om. Emxoctu C,, u C , — 3To
GapbepHBIe €MKOCTH TeX ke IIepexoji0B; MX 3HAUEHUWA 3aBUCAT
IIpesK /e BCEro OT IJIoIaAeil UCTOKA ¥ cToKa. Ecnu, Hanmpumep, pas-
Mepsl 060MX 3THX 37eKTPOLOB cocTaBiaaioT 20x40 mMxm2Z, To npum
yAensHON emkoctu 150 n®/mm? nonyuaem C,, = C, . = 0,12 u®.
Haxonen, emxoctu C,, u C,, — 9TO eMKOCTH METAIJNYECKOro 3JIeK-
TPOJa 3aTBOPA OTHOCHTETILHO CJIO€B HMCTOKa M CTOKA.

Puc. 4.10. ManocurHanpHele 9KBHBaJIeHTHbIe cxembl MJIII-Tpassucropa:
a — noJiHad; 6 — ynpoweHsas upu U, = 0

B ToMm naubonee pacnpocTpaHeHHOM Cly4ae, KOTJa MCTOK COeRu-
HEeH C MOAJIOMKKOI, NICTOUHHUK TOKa SHUrm OTCYTCTBYET, & COIIPOTHUB-
neHne R, u emrocTe C,, OKasnIBAlOTCA 3aKopoueHHbIMH. Eciu,
KPOMe TOTro, ImpeHebpeub CONPOTHBJIEHHMAMY AUsIeKTpuKa R, u
R,., nony4daem A/ JAHHOTO CIy4asd 3KBUBAJEHTHYIO CXeMy, IIOKa-
3aHHYI0 Ha puc. 4.10, 6 (MHAEKC «3» y KPYTHU3HBI AJA IPOCTOTHI
OIylIeH). JTa cXeMa CIY>KUT OCHOBOI OOJBIINHCTBA IPAKTAYECKHX
pacueToB.

Ilpoucxoxaenue emrocreit C,, u C,,

c
S®  Barso sc
4 nokasano Ha puc. 4.11. Ouum obyciopne-

I/Icw);x m! nt| C'I:)Kj HbI TaK Ha3blBaeMbIM nepexpvimuem o0-
P = Jaacmeil ucmoka u cmoxka 3ameopom (Ko-
oo POTKO — nepexpuvimuem 3ameopa). Ume-
TepeKpPLITUA erTcad B BHAY, YTO II0 TE€XHOJOTHYECKHNM

OpUYyHAM YacTO He yJAaeTcA pacrolo-

Puc. 4.11. TlepexkphiTue 3aTBO- KHTh 3JIEKTPOJ 3aTBOPa TOYHO MEKZY
ba; eMKOCTH NEepeKphITHA cjoaMiu nt, KaK IOKasaHo Ha HAeaJIu3y-
poBaHHOil cTPpyKType (puc. 4.2). Torgma

MEXKAY KpaAMy 3aTBOPa ¥ STHMHU CJI0AMM O0pa3yHOTCA IapasuTHHIE
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emrocts C, 1 C, .. OBBIMHO 3TH eMKOCTH B HECKOJILKO pa3 MeHblIle Ga-
pBEPHBIX, HO UX PoJb (ocobenHo emxoctn C, ) BecbMa CyIiecTBeHHA.

EMKOCTb MeXAy 3aTBOpoM u KaHaynoM (C,) Ha puc. 4.10 He mmo-
Ka3aHa, TAK KaK BHOCHMAs €0 MHEePIMOHHOCTH OTPakeHa KOMII-
JIeKCHBIM XapaKTepoM KpyTu3HbI (CM. HIke).

HWuepnuonsocts MIII-TpaH3MCTOPOB IO OTHOIIEHUIO K OBICT-
peIM HM3MeHeHUAM ylpaBiAnlnero Hampsxenua U, obyciaosieHa
aByMa bakTopaMu: IepesapajoM eMKocTH 3arBopa C, u mepesaps-
JOM MEX3JEeKTPOAHBIX eMKOCTeil.

Ilepeuii GaKTODP MOKHO IOACHUTH CleAyHInuM ob6pasom. Cka-
yoK HampsykeHud U,, BbI3bIBaeT U3MeHEHUe IIONA B JUITIEKTPHUKE
gbnusu ucToka. 1o Tex mop, moxKa 3To M3MeHeHUe He pacIpocTpa-
HUTCA A0 CTOKA, TOK I, ocTaeTca Hem3MeHHBIM. Bpems pacnpoctpa-
HEHUs OIIpefieflAeTCA CKOPOCThIO 3apAfa eMkoctu C, uepes CONpPO-
TUBJIeHVEe KaHAJa.

Bropoit dakxTop CBA3aH C Tem, UTO eclu Aaxke TOK I, BospacTaeT
CKa4KOM, TO HampsukeHue U, a 3HauuT, U TOK BO BHeIIHEH memw,
6yAyT HapacTaThb IIAaBHO — IIO Mepe Ilepe3apsga MeK3JIeKTPOLHBIX
emkocreii. CKOpOCTh 9TOTO Hepe3apsaga 3aBUCHUT OT BHEIITHUX COIPO-
TUBJIEHU, T.e. He OIpejesseTcss CBOHCTBaMu COOCTBEHHO TPaH3M-
cropa. OgHaKo IIpK NPOUMX PaBHBIX YCJIOBHUAX OHa TeM GoJblile, uem
MEeHBIIlE ME)K3JIEKTPOAHbIe eMKOCTHA. B 9TOM CMEIC/Ie 3HAUEHHUA eM-
KOCTeH TPaH3HUCTOpA ABJAIOTCA IOKa3aTeseM ero GhICTPOASHCTBYA.

Vs ckazaHHOTO ACHO, YTO OTHOCHUTEJNbHAA POJbL 000MX HHEPIH-
OHHBIX (paKTOPOB B IPHHITUIIE HEOZHO3HAYHA U BO MHOI'OM 3aBHUCHUT
oT cxeMbl. BmecTe ¢ TeM siCHO, UTO HEepBHIA haKkTOp (BpeMsa 3apsaa
emrocTu C,) fIBNAeTCA JUMUTHPYIOIIUM: OH ONIpeAesdaeT IIpeJelb-
Hoe GpicTpogericTeue MJIII-TpaHs3ucTopa B peskuMe KOPOTKOrO 3a-
MBIKQHUS I[€NTX CTOKA (KOrAa BIMAHUE MeKIJIeKTPOAHBIX eMKOCTel
OTCYTCTBYET).

Hens 3aTeBopa, CTPOro ropopsi, IpeacTaBiaAeT co6oil cucTeMy €
PacnpenesieHHBIMY TIapaMeTpaM¥. B MHKeHEpHOI NpaKTHKe Ifelie-
coobpasHo alllIPOKCUMUPOBATE ee NpocToil RC-1ensio B BUAE €MKO-
cTu saTBopa C, ¥ CONPOTUBIeHHA KaHala Rj.

ConpoTrBienue Kanana peipakaerca dopmynoit (4.17), a em-
KOCTh 3aTBOpa JIETKO 3alucaTh, 3Hasd IJIoINajb 3aTBopa (ZL) u ero
VoenbHyo eMxocts (4.1):

EQE

C, = d“ ZL. (4.24)
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Sapsag u paspsag RC-meny oNMCHIBAIOTCA NpocTeHIneil 9KCIIOHEH-
nuansHoil dyurmuenn. Takoil ke dyHKmuelt OGygeT onMChIBATHCH
KpYTHU3HA TPAH3WCTOPA, HIOCKOJABKY OHA XapaKTepu3yeT U3MeHeHUs
ToKa I, IIpu 3ajaHHOM CKavke Hanpskenuda U,, CrenosaTensHO, B
OIlepaTOpPHOH ¢opMe KPYTHU3HY MOYKHO 3allMCaTh CIERYIOIIUM 00pa-
30M:

S
S(s) = —~—,

T7srs (4.25)
rge 1g =C,R; — nocmoanHas épemerHu Kpymu3Hvi. B KOMILIEKC-
HOH (dopmMe KpyTusHa OyAeT MMETb BHJ

_ S
1+ jo/og (4.26)
rae og =1/1g — rpanumuHas 4dacToTa KpyTH3Hb. Moayns u dasa

BoIpakeHus (4.26) GyAyT COOTBETCTBEHHO AMILIUTYAHO-YaCTOTHOM
1 $a30-4aCTOTHOH XapaKTepHUCTUKAMY KDPYTHU3HBI.

ITocTOAHHYI0 BpEeMeHH Tg JIETKO HOJIYYHUTH, YMHOXKasd eMKOCTb
saTBopa (4.24) na comporusjeHue KaHana (4.17). C ygeTom (4.7)
IoJayvaem:

12
nUsz, -Uy)

Hanpuwmep, ecniu L = 10 mumM, p = 500 cM?/B-cuU,, ~U, =4
B, To 1g = 0,5 ne, Toraa fg =(1/2n) g ~300 MI'm.

W3 BeipaskeHus (4.27) oueBuAHA IPeANIOUYTUTENBLHOCTS N-KaHAaa
Iepep p-kaHajoM (60/bINaA MOABUAHOCTS 1), & TaKXKe ONpejessio-
maA poib ANMUHBI KaHajxa. ¥ coepemenHbsix MJIII-rpaH3mcTOpPOB
yAaeTcA felaTh ANMUHY KaHana Meree 1 MkM. IIpu sTom g <0,01 5C
¥ fg >15 ITn. Taxue snavenusa napamempos “acmo no3goniom
npeneopeib UHEPYUOHHOCMBIO KPYMUSHbL U CHUMATNb, YN0 UHePUU-
onnocme MII-mpan3ucmopa 0GYCROEAeHA MOALKO MeNCILEKM-
POOHBIMU U NAPASUMHLIMU eMKOCMAMU.

Ts (4.27)

4.3. IloneBble TPaH3UCTOPHI

HpeanusupoBaHHasA CTPYKTYPa COBPEMEHHOTO IIOJIEBOTO TPAH3H-
cTopa mokasaHa Ha puc. 4.12. 3xecs MeTanIuyecKHUi KOHTAKT BMe-
cTe €O cyoeM pt urpaer poJsis 3aTBOPA, HO 3aTBOP OTHEJIeH OT IIOJY-
IPOBOZHUKA N-TUIA HE AUIJEKTPUKOM, Kak B cayuae MIII-Tpan-
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SHCTOPOB, a 06eJHEHHBIM CJI0eM T 4
p—n-nepexona. Ha mepexog 3a- 3

- C
gaeTrcs o6paTHOe HanpAMXKeHue. o]
|V o 1A

BooGrie rosopsa, pt-ciaoi He Ofegmemmtk |

obsa3aTeneH: obefHEHHBIN CIOK W%;f .
MOJKEeT MMETh MEeCTO ¥ IPY He-
[IOCPEACTBEHHOM KOHTAKTe Me- | jonoh, Kanax
TaljJa € IOJYIPOBOJHUKOM.
TpaH3uCTOPBI C TAaKOH CTPYK-
TYPOH  Ha3BIBAIOT NOJESLIMU
mpanszucmopamu ¢ 6apvepon lommuru. OCHOBHEIE CBOMCTBA 00e-
UX PasHOBHAHOCTEH OAMHAKOBHI, IO3TOMY HU’Ke PacCMATpPHUBAIOT-
¢ TOJIbKO TPAH3UCTOPH C p—N-IEPEeX0oj0M, aHATU3 KOTOPLIX Oosee
HarjaAfeH.

Hmxe Oyger nokasano, YTo JJIA HOPMaJbLHOH paboThI mOJIEBOro
TPaH3HCTOPa TOMAN[WHA pabouero cjodA IOJ 3aTBOPOM (BeJIWYWHA A
Ha puc. 4.12) poyKHA cOCTaBIAThL He 60Jlee HECKOJIbKUX MHUKPOH,
Kpucraniasl mOAyNIpPOBOAHUKA TAKOH TONIMHBEI OKa3bIBAIOTCA He-
NPUTOAHBIMHY M3-3a MeXaHU4ecKOl xpynkoctu. Ilosromy cTpykTy-
py Ha puc. 4.12 caegyer MOHMMATh KaK TOHKWH pabouuii n-cnoii,
PacIoIoKeHHBIA Ha 0oJiee TONCTON «HeCYIIel» IIacTUHe, KOTOpas
Ha pHCYHKe He IIOKa3aHA.

Ipunuun peiicreua. Ha p—n-mepexon 3arsopa 3ajgaetca obpar-
HOe HaIpsDKeHUe U INIy6uHa obGeJHEeHHOro cjIos MeHsieTcsa. Yem 6o-
Jpllle 06paTHOE HANIPsKeHue, TeM IMy6ike o0eHEHHBIH CIOH U TeM
COOTBETCTBEHHO MeHbIlle TONIUHA KaHala w. Takum obpasom, me-
HAsA o0paTHOe HampsDKeHWEe Ha 3aTBOPe, MOYKHO MEHATH IONleped-
HOe CeuyeHWe, a 3HAYUT, U CONPOTUBJeHUEe KaHala. [Ipu mHamwumuu
Hanps»KeHus Ha CTOKe OyJeT MEeHATHCS TOK KaHaJa, T.e. BRIXOZHOH
TOK TPaH3UCTOPA.

Ycunenue MOLTHOCTH O0ECIIEUMBAETCS MAaJIOH BEIMYUHOH BXOA-
HOro TOKa. ¥ HOJIEeBHIX TPAH3UCTOPOB BXOAHLIM TOKOM SBJSETCA
0o6paTHBIH TOK p—n-Iepexoja 3aTeopa. /114 KpeMHUEeBHIX p—n-Tepe-
X0/0B HeGoBIION IIoIaAu o6paTHIH TOK cocraBider go 10711 A
¥ MeHee.

Onpenenum 3aBHUCHMMOCThL TOJNINUHBI M CONPOTHBJICHUA KaHajka
OT YIPAaBJAIOIEro HAIPS)KEHMs HA 3aTBOPe IPM HYJIE€BOM HAIps-
SKeHHMU Ha cToke. ToMIuHY KaHasia corjaacHo puc. 4.12 MoKHO 3a-
nHucaTe ClaeqyoIuM ob0pas3oMm:

Cno#t
CTOKA

Prc. 4.12. CrpyKrypa IOAeBOro
TPaH3HCTODA

w=a-l,
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rae @ — PacCTOSHUE OT «JHA» N-CJIOA AO METa/JIypruuecKoil rpa-
HUIH epexona. IlpeHebperas papHOBECHOM BHICOTOH IIOTEHIMAJIL-
Horo Gapnepa, IIOJiyuaeM 3aBHCHMOCTL TOJIIIUHEI KaHajla OT Halps-
JKeHUdA Ha 3aTBope:

2g40eU,,
gN

w=a- (4.28)

Ilox U, sneck u HMke NOHMMAaeTCA MOAY/L HaNPAKeHUA Ha 3a-
TBODE.

W3 yenopus w =0 nerko HafTH HaAnpsajiceHue omce¥Kiy, IPHA KO-
TOpoM ObeHEHHBIH CJIOIl IepeKPLIBAET BeCh KaHAN U TOK B KaHAaJe
IpeKpaliaeTcs:

U, =(gN/245)a>. (4.29)

Hanpumep, eciz N =5-10"° em3 1 a = 2 MruM, To U,,=12,5B.

C yueToM BBICOTHI paBHOBECHOI'0 0apbepa HaIpPAKeHUe OTCeuKHu Oy-
JeT HEeCKOJBKO MeHsIIe.

Kax Bugum, moawura paboiezo caoa U KOHUEeHMPAuUs npume-
CcuU 6 Hem JonJcHbL Obimb JOCMAmMOLHO MAAbl. B IPOTHBHOM Clyuae
HaIpsoKeHWe OTceuky OygeT HacTONBKO OONBIINM, 4YTO IIOJHOE
yIIpaBJeHUEe TOKOM (HauMHaA C HYJEBOTO 3HAUEHUA) OKaXKeTCSA
IPaKTHUYeCKY HEBO3MOXKHBIM.

Wcnonssya senmuuuny U, , TONIUHY KaHajla MOXKHO 3allUCaTh B

cnenyomeit opme:
w=aqgl ~—U3"
B U, : (4.30)

Takaa TommuHa coxpaHsercA IO Bcell anmue Kanana. Compo-
THBJIEHYe KaHalla B 3TOM cCJy4ae pPaBHO
-1
pL[, U

aZ U (4.31)

30

rge Z — mupuHa KaHana (cm. puc. 4.12); p — yaesabHOe CONPOTUB-
nenue n-caoa. Ilpu p =1 Om-cm, @ = 2 mxm u U, = 0 nmonyuaerca
MUHMMAanbHOe 3Hauenme Ry, .. = 0,5 kOm. Ilpu U, /U, = 0,5 co-
npoTuBieHne R, BospacTtaer go 1,8 xOwm.
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CraTnyeckne xapaxTepHcTHKH. Ecniu nmogano manpspxenme U,
TO Uepe3 KanHaJj IIpOTeKaeT TOK M IIOBep- M C
XHOCTh KaHaJsla, mpujeramoiaa K obes-
HeHHOMY CJIOI0, yKe He OyJeT SKBMIO-
TeHuaabHoi. COoOTBETCTBEHHO HAIpHA-
JKeHue Ha  p—n-epexoje Oyzer L x
MEHATHCH BOOJE OCH X, Bo3pacTad BOIu- a)
34 CTOKA. SHAUMT, U IIMpPHHA obegHEeH-
HOIO CJIOs1 nepexoga OypeT yBeauumBa-
TBCA B HAIPABJIEHUY OT MCTOKA K CTOKY R
(puc. 4.13, a). %) T

Korga PasHOCThH HOTEHITNAOB
Uey —Uyy (rme U, < 0) coenaercs pas-
HO¥ HampsXKeHuIo orceuku U , Toamu- °
Ha KaHana BOJM3YM CTOKa CTAHET DPaB-
HOH HymI0, T.e. oGpasyerca «TOPJIOBU-
Ha» KaHana (puc. 4.13, 6). B oriauune  Pac. 4.13. Cevenne kanana
oT cayyas Ucn - U30 3TO He IIPUBOLHT K 10JIeBOTO TPaH3HCTOpPA B HEHa-

CHIIEHHOM pexxuMe (a),
OTCeYKe TOKAa, Taxk Kak camo ofpasosa- rpanune Hackmenus (6)
HHE «TOPJIOBHHBI» €CTb CJIE[CTBHE YBE- y p pexnme Hacwimesns (e)
JUYeHusa TOKa. BMeCTO OTCeYKH TOKa
NPOMCXOAHUT OTCeUKa €ro NPUpAINEeHWuH, T.e. HACbLyeHUe MOKA.

Obpasopanue «TOPJIOBUHBI» KaHaka 3Hakomo o MIIII-Tpamszu-
cTopam. B paneueiimnem, xorga U, - U,, >U, , «ropjoBuHa» He-
peMeIaeTcss K MCTOKY, a JJMHA KaHajla HECKOJbKO yMEHLIIaeTCsd
(puc. 4.13, g). OTu aBneHUA Takke cBoiicTBeHHbI M/ II-Tpansucro-
pam.

V3 mpuBeAeHHOTO ONMUCAHUSA CJHEeAYeT, YTO HANPAXKEeHWe Hachl-
IEHUA AJsA IOJEeBHIX TPAH3UCTOPOB BBIPAXKAeTCA CJIEAVIOIIHM 00-
pasom:

8) ] x

Uy =U,, -U,,, THeU,, <O. (4.32)

S

CewmeiicTso cTroroBsix BAX (puc. 4.14, a) uMeeT cX0oncTBO C aHa-
JoruuHeiM cemeticTBoM aasa MIII-tparaucropos (puc. 4.7, a). Oa-
HaKO C POCTOM HAUPsKEHUA Ha 3aTBope (II0 MOAYJIIO) TOK CTOKA B
JaHHOM CJIy4ae He BO3pacTaeT, a ymeHnIuaercsa. MOXHO CKasaTs,
YTO N10JIEBOMY TPAH3UCTOPY CBOMCTBEH Pe'KHUM 00eJHEeHUs, TIOZ00HO
MIJII-TpaH3uCcTOPYy CO BCTPOEHHBIM KaHAIOM.

CemeiicTBo cTOKO-3aTBOpHBIX BAX (puc. 4.14, 6) ornuuaercs ot
ananoruyHoro cemeticrea MIII-Trpaasucropos (puc. 4.7, 6) npexae
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I,MA
U_=-6,4B

I,mMA se

H U,=0 10
10
6 5
2
0 4 8 12 UnyB U,B-8 -6 -4 -2 0

a) )

Puc. 4.14. CtaTuyecKkie XapaKTepPUCTHKH IIOJIEBOro TPaH3HCTODA:
a — BBIXOAHBIE; 6 — IlepeJaTOUHEIE

BCEro TeM, YTO TOK IIPOTEKaeT NIPW HyJeBOM HaIIPsXKeHWY Ha 3aTBO-
pe. YCIOBHO MO>KHO CKa3aTh, YTO HATIPSDKEHYUE OTCEUKH Y TI0JIEBOTO
TPAH3UCTOPa IKBUBAJICHTHO OTPUIIATEIBHOMY IIOPOrOBOMY HATIPS-
xxenuo y MJII-Tpansucropa.

Baxknas ocobennocts BAX na puc. 4.14, 6 cocTouT Takke B
TOM, YTO HaupsOKeHWE Ha 3aTBOpPE MOXKET MMeTh TOJLKO OFHY IIO-
JAPHOCTH, B JAHHOM CJIyuyae — OTPHUIATENBHYIO. B mporusnom cny-
Yae HaIpsA’KeH¥e Ha p-n-lepexofe OyaeT NPsAMBIM, HauHETCd HH-
JKeKIUA HEOCHOBHBIX HOCHTeJIeH ¥ TPaH3WUCTOp IepecTaneT OBITh
YHUIOJNAPHLIM npubopoM. 3amerum, uto y MIII-Tpan3ucropos co
BCTPOEHHBIM KaHasloM (puc. 4.3), KOTOpbIe BO MHOTOM aHAJOTUYHBI
IOJIEBBIM TPaH3HUCTODAM, OTpaHUYEeHHE Ha MOJAPHOCTH YIIPaBIA0-
111ero HAIpPsIKeHUs He UMeeT MeCTa, TaK KaK 3aTBOD OTJeJIeH OT Ka-
Hala JU3JIEKTPUKOM.

Ananuruyeckue BoIpakenusa giad BAX mojesoro TpaH3ucTOpa:
Ha KPYTOM ydacTKe

3 s,
% v
Ic :; Ucn +g 31 ( 3H +Ucn) : (433)
ROMHH 3 UZ:%
Ha IIOJIOTOM y4YacTKe
I, __1 l(]so_Um 1__2_ U ,
ROMHH 3 3 Uso (434)

rae Ry,.. — comporupieHue KaHamna mpu U, = 0 [cm. (4.31)]
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Bripakenue (4.34) X0poIIo annpoKCUMHUPYETCA KBaApaTUYHOM
3aBUCHMOCTHIO, aHasoruyHoit 3aBucumoctu (4.8) gnsa MIII-rpan-
3UCTOPOB:

I, =}éb(Uso —U:m )2- (4.35)

3pecs KoahdumueHT b, aHAJOTHUUHLIN YAENBHON KPYTH3HE
MUII-TpansucTopa, MMeeT BUL:

b =4eyenZ/(3al). (4.36)

Hanpumep, npu p = 1500 cm?/B-¢, Z/L = 10 1 a = 2 MKM 1ony-
vaem b = 0,12 mA/B2. 3amMeTumM, 4TO B 5TOM NIpUMepPe MBI HCIOJb-
30BaNTH 3HAYEHUEe TMOABMIKHOCTH, CBOUCTBEHHOE 00beMy IOJYIIPO-
BOAHHUKA, TaK KaK y IIOJIEBHIX TPAH3WCTOPOB KaHAaJ He IPAHUYHUT C
IIOBEPXHOCTHIO.

Ilonessim TpausucropaMm, kak u MJII-Tpansucropam, CBOMCT-
BEHHO IIOHsTHE KPUTHYECKOrO TOKAa, IPY KOTOPOM 3aBUCHMOCTh
TOKa OT TeMIEpaTyphbl B IIPUHIWIIE OTCYTCTBYET.

Y moneBbIX TPaH3UCTOPOB HAJIWYMe KPUTHUYECKOTO TOKa O0y-
CJIOBJIEHO NPOTHBONOJIOXKHBIM BiuAHueM pynrmuit b(T) u U, (T).
Dyuknua b(T) cBa3ana ¢ TEMIIEPATYPHON 3aBUCHUMOCTHIO IOABIDK-
HoctH, Kak u y MJIII-trpamsucropoB. YrTo kacaerca GyHKIHH
U, (T), To n3 (4.29) ona e BsiTexaeT. OgHAKO, €C/JIU IIPU BBIBOAE
BeiparkeHus (4.29) ucnons3opars 60JIee TOUHYIO 3aBUCHMOCTE, TO B
Hero BOIieT papHOBecHasl BhICOTa bGapsepa B p—n-lepexoje; IIO-
CIIeJHsIsI 3aBYICHUT OT TeMIieparypsi. VIMeHHO ¢ yueToM 3Toit 3aBUCH-
MOCTH ¥ TIOJIYUaEeTCA BEJIUYWHA KPUTHUYECKOrO TOKa.

U3 ycnosua dI,/dT = 0 Mo>kHO HaliTy Hanpsa)keHHe Ha 3aTBOpe,
COOTBETCTBYIOILlEe KPUTUUECKOMY TOKY:

-U ~0,65B (4.37)

30 UKD

U

[cp. ¢ (4.23)]. O6sIuHO 3HAUEHWS KPUTHUUECKOrO TOKA JIEKaT B 06-
JIACTH MUKPOPEXKMMaA.

MaJsiocurHaJIsHBIE TIAapaMeTphbl M 3KBUBAJIEHTHaA cxema. Ecau
BOCIIOJIL30BaThCA annpokcumaueir (4.35), To Ha IOJIOrOM yYacTKe
KpyTusHa Gyger pasHa

S=bU,, -U.y), (4.38)
2 3aBYICHMMOCTH KPYTHU3HBI OT TOKa BHIPa)KaeTcda (GOPMYJIoH

S = 2bI,.
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OuddepennuaibHOe CONPOTUBIEHNE CTOKA I, 0OYCIOBIEHO TOH
JKe MPUUUHOM (MOAYJIAIME AMUHEI KaHaia) U UMeeT Te JKe 3Haue-
Hus, uro u 'y MIII-rpansuctopos [cm. (4.20)].

MasnocursanbHas 3KBUBAJIEHTHASA CXeMa II0JIeBOTO TPAH3UCTOPa
nokasana Ha puc. 4.15. DeMeHTEI 3TOH cCXeMbI B CYIIIHOCTH Te K€,

uto 1 y MIAII-rpansucropa (cM. puc.

T c

:“Lﬁsc-"": T 4.10): r, — pubdepeHnUaNbHOE CO-
—]—s IpOTHBJIeHNEe KaHala Ha I0JOTroM
C,, vuactke BAX; SU,, — HCTOUHHK
:g_‘_ su., rc[] TOKa, OTPaKAOIUN YCHUIUTENbHEIE
cBo¥cTBa TpaHaucropa; R, u R, —
(’:3'“ . obpaTHsIe CONPOTUBJIEHU p—N-Iepe-
! Rla'n E i xopa; C,, u C,, — GapbepHEIE eMKO-
AL cta GOKOBHIX uacTeil p—n-mepexona

(puc. 4.12).
Prc. 4.15. MajocursajapHas VHepIMOHHOCTE U3MEHeHUx

SKBHBaJICHTHAsA CXeMa II0JIEBOTO

ToKa, Kak u y MIII-Tpansucropos
TpaH3UCTOpa ’ y n p PO,

XapaKTepua3yeTcsi IIOCTOSIHHOM Bpe-
MEHY KDYTH3HBHI Tg. OTOT IapaMeTp
Tak)Ke IpefcTaBisieT coboil Mpou3BeqeHre CONPOTUBIEHNA KaHAala
Ha eMKOCTb 3aTBOp—KaHal. IIocKoNbpKY ceuenua Kanaia u obegHeH-
HOTO CJIOs pasdHpIe Ha pasHbIX y4acTKax (cM. puc. 4.13), Bocnons-
3yeMca CpegHMMU 3HAUeHMAMHU W ¥ [. A HMeHHO, TIpUMeM
Wep =lo, =Y%a. Toraa cpeansas eMKOCTs ¥ CPeAHee CONPOTHUBIIEHHE
KaHala 3alulIyTCs clegyiolumm obpasom:

5 _ £08ZL)

TP (4.392)
= L
Ry = :

0 =Pz (4.396)

CoOTBeTCTBEeHHO CpeAHsAs IOCTOAHHAA BpeMeHU KPYTU3HH OyaeT
UMeThb BH[:

g =4g0spL’/a”. (4.40)

OTy BeIMUHHY MOXKHO IIPDMBECTH K Tako# ke ¢dopme (4.27), kak
y MIII-rpansucropos. Jlna sToro mogcraBum B (4.40) snauenue a?
us (4.29) u yurem coorHoierue gNu = o =1/p; Torga

g =20 fuU,,). (4.41)
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Taxum o6pasom, 8 npuHlyune nepexodHble U HACMOMHbLE XAPAK-
mepucmukxu noaesvix u MAII-mpansaucmopoé mozym Getme 00una-
koévimu. OgHAKO NPAKTHYECKH JJIVHY KaHaja y HOJIEBLIX TPaH3U-
CTOPOB HE yAaeTcs ChejaTh TaKoH ke MaJod, KaK y COBPEMeHHEIX
MJTII-rpansucropoB. IlosTomy B HacTosmiee BpeMma OnicTpopeiicT-
BUe IIOJIeBbIX TPAaH3UCTOPOB SHAUUTEJHHO HIDKeE.

EcTecTBeHHO, 4TO HOJEBbIe TPAaH3UCTOPHI yeTynaor MJIII-rpaH-
3MCTOpPAM M IO BeJMYNHE BXOZHOIO COIPOTHBJIEHMA: OHO OIIpeend-
eTcst o6paTHBIM TOKOM p—rn-Tepexoja ¥ oOuI1HO He mpesbimaer 1011
Om. C pocToM TeMnepaTypsl 3TO COIPOTUBJEHUE OLICTPO YMeHbIIIa-
eTcs ¥ Ha rpanune pabouero guanasona (+125 °C) mosker goiru 1o
107 Om u meHee.

Baxcnvimu Gocmouncmeamu nosegvlx MPAH3UCTIOPOE AEAAIOM
CA 6bLCOKAA CMAOULLHOCMYb XAPAK MEPUCTMUK 80 8peMEHU U MANbLIL
yposenv cobcmeennvix wymos. IIlpuunHa 3TUX JOCTOMHCTB B TOM,
YTO KaHaJ OTHeNeH OT IOBEePXHOCTH OGeJHEHHBHIM CJIOEM, HUIDAlo-
UM POJib AUBJIEKTpUKa. B pesysibTaTe Ha rpaHume KaHaaa Cc Ta-
KHM <«JU3JIEKTPUKOM» OTCYTCTBYIOT AedeKThl KPHUCTAJINYEeCKOMH
pellreTKy, IOBEPXHOCTHBIE KaHAIbI ¥ 3aTPASHEHUA — BCE TO, 4TO ¥
MJIII-TpaH3uCTOPOB ABJISETCA NPUUHHOI HeCTaOUIHHOCTH U IITyMO-
BeIX (QayxTyanuii. I1o Toil Ke mpuuvHe He IPOUCXOZUT yMeHBIIIe-
HYA TNOABIKHOCTH, cBoiicTBennoro MJII-Tpamsucropam.

EnuncTBeHHBIN HeW30e)KHBIN THUI ITYMOB y IOJIEBOTO TPaH3M-
CTOpa — 3TO TEIJIOBOH ITyM, KOTOPBIH CBOMCTBEHEH KaHANy, KakK U
aiobomy peaucTopy. Temmosoi mym omeHuBaroT 1o dhopmysne Haii-
KBHCTA:

U2, =4kTRAf,

rae Af — nmonoca yacror. Ilogcrasnasa snavenusa Ry, = 0,5 kxOm u
Af =1 T'y, moayuaem Ufm ~3 uB.

B npuBeneHHOM aHaIV3e paccMarpyBajiach TOJNBKO aKTHUBHAA 00-
JIaCTh IOJIEBOT'O TPAH3UCTOPaA — ero Kanask. Bauanue naccuBHEIX 00-
Jnacreit (CI0eB MCTOKa M CTOKa, puc. 4.12) cBoguTca K AONOJIHEHHIO
SKBUBAJIEHTHOM cxeMbl pesucropamu B, ¥ R, BKIIOUeHHBIMH TIOCJIe-
IOBAaTeJpHO C MCTOKOM ¥ CTOKOM. CONIPOTHUBIIeHMA 3THX PE3HCTOPOB
06bruH0 cocTaBiaaloT He Gomee 10—20 Om, Tak uTo MX BAuMAHUE (IO
CPaBHEHHUI0 C COIPOTHBJIEHVWEM KaHaJa) Majo CYILEeCTBEHHO.
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KOHTpOJIbeIe BOIIPOCHI

1. Yem ornumuarorcsa MIIII-TpaHsucTOprI CO BCTPOSHHBIM ¥ MHAY-
IUPOBAHHBIM KaHAJIOM?

2. Kak ceasaHa yaeiapHas eMKOCTh 3aTBOpa C TOJINUHOM HOA3ar-
BOPHOTO gusjieKTpuKa?

3. Yro Takoe noporosoe Hanpsukenue M II-rpansucropa?

4. Kak BIUAIOT 3apAALI B OKHCJE ¥ HA IOBEPXHOCTHHIX COCTOSTHHU-

AX Ha NOpPOTOBOE HAIIpsDKeHue?

YeMy paBeH MIOBEPXHOCTHBIH IIOTeH VA IPY IIOPOTOBOM HaIPs-

JKeHuu?

5

6. YeMy paBHO HampsKeHUe CIIPAMJIEHUA 30H?

7. Hemy paBHa pasHOCTH IIOTEHIMIATIOB 3aTBOP-UCTOK Ha TpaHHIeE
HacsleHua?
C ueM cpaszaH HakJIoH BAX B o6sacTu Haceienus?

© o

B kaxom pexume MJIII-TpaH3MCTOP MOXKET HCIOIb30BATHCSA B
KauyeCTBe OMUUECKOTI'O CONIPOTHUBRIeHUA?

10. Jaiite onpegenenne kpyTusnst MIII-rpansucropa.

11. Kax 3aBucur BHyTpeHHee conporusienue M/ II-Tparsucropa B
TI0JIOrOit 06JIaCTH OT TOKa cTOKa?

12. Kak COOTHOCATCA KPYTU3HLI IO 3aTBOPY ¥ MOAJIOMXKKe?

13. Yewmy cooreercrByer xpuTnueckuit Tok MIII-rparsucropa?

14. B uem coCTOMT IpUYMHA HeCTabMJILHOCTH I1apaMeTpPOB
MAOII-Tpansucropa?

15. Kak cBg3aHa IOCTOSIHHAA BPeMeHY KPYTU3HEI C QIUHONA KaHa1a
MAII-rpansucropa?

16. [TaitiTe ompefesieHVie HANIPAXKeHUA OTCEYKH II0JIEBOTO TPaH3U-
cropa.

17. Kak cooTHocaTca BxogHbie conporusienus MJII- u mosesoro
TpaH3ucropa?

18. Kak u3menseTcs JIUHA KaHajka II0JIeBOro TPAH3UCTOPa B IIOJIO-
roit 06J1aCTH IIPH YBEJINYEHUY HANIPSPKEHUA Ha CTOKe?

19. Cpasuure Guicrpogeiicreue M/II- 1 moneBsIX TPaH3UCTOPOB.

20. CpaBuure yposens mrymos MJIII- u mosieBsix TPaH3UCTOPOB,

21. KakoB MOpAJOK BeJUUMHBI CONPOTHUBJIEHUI INAacCUBHBIX 06Jac-
Teit II0JIeBOro Tpausucropa?



Fnasa 5

dusnyeckme npnHUMNbLI paboTbl
SunonapHOro TpaH3ncropa n TMpMCTopa

5.1. Beenenue

Bunonapusiit Tpansucrop, Hapagy ¢ MIIII-TpanaucTopom, siBJs-
eTCsA OOHUM M3 OCHOBHEIX TBEPOTEJIbHBIX HPUOOPOB, MCIOJIBL3Ye-
MBIX B MUKPO3JIEKTPOHUKE.

B ocHOBe paGoTsi OUNIOJAPHEIX TPAHSHUCTOPOB JIeKUT UHIKEKIIUA
HEOCHOBHBIX HocuTeseil. [[0aToMy HeoTheMJemMOH COCTAaBHOH dUa-
CTHI0 OHIONAPHBEIX TPAH3HUCTOPOB SBIAIOTCA p—n-Iepexohsl. Tep-
MUH «0HUIONAPHBIN» NPU3BAH NOJUYEPKHYTH POJIb O0OUX THUIIOB HO-
cuTenei 3apAga (3JEKTPOHOB M ALIPOK) B paboTe 3TOoro Kjacca
TPAHB3UCTOPOB: HMH)KEKI[MsI HEOCHOBHBIX HOCHUTEJEH COIPOBOXKAAET-
csA KOMIEHcamuedl uX 3apsja OCHOBHLIMY HOCHUTEIIMH.

Ilpeamerom HaHHOM TIJIaBBI SIBAAIOTCA HU3yUYeHUe GUIUUESCKUX
TIPOI[ECCOB B OUIIONAPHOM TPaHBUCTOPE, a TAaK)Ke aHaJu3 ero OCHOB-
HBIX XapaKTepHCTHK ¥ IapaMeTpoB. B KOHIle riaBbi paccMOTPEHBI
(pusuuecKkyue OCHOBBI palOThI THPUCTOPA, HPEACTABIAIINEr0o coboit
COeUHEHYe He ABYX, a TPex p—In-IepexofoB. JTOT Ipubop UacTo
BCTpeUaeTCss B MUKPO3JIEKTPOHHBIX CTPYKTYyPax KaK «IlapasuTHBIA»
3JIEMEHT, CIIOCOOHEIM IPUBOAUTH K c0osiM B paborTe MUKpOCXEM.

5.2. Ilpunanun meicreud

Bunonapusiff TpaH3UCTOpP IpeACTaBIAET CODOH COBOKYIHOCTH
ABYX BCTPEYHO BKJIIUEHHBIX B3aMMOJLEHCTBYIOIIVX p—T-Iepexo-
J0B. BazaummopeiicTBue mnepexonoB obGecmeumBaerca TeM, YTO OHU
PacnosyioskeHsl AOCTATOUHO OJIM3KO APYT OT gpyra — Ha paccros-
Hu¥, MeHblIeM Aub)YSHOHHON AIUHBI HOCHUTEJEH.

CTpyKTypa TpaH3ucTOpa. ¥ DeajbHBIX TPaH3HCTOPOB NJIOIIagU
060uX p—n-mepexogOB CYIIECTBEHHO Da3jUvaloTCsi. 9TO pasjiuyue
IPOMJIIIOCTPUPOBAHO Ha puc. 5.1, a: mepexop n;—p MMeeT ropasio
MEHBINYIO IUIOIaAb, YeM N,—p. Kpome Toro, y 60o/ibImuHCTEBA TPAH-
3UCTOPOB OAWH U3 KPaMHUX CJ0eB (a MMEeHHO, CJIOH ¢ MeHbIlel IJI0-
IafbI0 — n,) JeTHPOBAaH ropasfo cujrHee, ueMm BTuPOH (n,y). Ta-
KuM 06pa3zom, TPAH3UCTOP ABIAETCA ACUMMETPHUHLIM IpUOOpoM.
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Prc. 5.1. CTpyKTypa GUIOASIPHOIO TpPaH3HCTODA:
a — peaJpHasa; 6 — HzeanusupoBaHHan (6e3 maCCUBHBIX OOJIACTeH)

AcuMMeTpusa TpaH3WUCTOPa OTPAXKaeTCsA B HA3BAHUAX KpPalHUX
CJIOEB: CHJIBHO JIETMPOBaHHBII €0l ¢ MeHbINeil muomanso (n,) Ha-
3BIBAIOT IMUMMEPOM, a CIIo¥ ¢ Gonbiriedt naomansio (n,) — KOLLEK-
mopox. COOTBeTCTBEHHO Pa3MuaioT 3IMUTTEPHBIN U KOJJIeKTOPHbIH
nepexoael (n,—p #u n,—p). CMbeIc] 3TMX Ha3BaHWH INOACHAETCH
Hmke. Cpeguuii c/l0# TpaH3UCTOpPa HA3LIBAIOT 0a30il.

Kax bl U3 p—n-1epexoloB TPAH3UCTOpa UMeeT JOHHYI0 U 60KO-
8ble JacTH.

Paboueit unu, KaxK ropopsaT, aKmuéHoil 00NMacTHI0 TPAH3UCTOPA
sABJseTcA 06JacTs, PacCIOJIOXKeHHAas I0J JOHHOM YacThI0 3MUTTEp-
HOro mepexofa (Ha puc. 5.1, a sra objacTh He 3alITPUXOBAHA).
Ocransubie (3aIITPUXOBAHHBIE) YYACTKU CTPYKTYPLI SABJIAOTCA
naccusnbvimMu, T.e. B M3BECTHOH Mepe IapasuTHuIMU. llaccuBHbIe
Y4acTKH# MOJKHO B IIEpBOM NPHOJMIKEHUH MOLEeNUPOBATH PE3UCTO-
paMu, INOAKJIIOYeHHHIMHU K pafoumm ciosMm 0asel U KOJJIEKTOpa.

Ha puc. 5.1, 6 akTuBHaa 06JacTs TPaH3UCTOPA IIOKa3aHa B Io-
PHU30HTAILHOM IIOJIOXKEHUH. 3HeCh JKe MOKa3aHpl MecTa IOgKJIIoYe-
HUA PE3HCTOPOB I'g U I'y,, XaPaKTEPU3YIOIINX NacCHBHbLIE YUACTKH.
OMHUTTEePHOMY — BBICOKOJETMPOBAHHOMY — CJIOI0 IIDMCBOEH BepX-
HUH uHAEKC «+». CTpyKTypa, NoxkasanHaa Ha puc. 5.1, 6, CIyxRuT
OCHOBOM TIDM aHaJu3e TPaH3MCTODPOB.

BzaumogeiicTBUe MeKAy SMHUTTEPHBIM M KOJNJIEKTOPHBIM Ilepe-
xomamm obecmeunBaeTca MaJyoi IMTUPUHOH 6assl w. ¥ COBPEMeHHBIX
TPAH3UCTOPOB OHA OOBIYHO He IpeBnIlIaeT 1 MKM, TOTAa Kak Zud-
dysuonHas Anuna L sexur B npemenax 5—10 mrm.

OcHOBHBIE CBOICTBA TPAH3MCTOPA ONPENeNISIIOTCS IIPOoLecCaMu B
0aze. Ecoiu 6a3a ogHOpOAHAM, TO ABM)KEHUE HOCUTE NEH B Hell YHCTO
auddysunonsoe. Eciu >xe 6a3a HeOgHOPOAHAsA, TO B Hell, KaK HU3Be-
CTHO, €CTh BHYTPeHHee 3JIeKTPHUYeCKoe II0jie, M TOrZa IBIDKeHUe
HocuTeneit OymeT KomMOuHUpOBaHHBIM: Auddysua coueTaeTcs C
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npeiidom. TpaH3uUCTOPEI ¢ OQHOPOAHOI 6a30it Ha3kIBAIOT fe3dpeildo-
guimu (unu gudPySHOHHBIMHE), & C HEOZHOPOLHOM — Opeilgosbimu.
ITocnenHue UMEIOT B HACTOAIEee BpeMs HamboJIbITee pacIpocTpaHe-
HUE B HMHTErpaJbHBIX CXeMax.

Tpansucrop, IoKasaHHLIN Ha puc. 5.1, xapakTepeH TeM, 4TO ero
KpaifHue CJIOH (3MUTTEP U KOJJIEKTODP) MMEIOT IIPOBOAUMOCTS 71-TH-
na, a cpegHWE cNoi (6a3a) — IPOBOAUMOCTE pP-TUNa. TpaH3UCTOPHI
C TaKOM CTPYKTYpOH HAa3bIBAIOT Nn—p—n-TpaH3uctopamu. B Mukpo-
3JICKTPOHYKE OHY HTIpaloT TJIaBHYIO posis ¥ OyayT OCHOBOI Imocie-
myomero asangusa. OgHaKo MCHOJb3YIOTCS ¥ TPAH3NUCTOPHI, ¥ KOTO-
PEIX 3MUTTEP U KOJIJIEKTOP MMEIOT IPOBOAMMOCTD p-THIa, a 6aga —
TIPOBOZUMOCTD N-THIla, TPaH3UCTOPEI € TAKOM CTPYKTYPOIH Ha3hIBa-
T p—n—p-TpaHsucropamu. Ilo mpunnuny geficTBUA OHU HHYEM He
OT/NIHYAlOTCA OT N—p—N-TPaH3UCTOPOB, OJHAKO MM CBOWCTBEHHBHI
IpyTHe HOJADHOCTH paboyux HanpsoKeHHit (CM. HIDKe), a TaKKe
PR KOJWYEeCTBEHHBIX 0COOeHHOCTeH.

Cnoco0b1 BKIOYEeHNA. 30HHAA qUarpaMMa n—p—n-TpaH3ucTopa
¢ omHOpoxHOHK Gaszoili B pPaBHOBECHOM COCTOSHWM IIOKa3aHa Ha
puc. 5.2. IIpu paBHoBecuu yposBeHr PepMu IOCTOAHEH IO BCell
CTPYKType. DJMeKTPOCTATHYECKHUH IOTeHOAas (M CBA3AHHLIH ¢ HUM
yposeHs E,) n3MeHsAeTcA TaKuM 00pa3oM, 4TOGEI CKOMIIEHCHPOBATH
nubdysuoHHOe ABMKEHWE HOCHUTeNeH, KOHIEHTPAIUs KOTOPBIX
pasauyHa B n u p obnacTax. [Ipy HOpMaIbHOM BKJIIOUEHUH TPAH3H-
CTOpAa Ha 3MHUTTEPHOM IIepexoje ZeHCTBYeT IPAMOe CMellleHue, a Ha
KOJIJIeKTOpHOM -— ofpaTHoe. IIpu sTOoM morennuansuslii Gapnep
3MHUTTEPHOTO IIepexoja YMEHbINAeTC s, & KOJMJIEKTOPHOIO — YBeJIH-
ypBaerca (puc. 5.3). DJIeKTPOHB MH)XEKTHUPYIOTCA U3 3MHUTTEpa B
6a3y, IpoxXOAAT ee mouTH Ge3 peKOMOHHAIMU (IIOCKOJbKY IMVpPUHA
Gasbl Maja) ¥ GeCIpeNATCTBEHHO MONMaJaloT B KOJJIEKTOp, HaXoqs-
IUACA IO HOJNOMKHTEbHBIM IIOTEHIXATIOM (CM. 30HHYIO AHarpam-
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Pyc. 5.2. Bouman gMarpamma n—p—n-TpaH3HUCTOPA B DABHOBECHOM COCTOSHHMH
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My TpaHsucropa Ha puc. 5.3). Taxum
o6pa3oM, IpA HOPMAaJLHOM BKJIOUEHUU
KOJUIEKTOP cofupaem NOCTyIHBIINE B
6a3y HeOCHOBHBIe HOCHUTENW, OTKYHAa —
ero HasBaHUe.

fcHo, 4TO IIpuM yKa3aHHOHW NOJIAPHO-
CTH HaIpS)KeHUs1 KOJUIEKTOp cmocoben
cobuparTh TOJBKO 3JeKTPOHEI. IloaTomy
Ba’XKHO, YTOOBI TOK 3MHUTTEPA COAEPIKAT B
OCHOBHOM 3JIEKTPOHHYIO  COCTAaBJIAIO-
myioo. IMeHHO 103TOMY 39MUTTEp JIeru-
PYIOT 3HAUYHUTENLHO CHJIbHee, ueM 0Oasy.
JleruposaHvie KOJUIEKTOPHOH ob6nacTu
Puc. 5.3. Bonnan amarpamma CBA3ZAHO € IOJYUEHHEM HeoOXOZMMOTro
TPAHSHCTODA IIPH HODMANRHOM  nnaGojiHoro HaIpAMKeHUA obpaTHoCMe-

BRoeRuH ILIEHHOT0 KOJIJIEKTOPHOTO Iepexoga. Kak
NIPaBUMO, KOJJIEKTOp JIErMpPOBAaH 3HAYUTENHHO ciabee sMHTTepa.

B HopMasnbHOM BKJIIOUEHUY TOKY KOJJIEKTOpPA ¥ SMUTTEPA IIOUTH
OAUHAKOBBI C TOUHOCTHIO AO HeOonswIOTO TOKa Oaswi. Ilocmepmuit
KOMIIEHCHpYeT YObILIb OCHOBHBIX HocuTened (mbipoK) B Gase u3-sa
pexoMOuHaIuy (KOTOpas MMEeT MeCTO AaKe IIpYU OUeHb MaJoi TOJ-
muHe 6a3bI), 2 TaK)Ke B pes3yisTaTe MHIKEKIUY ALIPOK u3 6asbi B
3MHUTTEP.

CompoTruejienre oGpAaTHOCMEIEHHOTO KOJIIEKTOPHOrO Iepexoja
OUYeHb BEJIMKO — HECKOJbKO merom u Oosee. IlosaTomy B 1ens KoJ-
JIEKTOPa MOXKHO BKJIIOUATh BechMa OOJbIIINME COIPOTHUBJIEHUA Ha-
rPYy3KH, He HU3MEHAS BEIUYUHY KOJJIEKTOPHOro Toxa. CoorTBerct-
BEHHO B IEenM HarpysKu MOJKeT BBIAE/ATHLCSA 3HAUUTENbHASd MOII-
HOCTE. COIpOTHB/IeHNE IPIMOCMEIIEHHOT0 3MUTTEPHOTO IIepexoa,
HAIIPOTHB, BeChbMa MaJo (HapuMep, Ipu ToKe 1MA OHO cocTasiasaeT
Bcero 25 OM). IToaToMy IIpy NOYUTH ORMHAKOBBIX TOKAX MOIIHOCTE,
noTpebiAaemMas B IIeIM 3MUTTEPA, OKA3bIBAETCS HeCPaBHEHHO MeHb-
e, YeM MOIHOCTh, BhIJedsemMasi B menu Harpysku. ClemoBarels-
HO, TPaH3HUCTOP CHOCcODeH YCHUAMBATE MOIIHOCTH, T.€. SIBJAETCS
YCHUJIUTENLHBIM IPHOOpPOM.

Hecmorps Ha acuMMeTpHIO TPAH3UCTOPA, IMUTTEP U KOJJIEKTOD
B NIPpUHI[UIIE MOXKHO TIOMEHATH POJISIMHU: 3aJaTh HA KOJJIeKTODPHBIN
TIepexo] NpAMOe HaIpsKeHue, a Ha IMUTTePHbIH — o6parHoe. Ta-
KOil peskuM paboThl Ha3BIBAIOT UHBEPCHbIM 8KA0YeHuem. [lepegaua
TOKa IIPM MHBEPCHOM BKJIIOUeHUY 3HAUMTE/BHO Xy¥Ke, UeM IpH
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HOpPManbsHOM. IlpuunHel aTOrO Ciefyiomme. Bo-nepBeix, B CBA3H CO
c1abbIM JIerupoBaHueM KOJIJIEKTOpa, Mala 3JeKTPOHHAA COCTaBJd-
o1ad KOJJEeKTOPHOrO ToKa. Bo-BTOPEIX, IJIOIIaAs PEATbLHOTO KOJI-
JIeKTOpa 3HauuTeJbHO 6oJbirie miaomjagu sMurrepa (puc. 5.1, a),
IO3TOMY Ha 3MUTTEp IomajaeT JUINb HeGOJbIAA YACTh JIEKTPO-
HOB, WH)KEKTHUPOBAHHBIX KOJIJIEKTOPOM.

Ocoboe MecTo B paboTe TpaH3uCTOpPA 3aHUMaeT peicum 080UHON
UMJCeKLUU UMY, MeHee TOUHO, peXcum HacviujeHus. PexxuM QBOI-
HOH MHXXEeKIIUY XapaKTepeH TeM, UTO Ha 000X mepexofax — IMHUT-
TEePHOM ¥ KOJIIEKTOPOM — NEHMCTBYIOT HpsiMbie Hanpsxenusa. llpu
9TOM U 3MUTTED, U KOJJIEKTOP MHXKEKTHPYIOT HOCUTe N B Gasy Ha-
BCTPeYy APYT EPYI'Y ¥ OTHOBPEMEHHO Ka KABIA U3 HUX cobupaeT HO-
cuTeNy, ZOIMEAIINne OT APYTOro.

Jlo cvx Top MBI 3ajaBajiv HanpsKeHue Ha IMUTTEpe U KOJJeK-
TOpe OTHOCHUTeNbLHO 6askl (puc. 5.1, 6). Takoe BKIIOUeHHe TPAH3U-
CTOpa Ha3bIBAIOT GK.AIOYEHUeM ¢ 06well 6a30il (Mnu cxemoti ¢ obwiell
6a3oit) u obosznauaror OB. Hanmomuum, uTO 3agaBaTh mpsamoe Ha-
NpsKeHYe Ha p—n-lepexoje NMPaKTH4YeCKY HEeBO3MOJKHO; KakK Ipa-
BUJIO, 3ajaeTcdA IIPAMOH TOK. 3HauuT, 044 éxawouenus OB xapak-
mepHa 3000HHAS GerUMUHA MOKA 3mummepa.

Cxema OB mo3BosisieT XOpOIIO PacKpsITh GU3UKY TPAH3UCTOPA;
eCTh y Hee W HeKOTOpbIe APYTrue IOJIOKUTeNbHBIe ocobenHocTH. Ho
TOT daKT, YTO OHA He oDeclieunBaeT YCUACHUA TOKA U 06IagaeT Ma-
JHIM BXOOHBIM CONPOTHUBJICHUEM (PaBHLIM COIPOTHUBJICHHUIO 3IMUT-
TEPHOrO IIepexoja), neslaeT ee He ONTHMANbLHON AiA GOJbIINHCTBA
npuMeHeHu#. I[o3ToMy TIJIaBHYIO POJIb B TPAaH3UCTOPHOH TeXHUKe
UTrpaeT ZPYyroe BKJIOUEHHWE — C O6WUM Imummepom, KOTopoe 00o-
snavaloT 09. [Jan exnovenus O3 xapaxmepna 3a0aHHas 8erudu-
Ha moxa 6aser. O6a BKJIIOUEHUA NTOKasaHsl Ha puc. 5.4, a, 6 ¢ ucno-
JIb30BAHVEM  CXEMOTEXHHYECKHX  CHMBOJOR, IPHCBOEHHBIX
n—p—n-TpaH3uUCTOPY.

Prc. 5.4. BriaouesEne n—p—n-tpaHsucropa ¢ obuieft Gasoi (a)
u ¢ obmuM aMmuTTepoMm (6) M BKJIOUEHHe p—n—p-TpaH3HUCcTOpa ¢ ofmeit 6aszoit (8)

1 ¢ ofmuM aMHUTTEpoM (2).
53423
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Ha puc. 5.4, 8, ¢ moxka3aH»l aHaJOTUUHBIE BKJIOUYEHUA
p—n—p-Tpan3ucTopoB. Kak yke oTMeuasioch, 3THM TpPaH3UCTOPAM
CBOMCTBEHHBI 00paTHble NONAPHOCTH pabouux Haupspkenuit. Coor-
BeTCTBEHHO o0OpaTHBIe HANIpaBJeHUs HMMEIOT M paboume TOKH.

Vicnons3oBanue p—n—p-TPaH3UCTOPOB OTKPLIBAET BO3MOYKHOCTh
CcoueTaHus Nn—p—n- U p—n—p-TPaH3UCTOPOB B OFHOHN U TOM Ke cXxe-
me. Taxoe coueraHume B paAfge ciayuaeB obecmeumBaeT ynpolleHue
CTPYKTYPbI ¥ ONTHMHU3AIUIO [IapaMETPOB COOTBETCTBYIOIUX CXEM.
TpansucTopsl n—p—n U p—n—p B TAKUX CXeMax, a TaKyKe CaMH cxe-
MbI TAKOTO THUIIA HA3LIBAIOT KOMNJAeMeHMAPHbiMU (FOTIOIHSIOIH-
mu), kak u B M/Il-mukpocxemax.

5.3. PacnpeneneHuda HocHuTej eil

st Toro yTobbl PACCUMUTHIBATD TOKHM, MEXK3JIeKTPOAHbLIe HAIIPsI-
JKeHuA U m306pITOuHBIe 3apAel B TPAH3MUCTOPe, HeOOXOLMMO 3HATH
pacnpefelenusa U30bITOUHBIX KOHIlEHTpAanuil, T.e. GyHKIUHU An(x)
unu Ap(x). Otu GYHKIUY pacCMaTPUBAIOTCA HUKe IIPEMEHUTEIbHO
K riaapHomy ssementy MC — TpanaucTopy n—p-n-Tuma.

B ozHOoM um Toske ciaoe GyHKIUH An U Ap COBIAZalT B CUAY
TIIPUHITUINIA KBa3WHEHTPaIbHOCTH, NO3TOMY HHXKe IIPHUBOSATCH BbHI-
Pa’KeHus1 TONBKO A N30bITOUHBIX KOHIIEHTpanuil HEOCHOBHBIX HO-
cureneil (3J€KTPOHOB).

Ciydyalt HOpPMAaJbHOrO BEJIIOYEHHNH Oe3apeitoBOro TPaH3UCTO-
pa. B cranumonapHOM pekuMe KOHIIEHTPAIIMSA HOCHUTesNel, WHIKeK-
THPOBaHHBIX B 6a3y, onuceiBaercs AUGGY3MOHHLIM YpaBHEHUEM

2

d°n n, -n

g 0
Dy 2” -2 =0, (5.1)

dx Tg
rae Dy 1 15 — Ko3ppunuent auddysuy u BpeMs JKHUIHY 3JeKTPO-
it . = n2

HOB B Dase; n, — KOHILEHTPAIUsA 3JIeKTPOHOB; 1y = 1, /Ng — pas-

HOBeCHadA KOHI@HTPALUA 3/71eKTPOHOB; N — KOHIEHTpaNua aKIlen-
TOpPOB B 0Oase.

IIpu 3amucy TPaHUYHBIX YCJIOBHUI /1A HOPMaJbpHOTO BKJIIOUYEHUA
TPaH3UCTOpA NIPUMeM, UTO Ha KOJIJIEKTODHOM IIepexoje 3ajZaHo 00-
paTHOe HampsKenue U, a Ha 3MHUTTEDHOM Ilepexome — IpPAMOI
TOK I, TOuHee —— ero aJeKTPOHHaA cocrapisromasd I .

Koumnenrpanua 3JIeKTPOHOB y KOJIJIEKTOPHOTO Iepexoja Haxo-
AuTcs M3 rpaHuuHOro ycJjopusi Ilokau

UK.

n,(w) =nge . (5.2)
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TaK KAk KOJJEeKTOPHHIHA ITepexos uMeeT o0paTHOe CMelleHue, TO
BeJUUMHA N, (W) 61u3Ka K HyJaI0 B M30bITOYHAs KOHIEHTpauua
aJIEKTPOHOB Ang =n,(W) —ng =-ny. llockonbky B Gase p-Tuna pas-
HOBecHas KOHIEHTpaI Vs 3JeKTPOHOB OYeHb Maja, upeHebperkem
BeJIMYMHON N, U 3aluIleM IepBoe TPAaHUYHOE YCJIOBHE B BHAE

Ang(w) =0. (5.3)

DJeKTPOHBI, MH)XEKTUpPOBaHHLIE B 0a3y, pacupoCTPAHAIOTCA B
Helt mop AeiicTBueM gutdysuu, IO3ITOMY A 3JIEKTPOHHOH COCTaB-
JIAIOIeH MOJKHO 3amucaThb

I,, =-qD¢S - , (5.4)

rae S — mJomagb SMHUTTEPHOro Ilepexoja. 3HaK MUHYC B IIpaBoOH
yactH (5.4) orpaskaer TOT GakKT, YTO Yy n—p—N-TPAH3UCTOPOB Ipsi-
MOM, T.e. IIOJIOKUTENHHEIN TOK 3MHUTTepa O3HAYaeT HHYKEKI[HIO
3JIeKTPOHOB B 6a3y; DY 9TOM I'paf¥eHT X KOHIEHTPAaIH JZOJKeH
OBbITH OTPHILATEIbHBEIM.

W3 (5.4) nerxo HaiiT¥ rpagueHT KOHIEHTPAIMH SJIE€KTPOHOB U
COOTBETCTBEHHO BTOpPOE IPAHWYHOE YCJIOBHE:

d(Ang) Lon

) oo M -5 (5.5)

Ucnonsaysa rpaHuuHslie yeaosud (5.3) u (5.5), Mo>KkHO HaliTh pe-
1meHne audpPy3uoOHHOTO YpaBHEHUA B CJIEAYIOIEM BUAE:

L shi(w - x)L]

Ang(x) =1, .
qDsS  ch(w/L) (5.6)

IlockonpKYy B TPAH3HUCTOPAX BBIMOJHAETCA HEPABEHCTBO W << L,
TIOJIyyeHHOe BhIpaKeHHe MOYKHO YIIPOCTHUTH, BOCIOJ530BABIINCH COOT-
HOMIeHUAMH, AeHCTBUTE/IbHBIMH JJIs1 MaJbIX aprymeHToB: sh(?) ~ zmu
ch(2) =~ 1. Torpa

w x
Ang(x) =1, qus(l - ;) . (5.7)

Kakx Bugum, Gesdpeiihosbim mpansucmopam ¢ 00HOpodnoi 6a-
308 ceolicmeéenHo nowmu auneiinoe pacnpedenenue U3GLIMOYLHLLY
Hocumeneil (puc. 5.5).
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® 1 ® 2 ® Wnterpupya ¢yHKnuo Ang(x) B
Aans(0) ” npegenax oT 0 7o w 1 yMHOXKaA uMHTEr-
- .
2 An 7 pal Ha mjaomiags S U 3JIeMeHTapHBIA
5 ¢ C 3apAx g, TIOJYYUM BeJIMYUHY U30BITOU-
7 Z HOoro sapaga B Gase:
Apa Ap. (O
2 p, (0) - 2
0 w x AQG =13n(w /ZDG)' (5.8)
Prc. 5.5. Pacnpegenente sjek- Kakx Buamm, usGbITOYHBIR 3apsaj
TpoHoB B Gase GesapefipoBorc mpONOpHHUOHAJEH TOKY SMHUTTepa, a
n-p-n-TpaHsucTODA Ipu 3aZaHHOM TOKe YyMeHbIIaeTCsA C

yMeHbIIeHVeM TOJIHHEL 6ashl.
O6patumcsa Tenepp K pacipefesieHVI0 ABIPOK, WHIKEKTHPOBAH-
HbIX 13 6a3bl B aMuUTTEp. IIOCKONBKY 9MUTTEPHBIH CIOH 3HAUUATENb-
HO Tosme 6a30BOro, eMy CBOMCTBEHHO HePaBeHCTBO W, >> L, rxe
W, — TOJIIHMHA SMUTTEPHOrO cos, L, — audpdysuonras gnmea HO-
cureneit (apipok). Ilpu BBIMONHEHWH 3TOr0 HepaBeHCTBa paclpepje-
JeHue W3OBITOYHBIX HOCUTeJell OyJZeT TaKMM JKe, Kak Ipu
0ecKOHEUHO OJMHHOI 0ase, T.e. 3KCIHOHEHIMANbHLIM. 3aMeHsAA B
dopmyse (5.6) 3/1eKTPOHHYIO COCTABJSIOIIYIO TOKa Ha ALIPOUYHYIO,

KOHIIEHTpanuio Ang Ha Ap, u Iojarada w — ©, IOAydaeM:

Apy(x) =1, —2-e™ ", (5.9)

PaccTosHue X OTCuMTHIBaeTcA 37eCh OT TPaHHUILI IIepexofa
Bray6b 3MuTTEpa (CM. INTPUXOBYIO KpUBYI0 Ha puc. 5.5). CooTHO-
IIeHue TPaHWYHBIX KOHUeHTpauuil Ang(0) um Ap,(0) ompepensaercsa
rpaHuuyHBIM yciaoBueMm Iloxiu.

Warerpupys (5.9) B npegenax or x = 0 o x = o, yMHO>KaA pe3y-
JIBTAT Ha S ¥ ¢, NOJIYYUM BeIUUUHY U30BITOYHOTO 3apAga B 9MUTTe-
pe:

AQ, =1I,,7,, (5.10)

rae T, — BpeMd JKH3HM HEOCHOBHBEIX HOCHUTeJel B 9MHUTTEPHOM
cJoe.

Cayuaii HOpMAaJBHOTO BKJIOYeHMA ApeihoBOro TpaHsucTopa.
KoHmenTpamusa HocuTejeil B HEOZHOPOAZHOUN 06asze ONMMCHIBAETCHA
yPaBHeHUEM HEINPEPRIBHOCTH ¢ yueTOM Aubdy3moHHOro 1 gpeido-
BOTO ABYKeHUsi. B obInemM ciayuae pacmpejesieHue IMOJNyYaeTcsa Ipo-
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MO3AKHM ¥ HeHarAAgHBIM. s TOHKOI 0aspl OHO CYIIECTBEHHO
yIpolljaeTca:

w1 e 2nl-Gm)]

Ang(x) =1, s
s(x) =1, 2DoS P (5.11)

rae = 1/2 In[Ny(0)/Ng(w)]; Ng(0) 1 Ng(w) — KOHIEHTpAINH IIpH-
MeECH Ha 3MUTTEPHOH U KOJIJIEKTOPHOH rpanunax 6asvl. Yem 6oub-
1I1e pa3HUIa B KOHIEHTPAIUAX npuMecH, TeM 6ojbiile BeJIMYMHA 1).
IlosToMy ee Ha3BIBAIOT KOIPPuyuenmom HeodHOpPodHOCMU Ga3bi.
Ha mpakTuke TUNUYHBI 3HaueHHA 1 = 2—3.

Pacnpepenenue HocuTenei, onuckiBaeMoe BhipakeHueM (5.11),
TOKa3aHo Ha puc. 5.6 B OTHOCHTENBLHOM MaciiTabe. 3a eguHHUNY
macmrTaba IpUHATA TPaHVWYHAA KOHIEHTpamua Hocureled y Ges-
npeitboBoro tpaHsucropa, moayuaemas us (5.7) mpu x = 0

Anp(0) =1,,(w/gDgS)

(urgexc D cuMponusupyer gucTo gud- ® ® ®
¢pysuonHoe aBmikenue). M3 puc. 5.6 An,
BHJHO, YTO C pocTOoM KO03dduIMeHTa An,(0)
HEOZHOPOAHOCTH paclpefeseHue Ho- 1,0
cureneil B b0aze pgpeiidoBOro TpaH3U- |
cropa Bce OOJIbIlle OTIMYAETCH OT JIH- n=0
Heiinoro. IIpu oguHaKOBHIX 3HaYeHU-
fAX 9MUTTEPHOIO TOKa U30OLITOYHBIE -
KOHIIEHTpaluN y gpeiihOBLIX TpaH3H- 0,2
CTOPOB 3HAUUTENbLHO MEHbIIEe, YeM ¥ iPa’ T
GeanpeiipoBhIX. 0 0,4 0,8 x/w

Wnrerpupysa ¢yHRnuo (5.11) u
yMHOKad Ha S ¥ ¢, MOJTyyaeM BeJIUYu-
Hy u36BITOYHOro 3apsajga B Oase:

Puc. 5.6. Pacnpegeiienie aJeKT-
poHOB B Gase zpeiidoBOro TpaH-
3ucTopa

w? [(2n-1+e™

2D6 2‘]’]2 : (5.12&)

AQg =1,

Cnoknasa QyHKIHUA, CTOAINASA B KPYIVIBIX CKOOKax, XOpOIIo ai-
. . -1
OpoKcuMUpYyeTcsi npocToit pynkunueir (n + 1) . Ilosromy sanuirem
U30LITOYHBIH 3apAd B BUAE

AQg =I,,[w?/2(m + 1) D] . (5.126)



134 T'nasa 5. OusHyeckne TPHANHMOLL PaGOTHI TPAH3HCTOPA H THPHCTOPA

® ® ®

Ang
v
A I Ang (0)
®3 ® [®
1 4 -
d an # N
‘N N
] L ) -~
-] -
] [ Ap, ]
Z Ty 4
x w 0

Puc. 5.7. PacupeaeneHue »JeKTPOHOB Puc. 5.8. Pacupegeiiesne dJeKTPOHOB
B Gase GesgpeiidoBoro TpaH3HCTOpDa B Gase gpeidoBOoro TpaH3HCTOPa
IIpH HMHBEPCHOM BKJIIOUEHUH IpY HHBEPCHOM BKJIIOUEHHUH

Pacnpenenenve gbipoK, MHKEKTHPOBAaHHBIX U3 6a3nl B SMUTTED,
TMOKa3aHo Ha puc. 5.6 HMITPUXOBOI JUHHUEHR. JTO pacmpeneeHyue U
COOTBETCTBYIOIIVI M36LITOUHBIN 3apsa] MOXKHO OLIEHHTH IO (opmYy-
nam (5.9) u (5.10).

Ciayuay MHBEepPCHOrO BKJHOYEHHA M PEKHMa JBOMHON MHIKEK-
uun. [Ipu umHBEpPCHOM BKJIOUeHWH 0e3xpeitdoBOro TPaH3UCTOpA
pacupegenenus HocuTresneid u B 6ase, ¥ B KOJJIEKTODE TIOJYYalOTCS
IPaKTUYECKH TAKHUMY >XKe, KaK IPY HOPMaJbHOM BKJIOYEHUH (CP.
puc. 5.7 u 5.5).

¥ npeiidoBBIX TPAH3UCTOPOB MHBEPCHOE BKJIIOUEHYE XapaKTEPHO
KauyeCTBeHHO MHLIM pachpejesleHHeM HocuTeseit B 6aze. ITo cBsa3a-
HO C TeM, 4TO IoJe B Dase ABNsIeTCA A 3J€KTPOHOB, MHXKEKTHUDYye-
MbIX KOJIIEKTOPOM, He YCKOPAIOIIUM, & TOpMo3dmnuM. Mamenssa
3HaK koapdunuenTta 1 B Bulpaskenuu (5.11), nonyuaem cregyromree
pacnpegeienne M30LITOUHBIX HOCHTeNeit B Gase:

Q2NN _ 4

w
Ang(x) =1, ,
qDsS 2n (5.13)
rme Ixn — JJIEKTPOHHAaA COCTABJIAKINAA KOJJEeKTOPHOI'O TOKa, a

KOOPAHHATA X OTCUUTHIBAETCA OT KOJIeKTOpa K aMurrrepy. Coort-
BeTCTBYIOII[ME KpHBbIe pacmpegesieHUs IIOKA3aHbl Ha puc. 5.8,
CpasHuBasn c puc. 5.6, BUAUM, YTO IIPK UHBEPCHOM BKJIIOYEHUY U3-
ObITOUHBIE KOHIEHTPAIIUY Y APeii(hOBOro TPaH3MCTOPa 3HAYUTENILHO
Gonsine, uem y Oesppeitgoporo. CooTBeTcTBeHHO (OIbIIE OKA3bLIBA-
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jorcsi ¥ U30bITOUHBIe 3apAfbl. VIameHAa 3HaK Kosddumuenrta n B
(5.12a), monyuaeM BejMuMHY H30BITOYHOrO 3apapga B Oase:

2 2n
w® et -2n-1
AQ6=Ixn2D 2 271 )
6 T

l71s1 n36BITOYHBIX KOHIEHTPAUHA U 3apAJ0B B KOJIJIEKTOpe Aeii-
cTBUTENbHB! BhipaskeHus (5.9) u (5.10), ecnu 3aMeHUTH MHAEKCHI
«3» Ha <«k». IIockonbKy y ApeiipOBHIX TPAH3HCTOPOR KOJIJIEKTOP-
HbIH Ilepexoj IOUTH CHMMETPHUYHBIN, IpaHVWYHBIE KOHIIEHTPAIldH
3JIGKTPOHOB ¥ ABLIPOK IIOUTH OAUHAKOBBI (CM. IITPUXOBYIO JIMHHUIO
Ha puc. 5.8). CoOTBeTCTBEHHO CPaBHUMBIMU OYAYT 3JI€KTPOHHAS U
IBIPOUHAA COCTABJIAOIIVE KOJMJIEKTOPHOTO TOKA, & TaKyKe M30BIToU-
Hble 3apAAbl B KoJLIeKTope u Dase.

® ®

-~

@

1

-~}

-~

-

-~

“ />\ ”

4 72 MNFE A
Apaf/ \x i Py
PR et i I pu =

0 w x

a)

Puc. 5.9. Pacnpegenenne 2JekTpoHOB B Oase B pesKUMe ABOHHON MH)KeKIHH
(IITpHXOBBIE JUHUH — COCTABJAAIOINME HODMAaJbHOTO M HHBEDCHOI'O BKJIOYEHHI):
a — y GesgpefipoBoro TpaH3HCTOpa, 6 — y apeldoBoro TpaHaHCTOpA

B pexume gBoitHOM MHIKeKIMH, KOorga 00a nepexoga — aMHUTTED-
HBIM ¥ KOJIJIGKTOPHBIM — paboTaloT B IpAMOM HaIpaBJIeHWM, pac-
IIpenenenyue M3OLITOUHBIX HOCUTeNeil B Daze MOXKHO OIEHUTH IIPH-
6IrOKeHHO, CYMMHUDYS pacHpefesieHusa NP HOPMAalbHOM ¥ MHBEpC-
HoM BKJIOuenusax (puc. 5.9). IIpu srom y OGesgpeithoBuix
TpaH3ucTopoR (puc. 5.9, @) pacnpenesneHue NpuoOpeTaeT Tpamneneu-
JayibHyI0 (opMy, a M3OBITOUHBIN 3apsaj OKAa3bIBAETCsS 3HAUWUTENHHO
fonpmre, yeM IPH HOPMAaJBLHOM BKJAIOYeHHMH. UTO KacaeTca apeiido-
BBIX TPaH3UCTOPOB (puc. 5.9, 6), To y HUX Pe3yJLTUDPYIOILee pacipe-
ZeJleHye ¥ Pe3yapTUPYIONIWil M30BITOUHBIH 3apa] GJIU3KY K BeJIUYH-
HaM, CBOMCTBEHHBIM WHBEPCHOMY BKJIIQUEHMIO.
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CymmapHbIil M30LITOUHBIN 3apfAk, HaKAIJIMBAIOIUACA BO BCeX
TpeX CJIOsIX TPaH3UCTOPa, MOXKHO BRIPA3uTh ueped TOK 6Gasni. [eit-
CTBHUTEILHO

I6 =Iﬁp +I3P +pr,

rae [ 6p — TOK pekombuHaIUY OBIPOK B Gase, I op X I xp — ABIDOUHBIE
COCTaBJAIOIIVEe TOKOB 3MHUTTepa u KojjekTopa. O4eBHAHO, UTO

AQ, AQ AQ
I, =—*°, J _ =-*2 1 ="TE
6p Tg ap T, Kp T,
IToaTomy
A
I = Qs , AQ, , 4Gy

Te Ts Ty

Ecau Ana npocToTsl MOJIOYKHUTL BpeMeHa JKM3HHM BO BCeX Tpex
CJIOAX TPAH3HCTOPA OAMHAKOBHIMY ¥ PABHBIMH T, TO CYMMAapPHBIA
3apajg 6yaeT CBsA3aH C TOKOM 0a3bl 3JIeMEHTAPHBIM COOTHOLIIEH MeM:

AQ =1Igm. (5.14)

Ilpy HeOOMHAKOBLIX BpeMeHaX JKH3HY IPOIOPIMOHATILHOCTH
MEKAY CYMMapPHBIM 3apAAOM ¥ TOKOM 0asbl COXpaHsieTCA, HO BrIpa-
skenue Oyger Gosee rpoMos3AKuM. B Tex caydaax, xorga sapsagaMu
AQ, 1 AQ, MOXHO npeHeOpeus, BeIpakeHue (5.14) ucnoanayercsa
IJisi OoeHKu M30BITOUHOTO 3apAfa B Dase.

o cux nop MsI IOAPa3yMeBalyul UAealUu3NPOBAHHYIO CTPYKTYPY
TpaH3uCTOpa. B peansHO CTPYKTYype ILIOIIaAL KOJMJIEKTOPHOTIO IIe-
Pexofa 3HAUUTENbHO 0OJbIIe NoIagy sMUTTepHOTro. IlosToMy npu
MHBEPCHOM BKJIIOUEHHY KOJJIEKTOP HMH)KEKTHDYeT 3JeKTPOHHI He
TOJIBKO B aKTHUBHYIO, HO ¥ B TIaCCUBHYIO 00J1acTs 6assl. CyMmapHhIii
3apsj, Hakamaupawiuiica B obeux obiacTax, pasymeercsa, 60Jb-
e, yeM IpPY HOPMAaJIbHOM BKJIIOUEHUH.

IockonsKy maccusHas obGnacTs 6as3pl 3HAYUTENBHO TOJINE aK-
THBHOHM, a IpaHUYHBIC KOHIEHTpanu¥ u3OBLITOUHBIX 3JIEKTPOHOB
OOUHAKOBEI, pacnpefeieHue HOCUTENel B MaCCUBHOI 06JIaCcTH OKa-
3niBaercs Gosee mosoruM. Pasnuuue B pacnpefesieHUAX CO34aeT Ha
TpaHHIle aKTUBHOU ¥ NMacCuBHOM o0siacTeit 6asbl rpafUeHT KOHIICH-
TpAaIuH 3/IeKTPOHOB. B peaynbTaTe 4acTh 3JIeKTPOHOB, HHXKEKTUDPO-
BaHHEIX B IACCHBHYIO obsacTs ¢ maomanu S, (puc. 5.10), oTkaoHA-
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eTcsa OT HPAMOJUHENHOH TpaeKTopuun % \

¥ NonagaeT He Ha IOBEPXHOCTH, & Ha 3 W\ DEINE
60oKOBBIE YacTH aMurTepa. IIpu s3Tom ‘)

3ajaua aHaIM3a fAelaeTcad HEeOJHO- = 114

MEpHOH, T.e. CHJIBHO YCJIOXKHAETCA. SINE S0 85X
OnHAaKO cyMMapHbIN 3apsiy n36bITOU- %\\\ N

HEIX HOCHTeJeH, HaKaIJIuBaloIuiicsa
B aKTHMBHOM ¥ IIACCHBHOH OONACTAX Py 5.10. TpaekTopHH SIeKTPO-
6a3bpl, IIO-TIPEXKHEeMY OIpeAelaseTCs HOB, MHKeKTHPOBaHHHIX B Gasy
dbopmyioit (5.14). NpH MHBEPCHOM BRJIIOYECHHH

5.4. KoaddunuenTsl ycujieHns Toka

B 00BIUHBIX TPaHSHUCTOPHBIX CXeMaX BLIXOZHOH (YIpaBJsiemoii)
BeJIMYMHOMN ABJsgeTcA Jub0 KOJIeKTOPHEIM, 1100 3MUTTEPHBINA TOK,
a BxoxpHo# (ynpasasomeit) — aubo Tok 6asnl, 1MG0 TOK 3MHUTTEpA.
CBfA3b MeXKJY BHIXOJHBIMH ¥ BXOJHBIMY TOKAMY XapaKTepusyercsa
Koa(dunueHTaMu yCHUIEHHA,

O6mue onpegenennd. CBsi3p MKy KOJJIEKTODHBEIM ¥ 9MUTTED-
HBIM TOKAMHM MOJKHO 3alMcaTs B Bugel:

I, =al,. (5.15)

3necs o — Ko3pPuyuenm YCunreHUs IMUMMEPHOZO0 MOKA —
OOVH M3 OCHOBHBEIX TTapaMeTpPOB TPAaHBHCTOPa. JTOT IlapaMeTp 0co-
6enno ympoOeH Torga, KOTJa TOK 3MHUTTEPa MOXKHO CUUTATHL 3ajaH-
HOH BeNMUUHOII, Hanpumep, B cxeme OB, Kosddumuenr o 61130K K
egquHuIEe. ¥ UHTErpajbHBLIX TPAH3UCTOPOB OH OOBIYHO COCTABJIAET
0,99-0,995.

YTo6bI yCTAHOBUTE CBsI3b MEXKAY TOKOM KOJIJIEKTOPa ¥ TOKOM
Gasbl, mogcrasuM B (5.15) snauenne I, = I, + I;. Torga uckomoe co-
OTHOIIIEHUE JIeTKO NPHUBOJUTCI K BUAY:

K

I, =Bl (5.16)
3pecs B — koadpuuyuenm ycunenus 6a306020 moka:
B=ofl-qa). (5.17)

1 YIpu ycnosuu I, = 0 (npy 0GopBaHEOM 9MUTTEDE) B MU KOJJIEKTOPa, HAXOAAIIEro-
ca 11ox oGpaTHBIM HaIpsKeHHeM, IpoTeKaeT oGpaTHBIM TOK nepexoaa. OaEaKo 06-
PaTHEBIN TOK Zake IPH BEICOKHX TeMIepPaTyPax 3Ha4YHTEeJhHO MeHbIe pafounx To-
KOB, H ero MOXHO He YUHTBIBATb.
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OTOT n1apaMeTp, MIUPOKO UCIOIb3YEeMEIH B TPAHSHUCTOPHOM 9JeK-
TPOHUKeE, 0COGeHHO ypobeH Toraa, Korga 3agaH TOK 6asbl, mpeskie
Bcero B cxeMe 09. TunwuHble suauenus Koapdunuedra B nexkar B
npegenax 100—300. KoabdunuenTt yemienna B teM Gouslne, yeM
Onmxe KOaDPUIUEHT o0 K eZUHUILE.

SanumeM Kos3¢pGhUIMEeHT o0 B CAeRYIOLIeM BHUE:

Kaxxgprit u3 ABYX MHOXKHUTeJIeil B IPABOH YacTH uMeeT CBOH (u-
BUYECKHUM CMBICJ M CBOE HasBaHHUe.

IlepBhBiit MHOXKHUTEND
Y= In/Is = Ip/(Lopn +Iap) (5.18)

»

Ha3BIBaeTcA KodgQguyuenmon unxexyuu. OH xapaxTepusyer 400
TIOJNIe3HON — BJIEKTPOHHOH -— COCTaBJISIOILEH B OOIEM TOKe 3MHT-
repal. ToNbKO 3Ta COCTaBIAIONIAA, KAK y2Ke 0TMEe4asocs, CIIocobHa
JOUTH IO KOJJIEKTOPA U COCTAaBUTH KOJJIEKTOPHBIH TOK.

Bropoit MuOMXHUTENE

A =I/In (5.19)

HasbIBaeTca K03pQuyuenmom neperoca. OH XapakTepusyeT HOJIO
NH)KeKTUPOBAHHBLIX HOCHUTeNEeH, u30e’KaBIIMX pPeKoMOMHamuy Ha
OoyTu K KoJJleKTopy. TombKO Takue HOcHTenu O6pa3yloT KOJJIEK-
TOPDHBIA TOK. .

Taxum obGpasoMm, kK03dDDHUIMEHT YyCUNEHWUA 3MUTTEPHOIO TOKa
MOXKHO 3aIvcaTh B BHUJe

o =Y%. (5.20)

YuuTsiBas onpenedoINy0 PoJib HapamMeTrpa oo B paboTe TpaH3HU-
CTOp&, PacCMOTPHUM €ro COCTABJAIOIIHE.

Kosddpuuuent nepenoca. [lna Toro 4robsl HaiiTu K03dIUIMEHT
» u3 onpepaenenuda (5.19), Hy’>KHO IpeABapPUTEIBLHO PACCUUTATH TOK
I.. Ina 6e3apeiidoBbIX TPAH3HUCTOPOB 3TO MOXKHO CHENATh, BOCIO-
Nb30BaBIINCE pacnpegenenuem (H.6). Ompepenup rpagueHT KOH-

1 HamoMuMM, 4TO MBI pACCMATPHBAEM n—p—Nn-TPAH3UCTOD Y p—n—p-TPaH3UCTOPA IIO-
Je3HOH cocTapasomeit GyaeT ApIpOYHas
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HeHTPpanuy IpY X =W ¥ YMHOXXUB Ha IJIOLaJb Ilepexoga S, HaligeM
rok I,. Ilocne atoro u3 (5.19) monygaem:

x=~——1—— =sech? (5.21)
ch(w/L) L :
(3HaK «MHHYC» OIYIEH, IIOCKOJBKY OTPHIATeIbHOMY TpPanueHTy
KOHIIEHTPAIlMY B3JIEKTPOHOB COOTBETCTBYET IIOJIOKUTENLHOE Ha-
npasiienue Toxa I, ). Boipaxkenwue (5.21) — ofHO U3 PyHZaMEHTAb-
HBIX B TEOPHH TPAH3UCTOPOB.

YuuTeIBaA COOTHOIEHHME W << L, MOXXHO pAa3JIOKHUThL IIPaByIO
yacTs (5.21) B psg ¢ TOYHOCTHIO AO ABYX NEPBHIX UJIEHOB M HOJY-
4yuTh 00JIee ymoOHOe BLIpaKeHUe:

1
= ———
2 (5.22a)
1+1/2(w/L)
ITockonsKy BTOPOH 4JIeH 3HaAMeEHAaTeJs1 MHOTO MeHbIle efuHH-
IbI, MOXKHO BOCIOJIB30BATHCS eIllleé OAHUM NpUOIMIKeHUeM:

% =1-12w/L)>?. (5.226)

Hanpumep, ecan w/L = 0,1-0,2, to x = 0,98-0,995.

Bripaskenus (5.22) ACHO IOKa3BIBAIOT, UTO KOIPPuUyUeHm nepe-
HOca mem Oauxce K eduHuue, wem Goavuie OuPPYsuonnas dauna u
uyem menvuie wupuna 6asvi. OgHako yBenuuenue ZUGDysHOHHOU
AMAHbL (T.e. BpeMeHM JKH3HU) CONpPOBOXKJAETCs, KaK YBUAUM,
yXyZAlIeHueM YacTOTHBHIX CBOMCTB TpaHaucropa. IloaTomy ziaemnbim
HanpasienHuem 6 pazsumuu MpPAH3UCMOpPO8 ABLAeMCA YMeHblUle-
HUe WUPUHbL 0a3bl.

Ona apeitoBEIX TPAH3UCTOPOB KO3 (hHUIMEHT IIepeHoca Hoayda-
eTCA aHaJIOTMYHLIM CHOCOOOM ¥ MMeeT aHaJOTUYHYIO CTPYKTYPY:

1

1 (w2 (5.232)
14— ¥
2(n + 1)(14)

U =

uinn

=1__L_(2)2
2+ DIL) (5.236)
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Ornuume ot popmya (5.22) COCTOUT B JONOJIHUTEIHHOM MHOMKYI-
Tene (n + 1)‘1. Hampumep, ecnu B Oe3gpeiihoBoM TpaH3uCTODe
% =0,98-0,995, To B gpeiidhoBoM TPAH3UCTOpPe IIPH TOM >Ke IIVPUHE
6asp1 ¥ 1y = 3 moayuurca x = 0,995-0,999. C pusuveckoir Touku
3peHus yBeJauueHme Koaddumuenrta nepeHoca y apeidoBbIX TpaH-
3UCTOPOB OG'BACHAETCSI TEM, YTO HOCHUTENIUW B YCKOPAIOIIEM INOJe
ABHUTAlOTCA OBICTPEE M TEM CaMbIM YMEHBIIAeTCA BEPOATHOCTH HUX
peKoMOUHAaIMH.

Kosddunuent nuxexnun. Ilogenum uncnurens 1 3HaMeHaTelb
B npasoit uactu (5.18) Ha Tok I,,. [lanee noacraBum Toku I, u I,
u3 peipaskenuit (5.7) u (5.9), nomoskue B HuX x = 0. OTHOIIEHHe
rpannuHeIX KoHIeHTpanui Ap,(0)/An,(0) 3ameHMM OTHOIIIEHHEM
KoHIeHTpanuit npumeceit Ng/N, cornacuo ycnosuam Iloxmu. Tor-
ha Ko3pduIueHT UHXKEKINU I ApeidOoBOro TpaH3uCTOpa 3amu-
mreTcd CJIeAYIOIUM oGpa3oMm:

-2 -1
D, w Ng1-e°"

y=|1+
Dg L, N, 2n

(5.24a)

IIpu 1 > 1 3KCHOHEHIWANLHBIM YJEHOM MOYKHO IIpeHebpeus.
Ius GeagpeiidoBbiXx TpaH3UCTOPOB, mosaras 1 = 0, momyuaem:

-1
y=ile—=——1 . (5.246)

Kak BuguMm, xo3hhuIMeHT MHKEKIUN TeM OJmke K ejuHUIe,
YeM MeHbIIe HrupuHa 0a3bl ¥ ueM 60Jbille pa3HUIa MeXXAY IPaHUy-
HHIMU KOHI[EHTpAIUAMY [IpUMeceHd B 3MUTTEPHOM M 6a30BOM CJIO-
ax. Ilostomy amummephuiil cloil 6cezda cmapalomes aAezuposants
KQK MOXCHO CUJAbHEE, TAK UTO OH, KAK IIPABMUJIO, OKa3bIBaeTCH IONY-
MeraisioMm. IIpn 3TOM pacueTHble 3HAUYEHUsI Y MOTYT COCTaBISTH
0,9999 u Gonee.

Dopmynst (5.24) BeiBefeHbl U3 YCIOBUA, YTO TOKH I, | Isp yuc-
TO MHXXEKI[HOHHEbIE, T.e. IOTEPH HOCHUTEJIeil B 06J1aCTH 3MUTTEPHOTO
mepexoja OTCYTCTBYIOT. B MUKpOpe)kmMe, Ipy MaJbIX TOKax, Ta-
KOe IPeAIoJIOKeHNe He ONpPAaBJaHO ¥ NPHUXOAYTCH YUHUTHIBATHL pe-
KoMOuHamuio B mepexone. Torzma cooTHOIIeHVE MeXZY 3JIEKTPOH-
HO¥M ¥ ABIPOYHON COCTABJIAIOIIMMY 3MUTTEPHOTO TOKA JOIOJIHUTE-
JIBLHO MEHSeTCd B TOJNb3y ABIPOYHOH cocrasisaiomed. HMuaue
roBops, x03GPUIUEHT WHXKEKIUY NOTNOJHUTEIbHO YMEHbLIIAeTCd.
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Tor dakxT, uro pexoMOUHALUA CTAHOBUTCA CYL{eCTBEHHOI UMeH-
'HO B 0BJIACTH MaJIBIX TOKOB, O0BbACHAETCA CleAyIOIuM. PexoMm6u-
HaIlMOHHBIE TIOTEpHM HOcUTeNeli 3aBucaT OT oObema Iepexoja, a
3HAYHUT, CPABHUTEJbHO IOCTOAHHE. [JoaToMy Ha poHe SoMbIINX TO-
TOKOB HOCHUTeJell pOJIb TaKUX IIOTeph He3HaUMTeNbHA, a ¢ YMeHb-
meHueM IIOTOKOB OHa BogpacraeT. Dosbiias fod peKoMOuHAMOH-
HBIX IIOTePh IPUXOAUTCA ¥ Ha IIPUIIOBEPXHOCTHHIN caoi. Ciaenona-
TeIbHO, Kauecmeo o6pabomiu  noeepxXHOCMU  OKa3bi8aem
nepeocmenennoe GAUAHUE HA BEAUNUHY KOIPPUUUEHMA UHIICEK-
yuu 8 obracmu Maavix MoKos.

TunudHsie 3HaYeHUA KOIDDUIIMEHTa MHIKEKIUU C YIETOM pe-
koMOuHAY B SMUTTEPHOM nepexone cocrasiadior 0,99-0,997 B
HOpPMaJbHOM TOKOBOM pexkume u 0,98-0,985 B mMuxpopesxmme.

Kosppunmentsr ycmiieHMA IpH HOPMAJIBHOM M HHMBEDCHOM
BE/IOYeHNAX. Ilepemuosxan koadduLIMeHTHl IIepeHOCA M MHIKEK-
nu¥, nperedperasa YieHOM BTOPOTO NMOpARKa MAJIOCTH U pasJjaras B
pAA C TOYHOCTHIO A0 UJIEHOB IEPBOTO NMOpAAKAa, IMOJydyaeM Koaddu-
[MeHT YCUJIEHUWs 3MUTTEPHOrO TOKa:

1 wY D, w Ng1-¢™n
a=l-c—— -, (5.25)
2(m + 1)\ Ly Dy L, N, 2n

HopcraBnas snauenue o B BeIpaskenue (5.17) m mpeneGperas
YJI€HOM BTOPOro IOpAAKa MaJIOCTH, monydaeMm Kosddumuenrt ycu-
JneHus 0a30BOro TOKa. 3allUilleM ero B BHUeE:

2 -
1 (w) Dy wNgl-e™

— = += —_ .
om+D\Ly ) "D, L, N, 2q (5.26)

1
B

3aBucumocTs (5.26) nO3BONAET CHENaTh CAEZYIOIINE BbIBOALL:

O xo3hpUIMEeHT yCHUJIeHUsA TPaH3UCTOPA BO3PACTaeT C yMeEHbIlre-
HYEeM INUPUHbI 0a3bl;

O npu cpaBHUTeNbHO Oonbinoil ImupuHe 0a3bl ONPeAENAIOIYI0
poJsip urpaer kos3(ddUIMEHT IlepeHoCa, IIPH AOCTATOYHO MAaJiOn
— KO03(DODHUIMEHT HHKEKINH;

0 [Ip¥ IpoOYMX PaBHBEIX YCJHOBHAX KoappHIMEHT ycuIeHHA Apeir-
dosoro tTpansucropa 6osslue, uem GesxpeiidhoBoro.
Koasdbdumnuentsr ycuaeHus: NIpy MHBEPCHOM BKJIIOYEHUH He IOJ-

HaioTcA CTPOrOMY aHANHU3y, TaK KaK IPOIecCh ABYIKEHUA HOCHUTE-
_ Jleit ipu 3TOM AByMepHeIe (puc. 5.10). Muorue HocHTeNMH, MHIKEK-
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THPOBAaHHBIE KOJIJIEKTOPOM B IIAaCCUBHYIO o0JsacTh 0asbi, He IOIaga-
IOT Ha 9MUTTEP, & PeKOMOMHUPYIOT B cjoe 6asbl ¥ Ha IOBEPXHOCTH.
Iloaromy umBepcHBIN K03hdHUIMEHT nepeHoca ¥x; B 3HAYMUTEJIbHON
Mepe ompejensercda OTHOMIEHWEM IJIOINAnu sMurrepa (S;) K mio-
magn KosexTopa (S;+8,+S;) 1 MoxkeT ObITE CYIIECTBEHHO MEHb-
me eAMHUNOLI. K ToMy ’Ke ecliu KOJNNIeKTOPHLINA IIepeXo] MOYUTY CUM-
METPHUYHBIN, TO KO3th(dHUIMeHT HHXKEKIHNH ¥; ToXe Oymer Heboub-
muM. B Takux ycROBMAX MHBEPCHBIN KO3(PODUIMEHT yCUIEHHA ¢
MokeT cocTaBJATh 0,7 1 MeHee Jake y OesgpeitOBBIX TPaH3UCTO-
poB. ¥V npeithoBEIX TPpaH3UCTOPOB Osarofaps BAUSHUIO TOPMOIAIIE-
ro NoJd OH ellle MeHbIIe.

3aMeTuM, OJHAKO, YTO MOCKOJbKY 3aMeTHad YacTh HOCHUTelel,
MH)KEeKTUPOBaHHBIX B IacCHBHYIO obyiacTb 6as3nl, BCe Ke JOXOLHUT O
9MHUTTEPA CO CTOPOHLI er0 DOKOBOI IIOBEPXHOCTH, TO IIPH OIEHKEe KO-
adduienHTa x; cleAyeT NOIb30BATHCs He IVIOMIAABIO JOHHOH acTH
smuTTepa (S; Ha puc. 5.10), a HeKoTOpo# 3dbdheKTUBHON IIIOMAABIO
S;+8,, KoTopad MO3eT B HeCKOJNBKO pa3 NMpeBHIIATh JOHHYI0. 3TO
cIocoGCTByeT yBesmdenHio Koabdunuenta x,;. C gpyroit cTOpoHsl,
OJIHMHA TPaeKTOPHIl y HOCHTeJeH, HmonafgalIux Ha G0OKOBYIO HaCTh
9MUTTepa, Goiabllle, YeM W, UTO TIPHBOAHUT K YMEHBIIEHWIO X.

Taxum oGpasoM, uHéepcrbie napamempe. oy U B, écezda menv-
ue HopmaaeHbix. OQHAKO B 3aBUCHMOCTH OT CTPYKTYPhI TPAH3UCTO-
pPa ¥X 3HAUYEHWsS MOTYT MEHSThLCA B JAOBOJBLHO IMMPOKUX Ipejesax.
Tak, Koappunuenr ycunenua B, o6pruno He npessimaer 0,5-1,5,
HO B CHEIMaJbHBIX CTPYKTypax cocrasisieT qo 5—10 u Goiee.

PexumHas 1 TemuepatypHas saBucumoctTn. KosddunuenTsr o
u B zaBucar or pabodyero pe:xkuma TpaHsucTopa (T.e. OT TOKa U Ha-
IPsKEeHYA Ha KOJJIEKTOPHOM IIepexoje), a TakyKe OT TeMIepPaTyphl.
3apucuMocTH Ko3(pduuyenTa B IOKa3aHBI COOTBETCTBEHHO Ha
puc. 5.11 u 5.12.

B B i
200 - 200 | |
|
|
100 | 100 |
I
]
e e . . Us|
0,001 0,010,1 1 I, mMA 0 5 10 15 U,, B
a) 6)

Pac. 5.11. 3aBHCHMOCTL KO3 dHIMEHTa YCHJIEHHS TOKa OT paGoueroc peKHMa:
a — OT KOJUIEKTOPDHOTO TOK&; § — OT KOJUIEKTODHOI'O HAIDSIKEeHHS
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Coap xoadbuiimerTa ycuiaeHua B o0Ja- B
CTH MAJIBIX TOKOB OOBACHAETCA YMEHbIe- 200
H¥eM Kos(ddunueHTa MHKEKIIUYU U3-3a pe-
KoMOUHAIIMY B 3MHTTEPHOM IIepexome Hu 100

IOBepXHOCTHOM pexoMmbuHanmuu. Cnapg B
obsiacTu GOJBLIINX TOKOB OOBACHSETCA YBe-
JUYEHUEeM YAeJLHOM IpOBOSUMOCTH 6Gasbl
IpH¥ BBHICOKUX KOHIEHTpamuAax u36bITOU- Puc. 5.12. 3aBumcumocts
HbIX HOCHTeJlel. DTOT ciydail paBHOCHJIeH KoddduRueHTa ycuienns
YBeIMUEHNIO KOHIEHTDAIMM TpuMecH B oo OF TOMICPATYPH
6ase, 4TO coraacHo (5.24) NpUBOZUT K yMe-
HbLIeHUIO KO3G(dUIVeHTa UHKEKI[UH.

B amanuruueckom Biige sapucumocTs B(I) B 061acTH MaabIX TO-
KOB MOJKHO 3aIViCaTh B CHEAYVIOIEM BH[E:

1 L 1 L

-80-40 0 40 80 T,°C

I
B, =B. N x2 ,
2 TN T, (5.27)

rage sHadeHue B, coorsercrsyer Toky I, a B, — Toxy I ,. Iloxasa-
Teqb creneHu N — cBoeoOpasdHasd XapaKTePHCTHKA 3JIEKTPOGUIHU-
YeCKUX CBOMCTB TPAH3MCTOpA, €ro crnocobHOCTH paboTaTs B MHUKPO-
pexxume, B HacToAllee BpeMa MOXKHO cuuTaTh N ~ 6, T.e. 3apucu-
MocTs B orT Toka cpasHMTensHO ciabasi. Hexkoropoe BpeMs Haszap
XapakTepHbIMY 3HaueHUsMY Ornu N ~ 3 u gaxke N ~ 2. Eciu nono-
KATE [ 5/1 4 = 1073, 1o npu N = 6 mony4qaem B, = 0,3 B,; mpu N =
2 snauenue B, OyJeT Ha NOPAZOK MeHbIIE.

3dapucumMocTs B or nampaykenma U, o6ycloBJeHa, BO-IEPBHIX,
TaK Ha3bIBaeMBIM 3P @exmonm Ipau, U, BO-BTOPHIX, NPeRNIPO6OiHEI-
MM ABJIEHUAMY B KOJJIEKTOPHOM IIepexojfe.

Cymmnocts spdexra Ipau coctour B caeayiourem. Ilpu nsMmene-
HUAX o0pPaTHOTO KOJJIEKTOPHOrO HATPSUKEHUd MeHsAeTCA MIVPWHa
KoJnmekTOpHOTrO nepexona [ (cm. puc. 5.3). MsMeHeHNA BeIUUUHBI
l, IpUBOAAT K M3MEHEHUIO IIMPUHEL 6a3bl W: eCIy Iepexo ] Paciy-
psercsa, To Gasa cy)kaeTca ¥ Haobopor. B mHauxynuiem ciaydae
Aw = -Al, (mpokos 6a3si). VIaMeHeHUs IIuUPHHbLI 0a3bl BAUAIOT Ha
LeNBI{ paAfJ NapaMeTPOB TPAH3UCTOPOB, NMOITOMY 3(deKT Ipiu yac-
TO NIPUXOZUTCA HPUHUMATH BO BHUMAHHUE.

C yBenuuenmem HanpsmxeHus U, mupuHa 6assl u3-3a adpdexta
Jpnu yMeHbIIAaeTCd, a 3HauuT, Koadpdunuent B pacrer. Korga Ha-
npaxenue U, npubimkaeTca K IPoOMBHOMY, TOK KOJIJIEKTOpa, a
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3HAYUT, U KO3GMOMHUIMEHT YCHJIEeHUA JLOIOJHUTENLHO BO3PaCTaIOT
61arogaps yaapHOI MOHHM3AIUHU B KOJJIEKTOPHOM Nepexoie. B aTom
AHalasoHe HaIPAXKeHUH Kod((PUIMEeHT YCHIeHUuA MOKHO 3alHCaTh
B BHUJE

B=Mo/l - Ma), (5.28)

rge M — xosddHIueHT yEapHOII MOHU3AIUM.

IIpu ycnouu Mo =1, xorga B — © , HacTymaer crnernuduyecKkas
PasHOBUAHOCTbL TIP00O0s, CBOMCTBeHHAA BKJIoueHuio 03, T.e. pesKuUMy
3asaHHOro TOKa 0aswl. IlpupaBHuBas suauvenue M =1/(1 - (U/U M)")
3HaueHWI0O 1/0,, HeTPYyAHO TOJNYUWUTH HANPSDKEHHE TaKoro mpobos
(puc. 5.11, 6):

Ug =UyN1-o, (5.29)

rae Uy, — nanpsmxenue JaBuHHOTO Npoboa (mpu KoTopoM M = w);
n — IOKasaTeNb CTeleHY, 3HaUYeHue KOTOPOTO AJIA KPeMHUA JIeXKUT
B nuamasoHe or 3 10 5.

Hanpaxenue Uy 3HaUNTeNI5HO MeHbIIle HANIPAXKEHUs JIABUHHOTO
npobosa U,,, ceoiicTseHHOro BRIoueru0 OB, T.e. pesxxumy 3aganHO-
ro Toxa smurrepa. Hanpumep, ecniu o =099 uw n = 3, TO
Ug =02U,,.

IIpoGoit MOXKeT MMeTb MEeCTO He TOJBKO B pe3yJibTaTe JAaBUHHOHN
MOHW3AIU¥, HO U B Pe3yJbTaTe CyKeHus 0a3bl IO Mepe pOCcTa KOJ-
JIEKTOPHOTO HaupsskeHus1 (3ddekT 3pau, cM. BhIe). Eciu Koanek-
TOPHBIA Iepexof paclIvpuTCcs HACTOJIHKO, UTO IMUpWHA 6asbl caesa-
eTcd PaBHOI HYJIO, TO HEPeXoAbl TPAH3UCTOPa COMKHYTCA ¥ TOK Oy-
JeT OGecipenATCTBEHHO IPOXOAUTH M3 OMUTTEpa B KOJJIEKTOpP, T.e.
HacTynur npoboii. Taxoit acdbdekT HaSEIBAIOT Ipdexmonm cMblKanu,
a COOTBETCTBYIOIlee HANIpAKeHHEe — HANPANCeHUeM CMbIKAHUSA.
ARanu3 noxaswiBaeT, YTO HANpsKeHWE CMbIKAHUA uMeeT BHUA!

U, =(gNg/2808) 05, (5.30)

rae Ng — KOHI@HTpanusa npumecu B 6ase, w, — mupuHa 6a3s npu
U, = 0. Taxoii Bua npobos cpoiicTBeH TPaH3UCTOPaM ¢ 0cob60 TOH-
Koit Gasoii. Hanpumep, eciu Ng = 10® cm™2 uw, = 0,7 MrM, To
U, =35B.

3asucumMocTs Ko3bdunuenta B oT TeMmIepaTypsl OGyCJOBIeHa
rJIaBHEIM 00pa3oM TeMIIepATYPHOM 3aBHMCUMOCTHIO BPeMEHHU >KHU3HU
(7). C pocToM TeMIepaTyphl BpeMsA »KU3HH PacTeT, a BMeCTe C HUM
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pacteT gubdysnonHas aauHa Lg, T.e. yMeHbIaeTcAd peKoMOMHaNUA
B 6as3e BO BpeMA MpoJieTa HOCHUTeNeH. ITO IIPHUBOAUT K YBEIHUUEHUIO
koa3ddumenra B. Kpome TOro, ¢ pocToM BpeMeHH JKMU3HU 3aMeiIa-
eTcA peKOMOUHAaNus ¥ B 9MHTTEPHOM IIepexofe, a 3TO CIIOCOOCTBYeT
yBEJIMYEeHHI0 KoahdHIMeHTa MHXKeKnuu u Kosdpdumuenra B.

5.5. Craruueckne XapaKTepHCTHKH

Ucxopa u3 TOro, 4To OUNOJNSAPHBIN TPAaH3UCTOP €CTH COBOKYII-
HOCTBH JABYX BCTPEUHO-BKJIIOUEHHBIX B3aWMOJEHCTBYIOIUX p—Il-Iie-
PeXOo0B, MOXXHO IpeJCTaBUThL €r0 B BU/Je 3KBUBAJECHTHON CXEMbI
UM, KaK ropopar, pusuueckoil moxenau. Ogna U3 Takux Mojesneit
noxas3aHa Ha puc. 5.13. Ee HasbiBaloT modenvio Moara—36epca.

Mopenrs Monna—96epca. 3Jra

ol ayly
MOZeJNb XapaKTepu3yeT TOJMbKO aK- .__@
THUBHYI0 00JlacTb TpaH3UCTOpa. 3 . K
° T4 . ez
Ecny pgomonuuTh MOZeNb DPe3UCTO- = K {>|‘——"——°<I_
paM¥, OTpa’KaloI[¥M¥ HajJuuue 2 [ I1=f,Uy f I,=f,(U,)| "=
NacCHUBHEIX ObnacTedl 0assl U KOJ- U, B Uy

JIeKTOpa, €e WCIOJb30BaHUE CHJIb-
HO VCJOXHSETCA, ¥ OHa TepdAeT
CBOIO HarjJIAagHOCTb.

Mogens Monna—36epca xopoiro oTpakaer o6paTUMOCTh TpaH-
3UCTOpa — NPUHIUNHAILHYIO PABHOIPABHOCTL 000MX ero Iepexo-
IOB. JTa PaBHONPABHOCTH OCOOEHHO SIPKO IIPOSBIIAETCA B PEXKHUME
ABOMHON HH)KEKIHH, Korga Ha oboux mnepexofax AeiCTBYIOT Lps-
Mble HalpAXKeHHua. B TakoM pe)k¥MMe KaKABIN M3 IIE€PeXOXOB OTHO-
BPEMEHHO HH)KeKTHpyeT HocuTesu B 6asy m cobupaeTr HOCHUTenlw,
JOoIlIeAlIIxe OT APYroro mepexoja. TOKY WHMKEKTHDPYeMBIX HOCHTE-
ne#t o6osnaueHs! yepes I, u I,, a TOKu cobupaeMuIX — uepes a yl;
uaply, rae oy ¥ 0 — K03(pPHIMEHTEI IepeJauy TOKa COOTBETCT-
BeHHO IpU HOPMAaJbHOM U MHBEPCHOM BKIIOueHHAX. Toxu ayl; u
oI, obecrieduBalOTCA B PaCCMATPUBAeMOM MOZe/NIN C IIOMOINBIO HC-
TOYHHMKOB (reHepaTopoB) ToKal.

Puc. 5.13. Pusuueckas Mojgeasb
6UIONAPHOTO TPaH3HCTODA

1 HMcTOYHMK HIH reHepaTop TOKa — MOHATHE, IIXPOKO HCIOIL3YEeMOe B TEOPMH 3JIEK-
TPHYECKUX Ieneii. 3To — AyaJbHBIN aHaJIOT MCTOUHHKA WM FeHepaTtopa 3. A. C.
TlocaezEeMy B HAeaJbHOM ClIydae CBOHCTBeHHO HYyJIeBOe BHYTDEHHEe COIIPOTHBIJIE-

{ Hue, a uAeaNLHOMY HCTOUHHKY TOK& GECKOHeYHO GOJBLIOE. OH «IKECTKO» 3aAAeT
TOK B [EeIIH He3aBHCHMO OT €e CONPOTHBIEHU.
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3anuineM COOTHOIINEHUs, BBITEKaiomue u3 puc, 5.13:
I, =1, —o,l,; (5.31a)
I, =ayl; -1,. (5.310)

Bygem cuutars, uto BAX Kagoro us p—n-nepexonos ONUCHIBA-
eTCs BEIPAYKEeHWUAMU:

4 Ua .
I =T 5 (%% —1y; (5.32a)
. Ug
Ip =T o (77 -1, (5.326)
rme I' g u I',y — TemnoBsle TOKH COOTBETCTBYIOINWX IE€PEXOMOB.

Kakawiit U3 HEX MOXKHO U3MEDPHUTH, 3ajaBasd o0paTHOe HATIPAYKeHue
|Ul> 8¢, na nannom mepexope u 3axopauupas propoir nmepexon. Ox-
HAKO Ha NMPaKTUKe IPUHATO M3MEPATH TEIJIOBLIe TOKY, HE 3aKOpa-
ymBas, a OGpEIBad 1enb BTOPOro nepexona. COOTBETCTBYIOIIME 3HA-
uenna obosmauaror uepes I, u I .

C momomnsio hopmyn (5.31) HeTPYAHO YCTAHOBUTH CBA3L MEXKAY
TEeNJIOBLIMU TOKAMHU, M3MEPEHHBIMU B Pe)KUMe XOJIOCTOI'O XOZa U B
pe’kuMe KOPOTKOTO 3aMbIKAHUs BTOPOTO liepexona:

2 IGO
I 30 T T
l1-ayoy (5.33a)
Ir 0= IKO i
1-ayay (5.336)

Vimerno Benwuunsr I ; 1 I, IPUHATO HASBEIBATH TEIIOBBIMH TO-
KaMy TIepexoj0B B TPaH3HUCTOPaxX.

IToacrasnas Toxu I, 1 I, us (5.32) B coornomenua (5.31), Haii-
JeM aHaJUTHUYeCKUe BHIPOKeHUA s craTtuueckux BAX rTpansu-
cTopa:

I, =T/ =1) —a,I'g (€™ -1  (5.34a)
I, =ayl'y (eUa/(P'r ~1)-TI', (eUx/(P'r ~1). (5.346)
Toxr 6a3pl nerko 3anmcaTs Kak pasHOCTb TOKoB [, m I.:

Io =(1—ay)' o (e”"® -1 + (1-a )l ("% -1).  (5.348)
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Bripaskenus (5.34) HaswiBaloTca gopmyramu Moaaa—36epca.
OHU ABAAITCA MaTeMaTHYeCKOH MOJEILI0 TPAaH3UCTOPa M COCTAaB-
JASIOT OCHOBY AJIA aHANM3a €ro CTATUYECKUX DEeXXUMOB.

CrenyeT IOZYEPKHYTH, UTO B dopmynax (5.34) moM0KUTENBHEI-
MY CUYHUTAIOTCA IPAMBIe HaNPKeHUA (HE3aBHCHMO OT TOTO, UTO ¥
n—p—n-TpaH3ucTOpoB daKTHYecKad IOJAPHOCTe NPAMBIX HaNpa-
JKeHU Ha 9MHUTTEpe ¥ KOJIJIeKTOpe OTHOCUTEIbHO 6asbl — OTpHIA-
renbHasa). Kpome Toro, Heo6xo4uMo0 MMeTh B BUAY, UTO IapaMeTpEI
I', u ' B dopmynax (5.34) — 3TO UMEHHO TeIlJIOBbIE TOKH, & He
obpaTHble TOKU IIEPEXOAOB, KOTOPHIe B CIyuae KPeMHMA HaMHOTO
npeBnIIIaloT Tenaosbie. Toabko TOrga, Korga Ha oba mepexopa 3a-
gaHbl o6paTHBie HATpsDKeHus1, GopMyasl (5.34) Tepsaior cuay u 06-
paTHBIE TOKHY CJIeJyeT OIeHNBATh C yUeTOM TOKa TepMOTeHepanuu.,

MokKHO IHOKasarh, UYTO B TPAH3UCTOPAX BBIIOJHSAETCS COOTHOIIE-
HUe

anlyy =arlyes (5.35)

OHO IIO3BOJISIET YIPOIATh BBHIPAKEHUdA, IOJNYUeHHBbIe Ha OCHOBE
dopmyn (5.34).

Xapakrepuctukn cxembr OB. Kax ussectHo, gna cxemsl OB
(puc. 5.4, a) xapakTepHs 3ajaHHble 3HAUEHUS TOKA IMUTTEPa H
KOJIJIEKTOPHOTO Hanpsmkenua. [J03TOMy XapaKTepuCTHKAMU CXeMbI
OB nasmsator dyaknuu I, (I,; U) u I, (U,; U,), npencrasnennsie
cemeiicTBaMul KpuBbIXx. OHO U3 TaKUX CEMEMHCTB, IPeACTABIAOIIEe
bynrmuo I, (U,) ¢ mapamerpom I (puc. 5.14, a), HaseIBalOT cemell-
CMeoM 6blX00HbLX UAU KOJLEKMOPHbLLX XAPAKMEPUCMUK; BTOPoOe,
npegcrasnaomee dyaxmuio I, (U)) ¢ napamerpom U, (puc. 5.14, 6)
— cemelicmeom 8x00HbLX UAU IMUMMEPHbLX xapakmepucmuk. O0a
cemeiicTBa JIeTKO ITOAyJaloTca ud GopMmy (5.34) u 3anmucHIBAIOTCs B
BHjE

UK »
I, =0y, —Ig(e™/"" -1y (5.36)
Ia Ux/o
Usz(pTl —'—+1+aN(eK T"‘l).
I'y (5.37)

CemeiicTBO SMHUTTepHHIX KpuBHIX (5.37) samucanmo B dopme
U, (I,), mocKoAbKY 3afaHHON BeJIMYMHON (apryMeHTOM) ABJIAETCA
TOK 3MHUTTEpa.
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IK)MA Ia,MA
Lo 013 - 1,5
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Puc. 5.14. Cratuueckue BhIXOAHEBIe {a) u BXxoaHble (6)
XapakTepPUCTHKM TPaH3HUCTOpa NpH BKilodenun OB

W3 puc. 5.14, a AcHO BUAHLI ZBa PE3KO Pa3JIUUYHBIX Pe)KMMa pa-
0OTHI TPAH3UCTOPA: HOPMAJIbHBLIN GKMUBHbLLIL PeXdcuM, COOTBETCTBY-
IOL7i O6PATHBEIM HaNpsAKeHUsIM Ha KOJIJIEKTOPHOM Iepexoge (mep-
BBHIH KBAJPAHT) U pedcum 060UHOU UHICEKULL VTN HACbLULeHUsl, CO-
OTBETCTBYIOIMH IpsMbIM HaNPsXKEHUAM Ha KOJJIEKTOPHOM
nepexoge (BTOPOil KBagpaHT). AKTUBHHIN PeKUM XapaKTepeH s
YCHUJIHUTENBHBIX CXEM, 4 PEKUM ABOMHON WHXKEKIUUA — AJId KII0Uue-
BbIX (MMIIYJIBCHBIX) CXEM.

s akTuBHOTO peskuma hopmyiast (5.36) u (5.37) YIPOIAOTCA,
tTak Kak npu |U,|>3¢p, HCYUe3AIOT 3KCIOHEHIMATbHEIE WJeHHI.
Ecnu, xpoMe TOro, npeHe6peus TOkoM I o M BeIUMuNHOHE 1 — oy, TO
dbopmyna (5.36) mepexogur B (5.15):

I, =ayl,, (5.38a)
a dopmyna (5.37) — B BAX o06piumHOro mepexopa
=@pIn(I,/I' ;4 )- (5.386)

13 Bripaskenwii (5.38) cuegyer, uTo 8 aKmusHoMm pexcume KO-
NeKMOPpHOe HANpANEHUe He 8ausem HU HA 8blX00HYI0 — KOAILEK-
MOPHYIO, HU HA 6XO0OHYI0 -— IMUMMEPHYIO XAPAKMEPUCTUKU.

JTOT BHIBOJ CIIPaBeiJuiB B GOJBLITUHCTBE MPAaKTUYECKHUX CIyYa-
eB. OJHAKO B NIPUHIUIIE ¥ KOJJIEKTOPHBII TOK, M 3MHUTTEpPHOEe Ha-
NpsAXKeHHe HECKOJBbKO 3aBUCAT OT KOJIAEKTOPHOrO HAIlPAKeHHs.
JTO 3HAUMUT, YTO BHIXOAHbIE XapaKTePUCTUKM Ha puc. 5.14, a ume-
0T KOHEeUHBIH HaKJOH (OIpefessieMblii COIPOTHBIEHUEM KOJJEeK-
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TOPHOTO IIepexoja), a BXOJHbIE XapaKTepPUCTUKU HECKONLKO CMe-
[aloTCA INIpY HU3MEHEeHMAX KOJJIEKTODHOIO HaNpsKeHUA (CM.
puc. 5.14, 6). Ilpmuunoit obeux sapucHMOcTell ABIAeTCA 3PPEKT
Opau. Ero BiauaHWe Ha HaKJOH BBIXOJHBIX XapaKTePUCTHK pac-
cMOTpeHo B pasgene 5.6. YUTo xacaeTca cIBHra BXOHBIX XapaKTe-
PHCTHK, TO B 3TOM ciyudae 3pdekT Opiy ImpoABIAeTCA B CIEAYIO-
meM. MaMeHeHVe KOJJIEKTOPHOTO HANPSKEHUA NPUBOUT K M3Me-
HeHuI0 MupuHE! 6a3bl. IIOCKOJMBKY TOK 3MHUTTepa, a 3HAYUT, U
rpagueHT KOHIleHTpanuy HocuTeNeil 3afaHbl, U3MEHEHUEe MIMPUHBI
6a3bl IPUBOAUT K M3MEHEHUWIO I'PAHUYHOM KOHIEHTPALMY HOCHUTE-
jaeit (cm. puc. 5.5), a 370 cornacHo rpaEuuHoMy ycaosuio Hlokiu
Hen30e)KHO CBA3aHO C M3MeHEHUEeM HaIpsKeHHA Ha Iiepexoje.

ITockonsky (5.386) coorBeTcTByeT BAX 00nIuHOrO Iepexona, TO
6 pabovem duanasone moxoe nanpaxernue U, ocmaemea noumu ne-
U3MEHHbLM; €20 MONCHO CHUMAMb NAPAMEMPOM KPEMHUEE020 MPAH-
sucmopa U”. InAa HOpMaabHOro TOKOBOro pexkmma (0,1-1 MA)
U*~ 0,7 B, gna muxpopexuma (1-10 mxA) U™ ~ 0,5 B. Temnepa-
TYpHas 3aBUCUMOCTH 3MUTTEPHOTO HANpsDKEHUA (KaK U JJId O0bIu-
HBIX [JUOJAOB) COCTABJIsET HJIsi KPEMHUWEBHEIX TPAaH3UCTOPOB OT
-1,5 MmB/°’C go —2 mB/°C.

Hdna pexkxuma JBONHON MH)KEKIUH XapaKTepeH CIaf KOJJIEKTOp-
HOI'0 TOKAa IIPHM HEM3MEHHOM 3MUTTEDHOM TOKe. JTO — pe3yJpTaT
BCTPEUYHOH MHXKEKIAM CO CTOPOHBI KOJJIEKTOpPA. Ba’kKHO OTMeETHuTs,
YTO y KPEeMHHUEBHIX TPaH3HCTOPOB 3aMETHOe yMeHbIIeHWe TOKa I,
HacTynaeT He npu U, = 0, a Ipu J0CTaTO4HO GONBUINX NPAMBIX Ha-
npssxkeruax U . OTo o6paHEAeTcAa TeM, YTO IPAKTHYECKOE OTIHPA-
HYe KPeMHHEBOro p—n-mepexofa (B JaHHOM cCJydae KOJJIEKTOPHO-
ro) HacTymaeT JUIL IIPU NpAMbIX Hanpskenusax 0,4-0,6 B.

Xapaxkrepuctuku cxemsl 09. Kax wmasectmo, giasa cxemsbr 09
(puc. 5.4, 6) xapaxkTepeH 3aJanHblil TOK 0a3si. [lo3TOMY BHIXOZHBIE
(Ko/MeKTOpHEIE) XapakTepPUCTUKHM  IPeJCTABAAIOT  (PYHKIIHIO
I (I U,,), a Bxonnsre (6asosrre) — dbyurmuio I (Ug; U, ). 9Tu xa-
PaKTepHUCTUKY, KOTOPBIE HETPYAHO HOJYYIUTH C IOMOIILI0 HOpMyI
Monna—906epca, moxkasaHs! Ha puc. 5.15. I'maBHO 0COGEHHOCTRIO
BBIXOZHBIX XaPaKTEPUCTHUK SIBJSETCS TO, YTO OHY IOJHOCTHIO pac-
TIOJIOMeHbl B IIePBOM KBaJpaHTe.

Onenvm HampsKeHWe, NIPY KOTOPOM HACTYIaeT Craj KOJJIeK-
TOPHOTO TOKA. 3amuileM [Jsi DPe)KUMa LBONHON WHIKEKIWH:

Uka = Up — Ug, (5.39)
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I.,MA I, MEA
!
U*
- 8 S l
0,8 /| 8 F
0,1B . - ,‘ |
0,6 H 6| !
o ) / : I
/ i ,
0,4 }[ /i 4t
I.=2 mMxA I
2 LA - 2 b
0,2 H
a |
) 1 L 1 1 1 & LJ +
0 051,05 10 15 U_B 0 0,5 1,0 U, B
UK3MHH a) 6)

Puc. 5.15. CratuiecKkue BeIXoguble (a) ¥ BXoaHBle (6)
XapaKTepHCTHKH TPaH3HCTOpa IpH BKIlouesuu 03

rae mox U, u U, noEuMaloTcA NpaAMble HanpsayKeHud. PopMaIbHO
rpaHuIle aKTHBHOTO Pe)K¥Ma COOTBeTCTByeT 3HadeHue U, = 0. IIpnu
aToM corjgacHo (5.39) BBIXOAHOE HampsKEHHe ellle CPaBHUTEJILHO
BEJIMKO — OHO PaBHO HANPAKEHUIO HA OTKPHITOM 3MUTTEPHOM Iie-
pexome: U, = U’ = 0,7 B. 3ameTHsI# craf TOKa HaCTYIaeT JIHIIb
TOTHa, KOTZa IpAMOe HampAkeHWe U, JOCTHUraeT HalpsiyKeHUA OT-
nupanua U” — 0,1 B. IIpu 3ToM BEIXOAHOe HaIpA)KeHHE COCTABJIA-
er: U, = U" - (U" - 0,1 B) = 0,1 B (puc. 5.15, a).

MuH¥MaIbHOE 3HaYeHHEe BBHIXOZHOIO HANPAMKEHHS HOoJydaercs
IIpY HYJIEBOM TOKe KoJeKTopa (puc. 5.15, a). UTobsl onpepenurs
pesmauny U, ., paspernuM cucTeMy ypasHeHu# (5.346) u (5.348)
OTHOCHTEeNHHO HANDPsKeHUN Ha Iepexojax:

U3=(PT1]\{IG +(-a;)l, +1:i; (5.40a)
30

= @rln{a’vl" —? mon My 1} . (5.406)
x0

Haiee, npeneOperasa efUHULNAMHA B KBaJpPaTHLIX CKOOKax, IIOJ-
crapaas Hanpmxenuda U, u U, B Beipakenue (5.39), monyiaeM BHI-
XOJHOe HampsiKeHue B ciaefyiomiem obIneM Buae:

Uss = @rp ln[ ayls + (- ap)ly ] (5.408)

aronls —(1 oy,
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Ilonarasa I, = 0, HajifeM MMHUMAaJbLHOE BHIXOZHOE HAIIPSIKEHUE:

st MHH —_—(pT ln(l/O(I)- (5-41)

Hanpsxenue U,, ... BecsMa mano. Tak, ecnu a; = 0,5 (sromy
aHaueHHI0 cooTsercTByeT B; = 1), T0 U, 1y = 0,70, =15 MB.

Haxaon BAX B cxeme 03 sHauuTeIbHO GOJIbINE, 4 CONPOTHBIE-
HYe, XapaKTepusylolee 3TOT HAKJIOH, 3HAYUTEJILHO MeHbIIle, YeM B
cxeme OB. Ora ocobeHHOCTH O6BACHSAETCA TEM, UTO IIpUpallleHue
AU,, YaCTHYHO NafaeT HAa 3MHUTTEPHOM Ilepexoje, T.e. BLI3bIBAET
npupaimenue AU, cooTBeTCTBEHHO NOJIy4aeTca npupamienue Al u
IZOTIOJIHUTENBHOE npupamenue Toka I,.. B npeanpoboitHoit obmactu
nakjoH BAX 6sictpo Bospacraer. HanpsarkeHue npobos B cxeme 09
meHsIre, ueM B cxeme OB [em. (5.29)].

B zaksi0oueHMe OTMETHM BaXXKHYIO 0COOeHHOCTHL TOKa Oassl. W3
peipaskenud (5.34B) ciefyeT, YTO B HOPMaJIbHOM aKTHBHOM PEeXKH-
me (T.e. upu |U,|>8pr) Tox 6asbi MOHO 3amucaTh B BHAE

Ig =I,(e%/" -1, (5.42a)

rae I, =(1—ay)l',,. OgHako daxTuuecKH, C yueTOoM pekoMOuHa-
MY B SMHUTTEPHOM Iepexofie U Ha OBEPXHOCTH, TOK 6a3sl onucsIBa-
eTCs HeCKOJIBKO UHade (CM. IITPUXOBYIO KPHBYIO Ha puc. 5.15, 6):

Ig =I, (e -1, (5.426)

rge m > 1. Beauuuny m, XapakTepu3yIOHIYIO OTJHNYME PeabHOTro
TOKa OT HAEaJsHOr0, HA3BIBAIOT mM-GQaKTOPOM. OJTOT IapaMerp
o4eHb yA06GeH IJIsi OMEHKY Ka4ecTBa 3MUTTEPHOTrO Ilepexosa, a BMe-
CTe C TeM — YPOBHSA COGCTBEHHBIX IIIYMOB, CTAaOUILHOCTH U HALeX-
HOCTH TpaH3ucTopa. EcrecTBenHO, UTO m-(pakTOp CBsI3aH C IMOKasa-
Tenem N B ¢dopmyne (5.27), IOCKONLKY NOKasaTens N xapaxkTepH-
3yeT TOT k€ KPYT ABJEHUH, HO NPUMEHUTENIbHO K KO3DIULHUEHTY
umkeknuu. Cpase MeKAy napamerpamMu m u N ciaepyiomaa: N =
m/(m—1). Ilporpecc B oTHOWIeHMH ToKa3aTels N, OTMeueHHBII
BHILIE, OOYCJIOBJIEH YMEHbIIeHHeM m-(paKTopa OT 3HAUEHHA m =~ 2
Jo m =~12.
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5.6. MaJjocuraajibHple 3KBHBAJEHTHDIE CXEMbI
M mapaMerpsl

Boabiromy KIaccy Tak Ha3blBaeMpIX JHHEMHBIX 3JIEKTPOHHBIX
CcXeM CBOMCTBEH TaKOH pe)kuM paboTsl TPAH3UCTOPA, IIPU KOTOPOM
Ha (OHE CPaBHUTENBHO DOJNBINTUX IMOCTOAHHBEIX TOKOB M HaIpsKe-
Hu¥ gelfiCTBYIOT MaJibie IlepeMeHHBble cocTapisloue. MeHHO 3TH
COCTABJIAIONVE TIPEACTABISIOT B TAKUX CXeMaX OCHOBHOM MHTepec.

SanuineM HaUpPsKEHUs ¥ TOKM B BUJE

U=U® +AU; T=1I°+AlI,

rae U° u I° — nocroanHsie cocrapiamomue; AU u Al — mepemen-
Hble COCTABJAIOIMAE, MHOTO MEHBLIIIVE INOCTOSHHEBIX.

IHocmosanHble u nepemennble COCMABAAIOUUE AHAAUSUPYIOMCA U
paccuumbtgaiomca paizdeavro. Ilpn aHalu3e NOCTOAHHBIX COCTAB-
NAOIIAX, KaK MBI y)Ke ¥ Jesalid, UCIOJb3yeTcsa HeluHeilnaa du-
sudecKas Mmogeas Monnma—O6epca. Ilpu ananvze nepeMeHHBIX CO-
CTaBJIAIOINMX MCIOJb30BAHYE HEJINHENHON MOJeNH He HMeeT CMbIC-
JIa, Tak KakK C643b MeH Oy MAAbIMU NPUPAWEHUAMU Onpedensemcs
He camumu QYHKEYUAMU, a uX nponssogubiMul. IlosToMy Ana ana-
J¥3a MePeMeHHBIX COCTaBJIAIONIAX TOJb3YIOTCSH CHEIUAJbHBIMHA —
MaJOCUTHANBHBIMU MOAENSAMHU (IKBUBAJLECHMHLIMU CXeMaMmu), CO-
CTOALMMHK ¥3 JUHEHHBIX 3JIEMEHTOB. JTH BJEMEeHTHI 0TOGparKaioT
Te IPOMU3BOAHBIE, KOTODLIE CBA3LIBAIOT MEXKAY CoGOM MaJjibie mpupa-
LIeHWA TOKOB M HAIPAXKEHUI.

Jna 3agaHHOTO 3MHUTTEPHOTO TOKa (yCJIOBME, CBOHCTBEHHOE
praiouerno OB) ManocurHaisHyI0 3KBUBAJIEHTHYIO CXeMy TPaH3HU-
CTOpa JIETKO MOJIYYUTHL M3 puc. 5.13, sameHsaa SMUTTEPHBIN U KOJI-
JIEKTOPHBIH AMOALI UX A¥dGdepeHHAaIBHEMYE CONPOTUBICHUIMH.
Ilockonpky B JHMHEWHBIX 3JIEKTPOHHBIX CXeMaX pPe)KMM [BOMHON
MHKeKI[MY HeJONYyCTUM, MOKHO MCKJIIOUUTH U3 CXEMBLI MCTOUHUK
ToKa o I,. C gpyroil CTOPOHEI, y4eT CONPOTUBJIEHNUs 6a30BOTO CI0S

1 Hanpnmep, MaJjioe npUpamnieEre SMUTTEPHOI'O TOKAa CBA3AHO ¢ MaJbIMH IpHpale-
HHAMH 3MUTTEPHOI'C 1 KOJUJIEKTOPHOTO Hanpﬂmenni COOTHOILIeHNEeM

al, ar
AU, + =2 AU,
U, * aUu, *

rae I, (U,; U,) — dyrrnua (5.34a).

Al =
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He YCAOXKHAET aHANA3a MaJOCUTHAJILHON CXeMbl; I03TOMY A06aBUM
B CXEMY COIIDOTHBIIeHHE I's. MOKHO 651710 GBI yUeCTs ¥ COIIPOTHUBJIE-
HUe KOJIJIEKTOPHOIO CJIOS, HO ero POJib OKA3bIBAETCS HECyleCTBeH-
goil. TakuM oOpaszom, MaJOCUTHANb-

nadg (u, fobasuM, HHU3KOUACTOTHAA) .'“”i‘“ ,__“’i“
SKBUBAJICHTHAHA CXeMa TPaH3HCTOPA , 1
IIpU 3aJaHHOM TOKE 3MUTTEpa IIPH-
HUMaeT TaKOHW BHJ, KakK IIOKa3aHo
Ha puc. 5.16. Emxocru C, u C, Gy-
OyT VYTeHHI IO3[Hee.

IonokUTeNbHOe  HaIpaBlIeHHE B
TOK2 3MUTTEpa BbIOpaHO IPOU3BOJIb- Puc. 5.16. MaloCHIHAILEAS
HO, NOCKOJIBKY 3HaK npyupamjeHHusa MOAeJb TPaH3HCTOpa
Al, moxet 6bITh JI0661M. OGo3HAUe- mpu srylovenun OB

HUA A JJs1 TIPOCTOTHI ONYILEHEHI.

SameTuM, 4TO KO3(IUIIMEHT o B MaJIOCUTHAJIbHOH cxeme (MH-
nekc N onyieH) sapadeTca AuddepeHnuanbHeiM, B OTIANYME OT UH-
TerpajJbHOTO, KOTODPBIM Mbl IONB30BAJNCE N0 cux nop. [uddepen-
O¥aNbHBIT KO3(DGDUIMUEHT « OIpejensieTca KakK NIpOU3BOgHASA
dl /dI,, Torga Kaxk MHTErpalbHbIN KO3(DPHUIMEHT o ecTh OTHOIIe-
uue I, /I.. Oba xosbduIUEeHTa HECKOJBKO pasJN4aiorcd, HO 3TO
pasnuuye He CYLIECTBEHHO.

HMuddepernuanbHoe COnpomuéieHue IMUmmepHozo nepexoda r,
BBIP)KAETCA II0 AHAJOTUY C OOBIUHBIM AVOAOM (POPMYJIOit

r, =0p/1,, (5.43)

rge I, — mocToAHHaA cocTaBjsAioman Toka. IIpu Toxe 1 MA compo-
THBJeHHe r, cocTasigeT 25 Om.

HuddepeHnnansHoe conpomuéieLue KOALEKMOPHO20 nepexoda
r, obycioeieHo adhdexrToM Opau. ITO CONPOTUBIEHUE MOXKHO BbI-
YHUCAUTH, NOoAcCTaBdAs1 B (5.15) sHauenue a =x u3s (5.2206), gudde-
peHnupys Tok I, mo mupuue 6aswl w ¥ cudrasg dw =—dl, (mpupa-
menue dl, nerko ceasatre ¢ dU,). B peaynbTare BhIYMC/IeHUH HOJLY-

HaeMm:
12 [2gN YUy

Te %\ soc | I, (5.44)

9

rge U, —moayab obpaTrHOro HanpsukeHus. CiegyeT oGpaTuTh BHU-
MaHue Ha TO, YTO CONPOTUBJIEHMUE I, KaK ¥ I,, 06paTHO IIPOIIOPIHO-
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HaJILHO IOCTOSIHHOM cOCTaBJAIOIIeH TOKka. KpoMe Toro, 0HO HeCKo-
JIBKO BO3PaCTaeT C yBeJuueHueM HaOpsIyKeHUA, OFHAKO 9Ta 3aBUCH-
MOCTBH MaJIO CyIiecTBeHHa. [Ind opueHTHpPOBKY NoacTaBuM B (5.44)
sHauenud L = 10 Mmxm, w = 1 MM, N = 10¥ cm3 u U, = 4 B. Tor-
ma r, ~ 10%/I; npu Toke 1 MA mnomxyuaerca r, = 1 MOm.

Conpomuenenue 6a3vi rg, BOOOIE rOBOPA, ABJIAETCA CYMMOH CO-
TIPOTUBJEHUIN aKTUBHOH ¥ IacCUBHOI obnacTeii 6as3pl. Pacuer sTux
CONIPOTHUBJIEHUIT 3aTpyAHAETCA CIOXKHON TpaeKTopuelr 6a30BOTroO
TOKa, CJOXKHOM reoMerpuedl 6a30BOro €inos, a TakKe ero HEOZHO-
poaHOCThI0. TUNWUHLIMY AN IUIAHAPHBIX TPAH3MCTOPOB MOXHO
CuUMTaTs 3HauYeHHdA ry = 50—200 Owm.

Korpa saganHo# uCcX0oQHOM BeTMUnNHON sABAAETCA TOK 6a3sl (Ipu
praoueHuu 09), mesnecoobpasna gpyras 3KBUBaJeHTHad cxeMa

c (puc. 5.17), B KoTOpOIT HC-

Fe=il=- TOYHUK TOKA B KOJJIEKTOp-

Is_ gt B 1 L HOM [eNnu YIpaBadaeTcaA To-
o— —0 koM 6Gaswi. IIockonsky cxe-
B s K Ma MaJoCUTrHaJlbHAasdg, HCIO-
Us i T U nIb3yeTcd He HMHTETPabHBIN
»e - KosbunueHT ycujeHus B,

2 a aubdepeHINAIBHEIN, IId

Prc. 5.17. MajocursanbHasi MOZENIL KOTOpPOro IIPMHATO ocoboe
TpaH3UCTOPa NIpH BKJIO4YenHu 09 obosnauenue P. CBA3L MeXK-

Oy MAaJOCUTHAJBHBIMH IIa-
pameTrpaMu [} U o ompejeisieTcA IO aHAJOTHUHU C OOIUM BhIpa’ke-
HUEM:

B=a/(-a) (5.45)

B obmacTtu Manbsix TOKOB KoadduiueHT B HECKOAbKO Donbiie, a
B obsacTH OOJILIINX TOKOB HECKOJILKO MeHbIe, ueMm B. B nenom ke
3gauyenud [ 6u3Ku K 3HaueHuaAM B.

3aMeHAA MCTOUYHKUK ToKa ol, Ha BI;, Heo6XOANMO OFHOBPEMEH-
HO 3aMEHHTE CONIPOTHUBJEHHE KOJIJIEKTODHOTO Ilepexofa r, Ha Ha
MEHBIIYIO BeJIHYUHY

re =(L-a)r, =r/(B+1). (5.46)

Benuuuna r, moaydaerca U3 CHeAYIOIIMX coobparkenwit. Ind
TOro yro6bi 00e 3KBUBAJIEHTHHIC CXeMbI ObINTM PaBHOIEHHBI, OHHY,
KaK 4eThIPeXTOJIOCHUKY, JOMKHbLI UMETh OJUHAKOBLIE IIapaMeTphl
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B PEXKHMMax XOJIOCTOrO XOZa M KOPOTKOTo 3aMbIkaHusa. Hampsoxe-
HUA X0JIOCTOTO XOJa B CXeMax Ha puc. 5.16 u 5.17 61usku coorseT-
cTBeHHO K ol 1, u Pl ﬁrx. IIpupaBHUBaA 3Tu 3HAUeHUA U YIUTHIBAd,
YTO B peXuMe XoJocToro xoga I, ~ I, nomydaem (5.46). Ilpruauna
yMeHbIIEeHUA COMPOTHBIeHUA B cxeme 09 moAcHANack panee. Eciu
BBIIIIe MBI IOJYYHMJIM ANA T, 3Hauerme 1 MOM, To 3Havenwe r, mpu
B = 100 cocrasut BCero 10 xOm.

- 85.7. IlepexogHble M YaCTOTHBIE XapaKTEePUCTHKH

W HepIiuOHHOCTH TPAaH3UCTOPA IPU OBICTPBIX M3MEHEHUAX BXOJ-
HBIX TOKOB 00yCJIOBJIeHA IPOJIETOM WMHXXEKTHPOBAHHBIX HOCUTEJeH
yeped 6a3y, a Takyke Ilepe3apAxoM GapbepHBIX €MKOCTeH SMUTTeP-
HOTO ¥ KOJIJIEKTOPHOTrO IepexonoB. OTHOcUTeNbHAS POJb 3TUX daK-
TOPOB 3aBUCHUT OT IIMPUHEI 6a3nl, pe;kKMMa TPaH3UCTOpA M COIPO-
THUBJIEHUS BHEIIHUX Ieneil.

Paccmorpum cHagana mponecchl B 6ase, nmpeHebperaa BAMAHUEM
emikocreii. Poas mocaeguumx OymeT paccMoTpeHa To3zke. Kpome
TOrQ, IIPH aHANV3€ IEePeXOAHBIX IIPOILIECCOB BCerja IpeHeGperaioT
COTIPOTHBJICHVEM KOJJIEKTOPHOTO Tepexoja r,.

IIpoueccsr B 6ase npu Braioyenun OB. Ilycts Tpansucrop
BKIIOueH no cxemMe OB ¥ IycTh cHauaja 3MHUTTEPHBIH TOK paBeH
HYJIO, 2 Ha KOJJIEKTOP NMOJAHO IOCTOsIHHOE O0paTHOEe HaNpsiyKeHUe.
IIpu 3TOM B I[en# KOJIIEKTOpA IPOTe-
KaeT HUYTOXKHbIM TOK TepMOTeHepa- I,
MY, KOTOPHIM MOJYKHO TIpeHeGpeusb.
TpanaucTop, Kak roBOpPAT, HAXOTUT- 4
cA B pedcume omceuku. B BeKOTODPHI
MOMEHT BpEeMeHHU 3aJaj¥M CKauKOM ts ty
sMHUTTePHBIH Tok I, (puc. 5.18). Ana v, 1 r
TIPOCTOTHI IOJIOXKKM ¥ = 1, T.e. mpeHe- i
OpexkeM JBIDOUHOH cocTaBasiomeir s
3MUTTEPHOrO TOKA.

NmxekTUpOBaHHBIE  BJIEKTPOHBI
PacIpocTpaHAioTCA Briay6s 6aser mo- Puc. 5.18. Ilepexogmeie mponmec-
cTenenno. OHY JOCTHTAIOT KOJIJIEKTO- cel Tpu Bxmosenuu OB
pa TOJNBLKO uepe3 BpeMd f,, KOTOpOe
Ha3bIBaeTCs1 epemenem 3adepicku. Ilocie 3TOro KOMMEKTOPHBIN TOK
HayWHAaeT HApacTaTh, HO HAPACTAeT TOXKe IOCTEIeHHO, IOTOMY UTO
cKopocTs Aud(y3uud — BeauuyuHa cpegHsas. ¥ OTAeNbHBIX HOCUTE-

al,

(1- )1,

t
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JIell CKOPOCTH CYIIeCTBEHHO pas3INyaloTcs, TaK UTO HOCUTE/H, HO-
nasumue B 0a3y OJHOBPeMeHHO, JOXOLAT A0 KOJJEKTOpa 3a pasHoe
BpeMs. B pesyabrare GPOHT KOJJIEKTOPHOTO TOKa OKA3BIBAETCH
IJaBHBIM ¥ MMEeT KOHEYHYIO RJIUTENBHOCTD fg,.

Ilpu mocToaHHOM TOKe 3MuTTepa dyHKnuo i (t) yrobHO 3amu-
cats B Bufie i, =o(t)l,, rae aft) — nepexodnas xapaxmepucmuxa
Koagpduyuenma o. IMeHHO OHa ABJIAeTCA nNPeZMeTOM aHalIu3a Ie-
pexojHEIX mpomneccoB B cxeme OB. IlapameTrpoMm, OmpezessiONM
AJIUTEILHOCTE 3THX TPOIECCOB, ABJAETCA ITOCTOAHHAA BPEMeHH T, .
O meit nogpo6HO CKa3aHO HUXKe.

B wunTeppane t,, KOrza KOJIJIEKTOPHBIM TOK eIlle OTCYTCTBYeT,
ToK 6a3sl paBeH TOKy aMuTTepa I,. 3aTeM, II0 Mepe HapacTaHHUA
KOJIJIEKTOPHOTO TOKa, TOK (6a3bl yMEHBLINIAeTCA O YCTAHOBUBIIETOCH
sgagenus (1 - o)l,. Ilomydyaerca xapaKTepHBI# 6bi6poc 6asoBoro
TOKa.

OnHOBpeMEHHO € TOKOM KOJIJIEKTOPA HapacTalT HM30BITOUHBIE
3apsabl B 6aze. B kadectBe 1-ro npubnmkenus (OHO HpaKTHYECKH
OIIpaBAHO) IPUMEM, YTO KOJIJIEKTOPHEIH TOK ¥ M30LITOUHBIE 3apsi-
Bl HapacTaloT II0 9KCHOHEHIMATLHOMY 3aKOHY C IIOCTOSIHHO# Bpe-
MeHH T,. Moje/lbl0 TAKOro Iepexof-
HOTO IIpoliecca ABJISETCs IPOIecc 3a-
pAxa KOHZeHcaTOpa B IpocTeMIne:
RC-meriouke noj feicCTBUEM CTYIEHb-
K# Toka (puc. 5.19). Ycranosusimee-
¢ 3HaueH¥e 3apsAga B TaKOH LEeNnouKe
UMeeT CJIeIVIOLIUH BUA:

Q =CU = C(IR) = I,

Prc. 5.19. RC-gemouka, Momesn-
pyolias IpoRect HaKOIUIEHHs
sapaga B Gase

rge 1 =RC — nocrosinHaa BpemeHu. Takyro 'ke popMy MMeIOT Bbi-
paskernus (5.8) n (5.1206) gnsa yeTaHOBUBIIUXCA M30BITOUHBIX 3apsi-
OB B Dase.

Orcioga ciefyeT IIOJNIE3HEBIH BBIBOA: NOCMOAHHYIO 6DEMEHU T,
MOMHCHO NOAYHUUMD, NOJEeAUS YCMAHOBUBULeeCA 3HAYEHUe U3ObLMOY-
H020 3apada AQg Ha 3adanuwiit mox smummepa I,.

Bsegem ciepyomue o6o3HavyeHUA Qs BeJIMYWH B IIPABBIX Hac-
tax (5.8) u (5.126):

tp =w?A2D); (5.47)

te =W /1200 + DD]=tp/(n + 1). (5.48)



5.7. llepexoausie 1 YaCTOTHBIC XaPAKTEePHCTHEH 157

Benuuuny t;, Ha3EIBAalOT cpeJHYUM GpeMeHeM Jupdysuu, a Belu-
uuny ¢, — épemerenm nponema. Bpems nposera apiserca o6oGme-
H¥eM BpeMeHM guddysuu Ha ciaydail, Korga B 6ase eCTb YCKOpPAIO-
wmee nosne. Ilpu ycnosuu 1 =0 Bpemda Hposera genaercd PaBHBIM
BpeMeHu Auddys3uH.

Taxum 06pasoM, IPUHAR SKCHOHEHIIMAJIbBHOE NIPUOIMKeHue A1
TIepPexOfHbIX XapaKTEepUCTHK, IoJydaeMm

T, =t (5.49a)

T, =tp. (5.496)

OneparopHoe M300paskeHHe AJs1 Kod(hdHUIMenHTa o 3aNUIIeTCA B
dbopme
ofs) = a1 +st,), (5.50)

T.e. IepexofHas XapaKTepUCTHUKa Ko3bdUIueHTa Iepefadyd TOKa
uMeeT BU[:

a(t) =a(l —e /=), (5.51)

Bosee crporoe BoIpaskeHMe MOKET ObITH IOJYUEHO IOACTAHOB-
KO# B

%= sechZ
L

BmecTo L BemuuuHsl L(s)
_L
N1+ st

Omo xe Oymer wusobpakeHUEeM at)
afs), IOCKOJBKY Bhillle OBLIO HPH- 1,0
Haro y = 1. IlepexongHasa xapaKkTepu- L
CTHKa, COOTBETCTBYIOIAA TaKOMY /
u306parkennio, noKasaga ga 0.5 /£
puc. 5.20 mrpuxosoit nuHUeHn. Ee
aHaIUTUYeCKOe BbIpA’KeHWe CJIMII- 1
KOM CJIOKHO AJIs1 IPaKTUYeCKHUX 00,2 1 2 3 4 t/t,
npumeHenuni., Ilostomy mpu mog-
cranopke I{s) Bocmoab3yemcs am-
npoxcumanueir  (5.22a). Torapa

L(s) =

Pac. 5.20. IlepexogHble XapakTepH-
CTHUKH KoadPHOHUcHTA Iepemadd o
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usobpakenue ofs) coBnagaer ¢ (5.50). OTo moaTBEpIKAAET, UTO KC-
NOHEeHIMAJbHAA ANIIIPOKCUMAIUA BIIOJHE IPUroOfHA Ha IPpaKTHKe.

Hepocrarok anmpoxcumanuu (5.50) cocTouT Juiub B TOM, UTO
OHa He OTPa)kaeT HaJM4uA 3agepxku ¢, (cM. puc. 5.18). B Tex cay-
yasix, KOTAa 3aJeP’KKa CyIlecTBeHHa, HONb3yIoTcsa 0ojiee TOUHBLIM
usobpakeHueM

afs) = ae " A1 + s1,). (5.52)
BxojAmue Cioga IapaMeTPsl MMEIOT CAEAYIOMHe SHAUSHU:

1, ~08t¢ (5.53a)

np ?
t, ~02¢,,. (5.536)

Opurunanom uzobparkenusn (5.52) sisisgerca 3KCIOHEHIIMAIbLHAA
dbyaxmua (5.51), cqgsuHyTad OTHOCHUTENbHO MOMeHTa ¢ = (0 Ha HH-
TepBai .

YacmomHuvie xapakmepucmurku K03@@uyuenma o NOJNIyIuM, 3a-
MeHsA B BeipavkeHuaAX (5.50) unum (5.52) omeparop s Ha jo:

. a

a= m_) (5.54a)
unu

) oe 10t

T e,y (5.546)
rge o, =1/1, — yriosaa zpanuunas wacmoma.

Cienyer MMeTs B BHAY, UTO KOMILJIEKCHAs BEJWYUHA O MOXKET
HCIOJB30BATHCA TOJBKO B MaJIOCUIHAJLHOM 9KBHBAJEHTHOM cxeMe
(puc. 5.16), T.e. Ipy aHaiW3e IepeMeHHBIX cocTapiaAmux. Ilou-
HBIe TOKY B TPaH3HCTOpPE He MOTYT ObITh CHHYCOMAAIbHBLIMH H3-3a
BBINPSIMJIAIOIINX CBOMCTE p—n-Iepexoza.

AMIIUTYAHO-4aCTOTHBIE XapaKTePHUCTHKM KodpdHIMeHTa o,
peacTaBieHHbIe BripaXkeHuAMu (5.54), mMeroT ogUHAKOBYIO Gop-
My:

a

JL+ (o)t (5.55)

XOTA 3HaueHWsA ©, HECKOJbKo pasHble [cm. (5.49a) m (5.53a)].

a(w) =
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Da304aCTOTHHIE XaPAKTEPUCTUKY OKABBLIBAIOTCS CYIECTBEHHO
pasubIMu. [lna BeipakeHua (5.54a)

¢(0) = —arctg(w/o, ), (5.56a)

T.e. $a30BbIi caBUT orpaHuydeH [@p(wx) =-90°, a ¢(0,) =-45° aa
peipakenus (5.5406)

o(w) = -ot, —arctg(w/o, ). (5.5606)

B srom ciayuae da3oBmifl cABUr He OorpaHuYeH [(p(w) =-w], a
(0, ) =-59°. Boipakenue (5.566) ropasgo Goiee TounHoe, TOTAa
kak (5.56a) qaer GONBIIYIO NOTPEITIHOCTE YK€ IIPU YacTOTax, MEHb-
IIAX TPpaHUYHOMN. YacTOTHeIe XapaKTepPUCTHUKU KOo3dpHIMEeHTa o
NOKa3aHBRl Ha puc. 5.21.

Ilpoueccsr B 6aze mpu BrmouyeEnu 0. Ilycts Tpansucrop
BKIIOueH 1o cxeme OJ u 3agaHa crymeHbKa Gasosoro Toka I
(puc. 5.22). Ilpu sToMm pyHKIMIO 1, () MOXKHO 3anucarh B Buge L (t)
= B(t) I, rae B(t) — nepexodnas xapaxmepucmura ko3dduyuen-
ma ycunenusa B. OHa ¥ ee IOCTOAHHAA BPEeMEHU Ty SABJIAITCA B

Jal/ o
0,8 ™
2 16 | N
0,4 :TI s t
» \*
\\Q I —
0 SIS H (B+1)Ts
{ a) 3 I " - Is
v 0,° i ! to t
0 o
i ey
N ¥
& 40 2 \K! H BIs
\ w1l
\\ 4
80 T F —Het, ¢
0,01 0,1 1,0 10,0 f/f,
6)

Pac. 5.21. YacroTHBlEe XapaKTepHCTH-
KU Koa(hdunueHTa nepejaduy o 4 —
aMIUIUTYAHO-IACTOTHEIE;

6 — dasodactoTHble; ] — aIIPOKCH-
manus (5.54a); 2 — annpoKCHManHsa
(5.5406)

Puc. 5.22. IlepexozHble IPONECCHl IIPH
BKJIIOYenun 03
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JaHHOM cJlydae TpegMeTOM aHanusa. JJIa IPoCTOTHI ONAThL OyaeM
cuuraTth v =1

OmneparopHoe usobpakenue B(S) Jerko moJyuuTb, MOACTABIAN
ofs) B Beipakedue B =o/(1 - o). IIpu stom nerko ybegurncsa, 4UTO
TIepeXORHbBIN IPOIlecC COXPaHseT 9KCIIOHEeHIINaAbHLIN XapaKkTep, HO
TIOCTOSTHHAA BpeMeHu Ty Oymger ropasgo Gosbime, a MMEHHO

15 =T, A1 —a) =(B + r,. (5.57)

[ Toro 4ToGbI BRIACHUTHL (PM3MUECKUH CMBICH BEJIWUYWHBL Ty,
IpoBefeM CJIERYIOIIVie DAaCCy KAEeHUs.

Tox I 3agaer CKOPOCT: HapacTaHUA TIOJIOXKUTENBHOTO 3apAfa B
6ase. 3HAYUT, B MOMEHT IIOCTYIJIeHuA CTyIeHbKY I B 6a3e HaunHA-
eT TIOBBHIIATHCA KOHIEHTPanua AeIpoK. COOTBETCTBEHHO NOBHIIIIA-
eTcs MOTeHIAaN 6a3bl ¥ 3TO BHI3HIBAET OTHHPAHUE IMUTTEPHOTrO IIe-
pexoja. HauvHaeTcss MHKEKIMs 3JIeKTPOHOB, 3apsif KOTOPEIX IOA-
JepsKuBaeT KBa3WHENTPaJIbHOCTh 6a3bi. 3HAUUT, B IIEPBBIH MOMEHT
vMeeT MecTO paBeHcTBo I, = I, kKak u B cxeme OB.

Yepes BpemMs 3aJePyKKH !, MHKEKTHPOBAHHBIE HOCHTEIHN [OXO-
OAT 00 KOJIJIEKTOpA M NOSIBIAETCA KOJJIEKTOPHBIHM TokK. B cxeme OB
HapacTaHye KOJJEKTOPHOrO TOKAa COIPOBOXKAAJNOCH YMEHbIIIEHVEM
Toka Ga3pl. OgHako B cxeme 0D 0asoBhIl TOK 3aJaH, IO3TOMY BO3-
pacTaHue KOJIJIEKTOPHOTO TOKa (CBsI3aHHOE C YXOHOM 3JIEKTPOHOB
u3 0asni) BpI3BIBaET AOIOJIHHUTENLHOE HapaCTaHME TOKa 3MHUTTepa
(T.e. IPUTOK HOBBIX 3J€KTPOHOB, HEOOXOAUMBIX A/ nouuepmanna\
KBa3HHeHTPAIbHOCTH). ‘

Taxoe cosmecTHOe ysequuenue ToKos I, u I mpogosxaercsa 2o |
Tex IIOp, NoKa B 6ase He HAKOMUTCH HACTONBKO GONBIION u3bbITOU-!
HBIH 3apag AQg, YTO CKOPOCTD ero peKOMOUHAIUY YPaBHOBECHUT TOK‘
0a3pl. YcIoBYMe paBHOBECHA MMeEeT B!

AQg = It (5.58)

Orcrofa, PyKOBOACTBYACH TeM, UTO AQg/l, ecThb IOCTOAHHAA
BPEMEHH IIepPeXOAHOr0 nponecca, IPUXONUM K BHIBOAY: 6 cxeme O3
NOCMOAHHASA 6DeMEHU PABHA BPeMeHU HU3IHU Hocumenell 8 basze

Tg =T. (5.59)

Wrak, onepaTopHbiii KoadduiueHT ycunenus B cxeme 09 umeeT
BU[:

B(s) =BA1 + stg), (5.60)
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rae IOCTOAHHAs BPEMEHY Ty B AECATKY U 6oJiee pa3 NPeBHIIIIAET Be-
JUYUHY T,. MOXXHO IIOKa3aTk, UYTO 60abULOL KOIPPULUUEeHMm Ycure-
Hus B 8 cxeme O3 docmuzaemcea yenoil yxydurenusa nepexoduuvix u
yacmomueix ceolicme. Ha dhore 601p1I0H IOCTOAHHO BPeMEeHHU Tg
3aflepXxKa !, He CYUJeCTBeHHA ¥ ee He YJIUTHIBAIOT.

3ameHsaa B ppipaxkeHnu (5.60) B Ha  u s Ha jo, IOJAyIaeM MaJo-
CUTHAJbHYI0 YACTOTHYIO XapaKTePHUCTUKY

=B
1+ j(o/op) (5.61)
roe og =1/TB — BepxXHAA rpaHUYHas yacToTa (MOYKHO CUHUTATh

Ty =Tg). COOTBETCTBEHHO aMILIUTYAHO- ¥ (a309acToOTHAA XapaKTe-
pucTHKY OyayT MMETh BUA:

Plw) = —B—;; (5.62a)
1/1 + (w/coB)
¢ (0) = —arctg(w/wg). (5.626)

TTockonsky rosddummeHT  BecbMa BesqUK, YCHUIUTENbHAA CIO-
cO0HOCTH TPAH3UCTOPA COXPAHAETCS IIPY YACTOTAX, 3HAUUTEJIbLHO
TIPEBLIMIAIOINX TPAHAYHYIO YACTOTY wB.Hpn o> 30)[, B BbIPa)KE€HUU
(56.62a) moxHO mpeHeOpeub eguHHUIEH, TOTAA

P(w) ~Pog/w.

Ilonarasa B(w) = 1, HaiigemM wacTOTy, IPU KOTOPOH KO3(bIHUIMEHT
B yMenbiraeTcs g0 €JUHUILI ¥ TPAH3UCTOP TePAET YCHUIUTEJbHBIE
CBOMCTBA:

o ~Pog =pf/1. (5.63)

YacToTy ®©p Ha3sIBAIOT npedelbHoil wacmomoil Kodgduyuenma
ycusrenus moxka. YuursiBasa coorHoierue (5.57), npuxoguM K BbI-
BOAY, YTO IpefebHAA YacTOTAa IPAKTUYECKH COBIAAAET C TpaHUY-
HOH 4acToTod ©,.

Bansune 6apbpepHbIX eMKocTer., Haunem ¢ BAMAHUA e€MKOCTH
aMuTTepHOTO mepexopa (puc. 5.16). Ilockonbky OGapbepHasa em-
KOCTHL O0yCJIOBJIeHA U3MEHEeHUAMY IIUPUHEBI IePexXoja, T.e. IepeMe-
IIEHUsIMY OCHOBHBIX HOCHUTENEH, TOK rnepe3apafa 3TOM eMKOCTH He
VMeeT OTHOINEHWS K WHXKEeKIIMH ¥ He BXOJUT B COCTAB KOJLJIEKTOD-

6—3423
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Horo Toka. ClegoBarenbHO, Ta YaCTh TOKa dMUTTEpPa, KOTOpasd OT-
BETBJIAETCS B 0aprePHYI0 eMKOCThb, IPUBOAUT K YMEHBIIEHUIO KO-
sbduIeHTa UHIKEKITNH.

Pacnpenenenue Toka sMmuTTepa MeXKAY 0aphbepHOIl eMKOCTHIO U
TIepexXoA0M BaBHUCUT OT COOTHOIIEHHUsS CONPOTUBJIEHUN 3THUX IBYX
nemneit. OrpaHuuuMCa IepeMeHHBIMU cocTapadomumu. Torga 3sa
CONIPOTHBJIEHNE IIePeXoja CleAyeT NPHUHATH BEJIHYHUHY I, a 3a CO-
TIpOTHUBJIeHNE eMKOCTH ee OnepaTopHbiit mmmemanc 1/(sC)). 3anu-
meM 4acTb TOKa I, KOTOpasA OTBETBIAETCA B p—Nn-Iepexof:

_ 14sC,)
T T 1 1AsC,)

VimenHo 3Ta BelMYNHA NOJpasyMeBasiack B ONPEAENeHHAH KO3d-
¢unuenra UHKeKnuu noA toxom I,. 3amends rok I, ma I, ., He-
TPYZHO IOJY9IUTH

’Y(S) = Isn/Is = Y/(l + STy )’ (564)
rae .
t, =G, . (5.65)

— TOCTOAHHAasA BPEMEHY 3MHUTTEPHOTO IIepexoja, OHa JKe — NoCmo-
AHHAA 6PEMEHU KOIPPUUUEHMA UHIEKLUU.

Eemmr, =25 Om u C, = 1 n®, TO T, =0,025 gc. B sTom cayuae
00BIYHO T, <<f,, TAK YTO NOCTOAHHYIO BPEMEHH T, MOXXHO He YIu-
THIBATH MJIY YIUTHIBATH B BHJE NOIOJHUTELHON 3ajgep kku. OpHa-
KO C YMEHbIIIeHNeM TOKa CONPOTHUBJIEHUE I, PACTeT ¥ BeJUYMHA T,
CTaHOBHUTCs CPaBHUMOM C f,,. II0aTOMY B MUKDPOpeXKHUMeE C OIpese-

JIEHHBbIM IIpHﬁJIH)KeHHeM MOXHO CUHTaThb

Ty ®Ty + . (5.66)

Tem camsIM poab smummepHoil 6apvepHOil emKocmu c600umcs K
YBeNUMEHUI0 NOCMOAHHOU PeMeHU T, .

Temneps paccMOTPUM POJb KOJNNEKTOPHOM 6aprepHoit emkocTu C,
(puc. 5.16). Eciau ocyuiecTBUTL Ha BbIXO/Je KOPOTKOE 3aMbIKaHUe U
To-IIpe’kHeMy IIpeHebpeut CONPOTUBIEHHEM I, TO eMKOCTs C, OKa-
JKeTCs COeAMHEHHOI NapajiesisHO ¢ CONpoTuBIeHueM ry. IlocToan-
Hasg BpeMeHW TAKOM IIEIIOYKHY HAa3bIBAETCS NOCMOAHHOUL epemenu
6asbi:

Tg =IgCy - (5.67)
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Hanpumep, ecau 1 = 100 Om u C, = 1 n®, 1o 14 = 0,1 HC. Tox
ol, pacnpenenserca MeXAy BHeIIHeH Iensio (Kyja BOIIJIO COMPO-
THUBJIEHUE Tg) U eMKocThi0 C,. ClemoBaTeNsHO, Ha BLICOKHMX YacTo-
rax BHeurHui Tok I, 6yner Bcerga meHsie, uem ol,. B wactHocTH,
ecn¥ TOJOXHUTH T, =0, TO MMEHHO NOCMOAHHAA 6pemeHlU 6a3bi
ozparuvueaem npedeavHoe Gvicmpodeilcmeue mpan3ucmopa.

Ecnu B memp KOJJIEKTOpPa BKJIOUEHO COIPOTHBJEeHME R , TO B
NPeABIAYINUX PacCyKAeHUAX HY)KHO 3aMEHHTH COIIPOTHUBIICHHE Ty
Ha rg + R,. O6pruHO R, >> Iy, HO3TOMY MHEPIMOHHOCTH TOKODPACIH-
pedesleHUA B KOJIJIGKTOPHOM 1enu OyAeT onpeAeNaTbCA He IOCTOAH-
HO#l BpeMeHH T4, a mocroaHHo# Bpemenu C _R,. HecmoTpa na ToO,
uyro BenumuuHa C, R, He ABJAeTca IapaMeTPOM TpaH3ucTopa, (OHa
3aBUCUT OT BHEILIHETO 3jeMeHTa R ), ee yno6HO paccMaTpUBaTE KaK
COCTABHYIO 4acTh IlapameTpa T, . [l71s 9TOro BBeAeM IIOHATHE IKEU-
8aeHMHOU NOCMOAHHOU 8PeMeHU T.,,, KOTOPYIO IO AHAJIOTHH C
(5.66) onmpemenum B BUOe CYMMBI

Tooe =Tq + CxR,. (5.68)

aoe o

Ecma C R, > 3 1, (uT0 uacTo GriBaetr), TO BEJMUYHHA T, IPaK-
THYeCKY He 3aBHCHT OT IpomeccoB B Gase.

[na cxems: 0D 3KBUBaNEHTHYIO TTOCTOAHHYIO BpEeMEHH T, Haii-
JEM C IOMOIIBIO cooTHouieHus (5.57), ymMHOXKHUB 06e uyactu (5.68)
Ha B + 1. Torpga

Toe =TB + C;Rx’ (569)
rae
Cy =(B+1)C, (5.70)

— 3KBUBAJIEHTHAasd €eMKOCThb KOJIJIEKTOPHOTO Itepexoxa ( puc. 5.17).

IlocTosiHHBIE BpeMeHH T,,, ¥ T, — HaubOJee yHUBEpPCAIbLHBIE
napamMeTpsl, XapaKTepU3YOIHe UHEPIHUOHHOCT: OHUIIOIAPHOro
TPaH3uCTOpA.

5.8. Tupncrop

Tupucrop mnpencrasnaeT coboil UYETHIPEXCIOUHYIO CTPYKTYDPY
P—n—p—n (puc. 5.23, a), BOIsTaAMIIEpHAd XapaKTePHUCTHKA KOTOPOH
UMeeT y4yacTOK OTPHUIIATEJbHOIO CONpOoTHBIeHuA (puc. 5.23, 6). Ilo-
fBJIGHVe YYaCTKa OTPHNATEILHOTO COIPOTHUBJIEHUS KauyeCTBEHHO
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I THPHCTOD
«OTKPBIT»
! U ' I |
i TUPUCTOD
«3BKPEIT»
Spin|p|n
I !
II, I, IIL .
! 2 3 UOCT U'BK}[ U
a) 0)

Puc. 5.23. Yerwnipexcaoitnass p—n—p—n-ctpykrypa (a) u ee BAX (6)

MOXKHO O0G'BACHUTH, UCIONb3Ys ABYXTPAH3UCTOPHYIO MOJEJNb TUDH-
cropa (puc. 5.24). [leficTBUTENHHO p—n—p—N-CTPYKTypa MOXKET
ObITH IpPeACTABIeHA KaK COeAUHEeHMe qBYX OHIONAPHBIX TPAH3UCTO-
poB p—n—p u n—p—n-tuna. 0603nauyuM KOIPHUNVEHT yCcHJIeHUS

p—n—p-TPaH3UCTOPA O ,, & N—P—N-TPaHIUCTO-

/‘fp\ pa — o, . Tok menTpanbHOro mepexoja TH-
puctopa II, ckiagsIBaeTCA U3 TOKOB KOJJIEK-

R i R THUPOBABUA p—n—p ¥ N—pP-1N-TPaH3UCTODPOB.
| Ecnu Tok BO BHelIHed Iemnu paseH I, To #o

n| p|n|— HEHTPANBHOTO TIepexoja  AOXOAUT  TOK

dod a,l +a,I=(a, +a,)l. o ycnosuio He-

o NIPepPLIBHOCTH TOKAa CYMMapHBIZ TOK uepes
LIEHTPaJbHBIN TIepexol AOoJKeH ObITH paBeH
I. Ecnu cymma Ko3(Q(PHUIIMEeHTOB Iepeauu
a,+a, <1, To uepes mepexox II, momxeH
NIPOTEeKAaTh [NOTOJHUTEIbHBIN TOK, COBIAJa-
IOIU# [0 HAUPAaBJEHUIO C TOKOM BO BHEII-
Helt nenyu u pasHBIA (1 —a,- o, )]. Takoe npoTekaHue TOKa COOT-
BeTCTByeT o6paTHOMY cMeInenuio nepexona I, u sakpsiToMy cocro-
sHU0 THpucTopa. Ecau cymma KosddumueHTOB mepegauu b6oibiie
eTUHHUIBI (ocp+ocn> 1), TO uepe3 IEHTPANBLHBIN NEPexXOoh HJOJKEH
IPOTeKaTh AONONHUTENbHBIH TOK (a,+ a,—1)I, HO HampaBIeHue
9TOTO TOKa IIPOTUBOMOJIO)KHO HAIIPABJEHUWI0 TOKa BO BHeIIHeH
e, JTO COOTBETCTBYET INPSIMOMY CMEILeHUIO [[EHTPAIbLHOTO Iiepe-
X0/ ¥ OTKPBLITOMY COCTOSIHUIO THpucTOpa. IIpu sToM Ha TUpHCTOpPE
najaer HaNpsAXKeHVe, IPUMEPHO paBHOe HAIIPSXKEeHUIO OLHOTO
006bluH0Z0 p—n-Tepexofa. JTO HANpsDKeHWe Ha3bIBAETCH OCTATOY-
ubIM Hanpsxesuem U, . Obeiuno U ., = (0,7-1) B. HasecTHO, uTO
K03(pdHULUEeHTH YCHJIeHNA OUIONAPHBIX TPAH3YCTOPOB yBEJINUNBA-

Puc. 5.24. [IByxTpaH3H-
CTOpHas MOJeJb THDH-
cropa
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JOTCA IPY yBeJIUYeHUU TOKa sMurrepa. IlosTomy mpu Bospacramuu
TOKa BO BHEIIHEH I1ell¥ TUPUCTOpa cyMMa Ko3(dbduIneHTOB Iepesa-
yM YBeJMUHBaeTCA OT 3HAUeHHA O ,+0a,<1l [0 BHaveHus
ot oy > 1 v BHanpA)keHUe Ha THPUCTOPE CHAYaJjla BO3pacTaer, a 3a-
TeM yMeHbI1aerca. Tox BeIKIOYeHHA [ COOTBETCTBYET YCJIOBHIO
a,+0,=1

Ecnu B obmacts 6aspl n—p—n-TPaH3MCTOPA BTEKaeT BHELIHUN
yIpaBIAIOMMHE TOK, TO YCJIOBHe PaBeHCTBA CyMMEI Ko3hdunueHTOB
nepenadu epuHune (yciosue o p+ ®p =1) BHINONHAETCHA IPU MEHb-
IIMX TOKaX BO BHeIuHe# menu (puc. 5.25, a). 3To NIpUBOAUT K YMEHb-
LIIEHHIO TOKa BBIKJIIOYEeHVA ¥ Hanmpsa keHWA BKJIIOYeHusi. BoabraMmep-
HbI€ XapaKTEepPHCTUKY THUPHCTOpa /A HECKOJLKHUX SHAaUeHUH TOKa
yIpaBJieHUA NOKa3aHbI Ha puc. 5.25, 6. IIpy HEKOTOPOM 3HAYeHWH
TOKa VIIPaBJeHUdA, HA3bIBAGMLIM TOKOM YIIDABJIeHUA CIPAMJIEHUS

BBIKJI

a yr,p)cnp, Y4acCTOK OTPHIATEJbHOI0 CONPOTHUBJICHNA HCYe3aeT ¥ TUPHU-
CTOp IpH JI00OM TOKe HAXOAUTCHA B OTKPHITOM COCTOAHUH.
iy u I
(Iynp)cnp
P
n I
=1 P Iynp=0
I
yap n
I U
a) 6)

Puc. 5.25. Ynpaenenue tupucropom mo p-6ase (a) 1 BAX pns pasHBIX TOKOB
yrupasiaeHus (6)

.

PaccmoTpuM BKIIOUEHWE TUPHCTOPa B Iellb C MCTOYHUKOM Ha-
npsskeHua E u marpyskoit R, (puc. 5.26, a). IIpeanonoxxumM, 4To
JUHUA Harpysku nepecexaer BAX Tupucropa B Tpex ToOYKax
(puc. 5.26, 6). B 3aKpHITOM COCTOAHUM Ha THPHUCTOpPEe HafaeT Ha-
npsbKeHre nuTanua E, Tak Kak TOK yepe3 TUPHUCTOP OUEHDb Mall.
OueBuzHO, YTO B B3aKPHLITOM COCTOSIHUY [JOJI)KHO BBIIOJHATHCA
ycnosue E < U, . B OTKPBITOM COCTOAHMU TOK uepe3 THPHCTOP B
OCHOBHOM OIIpeJesifAeTcA BeJWYMHOMN CONPOTHBIEHUSA HarpysKu

I _E"Uocw N_E
OTK R RH’

H

Tak kak obwrymo U, << E.
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I THPUCTOD
«OTKPBIT?
1 otk |7
Ry
Topawn | THPUCTOD
«3AKPEIT»
X |
E U, U
a) 6) BKJ

Puc. 5.26. BrialoueHHe THPHCTOpA BO BHEIIHIOK memns (a),
BAX rtupucropa u AHMHMs Harpysku (6)

Ilepexon 13 3aKPBLITOTO COCTOAHUS B OTKPLITOE MOYKET IPOU30ii-
T NIpH IOojade B IeNb YIPaBIeHWs HMIIyJbCa YIIPABISIONIETO
roxa. Ilocse npexpamenus Bo30y KAeHUA 10 L[eNH yIpaBJIeHUs TH-
PHUCTOD OCTaeTCsI B COCTOSHHUU <«OTKPBITO».

HNmenHo 3(pdeKT OTKPHIBAHUA THUPUCTOPA ABISETCA INPUUUHOH,
noueMy 3TOT Ipubop paccmarpuBaerca B Kypce «OCHOBBI MHUKPO-
3JIEKTPOHUKH» . Kak camMocTOATeNbHBIH NPUOOpP THUPHUCTOP HUCIOJb-
3yeTcsi B MUKPO3JIEKTPOHHBIX CTPYKTYPaX OTHOCHUTENHHO PeAKO (OH
IpUMEHAETCA B KauecTBe KJI0Ya B MOIHBIX CHEIHaJV3UPOBAHHBIX
MHUKpOCXeMax Majoi creneHu wuHTrerpamuu). OpHaKo CTPYKTypa
p—n—p—n oveHb 4acTo (HOpMUPyeTCcsa KakK MapasuTHadA CTPYKTYypa,
npu wusroropieHur MOII- u OunonspHeix wmukpocxem. Ha
puc. 5.27 moxka3ano nonepeuHoe ceuenue o0srunoro KMOII-unsep-
Topa. CTOK p-KaHaNHLHOrO TPaH3UCTOPa OORIYHO NOAKJIIOUAETCH K
MCTOYHUKY NUTAHYSA, & UCTOK N-KaHaJIbHOI'O TPAH3HUCTOPA — K 3€M-
ne. HeTpyauo BumeTh, UTO Me)KAy MHUTAHVEM U 3eMJIeil uMeeTcd Ia-
pasurTHas yeThIpexcioiiHaa pT—n—p—nt-CTPyKTypa, KOTOpas HOJ-
SKHa HaXOJUTHCS B 3aKPHITOM COCTOAHMH. EcCau 9TOT napasuTHBIHA
THPUCTOP OTKPOETCA, HATIPHUMEDP, IPH BO3AEHCTBUHM IIOMEXH, TO Ue-
pe3 CTPYKTYPY IOTeueT OueHb GOJBINON TOK, TAK KaK COIPOTHBIIE-
HYe HAaTPY3KH B 3TOM CJydae O6JIM3KO K HYJIO. DTO MOJKET IIPUBECTH
K BBITOPAHUIO CTPYKTYPHI, T.€. BRIXOAY U3 CTPOA MHUKPOCXEMbI, TAK
Kak IocJle OTKPBHIBAHYMA Napa3uTHLIN TUPUCTOP OCTAETCS B 3TOM CO-
cTossHUM OeckOHeuHO aoaro. OnucaHubIM 3(pdeKT HOCHUT HasBaHue
sdderTa «3alleNKu» ¥ 4Jd ero yCTpPaHeHUs HMCIOJB3YeTca KOMII-
JIeKC KOHCTPYKTUBHO-TEXHOJIOTHYECKHX ¥ CXEeMOTeXHUYECKHX Mep.
KoHCTPYKTHBHO-TeXHOJOrHYeCKYe pellleHyuA HalpaBleHbl Ha yMme-
HbIIeHUe Ko3(hPHUIImeHTOB yeunenus (CHH)KeHUE BpeMeHH JKU3HHU,



Koififpospabie BOIPOCH 167

14 Bxog
I . Brixon
CTOK ) HCTOK
HCTOK CTOK E
[ ] et [_‘L

pr——
B BT [ BT, BT

— BXOZ,
napasuTHRIA THPHCTOD BBIXOJ

n

HCTOK

n+

Puc. 5.27. Tlonepeunoe ceuenne KMOIl-unBepropa

BRIGOP COOTBETCTBYIOILIEHl TONOJOTMH), C TeM UTOOBI HMX CyMMa
o, + &, He IpeBhIllaga efUHUIBI TP T00bIx Tokax. B atom cay-
Yae MapasuTHBIN TUPUCTOP HE MOXKET YCTOMUMBO HAXONUTHCA B OT-
KPsITOM cOCTOAHWY. CXeMOTeXHUUYECKHNEe MEephI CBOISATCA K IIOAAB-

JICHMIO BJIMAHHUA 3JeKTPHUUEeCKHX IIoOMeX.

KoHTpoJbHBIE BOIIPOCHI

1. Yem ornmuaiorca GesppeiidoBrie M ApeiidoBrie GHIONADHEIE
TPaH3UCTOPBI?

2. HapucyiiTe 30HHYIO guarpaMmy n—p—n-TPaH3UCTOPa B PaBHO-
BECHOM COCTOAHUH.

3. Kakoe cMmelleHye UMEIOT SMUTTEPHEIN M KOJIJIEKTOPHEIH Iepe-
XOJbI IPY HOPMAJILHOM BKJIIOUEHUY?

4. HazopuTe OCHOBHbLIE CXeMbl BKJIOUEHUS OUNONAPHBIX TPaH3U-
CTOPOB.

9. YUTo TaKoe peXyuM ABOHHOM MHKeKIIu?

6. Kak pacnpesefiensl n36nITouHbIe HOCHTENH B 6ase 6e3apeiithoBo-
ro TPaH3UCTOPA IIPY HOPMAJbLHOM BRJIOUeHHAu?

7. Kak Bausaer kosbdUIEeHT HeoOHOPOAHOCTH 6a3kbl Ha pacIpese-
JleHue 3JIEKTPOHOB B n—p—n apeiidhoBOM TpaHaucTope?

8. Hapucyiite pacnpenenenue u3GLITOUHBIX HOCHTeNdeil B 6aze u
KoJjnekTope n—p—n 06e3gpeitOBOro TpaH3UCTOpa IPH HHBEPC-
HOM BKJIIQUEHUH.
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9. Yepes Kakoit napaMeTp CBA3aHBI TOK 0a3bi 1 U30HITOUHBIN 3apsas

10

11

12
13

14
15
16
17
18
19
20
21

22

23
24

.

25.

26

B Gase?

HaiiTe onpegenenue koahpUIMeHTY IepeHOCca U KO3(DDUIIUEeHTyY
WHXKEeKIVH.

Kaxk ceasaHbl K03hPHUIVEHTH] yCUIeHNA 3MUTTEPHOTO 1 6a30B0-
ro Toka?

Kaxk cBa3zaH kosdduuerT nepeHoca ¢ IIupuHOH 6asnl?

Kax pauser ypoBeHE JIerHpoOBaHUA SMUTTEPA HA BeJIMYUHY KO-
shdunuenTa nHKeKIUN?

O6bsicHUTE 3aBUCHMMOCTH KO3(duiyeHTa ycuJeHUs OT TOKa
SMHUTTEpA.

O6bACHUTE 3aBUCUMOCTD KO3(duitueHTa yCUJIeHHA OT KOJJIEK-
TOPHOTO HANIPAXKEHYs.

Kak nsMensercsa x0a(ppHUIUEHT YCUNeHUA ¢ YBeJIMIeHUeM TeM-
nepaTrypsi?

B uem sakniouaerca sgdexr Ipnu?

Yr0o TaKkOe HATIPSIXKEHNE CMBIKAHUS?

CpaBHUTE HAKJIOH BHIXOZHBIX XapaKTEPHUCTUK TPAH3UCTOPA IPU
praouenuu 09 u 0B.

Kaxk cumeraroTca BXoqHbIE XapaKTepUCTUKH TPAH3HCTOPA B CXe-
Me OB 1pu yBeIv4eHUN HAIPAXKEHUS Ha KOJLJIeKTope?

Kax cmemarTcsa BXogHbBIE XaPAKTePUCTHKY TPAH3UCTOPA B CXe-
me OD IIp¥ yBeJHMYeHUH HAIPS)KeHUsT Ha KOJJaeKTope?
Hanwuinure pripaskenue gisa guddepeHInalIbHOTO COIPOTUBIIE-
HUWs 3MUTTEPHOTO Iepexofa.

KakoB nopsaaok BeJUMYUHLI COIPOTUBIeHUA 0a3bl?

Kakas nocrosnHas BpeMeHU onpefendeT UHEPIMOHHOCTh TPaH-
sucropa B cxeme OB?

Kakas nmocrosHHass BpeMeHH Onpe/eisieT MHePIIMOHHOCTE TPaH-
sucropa B cxeme 09? '
ITouemy BAX Tupucropa umeeT y4acTOK OTPHI[ATENLHOTO CO-
IPOTUBJIEHUs1?

27. Yto Takoe apdexT «samenku» 8 KMOII-unseprope?
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TexHonorn4yeckme oCHOBbI
MUKPO3JIEKTPOHUNKN

6.1. Beegenne

Texnonorusi moaynpoBogHukoBeix MC passunaces Ha OCHOBe
IJIAHAPHOM TeXHOJIOTHY TPAH3UCTOPOB, a IIOCJeJH:As, B CBOIO Oue-
pens, BuTajla B cebs1 BeCh NMPEAUISCTBYIOIINI ONBIT IIPOU3BOACTBA
NOJYIPOBOAHUKOBEIX HpuGopos. Ilostomy wurobml pasbuparsca B
TeXHOJIOTHYECKUX IIMKjax maroToBneHusa MC, HeoOXoamMoO 03HAKO-
MHTBECS C TUIOBBIMHM TEXHOJIOTHUECKUMH IIPOIecCaMU, U3 KOTODPLIX
3TH IUKJBI CKIagbIiBaioTca. Texnonorua I'MIC rakke sapoguiach
He Ha IIyCTOM MecTe, a 00001[uia ¥ pa3Buia Te METOALI HAHEeCeHU A
NIJIeHOK, KOTOphieé paHee MCIONL30BATINUCH B PagUOTeXHUYIECKOH
IPOMBIIIJIEHHOCTH, MAIINHOCTPOSHUY M OINTHKE.

6.2. IlogroroBuTEJbHBIE OIEepPANUHU

MonoKpHCTANINYECKYE CIUTKY KpeMm-
H¥A, KaKk U APYTHUX IOJYIPOBOXHUKOB,
TIOJy4aioT OOBIYHO HyTeM KPUCTAJLIV3a-
MY U3 paciaBa — wmemodom Hoxpanw-
c¢kozo. Ilpu aTom MeTome cTep>KeHb C 3a-
TPaBKOH (B BUAE MOHOKPHCTANIA KpeM-
HYA) mocie CONPYKOCHOBEHUA c
pacnjasoM MeAJIeHHO NMOAHMMAIOT C OHO-
BpeMeHHbIM BpaiienueM (puc. 6.1). Ilpnm
9TOM BCJIe[ 3a 3aTPaBKOI BHITATUBAETCS
HapacTalolUil ¥ 3aCTHIBAIOIIVE CJIHTOK.

Kpucrannorpapuueckasd OpHeHTANAA p.. 61 Cxema —
CHTKAa (ero NONepevyHOro CeYeHU) OPE- npg wMOHOKpHCTAIA METOXOM
nenserca Kpucraamorpaduueckoil opu- Uoxpansckoro: I — THUTENS;
eHTaIuei sarpasKu. Yale APYruxX MCIO- 2 — DACIUIAB NOJNYNPOBOAHHU-
NB3YIOTCH CHUTKY C IIONEPeYHHIM ceye- K& 3 — BRIPAIuBAEMbIH Mo-
HHueM, Je)KalquM B IIocKocty (111) minm HOKDHCTA/I; 4 — 3aTpaBKa;

5 — KaTyIIKa BBICOKOYACTOT-
(100) (cm. pasgen 2.2). HOTO HApeBa

i«
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Tumopoit fuameTrp CIUTKOB COCTaBAAET B HacTosAllee Bpems 150
MM, & MakCHMaapHbIHM MOKeT gocrurats 300 MM u Gomee. [nuna
CJIUTKOB MOXKET JOCTHUTaTh 3 M ¥ 0ojiee, HO OOBIYHO OHA B HECKOJIb-
KO pa3 MeHbIIIe.

CauTky KpeMHUsA pas3pesaloT Ha MHOXKECTBO TOHKUX ILIACTHUH
(ronmunuoit 0,4-0,5 MM), HA KOTOpPBIX 3aTeM HM3TOTABJIUBAIOT HH-
TerpajgbHBIe CXeMbl MU Apyrue npubopsl. Bo Bpemsi pe3Ku CIUTOK
TIPOYHO 3aKPEeIIAIOT, HPUYeM OUeHb Ba’KHO 00eCleuuTs MepreH -
KYJIsIPHOE PACIOJIOXKEeHYe CIUTKA OTHOCHUTENHHO PeXKYIUX IIOOTEeH
UM JUCKOB C TeM, UTOOBI IJIACTHMHBI MMeNHu HeoDXOqUMYI0 KpHCc-
TaJIIOrpadpuUeCcKyi0 OPUEHTAIHIO.

TIoBepxXHOCTH IJIACTHH IIOCJIEe PEe3KM BeChbMa HEePOBHAdA: PasMephl
apanuH, BEICTYIIOB ¥ AMOK HAMHOTOQ IPEBLIIIAIOT Pa3Mepsl OyaIyIux
snemenToB MC. IlosToMy Iepep HauyajlOM OCHOBHBIX TEXHOJIOTHUe-
CKYIX OIlepamyil IIacTHHBI MHOTOKPATHO ILIH(YIOT, a 3aTeM IOJIUPY-
foT. lens maudoBKY, NOMUMO YAAJEHUA MEXaHUIECKUX NedeKTOoB,
COCTOUT B TOM, YTOOBI 00eclieunTs HEOOXOAMMYIO TOJNILMHY TJIACTAHBI
(150—-250 MmKM), HeQOCTYKMYIO IIPX pedKe, ¥ NapaJiIeIbHOCTD IIJIOC-
kocreit. HInudoBKy OCYILECTBIAIOT Ha BPAINAIOINUXCA HLIAGOBAIIL-
HBIX Kpyrax. IInudyromuM areHTOM sSIBIAAIOTCA CYCIIEH3WM U3 MUK-
POIIOPOLIIKOB, pa3Mep 3epPeH KOTOPHIX BRIOMPAIOT BCEe MEHBIIHUM IpH
KayKOOM IMKJIe muuposxu, BmioTh g0 0,3-0,5 MEM.

Ilo oxonuanuy mMIUdOBKH Ha TOBEPXHOCTH BCe XK€ OCTAETCsI Me-
XaHVWYEeCKH HapPYIIEHHLIH CJIOH TOJIIUHON HeCKOJbKO MHKDOH, 10J
KOTOPEIM PACIIOJIOKEH ellle 6oJiee TOHKU, TaK Ha3bIBaeMbill GuU3H-
YyeCKH HapyiueHHbH cnoit. [locneguuit xapakTepeH HAJINYUEM «He-
3PHUMBIX» HMCKaKeHUH KPUCTANIUYECKOHN pelIeTKH M MeXaHuue-
CKUX HaNpAKeHWi, BO3HUKAIOI[UX B Ipolecce MIUGOBKH.

IlonupoBka COCTOUT B ygajleHMHu OGOMX HapyUIEHHHIX CJIOE€B H
CHIDKEHVH HEpPOBHOCTEH IIOBEPXHOCTH HO YPOBHsS, CBOMCTBEHHOTIO
ONTHUYECKMM CHCTEMaM — COTHIe JOJu MUKpoHa. [lomMuMo MexaHu-
YecKoil (C noMoIIsio elle Goslee MEJIKO3EPHHUCTHIX CYCIIeH3HUiT), mc-
MOB3YEeTCA XMMUUYECKasa IIOJHPOBKA (TpaBieHue), T.e. IO CYIeCT-
BY PacTBOpeHHe [IOBePXHOCTHOTO CJIOA NOJIYNPOBOAHUKA B TeX HIU
MHBIX PeaKTHBax. BBICTYIBI ¥ TPEIUHEBI HA IIOBEPXHOCTH CTPAaBJIH-
BaioTcs ObICTpee, ueM OCHOBHOI MaTepHaJl, ¥ B I[eJIOM IIOBEPXHOCTE
BBIpaBHUBAaeTCA.

Hocturaemas B npouecce mmuOBKY ¥ INOJHUPOBKY Hapalieb-
HOCTp ILJIOCKOCTEH IIJIACTHMHbLI COCTABJAET eJUHUIBI M Ja)Ke JOJu
MHUKDPOHA Ha CAHTUMETD IJIMHBL.
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BakHBIM mpomeccoM B NOJYNPOBOAHWKOBONM TEXHOJIOTUY ABJIS-
eTcA TaK’Ke OUMCTKA IIOBEPXHOCTY OT 3arpsi3HEeHUH OPraHUIeCKUMU
BeljecTBaMu, ocobeHHO KupamMu. OuucTKy ¥ 0beaxKupUBaHUE IIPO-
BOJAT B OPTAHUYECKUX PACTBOPUTENAX (TOJYOJ, alleTOH, 9THUJIOBBIH
CIIHPT ¥ ApP.) IPY IOBBLIIIEHHOH TeMIeparype.

TpasseHue, OYMCTKA ¥ MHOTHME JPYTHe IIPOIECChl CONIPOBOXKAAIOT-
cA OTMBIBKOH ILIACTHH B OeUOHU308aHHOl Boje. [lemoHM3anus ocy-
IIJeCTBJAAETCA B CHENUAJILHBIX YCTAHOBKaX IIYyTEM IPONYCKAaHUSA
TIPeABAPUTENbHO AVICTIIIUPOBAaHHOM BOALL UePe3 rpaHy/IMpOBAHHEBIE
CMOJIbI, B KOTOPHIX G1arofapsi XMMUYECKVM PeaKIUsaM IPOMCXOLUT
CBA3LIBaHYUe PacTBOpPeHHBIX MOHOB. CTemeHns feMOHM3AIUY OIleHUBA-
eTCA 10 YAeAbHOMY COIPOTHUBIIEHHUIO BOAbI, KOTOPOe OGLIYHO JIEXKUT B
npegenax 10-20 MOwm - ¢cM u Bsiirte (yAe/IbHOE CONPOTHBJeHUe 6ugu-
CTHUJLIMPOBaHHON Boabl He npessimraer 1—2 MOwm - cm).

6.3. Inuraxcug

Jnumaxcueil Ha3pIBAIOT IPOIECC HAPAIMBAHUA MOHOKPHCTAI-
JIMYECKUX CJIOeB Ha MOAJIOXKKY, IPHU KOTOPOM KpucTalaorpadude-
CKas OpPHMeHTAIl¥s HapaIVBaeMoOTo CJIOA IOBTOPAET KPHUCTAJIOrpa-
(brUeCKyI0 OpPHEeHTAIUIO HMOLJIOMKKH.

B nacTosmee BpeMsa 3MUTAKCHA OOLIYHO HCIIONL3YETCA AJIA IO-
JIy4eHUA TOHKHUX pabouux CJI0eB OAHOPOTHOrO HONYIIPOBOAHUKA Ha
CPaBHUTEJIBLHO TOJICTOM TOAJIOMKKE, UTPArOIIeil POJib HecyImel KOH-
CTPYKI[HH.

TUNOBOH — X20pUOHbLLY TIPOIlecC 3MUTAKCUU IIPUMEHUTENbHO K
KPeMHUIO COCTOUT B caenyiomem (puc. 6.2). Monoxkpucraaniude-
CKue KPeMHHUEeBble IUIACTHHBI 3arpy’KaloT B THUredb <«JOJOYKY» M
NoMeNmaloT B KBapieByio TpyOy. Yepes TpyOy mponyCcKaioT HOTOK
BOZOpPOJa, cofep KaIuil HeGobIyI0 NPUMECH TeTPaXJIOPHUAa KpeM-
Husa SiCl,. Ilpu Beicoko# Temmneparype (okomo 1200 °C), xoropas
obecrieunBaeTCsi BHICOKOYACTOTHEIM HAarpeBOM THTJIA, HA IOBEPXHO-
CTH TIJACTHH TPOMCXOZUT PeaKIuA

SiCly + 2H, = Si + 4HCI.

B pesyarTaTe peaKkium Ha HOAJOKKE IIOCTENEHHO OCKAAETCA
CJI0i1 yncioro kpemuud, a napsi HCl yHOCATCS MOTOKOM BOAOpPOJA.
INnuTaKCcHaTBHbIH CI0M 0CAXkKAEHHOT0 KPeMHIA MOHOKDPUCTANINYEeH
U uMeeT TY Ke KpucTaniaorpaduyecKyio OPHMEHTAIIHIO, YTO H IOJ-
JIoKKa. XuMHU4YecKad peakiusa, 6aarofapa noabopy TemIepaTypsl,
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Prc. 6.2, Cxema xj0pHAHOrO mpomecca anurakcuu: I — KBapmeBas tpy6a;
2 — xaryuika BY narpesa; 3 — THrenp ¢ miaactuEaMi; 4 — IJIACTHHA KpeM-
HUs; 5 — BEHTHIb [ HEePeKPBLITHA COOTBeTCTBYION[Ero rasa; 6 -— HaMepHTelb

CKOPOCTH IIOTOK&

TIIPOUCXOAUT TONBKO Ha IOBEPXHOCTH NJIACTHHBI, & He B OKPY’Kal0-
IIIeM IpPOCTpPaHCTBe.

IIpomecc, mpoxopsimuil B IOTOKe rada, Ha3bIBAIOT ZA30MPAHC-
nopmuoit peaxyueil, a OCHOBHOH ras (B JaHHOM CJIygae BOZOPOZ),
IepeHOCALIUH NIpUMECh B 30HY peaKIu¥y, — Za3oM-HocumeJsem.

Ecnu k mapam TeTpaxjopuga KpeMuus n00asBuTh napsl coeJuHe-
Huit Gopa (B,Hg) uam docdopa (PH;), To snuTaxkcuansHeIA CIOK
Oyper uMeTh y>kKe He COOCTBEHHYIO, a COOTBETCTBEHHO IBIPOYHYIO
UMY 3JIEKTPOHHYIO NPOBOSUMOCTbL, IMOCKOJLKY B XOAe DeaxkIuy B
OCaKZAIOIIMICA KpeMHUit OyAyT BHEAPATHCS aAKIeNTOPHbEIE aTOMBI
Oopa unu mZOHOPHLIE aTOMbl docdopa.

B ycranoBKe, noxkasanHO# Ha puc. 6.2, npegycMOTpeHbI HEKOTO-
Phie JOIOJHUTENbHbBIE OIlepPalluy: IPOAYBKa TPYObLI a30TOM U HETJY-
0okoe TpaBleHMe TOBepxHoCcTH KpeMHusi B mapax HCIl (¢ memsio
OYMCTKM). JTH OIepamyuy IPOBOAATCSI OO OCHOBHBIX.

Taxum o6pas3om, 3MUTAKCHUA I03BOJAET BHIPAILIVBATE MOHOKPYIC-
TaJJIAYecKHe CJIOH JI60ro THIa IPOBOAYMOCTH U JH060T0 yAeIbHO-
TO CONPOTUBJIECHUS Ha TOJOKKe, 00Jafaiolied ToXKe JIOObIM TH-
IOM ¥ BeIWuuHOI mpoBopumoctu {puc 6.3).

IdnurakcuadbHas NJeHKAa MOXKET OTAUYATHCA OT NCAJNOKKHU IIO
XUMHAYEeCKOMY cocTaBy. Criocob monyueHus TaKuX IJEHOK Ha3bIBa-
0T zemepo3numaKcueil, B OTINYME OT 20MOINUMAKCUU, OTIICAHHON
Bhilre. KoHeuHO, Ipy reTeposnuTaKCHHM MaTepHasl IJIEHKY U IOJ-
JOXKKH HOJYKHBI TO-TIPe’KHEMY MMeTh OZUHAKOBYIO KPUCTaNIHUe-
CKyI0 pemieTky. Hampumep, MOXXHO BbIpaIlBaTh KPEMHHEBYIO
IJIeHKY Ha candupoBOH NOANOMKKE.
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Puc. 6.3. IlpuMepsl 3IUTaKCHAJIBHBIX CTPYKTYD:
a -— IUIeEKA R-THIIA Ha n'-IOAJIOMKKe; 6 — IUICHKA P -THOA HA 7-TIOJJN0XKKe;
68 — IUIEHKa N-THIA HA P-TIOLJI0KKe

T'paruna Mexxay 3NUTAKCHAJNBLHBIM CJI0OE€M ¥ IOAJOXKKOK He II0-
JyJaeTcsa uealbHO pe3KOHM, TaK KaK IIpMMecH B IIpomecce 3IHUTaK-
cuy YacTUYHO AudOYHAUPYIOT U3 OZHOrO CJO0A B APYroi. 1o 06-
CTOATENBCTBO 3ATPYAHAET CO3JZAHUE CBEPXTOHKUX (MeHee 1 MKM) 1
MHOTOCJIOAHBIX 3NMUTAKCUAJIBHEIX CTPYKTYp. OCHOBHYIO POJIb B Ha-
CTOsIIIlee BPeMsi UrpPaeT OJHOCHOWHaA smuTakcus. OHA CYI[eCTBEH-
HO IIOIOJIHMJIA apceHasl NOJyNPOBOAHUKOBOM TeXHOJIOTHUH; IOJIyde-
HYIe TAaKUX TOHKUX ORHOPOAHBIX cioeB (1-10 mxM), xakue obGecmne-
YMBaeT IMUTAKCHUI, HeBOZMOKHO MHBIMH CPeACTBAMH.

B zakmiouenue 3aMeTHM, UTO MOMHUMO OIIMCAHHOM Tra30BOHM 3IH-
TAKCHH, CYIeCTBYeT >KUAKOCTHASA 3MUTAKCHUsA, IPU KOTOPOI Hapa-
IIVBaHHEe MOHOKPHCTAJLINYECKOTO CJIOs OCYII[€CTBISETCA U3 KUA-
KOil ¢aswl, T.e. U3 pacTBOpa, COgep Kalnero HeodXoauMMele KOMIIO-
HEHTHL.

6.4. Tepmuueckoe OKHCICHHE

OxucneHye KpeMHUS — OQUH U3 CAMBIX XapaKTePHBIX NpoIec-
coB B TexHoJsoruu cospeMenusix MIC. I[lonyuaemas mpu 3TOM IJjIeH-
Ka AByoKucH KpeMHu4A (Si0O,) BEIONMHAET HECKONBKO Ba)kHBIX QyH-
KW, B TOM YHuCJe:

O GYHKOUIO 3aIUTHl — NACCUEALUL TIOBEPXHOCTH H, B YaCTHO-
CTH, 3aIUTHl BEPTUKAJLHBIX YUaCTKOB p—n-Iepexof0B, BHIXO-
OAIUX Ha nmoBepxHocTh (puc. 6.4, a);

O dYHKOUIO MACK¥, yepe3 OKHA KOTOPOH BBOAATCA HEOOXOqUMEIE
npumecu (puc. 6.4, 6);

0 YHKIUIO TOHKOTO AUIJNEKTPHKa mox 3areopom MOII-Tpansu-
cropa (puc. 6.4, g).

Taxue mUpoKue BOZMOXKHOCTH JBYOKUCH KDEMHUA — ORHA M3
NIPYYHH TOTO, YTO KPeMHHUU CTAJ OCHOBHBIM MaTE€pPUANOM AJIsI H3T0-
TOBJIeHUs MHOJynposogHukosbix HC.



174 Tnasa 6 TexnonormuyeckHe OCHOBH MHEPOIJCKTPOHHKH

Bamnn\imﬁ J— 81102 Macka Torkuit okucesn  3arTBOp
LRI ooy 2 R W
n OxHa B Macke
b n Hcrok Crox
A > | ns___ |
a) 6) 6)

Puc 6 4. ®yHExUUH AByOKHMCHOM IJIEHKM KpPEeMHMS
a — TacCHBamHs TOBEPXHOCTH, 6 — MacKa IJIA JIOKAJILHOIrO JIePHpPOBAHM,
6 — TOHKUIl NMOA3ATBOPHEIN OKHCeN

IloBepxHOCTH, KPEMHUA BCErja IOKPHITA «COBCTBEHHOI» OKWC-
HOHM mNJIeHKOW, NOJy4YamIeiica B PpPe3yJbTaTe «eCTeCTBEHHOTO»
OKMCJIeHUs IIPYU CaMbIX HU3KWX TeMmIeparypax. OgHako ara IjIeHKa
UMeeT CAMIIKOM MaJIyl0 TOMINUHY (OKOJO 5 HM), uTOOBI BHINOJ-
HATb KaKyio-1u60 u3 nepeunciaeHusx pyarmuit. IfosTomy B TexHO-
noruu MIC nmenkm S10, monyualoT NCKYCCTBEHHBIM ITyTEM.

HckyccTBeHHOE OKMCIEHHE KPEeMHUS OCYIEeCTBJSAeTCA OOBIUHO
npu Beicoko# Temmeparype (1000—-1200 °C). Taxkoe TepMuueckoe
OKMCJIeHVe MOJKHO IIPOBOJUTE B aTMocdepe Kucaopoaa (cyxoe oKuc
JleHue), B CMeCH KHCJIOpoJa ¢ mapaMu Bogsi (BJI2)KHOE OKHCJeHue)
HJI¥ TIPOCTO B Iapax BoOgbil.

Bo Bcex cayuaax mpoiiece IPOBOAUTCS B OKMCIUTENbHBIX Heuax.
OcHOBy Takux Tieueil cOCTaBisieT, KaK ¥ IIPU 3MUTAKCUH, KBaplie-
Basg TpyGa, B KOTODPOH pasMelaeTrcs <«JOAOUYKAa» C ILJaCTHHAMH
KpeMHHd, Harpesaemas Jau00 TOKaM¥M BBLICOKOI 4acTOTHI, JubO
uHBIM IyTeM. depes TpyOy IponycKaeTcs: MOTOK KUCIOPoAa (CyXo-
ro wWiW YBJQXKHEHHOI'0Q) WU mapsl BOAbI, KOTODHIE Dearupyior ¢
KpeMHVEM B BBICOKOTeMIlepaTypHOit 3oHe. Ilosyuaemas Takum 06-
pasom mienkxa S10, umeeT aMOpPHYIO CTPYKTYPY.

MexanusM OKHCJIEHHUs MMeeT gBa BapuaHTa. IlepBsiit BapuaHT
COCTOHUT M3 cieAyloniux 3ramoB: 1) auddysusa aTOMOB KpeMHUS Ue-
pe3 y’Ke MMEIOIIVIOCS NJIeHKY OKHMCJIa K IIOBepPXHOCTH, 2) ancopl-
YA MOJIEKYJ1 KHCJIOpOJa MOBEPXHOCTHIO M3 razoBoil daswi, 3) cob-
CTBEHHO OKWCJeH¥We, T.e. XMMWuUecKad peakinus. B sTom ciayuae
IJIeHKa HapacTaeT HaJ MCXOHOI IIOBEePXHOCTHIO KpeMHuA. BTopoit
BapHMaHT COCTOUT M3 CJERZYIOIIUX 3TamoB: 1) agcopbiua Kucaopoga
TIOBEPXHOCTBHIO YK€ MMEIOIerocsa OKuca, 2) qubdysus KUcaoposa

1 IIpu BaaskxHOM OKHCJIEHHH KHCJIODOJ IpegBAPHTENLHO IPOMYCKAIOT Yepes cOCyx C
BOZOH — Tak HasbIBaeMulil 6apbotep
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yepe3 OKHCeJ K eIlle He OKHCIeHHOMY KPeMHHIO, 3) COOCTBEHHO
oxucieHue. B 3ToM clydae IJIeHKa HapacTaeT Briylb OT MCXOLHOIT
nioBepxHocTH Kpemuuda. Ha npaxkTuke o6a MexaEu3Ma COUeTalOTCH,
HO TJIABHYIO DOJIb OOBIYHO HUTPaerT BTOPOM.

OueBugHO, YTO CKOPOCTH POCTa OKWCJIA CO BPeMEHEM NOKHa
yObIBaTh, TAK KaK HOBBIM aTOMaM KHuCJIopoxa npuxoxurca gudbdyH-
OUPpOBaTh depes Bce 6osiee TONCTBIH clo# okuciaa. IlonysMoupirue-
cxas HopMyJa, CBABLIBAIOINAA TOJNINUHY OKHMCHOM DJEHKH CO Bpe-
MEHEeM TepMHUYECKOr0 OKMCJIeHUs, MMeeT BUL:

d zk’\/—t_,

rge B — mapaMerp, 3aBUCAIUN OT TeMIIePaTyPhHl ¥ BJAKHOCTH KHC-
jJopozja.

Cyxoe oxmuCIeHVe MAET B AECATKH Da3 MeIJIeHHee BJIa’KHOTro.
Hamnpumep, ana peipamusanud niaesku 810, Tormunoit 0,5 MrM B
cyxom Kucyaopoge npu 1000 °C Tpebyerca okKoso 5 ¥, a BO BIAK-
Hom — Bcero 20 mun. C yMmeHplleHVEeM TeMIePaTyphl HA KavKIbie
100 °C Bpemsa oxucleHmws Bo3pacTaeT B 2—3 pasa.

B rexnonorum HUC pasnuuaroT «TOJNCTBIE» M «TOHKHE» OKHCIIBI
S10,. Toncreie okucaer (@ = 0,5-0,8 MKM) BHINONHAIT QYHKIHA
3aIUTHI ¥ MacKupoBKH, a ToHkue (d = 0,05-0,15 MmKM) — pyHK-
IoU¥ MOA3aTBOPHOro nusieKTpuka B MOII-Tpamsucropax.

Ogpmoit u3 BaKHBIX NpoGieM Npu BeipaliMBaHuY IJIeHKH Si0,
SABJIsAETCs obeciieyeHue ee OLHOPOAHOCTH. B 3aBHCHMMOCTH OT Kaue-
CTBa TIOBEPXHOCTH ILJIACTHHBI, OT UYHCTOTHI PEareHTOB M DeKuma
BHIPAILIMBAHUA B IIJIeHKe BO3HUKAIOT Te UM UHbIe depexmut. Pac-
TIPOCTPAaHEHHEIM THIIOM Ze(deKTOB SIBIAIOTCI MUKPO- U MAaKpPOIO-
PHI, BIJIOTH O CKBO3HBIX OTBEPCTHIT (OCOOGEHHO B TOHKOM OKHCIeE).

KauecTBO OKHCHOH NHJICHKY HOBHIIIAETCA C YMEHbIICHUEM TeM-
TepaTyphl ee BLIpAIIIMBAHWA, a TaKdKe IIPY MCHIOJbL30BAHUU CYXOTO
Kucaopoaa. IlosToMy TOHKUI ITOA3aTBOPHBII OKHUCEN, OT KauecTsa
KOTOpOro 3asucuT crabuiasBocTs napamerpos MOII-rpansucropa,
TIOJIY4YaloT CyXuM OK¥cJeHueM. [Ipu BRIpaIIuBaHuM TOJICTOTO OKMC-
Jla 4epefylT CyX0oe ¥ BJIAKHOe OKHCJIEeHMVe: mepBoe obecrneumBaeT
OTCyTCTBUE Ae(eKTOB, a BTOpPOe IIO3BOJIAET COKPATUTH Bpems IIpo-
mecca.
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6.5. JlernpoBanne

BHegpenue npumeceil B HCXOAHYIO IIACTHUHY (MJIH B 3IIUTAKCHAa-
JIbHEIN Cj101) nyTeM gudGy3un NP BHICOKOI TeMneparype ABJseT-
Cs MCXOAHBIM ¥ O CHX IIOP OCHOBHBIM CIOCOOOM JIerMPOBAHUA IO-
JVIPOBOAHUKOB C I[€JIbI0 CO3ZAHUA AUOAHBIX ¥ TPAaH3UCTOPHLIX
CTPYKTYP. OTOMY CI1oco0y MBI yAeluM riapHoe BHuMaHue. Ognaxo
3a pocJiefHue oAbl MIMPOKOe PACIHPOCTPaHEHUE IONYYMI U APYroi
crocob JlerupoBaHusA — HOHHAdA HMMIUIAHTAOUsA, — KOTOPHIA pac-
cMaTpuBaeTca B KOHIlE pasjena.

Cuocoost gudppysun. [Juddysusa moxker 66ITh 0011Ieil ¥ JOKaTb-
Hoii. B mepBoM ciydae OHa OCYI[ECTBJAETCS HO BCeil MOBEPXHOCTH
minacTuHsI (puc. 6.5, a), a BO BTOpOM — Ha OIpeAeeHHBIX yUacT-
KaxX IJIacTHHBHI 4Yepe3 OKHA B MacKe, Hampumep, B cioe SiO,

(puc. 6.5, 06).

810, 0,7L Oxno 8i0,
\ g wunas

222223 |

a) 8 o)

Puc. 6.5. O6mzas (a) u jJoKanbHasa (6) Auddysus npUMecH B KpeMHHH

Obmaa puddysus npuBoAUT K 00pa30BAHUIO B IJIACTUHE TOHKO-
ro pud@PysuGHHOrO CJI0A, KOTOPLIH OT/INYaeTCA OT 3MUTAKCHAIbHO-
ro HeOJHOPOJHBIM (IO TiayOuHe) paclpejgeneHueM npumecu (cM.
xpuBy0 N,(x) Ha pme. 6.5).

B caygae nokanpHOR guddysuy npuMech paclupocTpaHAeTCA HE
TONHKO Brjy0b ILIACTHHBI, HO M BO BCeX INePNEeHAUKYJAPHBIX Ha-
npaBsJeHuAx, T.e. HOA MacKy. B pesyibTare 3TOil TaK HaswlBaeMoil
6oro060it JupPysuu yaacToxk p—n-lepexoja, BHIXOAAIINN Ha IOBEP-
XHOCTb, OKAa3bIBAETCA «aBTOMATUYECKU» JAITUINEHHBIM OKUCJIOM
(puc. 6.5, 6). CoorHoIirenue MeXxkay IiiybmHaMu GOKOBOIl M OCHOB-
HOM — «BePTHKAJBHONU» — Auddysuu 3aBucuT oT pajga GakTopoB,
B TOM uwucye OT IiaybuHsl Auddy3uonHOro caos L. TunmudsiM gad
raybuHbl GOKOBOH muddysuu MOKHO cuuraTh 3navenue 0,7 L.
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Hubdy3nio MOXXHO IPOBOAUTE OMHOKPATHO M MHOTOKpaTHO. Ha-
IpUMep, B MCXOAHYIO IUIACTHHY N-THIIa MOXKHO BO Bpema l-it mud-
¢y3u¥ BHE[DHUTH aKIENTOPHYIO IPUMECh ¥ IOJYIHUTh P-CJIOH , a 3a-
TeM BO BpeMs 2- aud@dysuu BHeJPUTh B IOJIYUeHHBIN p-Cioit (Ha
MEHBIIIYIO TJIyOuHY) AOHOPHYIO IIPHMMeECh ¥ TeM CaMbIM o0ecreduTs
TPEXCHOHHYI0 CTPYKTypy. COOTBEeTCTBEHHO PasnNYalT JBOHHYIO U
TpOitHyI0 AudPyauio.

IIpu npoBegeHUY MHOTOKpaTHON Aupdy3uu clegyeT UMeThb B
BHAY, YTO KOHHEHTPanus KakJ0il HOBOM BBOJHMMOI IpMMeECH [0J]-
SKHa IPEBHILIATh KOHIEHTPANUIO IpeAbIiAyLIeil, B IPOTUBHOM CHIY-
yae THO IPOBOAMMOCTH He M3MEHUWTCs, a 3HauuT, He obpasyercs
p—n-nepexon. MexAy TeM KOHIEHTpanua HPUMecH B KDPeMHHH
(IIM ApyroM HCXOLHOM MAarTepualie) He MOXKeT ObITh CKOJIb YTOZHO
60Jb1I10/: OHa OrpaHuYeHa OCOGBIM IlapaMeTpoM -—— npedenvHoil
pacmeopumocmeio npumecu. IlpenesbHada pacTBOPYMMOCTL 3aBUCHUT
oT Temieparypbl. IIpy HEKOTOpOH TeMIlepaType OHa [JOCTHUTaeT
MaKCHMaJIbHOTO 3HaueHuA N, ..., 8 3aTeM CHOBA yMEHbIIAETCH.
MaxcumanbHble IpeAebHbIe PACTBOPMMOCTH BMECTE C COOTBETCT-
BYIOIIMMH TeMIepaTypaMu IpueeneHs! B Tabmx. 6.1.

Ta6anma 6.1. MakcumaisHaA NpeaeIbHAS PaCTBOPHMOCTD
THUIMYHBIX IpHMeceil B KpeMHHH

IIpumecs As P B Sb
N on® 20-10% 1310% 5107 0,6-10%° |
w’ (1150 °C) | (1150 °C) | (1200 °C) | (1300 °C) |

CnenoBaTensHO, €Cliy¥ NIIPOBOAUTCS MHOTOKparHasa Auddysus,
TO nJis1 nocjefHed fud¢ysuy HYKHO BeIOMpaTh MaTepHay ¢ MaK-
CHMaJbHOM HpefebHOM pacTBOPUMOCTHIO. IIOCKOJIBKY accopru-
MEHT MpUMeCHBIX MaTepHaloB OrpaHUYeH, He ygaeTca o6eceuuTs
6osee 3-x mociemoBaTeNbHBIX AUPOY3HIA.

IIpumecu, BBOoguMbIe myTeM Aud@dysuy, HasuIBalOT JuPPy3an-
mamu (6op, dochop u ap.). Mcrounukamu Audy3aHTOB ABJIAOTCA
X XUMpyecKue COeRMHeHNA. JTO MOTYT ObITh M kuaxoctu (BBr;,
POCl), u TBepabie Tema (B,05, Py0;), u rasm (B,Hg, PHy).

Buenpenue npumeceii o0bIMHO OCYIeCTBIsieTCA C IOMOIIBIO Ia-
30TPAaHCHOPTHBIX PEAKIUi — TaK ke, KaK IPY 3MUTAKCUH ¥ OKMC-
JMeHuu. [J1A 3TOro MCHmOJNL3yIOTCs Aub0 OgHO30HHBEIE, NHG0 ABYX-
30HHBIE JUPPYSUOHHbLE neuu.
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JBYyX30HHEbIE ITeYH HCIOJL3YIOTCA B cilydae TBepAblx quddysan-
ToB. B Takux meuax (puc. 6.6) umeroTcs JBe BLICOKOTEMIEPATYp-
Hble 30HBI, OfHA — [JIs WCIapeHUA UCTOUHHKa guddysaHTa, BTO-
pas — coberBenHO quaA qudodysuu. Ilaper ucrounuka guddysanra,
HoNyueHHbIe B 1-1 30He, IPUMEIIINBAIOTCA K IIOTOKY HeHTPaJIbHOTO
rasa-HocuTeNs (HampuMep, aproHa) ¥ BMecTe ¢ HUM ZOXOZAT O 2-#
30HBI, I'ie PACIIOJIOXKEeHbI IIJIACTUHH KpeMHusi. Temneparypa Bo 2-it
30He Bbillle, yeM B 1-#1. 3geck aTomel quddy3anTa BHEAPSIOTCA B
IJIaCTHHLI, & APYyrue COCTABJAIOINVE XUMHUUYECKOIO COeqUHEeHUS
YHOCATCA TazoM-HOCHUTEJIEeM M3 30HEHI.
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Prc. 6.6. Cxema aByx30HHON auddysHoHHOH meun: 1 — KsapreBas TpyGa;
2 — DIOTOK raga-HOCHTeJsI; 3 — HCTOYHHK auddysanrta; 4 — mapsl HCTOIYHHKA
auddysaHTa; 5 — THress ¢ IUIacTHHami; 6 — macTHHa KpemHHs; 7 — mep-
Bas BBICOKOTEMIIEPATYDHAS 30HA; 8 — BTOpas BBICOKOTEMIIEPATYDPHAas 30HA
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B cayuae >KugKux u 1a3oobpasdHpIX HCTOUHUKOB Jubdysanra
HeT HeoOX04UMOCTH B UX BHICOKOTEMIIEpaTypHOM ucnapeHuu. [los-
TOMY HCIIOJNBL3YIOTCA OJHO30HHBIE TIeYH, B KOTOPbhIe UCTOUHUK quUb-
dysaHTa IOCTyHaer y>kKe B ra3oo0pa3sHoOM COCTOSHWIH.

TIpu ¥cnosne30BaHUY JKUJKUX UCTOUHUKOB AuddysanTa auddy-
3HI0 NIPOBORAT B OKUCIUTENLHOM cpege, 400aBisasa K ra3y-HOCUTEJII0
Kucaopon. Kuciaopon okwucadeT HOBEepXHOCTh KpeMHUs, obpasyd
oxucen Si0,, T.e. B CyImHOCTH — CTeKJO. B mpucyrcrsuu auddy-
3aHTa (6opa unau dochopa) obpasdyercs Gopocurukamuoe MIn Goc-
@opro-cunukamnoe cmexao. Ilpu temneparype Brire 1000° stm
CTeKJIa HAXOLATCS B JKUAKOM COCTOAHWH, IOKPHIBas IOBEPXHOCTH
KpeMHUA TOHKOH IIJIeHKOH, Tak uro auddysusa IpuMecH HuAeT,
CTPOTO TOBOPA, M3 >KUAKOH (assl. Iloce 3acTeIBaHUA CTEKJIO 3a-
HIMIjaeT NOBEPXHOCTh KpeMHUusA B MecTtax guddysun, T.e. B OKHAX
okucHOM Macku. IIpu ucHnons30Banuy TBepAbIX MCTOUHUKOB guUb-
dby3aHTa — OKHCIOB — 00pa3oBaHUe CTEKOJ IPOUCXORUT B IIPOILeC-
ce gubdysuu 0e3 cremualbHO BBOZMMOIO KUCIOPOZA.

Teopernyeckne 0CHOBBI gudysuun. Teopua gubddbdysun ocHOBa-
Ha Ha ABYX 3axonax Purxa. 1-1 3axoH PUKaA CBAZLIBAET MJIOTHOCTH
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IIOTOKa 4YacTull J ¢ rpafieHTOM HX KOHIleHTpanuu. B ogHOMepHOM
cayuae

J =-D (dN/dx), (6.1a)

rne D — xosbdunuent gubdysuu, N — KOHIEHTpAIUA.
2-#1 3axoH PuKa XxapaKTepuU3yeT CKOPOCTHh HAKOILJIEHHA YACTHIL
(8 HalleM CIydae — aTOMOB IIPHMECH):

oN/ot = D (8* N/ox?). (6.16)

Ws ypapsenus (6.16) moxxso Halitu dyuknuo N (x, t), T.e. pac-
npedenenue Konyenmpayuu N(x) B moboit moMeHT BpeMeHu. [na
3TOr0 HYKHO 3aJaThCA ABYMs TPaHUUYHBLIMU YCJIOBUSMI.

IIycrs Koopaunara X = 0 COOTBETCTBYET TOI IJIOCKOCTH IIJACTH-
HBI, Yepe3 KOTOpylo BBoguTcsi npuMecs (puc. 6.5). Torga xoopau-
HaTa IMPOTHMBOIOJOKHOM IIJIOCKOCTY paBHAa TOJINUHE IIJIACTHHLI d.
Ha npaxTtuxe rayouna guddy3uOHHBIX CJ0eB BCerga MeHbIIe TOJI-
IMMHBI IJacTUHBI (CcM. puc. 6.5): ImO3TOMY MOYKHO TIOJIOXKHUTH
N(d) = 0. C maTemaruuecKoit TOUKH 3peHus yxobHee CUATATE IJIac-
TUHY GECKOHEUHO TOJICTOI M B KauecTBe 1-ro rpaHMYHOTO YCJIOBUS
TIPUHATL

N(w, t) =0. (6.2)

2-e rpaHUYHOE YCJIOBHE MMeEeT JBa BapHaHTa, KOTOPbIe COOTBET-
CTBYIOT ABYM Pa3HOBUAHOCTSAM DPEaJbHOI0 TeXHOJIOTHMYECKOTo IIPOo-
Iecca.

1) Cayuail neozpanuuenrnozo ucmounuka npumecu. B atom cuy-
Hae auddysaHT HeIPepPLIBHO IOCTYNAET K ILJIACTHHE, TaK 4YTO B ee
IPHIIOBEPXHOCTHOM CJIO€ KOHIIEHTPamua NPHMECH NOJJep>KuBaeT-
Csl TIOCTOSIHHOM,

I'panuunoe yciaoBue AJNA 3TOr0 BapHMaHTa MMeeT BHU[:

N (0,t) = N = const, (6.3a)

Tae N, —nogepxnocmnas (TOUHee — IPUIOBEPXHOCTHAA) KOHIIGHT-
bpamua. O0pIYHO KOJHYECTBO IOCTymamwinero guddysanra obecre-
YHUBAET PEXKUM IPefespHOM PacTBOPUMOCTH, T.e. Ny = Ny, oo
2) Cayuail 0zpanuenH020 UCMOYHUKAG npumecu. B aTom cayuae
CHavuajia B TOHKUI IIPUIOBEePXHOCTHBII CJIOH NJIACTUHBI BBOAT He-
KOTOpOe KOJU4YecTBO aToMoB AuddysanTa, a IOTOM UCTOUHUK Jud-
dys3aHTa OTKJIIOYAIOT ¥ ATOMBI HPHUMECH IepepacIpefesaioTcs II0
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rayOuHe nacTUHBI IPU HeM3MeHHOM HX obuleM KosudectBe. Ilep-
BYI0 CTAJUIO Ipoliecca HasbIBAIlOT «3arOHKOM», BTOPYIO — «pasroH-
KOH» IIpUMecCH.

Jlna aroro BapwaHTa MOJKHO 3aIlUCAThL YCJIOBME B BUAE

TN(x) dx =@ =const, (6.36)
0

rae @ — KOJIMYEeCTBO aTOMOB IpMMeCH Ha efHHUNY miolazxyu (saja-
eTcsA Ha sTalle «3arOHKH»).

Pemiaa ypapmeHue (6.16) mpu rpamuyHbIX yciaoBuix (6.2) u
(6.3a), monyuaeM pacupenefieHuMe KOHIEHTpAIIMY IIPU HeOrpaHM-
YeHHOM ucTO4YHMKe (puc. 6.7, a):

N(x,t) = N erfc(x/2« Dt), (6.4a)
rge erfc (z) — dononnumenvhas Qynkyul ouruborx, GIU3KAA K IKC-
IOHEHITHANbHON (YHKIHH e %,

N o0
_[Ndx=const
0

6)

Puc. 6.7. Pacupeaenenre npumecH npd Auddysun u3 HeorpaHuueHHoro (a)
H OTPaHHYEHHOTO (6) MCTOYHHKOB AJIs1 Pa3HEIX MOMEHTOB BDEeMEHH

Peintaa ypasuenue (6.16) npu ycaosusax (6.2) u (6.36), monyua-
eM pacnpefielieHAe KOHIEHTPAIUY IPH OTPAHUUYEHHOM HCTOYHUKE
(puc. 6.7, 6):

_ @ _«% /uD1)
Nt == . (6.46)

B nannoM caygae pacnpegenenne onucslBaetrca gyuxyueir I'ayc-
ca, KoTopad xapaKTepHa HYJIeBOH HauaJbHO! IIPOU3BOJHOI, HAIH-
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yyeM TOYKY Ieperuda M IOUTH SKCIOHEHIMAJBHBIM «XBOCTOM» IIO-
cJie 9TOH TOUKH.

Ilox ray6uHo# auddysroHHOTO cioa (eaybunoil dugdysuu) no-
HYMAaIOT KOOpAMHATY X = Ly, Ipu KOTOPOii KOHIEHTPanud BBeJeH-
HOM IpuMecH N paBHa KOHIIGHTPAn Uy HCXOXHOH npumecu N, (puc.
6.7). Benuuuny Ly HeTpyZHO HaiiTu U3 BeIpakeHwWi (6.4), monaras
B JeBoi vactu N = N,.

Annpoxcumupyda pyuarnuio (6.4a) s3KCIOHEHTOH, noJMy9aeM AJid
HEOrpaHW4YeHHOTO MCTOYHHUKA

Ly =2vDtIn(N,/Ny);

norapudmupysa obe uactu (6.46), monydaem /A OTrpPaHMYEHHOTO
MCTOUHUKA

Q
NoJnDt

O6a BEIpa’K€HUsI MMEIOT OAVMHAKOBYIO CTPYKTYPY ¥ IO3BOJAIT
cAenaTh ABa BaXKHBIX OOIMX BHIBOJAA:

0 epemsa npoeéedenus Oud@ysuu nponopyuorarbHO Keadpamy dce-
aamenbnoil eaybuns. dud@ysuu; I03TOMY HONyUeHUE IITYOOKUX
mnddy3HoHHEIX cyoeB TpebGyer Gonbiroro Bpemenwu; B MC ray-
6uHa pabouux AuPDY3MOHHBIX CI0EB OOBIUHO JEXKUT B IIpeje-
nax 1-4 MKmMm;

Ly =2vDtln

. 2 2
0 npu 3afaHHOM IIybusne qudbdysu- Dom/e Dpyem’/c
-9 —6
OHHOTO CJIOS U3MEHEeHUA K03(pdu- 10 L 10
yuenma ouppysuu sxeusarenm- 10 Al,// 1077
HbL UBMEHEHUAM 8pement npoyec- O / //7
ca. 7 / 10‘8

N

/

;|Sb

Bropoli BuIBOE 3acaykupaer 00-
Jlee meTalLHOTO paccmorpeHusi. Ha 10
puc. 6.8 mokasaHa TeMIepaTypHas /
2aBHCHMOCTE KO3GGUIMEHTOB aud- 107
Gbysu¥ gjisg HeKOTODBIX MAaTePHaloB, 1g1¢| A
npuMeHsaeMbIx B Texnosorum HC. 1000 1200 T°C
Kax Buaum, 9Ta 3aBUCHMOCTD 3KCIO-  pye 6.8, Basmcumocts KoabdH-
HEeHnualpHad, T.€. BeCbMa CHJIbHAA: ZUEeHTOB AUMGHYSHUH THIHYHBIX
npu AT = 100 °C xoapdpumueHT gud- (A1 KpeMHHs) mpumecei OT TeM-
dbysuu MeHserca Ha MOPAJOK, a mpm  1epatypsl. Jlus sosora macurrab
AT =41 °C —— na = 2,5%. Ha 3 mopsigKa MeHbIIe

&

N A 1
NANEE
;5'3
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Hocaegnaa nudpa, Kasaaoch Obl, HEBEJINKA, HO ee MCTHHHOE 3HaUeHHe
MOJKHO IIPOMJIIIOCTPUPOBATE CJHEJVIOUIEM HPOCTHIM pacyetroM. Ecau
AD/D = 2,5%, 1o pasbpoc raybunn auddysun cocrasuT £ 1,25% wunm,
npu Ly = 4 MKM, okosno + 0,05 mxm. 3uauur, mupuHa 6asel w, paBHEadg
Lyg — Ly,, MOKeT noayuuThea ¢ omubkoit 0,1 MM, uto npu w = 0,5 Mxm
cocrasut 20% . Iockonsky xoadduuueHT § ¥ npegensHad yactoTa fp 06-
PATHO NPONOPHUOHAJLHLI BeJHUY¥WHe W-, uxX pasbpoc npeBsicuT 40%.

W3 cKa3aHHOTO sCHA HeOOXOOUMOCTh IIPEI3HMOHHOI peryJaupoB-
KU TeMIepaTypsl B gudy3noRHbIX Ieuax. JJonycTumas HeCTabUIb-
HOCTb TeMmIlepaTypsl cocTapiasaeT zo + 0,2 °C (T.e. coThle JOJIU NPO-
LIeHTa).

Hounasa mmmiaanTanua. VouHOH UMIJIaHTamueir Ha3hbiBAIOT Me-
TOJ JIETHPOBAHHUA ILTACTHHBI (MJIH 3MHUTAKCHAIBHOTO CJIO0A) IyTEeM
00M0apAMPOBKY MOHAMY IPHMeECH, YCKOPEHHBIMH A0 3HEpPru#u, HO-
CTATOYHOH [JIA X BHEApPeHUA Briayb6bp TBepAOro Teja.

Wonuzanysa aToOMOB IpUMeECH, YCKOPEHEe HOHOB U (JOKYCUPOBKA
MOHHOrQ0 My4YKa OCYIIECTBJAIOTCA B CHelUaNIbHBIX yCTaHOBKaxX
THIla YCKOPUTeJel YacTHuIl B AfRepHOi pusuke. B kauecTBe mpume-
Cceil HCIOJB3YIOTCA Te Ke MaTepualbl, uTO ¥ npu Auddysuu.

I'ny6una BHeApPeHMA MOHOB 3aBUCHUT OT MX SHEPTUM ¥ MAacChl.
Yem Gonblire sHeprus, Tem O0OMbILE HMONYIAETCH TOJINMHA MMILIAH-
THPOBaHHOIO ¢M0s1. OZHAKO C POCTOM 3HEPIH¥ BO3paCTaeT ¥ KOoJu-
4ecTBO paduayuonHblx Jepexmoe B KpHUCTalle, T.e. YXYAIIAIOTCS
ero ajeKTpodu3nuecKkue napamerpbi. IlosToMy sHEpPrum MOHOB
orpanuuupaior BeamuuHoit 100-150 xks3B. Huxkuuit ypoeens co-
crapnaer 5-10 k3B. IIpu Takom guanasoHe 3HePruu rayOouHa ClI0eB
ne:kur B npepenax 0,1-0,4 MM, T.e. OHA 3HAUNTENBHO MEHbIIE TH-
NUYHON TAy6uHBI AudPY3UOHHBIX CJI0EB.

KoHIenTpanua npuMecy B HMILJIAHTUPOBAHHOM CJIO€ 3aBHCHUT OT
TLJIOTHOCTY TOKAa B MOHHOM IIYYKe ¥ BpPEeMEHH mpollecca MM, KaK
TOBOPAT, OT PeMEeHU IKCNnO3uyuu. B 3aBUCHMMOCTH OT IJIOTHOCTH
TOKa ¥ »KeJIaTeJbHOM 00beMHOM KOHIEHTPAIA BpeMs 3KCIO3UIIAH
COCTaBJAET OT HECKOJIBKUX CEKYHA A0 3-5 MuH u 0onee (MHOrZa HO
1-2 u). Pagymeercsa, uem 0Gosbllle BpeMs SKCIO3UIUU, TEM, ONATH
JKe, OOJIBIIIe KOJMYECTBO PagHAIlMOHHEBIX Ne(eKTOB.

Tunuunoe pacnpepesienue npuMecH IIPH MOHHON MMILJIAHTAILUU
TIoKa3aHo Ha puc. 6.9 cnyomHoi kpupoii. Kak Bugum, aTo pacupe-
fleJleHMe CYIIECTBEHHO OTjaHMuaeTca OoT AuUDpPy3MOHHOro HajlmuueM
MakcuMyMma. B6ausu makcuMyMa KPUBas XOPOIIO allIPOKCHUMHUDPY-
erca dyurmueir ['aycca, cm. (6.46).
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ITocKoNBKY IIOIMIaAs MOHHOTO  N.em™®

Oy4YKa MeHslle NJIOoIagy IIacTa-

gel (2 MHOrZa W KpucTaniaa), TO 10%° F -~

TIPUXOJUTCA CKAHUPOBAMb IIy- 7,

YOK, T.€. IJIABHO MJIU «IaraMu» \

nepememaTs ero (¢ momompio 10'° [ \

CHeMaJbHBIX OTKJIOHSIOIIUX CH- Ny \\

cTeM) II0OYePeFHO I10 BCEM «CTPO-

KaM» IJIaCTUHBI, Ha KOTOPsIX 10% ) \ .

pacmosioskensr oTgensHere HC. 0 0,1 0,2 Ly x MEm
1o 3apepurenuy mpolecca Je- Prc. 6.9. Pacnpegenenre npumeceit

FHPOBAHUS ILJIACTHHY 00s13aTelsb- [pY MOHHOH HMIIAHTALHE

HO TIOABEpPTAIOT 0Mmixcuzy IPYU TeM-
neparype 500—800 °C gis Toro, uToOH yIOPAZOUUTSH KPUCTAJINYeE-
CKYI0 pelIeTKy KpeMHUsi ¥ YyCTPaHUThL (X0oTA OBl YaCTHUYHO)
Hemsbe)KHple paguanuoHHbie gedekTsl. IIpu TemmepaType oTikura
npoiteccsl uPD Y3y HECKONBK0 MEHSIOT NPpOduibs pacipeneieHus
(cm. IITPpUXOBYIO KpUBYIO Ha puc. 6.9).

Honnaa uMIIanTanmus Tak ke, Kak guddysusa, MoxKeT OBITb 06-
el ¥ JNokansHOU (m3bmparensHoit). B mocnepguem, Gosmee TuUnMy-
HOM ciayuae ob0nyuenue (6oMGapAPOBKA) IPOBOAUTCA Uepesd MacKH,
B KOTODPHIX JJiMHAa npobera MOHOB AOJIKHA OBbITH 3HAUUTENHHO MEHB-
e, ueM B KpeMHUH. MaTepuanoM AJsi MacoK MOTYT CIY>KHUThH pac-
npocrpanesdnsie B IC aByoxucs xpeMuus u ajgtomunuii. IIpu aTom
Ba’KHBIM JOCTOMHCTBOM HMOHHO¥ MMIIJIAHTAIIMY SABJIAETCS TO, YTO
YWOHBI, ABUTaACH I10 IPSIMOM JVMHUY, BHEEPSAOTCA TOJIBKO Briy0h
II1acTHHbLI, & aHajsoruda 60xoBoit guddysuu (Tog MacKy) npakTuye-
CKH OTCYTCTBYeT.

B npuHIune MOEHYI0 MMILJIAHTAIUIO, Kak u Auddy3uio, MOXKHO
TIPOBOAUTHL MHOTOKPATHO, «BCTpauBag» OOUH CJoi B Apyroi. OgHa-
KO coueTaHue 3Hepruil, BpeMeH 3KCIO3HUIMH ¥ PEeKHMMOB OTXKHIA,
HeoOxoauMOe A MHOTOKPATHON MMILIAHTAIlUH, OKa3biBaeTcsa 3a-
TPYAHUTEeNbHEIM. [[03TOMY MOHHAA MMIJIAHTANUWA TOJVYHUJIA TJaB-
HOe pacCIpOCTpaHEeHMEe INPY CO3ZAHUY TOHKUX OAWMHADPHBIX CJIOEB.

T'nasHpIMY IpenMylIIecTBAMY MOHHOM MMILIAHTALMY ABJISIOTCH:
Hu3Kad TeMIleparypa IIPoIecca U ero Xopouasa KOHTPOJIAPYeMOCTh.
Husxaa remmeparypa ofOecrneumBaeT BO3MOYKHOCThH IIPOBEREHUS
VIOHHOM MMILJIAHTAIIMY Ha J1000M aTame TEXHOJNOTHUYECKOTro ITHKJIA,
He BBLI3BIBAA IIDH 3TOM JONOJHUTeNbHOU Auddysuu npumeceir B pa-
Hee WBTOTOBJIEHHBIX CJIOAX.
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6.6. Tpasaenue

OO6RIYHO TPaBJEeHNEe aCCONUUPYETCA C MCIOJIb30BAHUEM CIealb-
HBIX PAcTBOPOB — TpaBUTENEH AJIA OOINEro Wiy JOKaJILHOrO yaaje-
HU IIOBEPXHOCTHOT'O CJIOA TBEPAOTO TeJla Ha Ty UJIY WHYIO TIIyOuHY.
[leficTBUTENbHO, JKUAKYE TPABUTENHU OCTAIOTCA INIABHBIM CPEJCTBOM
IJIA JAOCTYOKEeHWA yKasaHHO# menu. OZHaKO B TEXHOJOTHMH MUKPO-
9JIEKTPOHUKY IIOSIBUINCH U APYTHE CPeACTBa, BHIIOJIHAIOININE TY Ke
safauy. Ilosromy B ofIeM ciydae TpapjeHWe MOXXHO paccMaTpH-
BaTh KaK He MeXaHHUUYECKHe CIoCOOh M3MeHeHUA penbedia HOBEPXHO-
CTH TBepHOTO Teja.

Knaccuueckuit npomecc XMMUYeCKOr0 TPABJIEHUA COCTOUT B XH-
MHUYECKOH peakInyuy >KUAKOrO TPaBUTeJd C TBEPALIM TeloM c obpa-
30BaHVEM PaCTBOPHMOIQ COEQVWHEHH:A; NOoCcHeJHee CMEIITUBAEeTCA C
TpaBHUTEJNEM M B HaJbHeHINeM yZHajseTca BMecTe ¢ HUM. [lepexop
TIOBEPXHOCTHOI'O CJIOS TBEPAOro Tejla B PACTBOP O3HAYaeT yialleHue
aroro ciaos. OQHAKO, B OTJWYME OT MEXaHWUYeCKOro yJajleHus:d,
TpasJeHHe o0ecrneduBaeT ropasgo OONBIIYIO TPEIU3MOHHOCTH NIPO-
mecca: CTPaBAMBAHUE NPOUCXOAUT ILIABHO — OLUH MOHOMOJIEKY-
NApHBINA cIOH 3a gpyruM. Ilog6upas TpaBuTens, ero KOHIEHTpA-
IHI0, TeMIIepaTypy ¥ BPeMs TPaBJIEHWs, MOXKHO BeCbMa TOYHO pe-
ryJUpOBaTh TONIMUHY yAajddeMoro ciaos. Hampumep, 1pu
XUMHAYECKOH IOJUPOBKE IJIACTUHBI KpeMHudA (cM. pasgen 6.2), uc-
NONB3ysl COOTBETCTBYIOIUH TPaBUTeNb, MOXXHO ODeCIHeuuTr CKO-
pocts Tpasiaenua 0,1 mxm/MuH, T.e. 3a 20—30 ¢ cHATH ciAOH TOJ-
wuHOo#u Bcero 40-50 mHM.

Hdna Oonsimeit paBHOMEPHOCTH TPaBJICHUA U yAaJleHUuA IIPOAYK-
TOB PEaKI[U¥ C IOBEPXHOCTH BAHHOYKY C PACTBOPOM BpAI[alOT B HA-
KJIOHHOM IIOJIO)KeHuHU (Junamuyeckoe mpagienue) UIU BBOJAT B
pPacTBOP yILTPa3BYKOBOI BUOPATOp (y1bmpa3syKoeoe mpagieHue).

Koneuno, TpapienHue NIOgUUHAETCA 3aKOHaAM (PH3UUECKOH XH-
MHUHM, HO B peajIbHbIX YCJOBUSIX HMEETCs CTOJbLKO IPUBXOLAIIUX
00CTOATENBCTE, UTO PEIENTYypa TpaBuTeNeil /I KaXKJoro MaTepua-
na noabupaerca He PACUYETHBIM IIyTEM, a 3KCIIEPUMEHTaJIbHO.

XapaKTepHo# 0CO0EHHOCTHIO JIOKAJALHOTO TPaBJeHus (uepes 3a-
IIATHYI MAacKy) fABJAETCA TaK HA3blBaeMoe nodmpasiueanue
(puc. 6.10, a) — 3ddexT, B KAKOH-TO Mepe aHAJOTHUHEIN GOKOBOI
oudpdysun (puc.6.5, 6). OH Bripa)kaeTcsa B TOM, UYTO TpaBJjieHUE
HET He TOJbKO Briy0b IJIaCTUHEI, HO ¥ B CTOPOHBI — IIOA MacKy. B
pe3yJjsTaTe CTeHKH BHITPABJIEHHOTO pesnea OKa3bIBAIOTCSA HE CO-
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BCEM BEPTHKAJILHBIMHY, & IJIOIIaAb YIyOIeHus: — HeCKOJIBKO 6OJIB-
e MJIOINAAM OKHa B MackKe.

Tpasurensn

81021 | | X o
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Puc. 6.10. JIokanbpHOe TpaBjeHNe KPeMHHA:
a — H30TPONHOe; 0 — aHH3OTPOIIHOE

a)

daexmpoaumuiecKoe mpagienue OTIUIAETCA TeM, UTO XUMHUIe-
CKadA peakmusd KUJKOCTH C TBepALIM TeJIOM U oOpa3oBaHMe PACTBO-
PHMOTO COeAUHEHUSA IIPOMCXOMAT B YCIOBUAX IPOTEKAaHUA TOKa de-
pes KHUAKOCTL, IPUUYEM TBEPAOE TEJIO UrPaeT PoJIb OJHOTO U3 3JEKT-
pOZOB — aHOza. 3HAYUT, TBEPJOE TeJO B JAaHHOM cJaydae ZOKHO
obagaTs JOCTATOYHOMH 3JIEKTPONPOBOAHOCTHIO, UTO, KOHEYHO, Orpa-
HUYUBAET KPyr HCIOAL3YEMbIX MarepuanoB. IIpemmyecTsom
3JICKTPOJUTHYECKOr0 TPABJIEHYsST ABJISIETCA BO3MOYKHOCTH Perysu-
poOBaTh CKOPOCTH TPABJIEHUA NIyTeM U3MeHEeHUs TOKa B I[eIH U IIpe-
Kpalars IPOIECC IyTEM ero OTKJIOUeHYHA.

Tax HaswiBaemoe UOHHOe MmpaéaerHue (OAUH U3 CIenUPUIECKHUX
NIPOIECCOB B MHKPO3JIEKTPOHMKE) He CBA3AHO C HCIOJL30BaHUEM
skugrocreii. [ltacTuHa KpeMHHUA TIOMENAETCA B pa3peskeHHoe IIPo-
CTPaHCTBO, B KOTOpPOM, HeBjaJleKe OT IJIaCTUHbI, CO3JAETCH TJIEIO-
i paspaj. IIpocTpaHCTBO THIEIOINEro pa3psija 3aloJHeHO KE8a3u-
HempaaeHoll 31eKmpOHHO-UOHKOU naasmoil. Ha ninacTuHy OTHO-
CHTEJILHO IIJIa3MbI IIOAAETCH AOCTATOUHO OONBINON OTPUIATENBHEIH
noTeHnual. B peayibTaTe NOJOKUTEIbHBIE MOHBI IIa3Mbl Gombap-
JYUPYIOT IIOBEPXHOCTE ILIACTHHBI ¥ CJIOH 3a CJI0eM BLIGMBAIOT ATOMEL
C IIOBEPXHOCTH, T.e. mpasam eel. AHanmOrMYHEIM CIOCOGOM HOCTH-
raeTcs OYHUCTKA IIOBEPXHOCTH OT 3arPsA3HEHNH — UOHHAA OXUCTKGA.
CrpykTypa MOHHO-IIJIa3MeHHbIX YCTAHOBOK OnycaHa B pasgene 6.9,

1 HanpsiskeHue, cBOMCTBEHHGE HOHHOMY TpaBienHIo (2—3 koB), 3HaYHTENLHO MEHb-
1Ie yCKOPSIOUIMX HANpsLKeHUH npH HOHHOH MMIUIaHTaUMH, MOITOMY BHEADEHHe
HOHOB B IUIa¢THUHY He IIPOHCXOAHT.
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WlonHoe TpaBieHHe, KAK ¥ XMMHYECKOe, MOMeT ObiTh obIum u
JNOKaJpHBIM. HeCOMHEHHBIM IIPEMMYILIECTBOM JIOKAJIBHOTO MOHHOrO
TPABJICHUSA SIBIAETCSI OTCYTCTBUE <«IIOATPABJIWBAHUSIY IOJ MAaCKy:
CTEeHKH BBITPABJIEHHOTO penbeda NMPaKTH4YeCKW BEePTUKAaJIbHbI, a
nJomaay yrayGieHEuiA paBHBI IJIOIIagH OKOH B Macke.

Ob1jee IPENMYIIIECTBO MOHHOTO TPABJEHUA 3aKJIIOUAETCA B €ro
yHuBepcaJdpHOCTH (He TpebyeTcd MHAWBUAYAILHOTO KPOIOTJIUBOIO
noxbopa TpapuUTeNnei AJd KOKIOTO MaTepuasia), a oblIuit HeJocTa-
TOK — B HeoDXOLHMMOCTH ZOPOTOCTOAINUX YCTAHOBOK M SHAUUTEJb-
HBIX 3aTpaT BpeMEHY Ha CO3jaHue B HUX HYKHOI'o BaKyyMa.

3a mociaegHYe rofbl pazpaboTaHsl ¥ MIMPOKO HCHONLIYIOTCA Me-
TOAbLI TAK HA3BIBAEMOTO GHU3OMPONHOZ0 MPAEAEHUSL. ITA METOAbI
OCHOBAHLI HA TOM, UTO CKOPOCTb XMMHUUYECKOH peaKkuy, JeKalieil B
OCHOBe KJIACCHYeCKOI0 TPaBJeHUA, 3aBHUCUT OT KpUuCTajorpabuye-
cKoro HampaieHus. HaumeHbIIasa cKOPOCTs CBOMCTBEHHA Halpas-
nenuio (111), B KOTOpPOM IJIOTHOCTL aTOMOB Ha €JUHUIY ILJIOIIAAU
MaKcuManpHa (puc. 2.2), a Haubosipinas — Hanpasiaenuio (100), B
KOTOpPOM IIJIOTHOCTH aTOMOB MUHUMaJbHA. [loaToMy mpu MCIIOJNB30-
BaHUH CIEeNUaNbHBIX aHU3OTPOIIHBIX TPaBUTeJedl CKOPOCTSL TpaBJe-
HUS OKAa3hIBAETCA Pa3HOM B PasHbIx HaIpaBlleHUAX ¥ OOKOBbIE
CTeHKH JyHOK IpUoOpeTaloT OIpejesieHHBIA pelbed — O0ZPAHKY.
I[Ipumep orpaHku npu TpasjeHun B maockoctu (100) mokaszan Ha
puc. 6.10, 6. Kax Bugum, B JaHHOM CJIyyae TpaBJjieHHe UAET rnapai-
JNeasHOo IIockocTam (111), mockossKy B Hampapienuu (111), nep-
MeHANKYJIAPHOM 3TOH IIJIOCKOCTH, CKOPOCThH TPaBJIEHHS HAMHOTO
MeHbIlle, YeM B APYTHX HaIpaBIeHUAX.

¥Yriasl, HO4 KOTOPHIMH BbITPABJIMBAKIOTCS OOKOBBIE CTEHKH JIY-
HOK, CTPOrQ OIlpejesieHbl ¥ IOAJAIOTCA pacuerTy [Hampumep, Ha
puc. 6.10, 6 yron mexxay naockoctsamu (100) u (111) cocrasnsaer
61,5°]. IlosToMy BMecTe C METOZOM MACOK METOJ aHW3OTPOIIHOTO
TpaBiaeHus fgaeT paspaboruuky HC BO3MOXKHOCTH HPOEKTHUPOBATH
pensed OTBepCTHMH HE TOJBKO HO ILIOCKOCTH, HO M HO Iiaybuse.

Tor ¢axT, yro miaockocTs (111) Kak Obl «HeIpOHUIIaeMa» IJA
TpaBUTeNsA, ODeclieunBaeT elle OJHO NPEeNMYINEeCTBO aHM30TPOIIHO-
ro TPaBJIeHHUA: €CJAHU Kpas OKOH B MacCKe OPDHMEeHTHPOBAaHBI IO OCIM
(100), To orcyTCTBYeT sBJIEHVEe NOATPABJIMBAHU:A, CBOHCTBEHHOE
H30TponHOMY TpasjeHuio (puc. 6.10, a). CooTBeTCTBEHHO IIPU aHU-
30TPOIIHOM TpPAaBJIEHWM Hapy’KHbIE Pa3Mepbl JYHOK MOTYT IPaKTH-
YeCKH COBIafaTh C pasmepaMy OKOH B MackKe.
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. 6.7. TexHHKa MacoOx

B TexHOJOrM¥ NONYHNPOBOJHMKOBBIX IPUOOPOB BAXKHOE MECTO
3aHUMAIOT MACKY: OHY 0GeCIIeYnBaIOT JIOKAJNBHBIN XapaKkTep Halbl-
JIeHUs, JeTUPOBaHUA, TPaBJeHU:A, a B HEKOTOPHIX CAYUaAX M JIHU-
TaKcuU. Beakas Macka CONep’KUT COBOKYIHOCThL 3apaHee CIIPOeK-
THPOBAHHLIX OTBEepCTUH — OKOH. M3roToBneHye TaKMX OKOH eCTh
3afaga Jaumozpaduu (rpaBuUpoBKHU). Bexgyiee MecTo B TEXHOJOTHH
U3TOTOBJIERMSA MACOK COXPaHAeT (Pomoaumozpapus, KOTOPOA MBI
yAeJHM IJaBHOe BHUMaHUe,.

®doronurorpadua. B ocaose dpoTonurorpaduul JeSKUT UCIOJIB30-
BaHVE MaTepHaJioB, KOTOPbIe HAa3bIBAIOT (Jomopesucmami. ITO pas-
HOBLZHOCTH (DOTO3MYJIHCHI, M3BECTHHIX B 00bIuUHOM (oTorpaduu.
DoTOpe3UCTHI YYBCTBUTENALHE K YIbTPadHUOIeTOBOMY CBETY, IIO3TO-
MY MX MOXKHO 06pabaTeiBaTs B He OUeHb 3aTeMHEHHOM IOMEIeHNH.

DoTOpe3uCTHI OLIBAIOT HEeTaTUBHbBIE U I03UTUBHbIe, HeraTusHble
toTope3uCTHI O ZEMCTBHEM CBeTa NOJVMEPUIYIOTCA U CTAHOBATCS
YCTOHYMBLIMYA K TPaBUTENAM (KHUCJIOTHBIM WV HIEJIOYHBIM), 3Ha-
YUT, MOCJEe JOKAJbHOMH 3acBeTKHM OYZYT BBITPABIHBATBHCA He3acBe-
YeHHble yYacTKu (Kak B 00sIuHOM (oTOoHeratuse). B nmo3uTuBHBIX
doTopesucrax cser, HaoOOpPOT, pa3pylIaeT MOJIUMEPHBIEC I[ENOYKH
¥, 3HAYUT, OYAYT BHITPABJIWBATHLCA 3aCBeUeHHBIE YUACTKH.

Pucynox Gyaymieit Macky M3roTaBIuBaeTCsA B BUAE TAK Ha3bIBa-
emoro gomowtabaona (puc. 6.11). Porowmrabmon npeacTaBIAST CO-
60#1 TOJICTYIO CTEeKJAHHYIO NJIACTHHY, HA OZHOH W3 CTOPOH KOTOPOM
HaHeCceHa TOHKadA HENPO3pauHasa ILJIeH-

Ka ¢ HeoOXOZMMEBIM PUCYHKOM B BHAE m m I
TIpo3pauHbIX OTBepcTHi. PasMeprr aTux 1

OTBepCcTUil (3JIeMEHTOB PUCYHKa) B Mac-

mrabe 1:1 COOTBETCTBYIOT pazmepam AT m m Il 4
Oymymux sanemenTos YIC, T.e. MOryT co-

CTaBJIATL KaK JECATKH ¥ eNUHHUILI A-A
MHKDOHOB, TaK ¥ [AOJU MUKpOHa (B
ciydae T. H. CyOMWKDOHHOH TeXHOJIO-
ruu). Iockonsky MIC usrorasiusaioTcs 7 v / /
TpynnossiMm Meromom (cM. pasgen 1.2),
Ha ¢oromabioHe II0 «CTPOKaM» U
«cTonbmaM» pasMemaeTca MHOYKECTBO

OJHOTHUIHBIX DPHCYHKOB. Pasmep Kaxk-
JOr0 PUCYHKAa COOTBETCTByeT pasMepy Oyayiero kpucraia YIC.

Puc. 6.11. ®dparmesT
doTomabiaorna (B InaHe
U B paspese)
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IIponecc doronurorpaduy Ajd MONYIEHUsI OKOH B OKMCHOI Ma-
cke Si0,, MoK phIBaOINeH IOBEPXHOCTh KPeMHHUEBOH IIaCTUHEI, CO-
crouTt B caepyiomem (puc. 6.12).

Caer

J“H“‘i‘ Tpapurtens
| W EEREY

T Ty 7

——
PR P )
810, 810,
S1 S1
a) 0) 8)

Puc. 6.12. Jransl npomecca GOTOAUTOrpadUH. @ — IKCHOBUNUA GOTOpe3ncTa
yepes ¢ortomabiion; 6 — JOKajJbHOE TpapjeHHe ABYOKHMCH KDeMHHUs uepe3 (oTo-
Pe3HCTHYIO MacKy, 6 — OKHCHad MAacka Iocje yAaleHHA doTtopes3ucta

Ha oxuciaeHHYI0 NOBEPXHOCTH IIJIACTHHBI HAHOCUTCA Kaniasa ¢o-
Topesucra (PP). C moMouipio 1meHTpuUdyru Kamiaio paclpegeisiioT
TOHKHM caoeM (0Kono 1 MKM) mo Bceit moepxHocTHu. [lonyuennyio
ILJIeHKY (OTOpEe3uCcTa BHICYLINBAIOT 40 3aTBepieBanus. Ha nmactu-
HY, HOKpPBITYI0O (hOTOPE3UCTOM, HaKJagbIBalOT (oromadion PII
(pucyHKOM K (HOTOPE3NCTY) ¥ 3KCHOHUPYIOT €0 B JIyuax KBapIleBoi
namnst (puc. 6.12, a). ITocne sToro ¢orTomabloH CHUMAIOT.

Ecnu ucnonsidyerca NMO3UTHUBHBIN GHOTOpe3uCT (CM. BbILIE), TO
TIOCJIe IIPOSIBJIEHYSI U 3aKpeIlIeHUusA (KOTOpoe COCTOUuT B 3agybnuBa-
HUU ¥ TepMoobpaboTke doTOpe3ucTa) B HEM NOJYYAIOTCSI OKHA Ha
TeX MeCTaX, KOTOPhie COOTBETCTBYIOT IIPO3PAYHBLIM yYacTKaM Ha
doTowmabnone!. Kak ropopar, Mbl nepenecau pucyHok c¢ dororaab-
JoHa Ha ¢doropesuct. Temeps cn0it poTopesucTa mpeACTABIALT CO-
0ol MackKy, IIJIOTHO @PHUJETAIOMIYI0 K OKHCHOMY  CJIOIO
(puc. 6.12, 06).

Yepe3 hOTOPE3UCTHYIO MACKY IPOM3BOAUTCA TPaBJIEeHUE OKMCHO-
ro cJIoA BIJIOTH 40 KpeMHUA (HA KpeMHMH NaHHBIA TPABUTENb HE
JAeltcTyeT). B pesynsTaTe pHCYHOK C (PTOPE3UCTa IEPEHOCHUTCHA Ha

1 Ecau ucmoss3yeTcs HeraTHBHEIH GOTOpe3ucT, TO U ¢GoTomabIoH ZOMKeH GhITh He-
PaTHUBHEIM, T.e. GYAVIIMM OTBEPCTHAM B OKHCHOM MaCKe JOJKHBI COOTBETCTBOBATD
HENpO3pauHble YUYACTKH
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oxmcen. Ilocne ymanenus (crpaBiuBaHYA) (GOTOPE3MCTHOM MaCKH
KOHEYHBIM HTOroM ¢oToaurorpabuy OKashbiBaeTCA KpeMHHUEBas
IUIACTHHA, IOKPHITasd OKUCHOMK Mackoi (puc. 6.12, 6 u 6.4, 6). Ye-
pe3 OKHa B 9TOH MacKe MOXKHO OCYyLIeCTBAATh quddysuio, HOHHYIO
MMILIAaHTAIlUIo, TpaBjeHue H T.II.

B TexHoMOrmuecKUX IMUKJIaX MSTOTOBJIEHUA AUOAOB, TPAHIUCTO-
pos # TeM Gomee FIC npomece do-

TOMUTOrpaQuu  HCIIONB3YeTCH gg;’% Zﬂog / ! //q’“‘;maﬁf/mﬁ
MHOTOKPATHO (OTHAENLHO AJA IO- oyt T /iy
nyueHuA Ga30BBIX CJIOEB, IMHUT-

TEpOB, OMHYECKHX KOHTAKTOB H ,c‘__lo :, 0p~cnoffl
T.4.). IIpu 3TOM BO3HMKaeT Tak

Bynymuit
HaspiBaeMas npobeMa copMelie- |n cioit

Hua ¢oromadbnonos. Cyrs sTOH

npobieMbl MJTIOCTPUpYeTCA Ha Puc. 6.13. Cosmemenne doromabnona
puc 6.13 ¢ PHCYHEKOM Ha moBepxvocTH MC

ITycTsb ¢ noMombio npegergyinet poroanrorpadru u guddyswn B miac-
THHe BBINOJIHEH p-cioil mupuro# 30 MM, a ¢ moMousio caegyiomeil ¢oro-
surorpadguy ¥ gud@ysur HyKHO BHYTDPH p-CJI0A HOJYYUTh N-CHOU HINDH-
0010 10 MxM (IOKa3aH IITPUXAMU), CMEIeHHH Ha 7 MKM OTHOCHTEJIBHO
HeHTpa p-cjiof. s aToro pucyHok 2-ro oromabiona HeoGX0XHUMO COBME-
CTHUTE C YK€ CyLlecTBYIOHIIUM peabedoM (T.e. ¢ TPAHUIIAMY P-CJIOHA) € TOY-
HocThI0 He MeHee 0,1 oT MWHWMAJBHOrO pasmMepa usolpaskKeHuAd.

IIpu MHOTOKpPATHOM HCIIONB30BaHUHU poTonuTorpaduu (B TEXHO-
gorun HUC go 15-20 pas) JOmycK Ha COBMeILeHHe AOXOLHUT HO CO-
TBIX AoJiell MukpoHa. TeXHUKa COBMEIIEHUA COCTOUT B TOM, YTO Ha
doromabaonax genamT coemyaibHBIE «OTMETKH» (HampuMmep, Kpe-
CTUKY UJIYU KBaApPaThl), KOTOPLIe IIEePEXOAAT B PUCYHOK Ha OKHCJE U
TIPOCBEYHUBAIOT CKBO3b TOHKYIO ILIEHKY (doropeaucra. Hakmaabisaa
ouepepHoi ¢orowabioH, aKKypaTHedAnmuM obpasom (IO MHKPO-
CKOIIOM) COBMEILIAI0T OTMETKY HA OKWCJIE C aHAJOTHYHBLIMU OTMET-
kKamu Ha doromabioHe.

PaccymorpeHHEbI npoiece oTomuTorpahuy xapakTepes AJNA IO-
JIy4eHuA OKHMCHBIX MAaCOK HAa KPeMHUEBbIX IJIACTHHAX C LeJbI0 I0-
Clepyloeil JoKaasHON guddysuu. B atom ciayuae poropesucTHasn
Macka (puc. 6.12, 0) sABJIsgeTC IPOMEXKYTOUHOM, BCIOMOTaTeNIhb-
HOM, Tak KaKk OHa He BHIJEP’KUBAeT BBHICOKON TeMIepaTyphl, IIpH
KoTopoit mposopuTrca gubdysus. OqHako B HEKOTOPHIX CIAydYasx,
Korja mpolece ufeT Npyu HU3KOM TeMIepaType, GoTopes3ucTHEIe Ma-
CKHM MOTryT OBITh OCHOBHbIMH — paboummu. [Ipumepom mMosker ciay-
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SKHTDH IPOIECC CO3ZAHUA METAJIMUECKOH Pa3BOJKHU B IIOJIYIIPOBOI-
nHuxopeix MIC (cm. pasgen 6.9).

®oromabrorsr. IlepBriM 3TanOM mpoiecca U3roToBaeHUA HoTo-
mabIoHOB ABJIAETCA KOHCTPYWPOBAaHHME M BLIUEPUYHBAHYWE IOCIOI-
HOI1 TomoJoruu ¢oroinabioHoB. Panee, xorga pasMepsl 3J1€MEHTOB
TOTIOJIOTMY COCTABJIANM eJUHUIIBI MHKPOH, a KOJUYECTBO 3JIEMEH-
TOB Ha KPUCTAJJIe He NPEBLIIIAN0 JEeCATKOB ThICAY, (OTOIIABIOHBI
BRIUEPUMBAJIKCE Ha CIEMUaJbHLIX KoopauHatorpadax B MmacinTabe
100:1 u 300:1. B macrosinjee BpemMsa Ipu CyOMUKPOHHBIX pasMepax
3JIeMEHTOB ¥ HMX KOJW4YEeCTBe Ha KPHCTaJIEe JO AECATKOB MHJLINO-
HOB, (OTOIab/0HBI M3TOTABIMBAIOTCA TOJABKO C HOMOINBIO KOMIIb-
IOTePHBIX KOMILJIEKCOB, UCIIOJIb3YIOMUX MEeTOABI 3JIeKTPOHHO-JIyue-
BOI1 JuTorpaguu B maciutabax 1:1 u 4:1. IIpu sToMm 06beM JaHHBIX
IIpY IPOEKTHWPOBAHWH Y)Ke B HacTrosinee ppemda gocruraer 0,5-1
I'6aitt, a B mepcnexktuse 10-100 I'Gair.

CraenyoimuM 3TanoM sIBIAETCA TaK HA3BIBAEMBIH IIPOMEXKYTOU-
HBIN OTC'hEM OpUIHMHAaa, T.e. ero ¢pororpadupoBaHyue HaA CTEKJISTH-
HYIO (DOTOIIJIACTHHKY ¢ HeoOXOQUMBIM YMeHbIIIeHHEeM pazMepoB H,
ecnu HeoOXOOUMO, — MYJIBTHUILIUIUPOBaHUeM (cM. puc. 6.11). Pe-
AyLOUpOBaHVe pPa3MepoB Npu (PuHAJIBHOM OTCHeMe 3aBHCHUT OT Mac-
mTaba Ipyu MPOMEKYTOUHOM OTCheMe, MyabTUNNMOUPOBAHUE OCY-
IIECTBJsIETCA Ha CIeNUalbHBIX (POTOINTAMIIAX, «Pa3MHOKAIOLIVIX»
u3obpaskeHue KpHUCTaNJIa Ha BCIO MOAJOXKKY (oToirabsoHa paszme-
pom a0 150x150 mm2.

DoTomaba0Hbl U3rOTABJMBAITCSA KOMIIJIEKTAMY TI0 YHCHY OIe-
pamnuii doroautorpaduy B TEXHOJOrn4ecKOM IMKJe. B mpepemax
KayKJoro KoMILIeKTa GoToirabloHsI COTIacoBaHbI, T.e. obecreunpa-
IOT B3aVMHYIO OPMEHTAHIO ¥ COBMEIeHYe C 3aJaHHOM TOYHOCTHIO.

OpauMm u3 cnabbix MecT KiaaccuuecKoil doronurorpaduyt ABJsd-
eTCAd MeXaHMYeCKHUH KOHTaKT (poTorrabloHa C IJIaCTUHOM, IMOKDPHI-
Toit hoTopesucToM. TaKoi KOHTAKT HUKOTAA He MOXKeET ObITh COBEp-
IIeHHBIM M CONIPOBOYKJAETCsI Pa3HOr0 poja UCKaXKeHUAMY PUCYHKA.
Koukypupyoqum MeTOZOM SIBISIETCH NPOCKUUOHHAA POMOAUMO2-
pagusa, Ipu KOTOPOH DHCYHOK (GOTOMIabJOoHA IPOEKTHUDPYeTCs Ha
IUIACTHHY € HOMOINBI0 CIENUATHLHON ONTHYECKOH CHCTEMBI.

Hossle pemenus u TengeHuun. Onucanspie Buillle IPOIECCHI 4O
CHUX IIOP He HMOTepAJH CBOero 3HAUEeHUs B KauecTBe OFHOM M3 OCHOB
MUKDO3JEKTPOHHOI TexHojgoruu. OZHAKO II0 Mepe IOBHIIIEHUSA
CTelleHY WHTeTpaluyl ¥ YMeHbIIeHUsa padmepoB saemeHTOB VIC BO3-
HUK psj npobieM, KOTOPbIE YACTUYHO YiKe€ PeIlleHbl, 8 YaCTHYHO
HAXOZATCA B CTaAU¥ H3yUEeHUs.
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OnHO M3 NPUHNUNHAJIBHBIX OrpaHuuyeHuit dorogurorpaduu
KacaeTcs paspeiaoineil crocobHOCTH, T.e. MUHUMAJIBHBLIX pas-
MEpOB B co3JaBaeMoM pucyHke Macku. }M3-za gudppaxnoum csera
MUHVMMANBLHEIN pasmep M300pakeH¥s Ha KpHUCTajje (Ipu AJAUHE
BOJIHBL YJABTPa(dHUOJIETOBOr0 HCTOYHHKA 3acBeTKU (doromabaoHa
0,5-0,2 MKM) He MOKeT GbITh C JONYCTHMOM ToOuHOCTHI0 +10% Me-
gee 1,0-0,4 mxm. Mexxay Tem y’ke B HACTOsIII[ee BPeMs IIPHU CO3fa-
auu Gonpmmx u csepxbonpmux MC Takme pasMepnr 371€MeHTOB
OKa3bIBAIOTCSI HEJOCTATOUHO MaJIbIMU.

Haubonee oueBMAHBIN NYyThb [JAA IOBLILUIEHUA paspellaioulel
criocobHOCTH JuTOTpaduy — WCHOJH30BaHUE IPH 3KCIO3UIUU 00-
Jlee KOPOTKOBOJHOBBIX H3JIyUeHWH, Hampumep, MATKOrO PpEHTre-
HOBCKOrO (¢ anuHamu BoaH 1-2 HM). OpHoit u3 Haubojee TPYLHO-
paspeiruMbIX TPoOJeM PEHTTEHOJIUTOrpaduy sIBIAETCS CO3JaHUe
peHTrenomabnonoB ¢ Maciurabom M1:1 u peHTreHopesuctos. [py-
rofl TAMKeNOM 3ajauell ABAAETCA MOKCK afeKBAaTHBIX METOJOB CO-
BMeIeHUs1 11abJI0HOB.

3a mociegHue roabl pa3paboTaHbl METOALI 3ACKMPOHHOU AUMO
zpaguu. X CyLIHOCTH COCTOUT B TOM, UYTO C(POKYCHUPOBAHHBIH IIy-
YOK 3JIEKTPOHOB CKaHupylom (T.e. INepeMelialoT «IIOCTPOYHO») IIO
TIOBepXHOCTH IJIACTHHEI, TIOKPHITOH PEe3NCTOM, U YIIPaBIASAIOT HH-
TEeHCHUBHOCTHIO IIYYKa B COOTBETCTBHH C 3aJaHHOM mporpammoii. B
TeX TOYKaX, KOTOPbie JOJKHBI OBITL «3aCBEUEeHBI», TOK NyYKa MaK-
CHMAaJIeH, & B Te€X, KOTOPbI€ JO/IKHBI ObITh «3aTeMHEHbI», — MUHHU-
MaJjieH WY PaBeH Hy 0. [uaMeTp Nmy4YKa 3JeKTPOHOB HAaXOWUTCS B
IpAMOH 3aBUCUMOCTH OT TOKA B IIyYKe: UeM MeHbIIle JUaMETD, TeM
MeHplue TOK. OfHAKO ¢ yMEHBIIIEHNEM TOKa PACTET BpeMs 3KCIO3H-
nuu. IlosToMy NOBBINIeHNe paspelaIeil cnocobHocTH (yMeHbIIe-
H¥e auaMeTpa NYYKa) CONPOBOXKAAETCS YBeJIUUYeHUEeM AJIUTeNbHO-
CTH Ipomecca.

Opua M3 pasHOBUAHOCTEH 3JIEKTPOHHOM JuTOorpaduy ocHOBaHA
Ha OTKa3e OT Pe3UCTOPHHIX MacOK ¥ NIpeAyCcMaTpUBAET BO3JelicTBYE
3JIEKTPOHHOTO IyUKa HENOCPeJCTBEHHO Ha OKHMCHBIM cnoit SiO,.
OxaspIBaeTcsi, UTO B MECTaX «3aCBETKH» 3TOT CJOM B JajibHeHIleM
TPaBHTCA B HECKOJLKO pas ObIcTpee, ueM B «3aTEeMHEHHBIX» y4acT-
Kax.

Yro xacaercsa nmpobJieMsl COBMEIIeHMWsI PHCYHKOB, TO ee CTapa-
0TCA pelaThk NYyTeM CAMOCOEMEULeHUs. ITOT IPUHINI MOXKHO OXa-
PakTepu30BaTh KaK HMCIOJL30BAHME PaHee MOJYUeHHBIX CTPYKTYP-
HBIX 3JIEMEHTOB B KauecTBe MAaCOK [AJis NOJYUEeHUA IOCJAeIYIOLIUX
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anemeHnToB. IlpuMepamu MOryT CHAY>KUTH H30IJIaHADHASA TEXHOJO-
rua (puc. 7.10) u texmomoruss MOII-TpansucTOopoB ¢ camocoBMe-
IIeHHHIM 3aTBopoM (puc. 7.30 m 7.31).

PeansHplil mporpecc 1 OJMKaANIIINE MEPCIEeKTHBE] ITPOMBIIIICH-
HBIX METOAOB JuTOorpadum IOKasaHHI Ha puc. 6.14.

Ly MEM
1,5
1,0 1
0,7 A
0,6 1
0,35 1
0,25 1
0,18 §
0,15 7
0,10 4

0,07 1 : . . . . . . ) :
1983 1986 1989 1992 1995 1998 2001 2004 2007 2010 ¢,roan

Puc. 6.14. IIporpecc ¥ nmepCHeKTHBH IPOMBINUIEHHBIX METOZOB JIHTOrpadHu.

1 — omruueckas autTorpadusa ¢ AAuHOH BOJHB 365 HM, 248 HM u 193 BHM.
II — penTtreHoNUTOrpadHs HMJIM NPAMOE MOJYHEeHHMEe PHCYHKA C IOMOIILIO 3JIEKT-
poHHOTO JNy4a. III — 3JIEKTPOHHO-JIyUeBasl NPOEKIHOHHAas JHTOIpadHs.

N — KOJHYeCTBO JOMHYECKHX 3JEMEeHTOB MHKDOIIPONeccopa
a 1 cM® kpucramna BHC

Ecnu cumraTh, YTO TEMIBI Pa3BUTHA MUKDPOIJEKTPOHHKU IO
2010 r. He U3MeHATCH, TO Ka)KAble TP rofa, HO-IIpeXHeMy, MUHU-
MaJIbHBIM pagmep 3JeMeHTOB OyJeT yMeHbHIAThCA ¢ KO3bdUIIVEH-
tom 0,7. 151 JOCTH)KEHUA TAKHUX pasdpelleHuil, eCTeCTBEHHO, IOHA-
n06ATCA ¥ HOBBHIE MAcKHUpYIOIMe MaTepuaibl (pe3ucThi), ¥ HOBBIE
TIPOM3BOAUTENbHEIE YCTAHOBKY IKCIOHWPOBAHUA, U HOBBIE, MHTEr-
PUpOBaHHBIE TEXHOJOTMYECKHE IPOILECCHI, OTAMYAIOIINECH OT CO-
BPEMEHHBIX IMOBHIIIIEHHBEIMY 3KOJOTHUYECKUMU TPeGOBaHMAMU.

Ha puc. 6.14 nokasansl HanGojee BepOSATHbLIE METOAbI, YoKe aIpo-
OupoBaHHbIe B HAYUYHBIX JabOpaToOpHUAX, KOTOPbIe MOTYT 00EeCIIeUuTh
TpeGyeMble paspellleHus Ha IJIaCTUHAX KpeMHUsA guameTpom go 300
MM. IIpu 9TOM ellie OZHOM CJIOKHeIIeN npobaemoit, pellleHre KOTO-
PoO¥l NmpeACTOUT HAMTH, ABJAETCS TOMCK 3KOHOMHYHBIX METOHOB CO-
BMeIIeHUA ¥ KOHTPOJS KECTKMX OIYCKOB Ha COBMeIleHUe.
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6.8. Hanecenne TOHKMX NJACHOK

Tonkue IJIeHKH HE TOJLKO ABJIANTCI OCHOBOM TOHKOIJIEHOUY-
ueix 'MC, HO WIMPOKO MCHONBL3YIOTCA U B NOJYIPOBOSHUKOBLIX HH-
TerpaJibHBIX cxeMax. [103ToMy MeTOABI IOJIyYEeHUA TOHKUX IIJIEHOK
OTHOCATCA K OOIIVM BOIIPOCAM TEXHOJOTHH MHKPO3JEeKTPOHUKH.

CyuiecTBYIOT TPH OCHOBHBLIX METOHA HaHECeHHA TOHKUX IJIEHOK
Ha IOAJIOKKY M APYT Ha Apyra: mepmuyeckoe (BaKyymMHO€) HAnNbL
JleHue, UOHHO-NAAIMEHHOE HaNblleHUue U INEKMPOXUMUYECKOE
ocascdenue. VIOHHO-IIJIa3MeHHOE HATILLJIGHHE MMeeT JABe PasHOBHJ-
HOCTH: KamoOHOe HanviileHue U COOCTBEHHO MOHHO-IIJIa3MeHHOe.

Tepmuueckoe (BaKkyyMHoe) HambLIeHnme. CxeMa 39TOro MeToZa
nokasana Ha puc. 6.15. MeraqinuecKuil NIy CTeKJIAHHBIN KOJIHAK
1 pacronoskeH Ha ONOPHOM mnuTe 2. MeKAy HUMY HAXOAUTCA NIPO-
kragka 3, obecneumBarolias NOZZep KaHue BaKyyMa IOche OTKad-
K¥ NOJKOJINayHoro npocrpanctsa. Ilogmoxkka 4, Ha KOTOPYIO IIpo-
BOOUTCA HaIblJIeHUe, 3aKpemeHa
Ha pepskartene 5. K pepsxaremio
IpUMbIKAeT HarpesaTear 6 (Hamsi- 6
JleHWe TIPOBOJHUTCI Ha HArpeTyio
HOLI0KKY). Wcnapurens 7 BRIIO- ”__ic_g%\ 4
yaeT B cebs HarpesaTeNb W HMCTOY- -
HUK HansLiAemoro semrecTsBa. Ilo-
BOPOTHAas 3aCJIOHKa 8 IepeKprIBaeT 7
IIOTOK IIapOB OT MCHAPUTeNs K IOJ-
JIO}KKe: HalblJIeHHue AJIUTCA B Teue-
HYe BpeMEeHY, KOrja 3acJIOHKa OT- 9
KpHBITa.

Harpesarens 00s14HO NIpeacTaB-
JigeT c0o60i1 HUTE UJIHM CIHUPAJTL U3
TYTOIJIaBKOrO meTasina (Boasdpam,
monubaeH M Ap.), uepe3 KOTOPYIO
IIPONYyCKAaeTCA [JOCTATOYHO 060Jib-
o ToK. MICTOUHUK HanbijlAeMOro BeIlecTBa CBsI3LIBAETCA C Harpe-
BaTesJeM IIO-Pa3HOMY: B BHJe CKOBOK («I'yCapuKOB»), HaBellluBae-
MBIX Ha HUTH HaKaja; B BUAe HeOOJLIIUX CTep)kKHell, oXBaThIBae-
MbIX CIHPaJpi0, B BHUAE IOPOILIKA, B3aCBLIIAHHOTO B THUIEIb,
HarpeBaeMbilf CIIUpasio, ¥ T.II. BMecTo HuTell HaKalia B nocjlefHee
BpeMs HCHOJIb3YIOT Harpes C IIOMOIIBIO 3JIEKTPOHHOTO Jyda HIMN
Jyya Jjasepa.

—

Puc. 6.15. Cxema ycTaHOBKH Tep-
MHUYECKOTO HAIlbIJIeHHS

7— 3423
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Ha mnopnoskxe cosgaroTcs HaubGoJsiee OJIaronpHUsiTHbBIE YCJIOBUA
MUIA KOHeHCAIlMM IIapoB, XOTA HYacTHYHO KOHAEHCAIWaA IIPOUCXO0-
OUT U Ha CTeHKax Koanaka. CAMIIKOM HU3Kas TeMIeparypa Noj-
JIO)KKH TIPEeNATCTBYET PAaBHOMEPHOMY paclpefesieHUI0 ajcopbupye-
MEIX aTOMOB: OHY T'DYINUPYIOTCS B «OCTPOBKY» DA3HOM TOJNILVHEI,
4acTo He CBsA3aHHBIe APYT ¢ ApyroM. HaobopoT, caumkom BeICOKAasA
TeMIIeparypa NOMJIOKKY IPUBOAUT K OTPHIBY TOJILKO YTO OCEBIITUX
aToMOB, K MX «peucmapeHuio». [losToMy ANA HMOJYyUeHUA KadecT-
BeHHOM IJIEHKY TeMIlepaTypa HOAJOMXKHY AOJKHA JIEXKaTh B HEKOTO-
PHIX ONTHMAaJIbHBIX Hpefenax (06sruno 200—-400 °C). CxopocTe poc-
Ta IJIEHOK B 3aBHCUMOCTH OT psafa GakTopor (TemIepaTypa Harpe-
BAaTeJs1, TemIepaTypa IOAJOXKKY, PACCTOSHWE OT HCIapuTeld O
TIOAJMIOKKY, TUI HAaNbIIAEMOI'0 Marepuala U Ap.) JIeXKHUT B mpeze-
JIlax OT HecATHIX AOJeHl A0 AEeCSATKOB HAHOMETPOB B CEKYHAIY.

IIpoyHOCTS CBA3Y — CLEIIEHUS IIEHKY ¢ IOAJIOMKKOMN NI JPY-
I'Oit IJIeHKON — HasbiBaeTcdA adzesueil. HekoTopsie paclpocTpaHeH-
Hbje MaTepuasbl (HAaIpuMep, 30JI0T0) UMEIOT IJIOXYIO aATe3HIo ¢ TH-
NINYHBIMH NOLJIOKKaMHK, B TOM YHCJe ¢ KpeMHueM. B Takux ciayua-
AX Ha TONJIOKKY CHaudaja HAHOCAT TaK Ha3bIBaeMbIil nodcaoi,
XapaKTepHpI# XOpoimeil apgresueil, a 3aTeM Ha HETO HANBLIAIOT
OCHOBHO# MaTepHal, ¥ KOTOPAro aAres3us C IOACJIOEM TOMKe XOpPOo-
masa. Hampumep, mjst 30j10Ta IOACJIOEM MOTYT ObIThb HHKeJb HJIH
THTAH.

IOna Toro uroOsl aToMbl rasa, JeTsAlIVe OT UCIApUTeNs K IHOX-
JIOJKKe, HCIBITHIBAIY MHUHVUMAIbHOE KOJHYECTBO CTOJKHOBEHUH C
aTOMAaMM OCTATOYHOI'O ra3a U TeM CaMbIM MUHUMAaJbHOE paccesaHue,
B NOAKOJNINAYHOM IIPDOCTPAHCTBE HY>KHO ODeclleuMBaTh ZOCTATOUHO
BbICOKHI BaKyyMm. KpuTepuem Heo6XoguMoOro BakyyMa MOXKeT Ciy-
JKUTh yCJOBUe, YTOGHI cpeJHAs JJMUHa cBOOOgHOro npobera aTroMoB
B HECKOJBKO pa3 IIpeBbilllajia PACCTOSIHUE MEXAY HCIapuTeleM U
NoAJI0KKO#M. OZHAKO 3TOr0 yCJIOBHUSA WaCTO HEJOCTATOYHO, TAK KaK
n1000e KOJHYeCTBO OCTATOYHOIO r'a3a UPeBaTo 3arpsa3HeHueM Hallbl-
JsgeMOH IJIeHKM U m3MeHeHumeM ee cBoiicTB. llosTomy B mpumruume
BaKyyM B YCTAaHOBKaxX TEPMHUYECKOTO HAIbLIEHWA JOJKeH ObITh
Kak MOKHO 0OoJsee BrICOKHM. B HacTodlee BpeMsdA BaKyyM HIDKe
107 MM pT. CT. CUMTaeTCA HENpUEMJIEMBIM, 4 B PAJE IePBOKJAC-
CHBIX HAOLLIUTENbHBIX YCTAHOBOK OH noBefeH no 107! mm pr. cr.

I'aBHBIMH ZOCTOMHCTBAMYK PAaCCMOTPEHHOTO MeTOoJa SABJAIOTCA
€ro IpOCTOTa ¥ BO3MOXXHOCThL NOJAYUEHUA MCKIIOUUTENIHHO YMCTBIX
IIeHOK (IIpH BLICOKOM Bakyyme). OZHAKO y Hero eCcTh U Cepbhe3Hble
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HEeJOCTATKY: TPYAHOCTh HANbUIEHUs TYTOIUVIABKHUX MATEPHAJIOB H
TPYAHOCTE: (a4 MHOTZa HEBOSMOYKHOCTBH) BOCIPOW3BEZEHMA Ha IIOK-
JIOKKE XMMHYECKOTO COCTaBa HcIapsAeMoro BemiectsBa. Ilocnenmee
06'bACHAETCS TEM, UTO IPH BLICOKOH TeMIepaType XMMHUYECKHUe COo-
efVHEeHUA RUCCONUUPYIOT, & MX COCTABJAIOIYE KOHAeHCUPYIOTCH
Ha MIOAJIOKKEe pasjensHo. EcrecTBeHHO, MMeeTCA BePOATHOCTE TOTO,
4TO HOBasA KOMOMHAaIMA aTOMOB Ha NOZJIOXKKe He GygeT COOTBETCT-
BOBaTh CTPYKTyPe MCXOJHOM MOJIEKYJIBI,

KatogHoe mnHampuienme. CxemMa 3TOro Meroja IIOKasaHa Ha
puc. 6.16. 3gech GONBLITMHCTBO KOMIIOHEHTOB Te JKe, UTO M Ha
puc. 6.15. OgHako oTcyrcTByeT HcHa-
pHTeNb: €r0 MECTO II0 PACIOJIOKEeHUIO
(u o byHKIUM) 3aHIMaeT karog 6, ko-
TOPBIM GO COCTOUT U3 HANBLIAEMOro
BelecTBa, JuG0 3JEKTPUUYECKH KOH-
TakTupyeT ¢ HuM. Poas aHoma BBITION-
HAET TOJJIOXKKa BMECTe C JepiKaTeieM.

ITogkonmauynoe IPOCTPAHCTBO CHA-
yajga oTKauusawoT 40 1075-107% Mmm pr.
CT., a 3aTeM B HeEro uepes mrTynep &
BBOAAT HEKOTOpPOE KOJHMYECTBO OYU-
IIeHHOTO0 HeHUTpaJbHOTOo rasa (uame
BCEro aproHa), TakK 4YTO CO3JaeTcA AaB- Pac. 6.16. Cxema YCTaHOBKH
nenue 107-1072 mm pr. cr. IIpu noga- KATOZIHOTO HAaIBUICHHS
ye BbICOKOrO (2—3 kB) Hanps)xkeHuA Ha
xarofg (anof 3a3eMJIeH u3 COOOparkeHuil
3JIeKTp06e30IIacHOCTH) B IPOCTPAHCTBE aHOA-KATOJ BOZHUKAET aHO-
MaJBHbBII TJEIOUIUN Daspsf, CONPOBOXKAAIOIIUICA 0OOpasoBaHueM
KBa3uMHENTPaJbHOH 3JIEKTPOHHO-UOHHOU TIa3MBbI.

Crnenmuduka aHOMAaJNBHOTO TJIEIOIIEr0 pas3piAfa COCTOUT B TOM,
YTO B MPHKATOJHOM IPOCTPAHCTBE 00pa3yeTcsi HACTOJNBKO CHILHOE
dNIEKTpHUYeCKOe II0JIe, YTO TOJIOXKUTENbHbIC HMOHBI ra3a, yCKOpse-
Mble 3TUM HoseM 1 6oMbapaupyIolIVie KaTok, BHIGUBAIOT U3 HEro He
TOJIKO 3JIEKTPOHBI (Heobxoaumblie AJId NOAAEPyKaHUs paspana), HO
¥ He¥TpaJbHEIe aTOMbI. Tem caMbIM KaToJ IHOCTEIEHHO pa3pyliaer-
CA. B oGrIUHEBIX ra3opa3psagHbIX Npubopax paspylleHue KaToja He-
HONycTHMO (II03TOMY B HUX HCIOJb3yeTCA HOPMANBHBIA TICHOIINM
bPaspsax), HO B JaHHOM Cjydae BbIOMBaHVeE aTOMOB U3 KAaTORA SIBJIA-
€TCA MOJIe3HHIM IIPOIECCOM, AHAJNOTHYHBIM HCIAPEHHUIO.
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BaskHBIM HPEeMMYINEeCTBOM KAaTOAHOrO HAIBLIeHUsS IO CPaBHe-
HUIO C TEPMUYECKUM SABJAETCA TO, YTO pacIbIIeHNe KaToja He CBA-
3aHO C BBICOKOI TeMmneparypoit. CoOTBETCTBEHHO OTIAgAIOT TPYAHO-
CTH NIPY HaNbIJIeHUH TYTOIJIABKUX MaTEePHaOB U XUMHUYECKUX COe-
AuHeHuH (cM. mocieZHUH ab3al NpeABIAYINEro pasfena).

Opnako B JanHOM MeToZe Karof (T.e. HANBLIsEMBI Marepuan),
Oyay49u 3JIeMEHTOM ra3opaspsifHOI Ienu, JoJKeH obJjafaThk BHICO-
KOH 3JIeKTPONpOBOAHOCTEI0. Takoe TpeGoBaHMe OrpaHUYHUBAET ac-
COPTHMEHT HaNbLIAeMbIX MaTepHaOB. B 4acTHOCTH, OKa3bIBaeTCA
HeBO3MOJKHBIM HAIBLJIeHWEe TUIJEKTPHKOB, B TOM YHCJIe MHOTHUX
OKICJIOB ¥ JPYI'HX XUMHYECKHX COeAUHEHUH, PACTIPOCTPAHEHHEBIX B
TeXHOJIOTHH IOJYIPOBOLHUKOBHIX NPHUOODPOE.

JTO orpaHMyeHye B 3HAUUATENHHON Mepe YCTPAHAETCA TIPYU MCHOMNb-
30BaHMUHU TaK HA3BIBAEMOI'O PeaAKmu8r0z0 (IWIH XUMUYECKO0Z0) KATOX-
HOTO HaNLUIeHUsA, OCOOEHHOCTH KOTOPOTO COCTOUT B JODaBIeHMH K
OCHOBHOI MAacce MHEpPTHOro rasa He(GOJBIIOTO KOJMUYECTBA AKTHUB-
HBIX ras3oB, CIHOCOGHBIX 0Opa3oBLHIBATHL HeOGXOqMMBIE XVMMWUYECKHE
COeAVWHEHUsl C pacnplIsieMbpIM Marepuasiom karoga. Hampmmep,
NIPUMELIVBasi K aproHy KUCJI0DPOH, MOKHO BHIPACTHUTH Ha IIOJIOMKKe
IJIeHKY OKucja. [IpumemuBasi a30T UJAM MOHOOKNCH YIJIepOja,
MOYKHO IOJIYYHUTH HUTPHUALI MM KapOHAbl COOTBETCTBYIOIIVX Me-
Tajlj0B. B 3aBUCHMOCTH OT HapIUAJLHOIO HaBJAEHHUA aKTHUBHOTO
rasa XuMHYecKasi peaKIiua MOXKeT IPOUCXOIUTH Jubo Ha KaToge (U
TOrAa Ha TONJIOXKKe OCA’KJaeTCsa Y)Ke IOTOBOe coeguHeHue), nmbo
Ha TOAJIOYKKEe-aHoge.

HegocraTkaMy KaTOZHOTO HANLIIEHUsS B 1I€JI0M ABJIAIOTCA HEKO-
TOopas 3arpA3SHEHHOCTH IJIEHOK (M3-3a HCIIOJMH30BAHMS CPABHUTED-
HO HUBKOTO BaKyyMma), MeHbIIasA 110 CPABHEHHUIO C TEPMUUYECKHM Me-
TOZOM CKOPOCThL HalblLIeHUA (II0 TOMH ’Ke IIPUUMHE), a TaKiKe CJIOMK-
HOCTb KOHTPOJIA IPOIECCOB.

Honno-n1asmMeHnHoe HanbliIeHne, Cxema 3TOT0 MeTOAa NOKAa3aHa
Ha puc. 6.17. 'mapuas ero oco0eHHOCTE IO CPAaBHEHUIO C METOJOM
KaTOZHOTO HAIBIIEHUsS COCTOUT B TOM, UTO B IPOMEXYTKE MEXIAY
3JIEKTPOROM 9 — muwueHvio (C HAHECEHHBIM HE Hee HAaIlblJIAeMbIM
MaTepuaaoM) ¥ HMOMJI0KKOH 4 meMCTBYeT He3aBHCHUMBIN, «ZeXKYyp-
HBIN» Ta30BbIil pa3pan. Paspam mmeeT MecTo MeXXAy 3JeKTPogaMu
6 u 7, IprueM TUI Pa3pAfa — HeCaMOCTOATEeNbHBIN gyroson. nsa
3TOr0 THIa PaspsAfa XapaKTepHBI: HaJIWuMe CHemUuajabHOTO HCTOY-
HUKa 3JIeKTPOHOB B BHJe HaKajausaemoro xkaroga (6), uuskue pabo-
yye HaupsDKeHuA (JeCATKH BOJIBT) M 0OJbINAA TIJIOTHOCTH 3JI€KT-
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poHHO-NOHHOM mnasmel. [log-
KOJIIaYHOE TPOCTPAHCTBO, KaK U
np¥ KaTOZHOM HAaIbIJIEHWH, 3a-
MOJHEHO HeATPaJpHLIM TIa3oM,
HO npu 6oJjiee HU3KOM JaBJeHUU
(1073-10"* MM pr. cT.).

IIpoitecc HaNIBINIEHNST COCTOUT
B cnegyiomem. Ha muniens or-
HOCHTEJIBHO TIJIa3Mbl (IIpaKTH4e-
CK¥ — OTHOCHUTEJLHO 3a3eMJIeH-
HOTO aHOAa 7) MojaeTcd OTpPUIA-
TeNbHBIM moTeHnuan (2—3 kB),
IOCTATOUHBIM AJ11 BO3HUKHOBe- Puc. 6.17. Cxema ycTaHOBKH
HUA aHoOMAaJbHOI'O TJIeIOIlIeI‘O HOHBHHO-IIJIa3MEHHOTO HAaIIbLJIEHHSA
paspsAja ¥ WHTEHCUBHOH OoM-
6apAYPOBKY MUIIEHU MOJOXKUTENbHBIMYU MOHAMY TIa3Mmbpl, Bribu-
BaeMbie aTOMbI MUIIIEHH IONafaloT HA MOAJNIOKKY H OCAKAAIOTCA Ha
Heit. Takum o6pa3om, IPUHITUIHAANLHBIX Pa3JAUUNN MEXXKAY IpPOIec-
caMM KaTOAHOT'O ¥ MOHHO-IIJIa3MEHHOI'0 HalbLIeHus1 HeT. Pasnuua-
IOTCA JHUINb KOHCTPYKIMK YCTAHOBOK: MX Ha3bIBAIOT COOTBETCTBEH-
HO ABYX- U TPEX3JEKTPOJHBIMH.

Hauano u koHel nnpomecca HanbLJIEHUs OIPEAEJIAIOTCs Imogaueit
¥ OTKJIOUEHVEeM HalpsDKeHusa Ha mummeHu. Ecau npegycmorpers
MeXaHMYeCcKyIO 3acIOHKY (cM. puc. 6.15), To ee HanUuue IO3BOJIsI-
eT peann30BaTh BAXKHYIO JONOJHUTENBHYIO BO3BMOYKHOCTh: €CIU IO
HayaJjla HaNbIIEHWA 3aKPBLITh 3aCJOHKY UM TIOJaTh IOTeHHUaX Ha
MHIIeHb, TO OyeT MMeTh MEeCTO MOHHAA OUHUCTKA MHUIIEeHH (CM. pas-
Zex 6.6). Takast OUNCTKA IT0JIe3HA AJ1d NOBLIIIIEHNST KAa4eCTBa HaIlbI-
NAeMO NJIeHKH. AHaJOTHMUHYI0 OUMCTKY MOJKHO IIPOBOAUTH Ha
IoAJIO}KKe, IofaBasd Ha Hee (JO HANbUIEHUS IJIEHKW) OTPULATE]b-
HBIY TIOTEeHI[HAJI.

Ilpy HanelIeHUY AUSNEKTPHUUYECKHUX IIJICHOK BO3HUKAET 3aTPY.A-
HeHMWe, CBA3AHHOE C HAKOIJIEHVEM HAa MUIIEeHU INOJOKHUTENbHOTO
3apsajga, IPeNsTCTBYIOIIEro JalbHeWIrneil MOHHOK GoMbapaupoBKe.
OTo 3aTpyAHEHUe IIPeojoJIeBaeTca IIyTeM HCION530BAaHUA TAK Ha-
3bIBAEMOTO 8blCOKOYACMOMHKO0z0 NOHHO-IIJIA3MEHHOTO HAIbIICHUA.
B 3roM ciyuae Ha MHUIIeHb HAPAAY C NOCTOAHHBIM OTPHIIATEIbHBIM
HanpsyKeHueM IIoJaeTcs IepeMeHHOe HaNIPssKeHue BRICOKOH 4acTo-
ThI (OK0J10 15 MI'M) ¢ aMnIuTyROM, HECKOJIBLKO IPEBHIIIAIONIeN 10~
CTOsIHHOe Hampskenue. Torga Bo BpemsaA OOJMblIeH YacTH NEPHOAA
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pes3yALTUPYIOIIee HAIIPAYKEHUE OTPUIIATENbHO; IIPH 3TOM IIPOYICXO-
AUT OOBIYHBIA IPOLecC PACHBbIICHHSA MUINEHYW M Ha Heil HaKallu-
BaeTca NOJOKUTeNbHbIH 3apaf. OgHaKko BO BpeMA HeGOMbIION yac-
TH IE€pHUOJA pPe3yJIbTHpPYIOlllee HANPSKeHVE IOJOXKWUTENbHO; IPH
9TOM Mulllens GomOapaupyeTca 3JeKTPOHaMy U3 IJIasMel, T.e. pac-
NLIJIEHUST He NIPOUCXOMHUT, HO 3aTO KOMIIEHCHPYeTCs HaKOIIJIEeHHbIN
HOJIOKATENLHBIA 3apsan’l.

BapuaHT peakTMBHOTO (XMMHWYeCKOI0) MOHHO-ILIA3MEHHOTO Ha-
OBLIIEHYA OTKPLIBAET Te ’Ke BO3MOXKHOCTH TOJIyUYeHUsi OKHUCJIOB, HU-
TPUJOB ¥ APYTUX COeqUHEHUIl, YTO ¥ PeaKTHBHOe KATOZHOe Hallbi-
nenue (CM. NpegbIZyINUIl pasjgen).

IIpeumymiecTsa cOGCTBEHHO HOHHO-ILIa3MEHHOTO METOAA IO
CPaBHEHUIO ¢ KATOAHBIM COCTOAT B GOJbIIe CKOPOCTH HalbijeHHS
u Goxsime#t rubroCTH IpoIlecca (BOZMOXKHOCTH HMOHHOM OUYMCTKH,
BO3MOXKHOCTb OTKJIIOUeHUs paboueil menu 6e3 npepnlBaHuA pasps-
na u np.). Kpome Toro, Ha KauecTse ILIEHOK CKa3biBaeTcs 6oJiee BbI-
COKMH BaKyyM.

AnognpoBanne. OgvH 3 BapUAaHTOB XMMWYECKOTO MOHHO-IIIa3-
MEHHOTO HalbpLIeHVs Ha3bIBAIOT aHOOUpPO6GHUeM. ITOT IIPOLEeCcC COo-
CTOUT B OKHUCJICHUY INOBEPXHOCTH METAJJINYecKO IJIeHKH (Haxons-
Ieicsa TOox IIOJOMKUTENbHBIM IOTEHIHMATIOM) OTPHIATENnHBIME
MOHaM¥ KHUCJIOPOJa, MOCTYIAOIIMY U3 IJIa3MbI ['a30BOTO Pa3pAja.
s 3TOr0 K MHEPTHOMY rasy (Kak ¥ IpH YHCTO XMMHUECKOM Ha-
IbLJIeHNN) ciefyeT fo6aBuTer Kuciaopoxn. Takum obpasom, aHOZUPO-
BaHVE OCYILECTBJISIETCS He HeUTPaJbHBRIMHM aTOMaMHK, a HOHAMHU.

XumuuecKoe HalbLIeHUe M aHOQUPOBaHUe, BOOOIIE roBODPs, HIpO-
XOAST COBMECTHO, TaK KaK B ra3opaspsAfHOI miasMme (ecilu OHA CO-
AEP>KHUT KUCJIODPOX) COCYILECTBYIOT HeHMTpaJlbHbIEe ATOMBI M HOHBI
kucjopoga. s Toro uTobnl aHOZWPOBaHMe IIPEBaJMPOBAJIO Hal,
YHUCTO XVMHYECKHM HAalbUIeHWeM, HOAJOKKY pPaclojlaraioT «JIu-
moM» (T.e. METAJUIMUECKO IJIEHKOI) B CTOPOHY, IIPOTHBOIIOJIOKHYIO
KaToxy, ¢ TeM uroObI Ha Hee He IONajayl HeHUTpaJbHBIE ATOMEL.

Ilo mepe HapacTaHusA OKHCHOI'O CJI0A TOK B aHOQHOM LNy Iaja-
eT, TaK KaK OKHCeJ SIBJAETCS AU3JeKTPUKOM. [s mogpepkasud
TOKa HY>XKHO IOBBIIIATH MUTAIOINee HaupskeHue. I[IoCKoIbKY uacTs
3TOrO HANpPAXKEHWA TaJaeT Ha IUJIeHKe, NIPOIeCC aHOOUPOBAHUA

1 Ecau nogaBaTh Ha MUNIEHb YHCTO IepeMEHHOE HANPAKeHHe, TO 34 BPEMs IIOJIOKH-
TeJBHOTO MOJNYIIEPHOAA 3apsij dMeKTPOHOB Gaarogapsa ux Gonpuiell MOABHKHOCTH
NIPEBBICUT 3apAJ HOHOB, H MHUIIEHb IPHOGPETET OTPHIATENLHLIN IOTEHIHAI.
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IpOTeKaeT B yCA0BUAX 00JIblION HANPAKEHHOCTH IOJA B OKHCHOMH
nienke. B peayibrare um B JanpHelfileM, IPH 3KCILIyaTamyuy, OHA
o6afaeT MOBBIMIEHHOM 3JIEKTPHUYECKON ITPOYHOCTHIO.

K wuucny [Jpyrux npeuMyINecTB AaHOZUPOBAHUS OTHOCHTCA
6OIBIIasA CKOPOCTh OKMUCIEHMA (IIOCKOJBKY TIOJIe B IJIEHKEe OKHCJa
yCKOPsIeT B3aMMHbIe TIepeMeIeHHA aTOMOB MeTajlla ¥ KHUCJIOpoAa)
Y BO3MOXKHOCTH YIIPaBJeHHA TIPOIECCOM IIyTeM HM3MEHEHUA TOKa B
1lenu paspsaga. KauecTBo OKUCHBIX IIJIEHOK, HONYYaeMbIX MeTOL0M
QHOAVPOBaHWA, BbIIlle, YeM IPH MCIOJIL30BaHUY APYIUX METONOB.

ONEeKTPOXNMHYECKOe OCAMXIeHHe., ITOT METOH HMOJYUEeHUA IIJIeHOK
oTJIn4aeTcsa OT IPeIbIAYINUX TeMm, 4YTO paboueil cpemoit ABIseTCA
KUOKoCcThb, OJHAKO XapakTep IPOIIeCCOB CXOAEeH ¢ MOHHO-IJIA3MEH-
HBIM HalbUIeHWEeM, TOCKOJNBKY M ILIa3Ma, M 3JeKTPOJUT IIPenCcTaB-
JIAI0T co00il KBa3UHENTPAILHYIO CMECh MOHOB ¥ HEMOHU3UPOBAHHBIX
MOJIEKYJI MM aTOMOB. A IJIapHOe, OCaKAeHUe IPOMCXOJUT TaK Ke
IIOCTENIeHHO (IIOCMOIHO), KAaK U HallslIeHue, T.e. obecleunBaeT BO3-
MOJKHOCTH TIOJIYUEHHSI TOHKUX IUJICHOK.

OJIeKTPOXMMHUYEeCKOoe OCAKIeHUe MCTOPDHYEeCKH pPa3BHJIOCH 3HA-
YUTeJbHO PaHbIle BCeX APYTHX PAaCCMOTPEHHBLIX METOHOB — eIe B
XIX Beke. ¥Yike gecATKH JIeT Hasdaa OHO IINPOKO HCIOJL30BANOCH B
MAaIIWHOCTPOEHUHU [JIA Pa3HOTO POJA TOHKHX TajbBaHUYECKHUX IIO-
KPBITUH (HUKeJIWpOBaHWE, XPOMUDPOBaHYe U T.N.), B MUKDPO3JeKT-
POHHKe 3JIEKTPOXHMMUUECKOE OCKAeHVe He ABJAETCA aJbTePHATH-
BOMA TepPMHYECKOMY M HOHHO-IUIA3MEHHOMY HAIBLIJIEHHIO; OHO JO-
NONHAET UX M COUETAETCHA C HUMIU.

B ocHOBe 37IeKTPOXMMHUUECKOTO OCAXKIAEHUA JICKUT 3J1€KTDOJIN3
pacTsopa, Cojep Kalero MoHsI HeoOxogmmbix npumeceit. Hanpu-
Mep, ecnu TpebyeTCss 0CaguThb MeAb, UCHOJIbL3YETCsA PACTBOP MELHO-
T'0 KyTopoca, a eclIy 30JI0TO UIX HUKeNb — PACTBODLLI COOTBETCTBY-
IOUNX COJIet.

Hons MeTalIOB UMEIOT B PACTBODE IMOJOXKUTENbHEIN 3apan. Ilo-
9TOMY, 4TOOBI OCAJUTh METANINUECKYIO IJIEHKY, TIOAJIOKKY CJIexy-
eT HCIIOJNH30BaTh KaK KaToh. Eciau nognosxka asiasgerca JU3JeKTPHU-
KOM WM MMeeT HU3KYIO IPOBOAMMOCTHL, Ha Hee NpeZBapUTEeNLHO
HAHOCAT TOHKUN MeTaJJIUUYeCKU MOACIOH, KOTOPLIN U CAYIKHUT Ka-
TogoM. ITogcmoit MOYKHO HAHECTH METOAOM TEPMHUYECKOTrO MJIH HOH-
HO-ILIa3MEHHOTO HaIlbLJIeHUA.

Y1065l OCYIIECTBUTE 3JeKTPOXUMHUYECKOE aHOQUPOBAHNE, OKHC-
THeMYI0o IJIeHKY MeTajljia CjlefyeT UCIOJAB30BaTh KaK aHOX, a 3JIeK-
TPOMUT HOJIJKEH COJepP KaTh HOHBI KUCJIOPOAA.
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Boubllioe npenmyInecTBo 3JEKTPOXHMMHUYECKOIO OCAXKAEHUA Iie-
PexR HalbLIeHHEeM COCTOUT B ropasgo 60Jbileidl CKOpPOCTH Iporiecca,
KOTOpasd K TOMY Ke JIETKO peryjupyeTcsa usMeHeHVeM ToKa. [IoaTo-
My OCHOBHAas1 00J1aCTh IPUMEHEHUs 3JIeKTPOJAH3a B MUKPO3JIEKTPO-
HUKE — 3TO IIOJyYeHHe CPaBHHUTEJIHLHO TOJCTHIX maeHok (10-20
MKM u Gomee). KauecTso (CTPYKTypa) TaKMX IIJIEHOK XyXKe, 4UeM
NpH HaIBIJIeHWH, HO IJid Psfa IpPuMeHeHMH OHM OKAa3bIBAIOTCHA
BIIOJIHE IIpUEMJIEMBbIMHU,

6.9. Merasiusanusd

B moanynpososuukoprix HMC mpomecc MeTannmsanuul IIPU3BaH
ofecreynTs OMHUYECKNE KOHTAKTHI CO CJIOAMY INOJYIPOBOZHUKA, a
TaK)Ke PHCYHOK MEXKCOeJHHEeHWH M KOHTAKTHHIX IJIOIANOK.

OcHOBHBIM MaTepHaJiOM [ MEeTAJNIH3ANUYA CHYKUT aJIOMU-
Huit., OH OKa3ascd ONTHUMAILHLIM B CHIY CAEIYIOLIHX HOJOKUTEb-
HBIX Ka4ecTB: MaJoe yaeasHoe conporusaenue (1,7 1076 Omem); xo-
pomras agresus K okucay S10, (MeTannusanusa oCyIIeCTBIAETCA 110
OKHCJIy); BO3MOXKHOCTH CBAPHBIX KOHTAKTOB C aJIOMUHMEBOH 1 30-
JIOTOH IPOBOJIOKOM (IIPM OCYIECTBJEHUM BHEIIHUX BBIBOJOB); OT-
CYTCTBYIe KOPpPO3uH; HHUB3KasA CTOMMOCTbL ¥ AD.

IIpu co3pmanuuM MeTaJLIHAue-
CKOHi Dpa3BOJKM CHadajga Ha
Bcio ntopepxHocTs MIC Hansing-
0T CILUIOWIHYIO TLIEeHKY aJIio-
muHuA Toamuuo#d 0,1-1 Mrm
(puc. 6.18). Ora miueHKa KOH-
TaKTHPYET CO CJIOSAMU KpeMm-
HUSA B CIIeNUaNLHO CAENaHHBIX
(c moMOLILIO TIpeabIRyLIeil ¢o-
ToauTorpadyu) OKHaX B OKHC-
me (I, 2 nm 3 na puc. 6.18).
OcHOBHAJA K€ YaCTh aJIIOMUHH-
€BOII ILJICHKY JIeKUT Ha IoBep-
xHoCcTH OKuchaa. IloxpeiBas
IJIEHKY aJIIOMUHHA (oTopesu-
CTOM, SKCIOHHMPYS €T0 uepe3 COOTBeTCTBYIOIMi hoTo1adsoH U Ipo-
SBJIsAA, TIOJAYYIAIOT (POTOPE3UCTHYIO MacKy, KOTOpas 3amuiaer 6yay-
I¥e TIOJOCKM MeTajiumdanuu M KoHTakTHble iomazgku (KII) or
TpasuTesi. Ilociie BRITPABIMBAHUA AQJMIOMWHUWSA C HE3aIUIEHHBIX

Puc. 6.18. Hoayyenne meralanyecKol
pPasBOAKM MeTooM GoToauTOrpaduu
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y4acTKOB U yAaleHuA (POTOpe3uCTa OCTaeTCs 3alIaHUPOBAHHAA Me-
TaJIAuecKad pasBoika (ua puc. 6.18 ee pesped, nmpmieramInuil K
koHTakTam I, 2, 3, saluTpuxoBaH).

MunuMaidibHasa IIMPUHA TTOJOCOK B coBpemenubix MC coorserer-
ByeT INpeJelbHOMY paspemienuto jgurorpaduu. EcrecTBenmo, uro
JJIA KOCTYKEHWs HeoOXOAUMBIX NONYCKOB Ha HMIMPUHY MeTasIn3a-
1Y ee TOJILIWHA, KaK IPaBUJIO, He MOXKeT ObiTh 6onee 1/10 or mu-
HUMAaJBHON LIMPHUHBI MPOBOAHUKA. PaccTosiHUE MeXXKAY COCeOHUMHU
NIPOBOZHMKAMH — C ILIeJbI0 oclableHuA Tapa3MTHOH eMKOCTHOM
CBA3Y MeXXAy HUMH — BbibupaloT Gosee 1,5 mxm. [/ NpoBOgHUKA
mupunoit 1 MM, ero rommuaa 0,1 MKM, a paccToAaENe Mexay 6Ju-
KAHIIIMY [IPOBOgHUKaMu Gonee 1,5 MEM.

Iloronsoe conpoTHUBNEHUE NOJOCKHY ITUPNHONK 10 MKM M TOJIIIH-
HOM 1 MKM cocraBaser okoso 2 Om/Mm. s KOHTAKTHBIX mJjoma-
IOK, K KOTOPEIM B HaJbHelIneM IIPUCOCUHSIOTCA BHEILIHUE BbIBO-
abl, TunuyHel pasmepsl 100x100 mxm., IIpucoegunenue BHELIHMX
BBIBOJOB HETIOCPEACTBEHHO K IOJIOCKAM MEeTAJJIM3aIll¥¥ HEeBO3MOMX-
HO M3-3a MAaJIO¥ IIMPUHBEL.

Pasymeercsi, pUCyHOK Me>KCOegUHEHMI NPeATIoIaraeT OTCyTCT-
BHe IlepeceueHuil, T.e. KOPOTKUX 3ambIkanuii. Oguaxo B YIC ¢ BhI-
COKOM CTEeNeHbIO MHTErpalluy He YIaeTCs CIPOeKTHPOBATH METAJ-
JINYECKYIO Pa3BOAKY TakK, UToObl u3be)kaTs NepeceueHuit. B aTmx
caydadax HCHONL3YeTCA MHOZOCAOUHAA WIN MHO20YPOSHEBAsA Pa3-
600K@, T.e. HECKOJBKO <«3TaKel» METANIU3AIUH, pad3gesleHHbIX
us3oaupyrIumMu ciosmu. HeobxoguMmbie coefUHEHUA MEXKAY pas-
HBIMY YPOBHAMH OCYII[ECTBIAIOTCA Yepes CIeluaJbHble OKHA B U30-
aupylomux caoax (puc. 6.19, a). Mzonsamuio Mesxay cinoamu o6bIu-
HO 00ecIIeuMBAIOT IyTeM HaNbLJIeHUA SU3JEKTPUKA 0 3aBepIIeHuH
odepeHOM MeTaNIUUEeCKOH pa3BOfKH. B KauecTse IU3NEKTpPUKA
yalle BCero HCHOJNL3YIOT MOHOOKUChH KpemuHusa S10. KoamuecTso
«3Ta’Xei» IpU MHOTOYPOBHEBOY MeTaJIMIN3AIUU AJIA COBPEMEHHEIX
BUC nexur B npemenax OT ABYX OO YeThIpex.

HexoTopsie npegnpusaTa JJiA CO3JaHUsI MHOTOYPOBHEBOI pas-
BOAKY HCIHOJBL3VIOT AJIOMOKCHUAHYIO TEXHOJIOTHUIO. B 3TOH TeXHOJO-
UM POJIb M30MSANUY MEXKAY COCEZHUMH IIPOBOAHUKAMY BHINOJHAIOT
cnou «mopuctoro» Al,Oz;, a Pole MeKCIOHHOR HMIOMALMY TOJIH-
HOM mopsigka 0,1 MKM MrparoT CJIOH «ILJIOTHOTO» OKHCIa, obpasye-
MOro B pe3yjbTaTe aHOLUPOBAHUA IMEPBHYHOro caoda Al
(puc. 6.19, 6). OrauuuTeNLHOM OCOGEHHOCTHIO 3TOH TEXHOJOTHH
fABJISETCH IJaHAPHOCTh MHOTOYPOBHEBON Da3BOOKH.
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1-it yposensb 2-# ypoBeHs 1-i ypoBeHs 2-
510, 8i0 510, /\Al 1. 41,05

a) )

Puc. 6.19. MEorocjioiHad MeTaJUIHYECKas Pa3BOZKA

IIpobnema OMHUECKHX KOHTAKTOB IPM HCIOJbL30OBAHUM ATIOMH-
HYA COCTOUT B CjaeAyomeM. Eciy naeHKy ajllOMHUHUA TPOCTO HAIIBI-
JIATH Ha NIOBEPXHOCTH KPeMHUsd, TO obpasyooTca 6apseps IIoTrru
(cm. pasgen 3.3), npuuem 6apbep HA TPAHUIE C 11-CJA0EM ABIAETCH
He OMHWYEeCKVM, & BHINPAMIAOIIUM. UT0oOnl u30e)kaTs Gapnepos
IllorTkYM, anoMyuHUN 8xcUZaom B KPEeMHUIM IIPHA TeMIIepaType OKO-
710 600 °C, 61m3Ko#t K TemIlepaType apTeKTUKH ciiasa Al-Si. Ilpu
TaKO! TeMmIlepaType Ha TPaHUIlE AJIOMUHHEBOH IJIEHKH C KPEeMHU-
eM ob6pa3syeTcd CJIOH, B KOTOPOM PacCTBOPeH IPaKTHUYeCKH BeCh IpH-
neraomuit anmomueuit. [lociae 3acThIBaHuMs CIJIaB IpPeACTaBIAET
co00# KpeMHHUM, JIETHPOBAHHEIN ANIOMHHHNEM; KOHI[EHTPAIUA IIO-
CJegHEero COCTaBJAeT OKojo 5-10718 cay3,

TIockoNMbKY QNIOMUHUEA ABIAETCA AKIENITOPOM 10 OTHOIMIEHWIO K
KPEeMHWIO, BO3HMKaeT HOBas mpobiema: IpefoTBpaleHue obpaso-
BAHUsS P-N-IePeXOqoB B n-ciosax. [lefiCTBUTEIBHO, €CIH KOHIIEHT-
pamus JOHOPOB B n-cioe mMeHpie 5-1018 cym™3, To aToMbl anoMuHMA
co3gagyT B HeM IIPUIOBEPXHOCTHBIN p-coit. YTOOnI aTOro mabe-
JKaTb, OGJacTh n-ciaoda BOMM3M KOHTAKTa CIeNUaJbHO JErdpyloT,
npespamada ee B nt-cioit ¢ Konnenrpanueit gonopos 1020 ¢y~ u 6o-
nee (cM. puc. 6.18). Torga KoHIeHTPAIUA ATIOMHUHNA OKa3bIBAETCH
HeJOCTAaTOYHOM s 00pa3oBaHuA p-ClOdA, U P—Nn-Iepexon He obpa-
3yercs.

Ecau n-cioi ¢ caMoro madaja CHUJABHO JIeTHMpOBaH (Hampumep,
BMUTTEPHBLIH CJIOH TPAH3UCTODPA), TO HAONOJIHHUTEJIbHOTO JIErupoOBa-
Hus He Tpebyerca. He BosHukaer npobiiem 1 Ipyu KOHTAKTe aJll0MHU-
HYA C P-CJOAMH, TaK KaK PAaCTBOPEeHUE B HUX AJIIOMHUHUSA HIPUBOSUT
K 00pasoBaHHIO IPHUIIOBEPXHOCTHRIX pP'-cji0eB, YTO CIOCOBCTBYET
TIOBLIIIIEHYIO KaueCTBa OMUYECKOIo KOHTAKTa.
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6.10. Coopounsle onepaunn

ITocne Toro xax Bce OCHOBHBIE TEXHOJIOTHMUYECKUE 3Tanbl (BKJIO-
yas MeTalJIA3aINI0) 3aKOHUeHb], IIJIACTUHA KPeMHUA, CoAepiKalana
coTHH ¥ TheIcsiuy MIC, nocTymaer Ha onepamnyuy TeCTOBOTO KOHTPOJIA
3aeKTpuuecKux napaMeTrpoB. Ha aTom aTale oTGpaxOBLIBAIOTCA U
cenuaIprHEIM JJaKOoM Mapkupyiorcsa sce MIC, mapaMeTpPsl KOTOPHIX
HE COOTBETCTBYIOT TpebyeMpIM 3HaueHUAM. TpPyaoeMKOCTs Bcex
KOHTPOJILHEIX oIlepamiuii (Ha Bcex sTanax mpoussogcerea MC) qocru-
raeTr 10 30% cebecroumocTu paboT no cozganuio cxem. Ilocae map-
KupoBKHM orbpakosanHbix VIC nnacTuHa KpeMHUs pasgensdercsa Ha
OTHAeNbHbIe KPHCTaJIHL.

Pasgenenue ocyiecTBadercsa METOLOM CKpaiOupoBaHHUsA, T.e.,
1O CyTH, IpolapanblBaHMEeM BEePTUKAJLHEIX M I'OPU30HTANbHBLIX
PHCOK B IIPOMEXYTKAaX MEXKAY COCeZHMMH uMmamu (cM. puc. 1.1).
IIpomapansiBaHue OCYIECTBIAIOT JUOO0 C IOMOILIO aTMa3HOIO pe3-
na (Hamomobue TOro, Kaxk 3To AejlaeT CTeKOJBIUK, padpesass CTeK-
Ja0), 160 ¢ IMOMOIbIo JasepHoro ayua. Ilocne ckpaibupoBaHUA
IUIACTHHY JIOMAIOT HA OTJEeJbHBIE KPUCTAJNIbI ¥ TOAHBIE UNIIBI MOH-
THPYIOTCA B KOpPHyCax.

COopra KpuCTania B KOpIyce HauyMHAETCs C OIEepaiuy, KOTo-
PYI0O Ha3pIBAIOT N0ocalkoll Ha HOXKY (IO HOXKKOIl MMEIOT B BHUAY
4HO Kopnyca). IIpu 3ToM KpHUCTaNJ MPUKJIeNBaeTCs UM IIPUIIanBa-
ercsi (JIerKOILIaBKMM IIPUIIOEM) B CpefJHeH 4YacT¥ HOXKKHU (Ha
puc. 6.20 moxasaH IPOCTOI TPAH3UCTOP). 3aTeM KOHTAKTHRIE ILIO-
IagK¥ Ha KPHUCTAJJIEe COeJUHSIOTCA CO IITHBIPHKAMY — BBHIBOZAMH
xopunyca., CoegvHeHWs OCYINECTBISAIOTCA C TOMOIILI0 TOHKHX
(15-30 MmKM) aTIOMHUHUEBLIX HJIH 30JOTHIX IIPOBOJIOYEK, KOTOPEIE
OJIHVM KOHI[OM 3aKPeIlJIAIOTCA Ha KOHTAKTHBIX IJIOIANKAaX, & APY-
THM Ha TOPLaX IITHIPHKOB.

Kpeimmka kopmyca Hosxka wopnyca

Pac. 6.20. MoBTak KpHCTalna Ha HOKKe KOpIyca
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Haperxuuill 3JIeKTpUUYECKUIT KOHTAKT MEXKAY MeTaJIMYeCKUMH
geTanaMu (B JaHHOM cjiydae KOHTAKT NIPOBOJIOUYEK CO INTHIPbKAMU
¥ KOHTAKTHLIMY ILIOIIAJKAMH) MOXKeT ObITh O0eclieueH PasHBIMH
meropamu. Hawbonsimee pacmpocTpaHeHue B HacToAlllee BpeMsd
MMEET MEeTOH MepMOKOMNPeccul, T.e. COUeTaHNe JOCTATOUHOTO AaB-
JleHud (IpMXKaTHA JeTaleil ApyT K APYTY) C INOBBINIEHHOM TeMIepa-
typoit (200-300 °C), cmocobersyromeit p3auMuON audysuu aro-
MOB Y3 OZHO¥ geTanu B ZPYTryIo.

TepMokoMmnpeccus, B CBOIO OuepeAb, pealu3yeTcs B BHUAE pas-
HbIX KOHCTPYKTUBHBIX BapuanToB. Ha puc. 6.21 nmokasan npocrei-
muit npumep. C HOMOIIBI0 KJAMHOOOPA3HOIrO NyaHCOHA, H3TOTOB-

JICHHOTO 3 TBEPAOr0 Marepuala
l (manpuMep U3 anmasa), IPOBOJIOY-
K& IPH)KMMAaeTcs K IIOBEPXHOCTH
KOHTaKTHOM nnomagku. IIpu aTom
IPOBOJIOUKA pgedopmupyercs (He-
CKOJIBKO pacmiaioniusaercsa). He-
TIIPOAOJIXKUTENBHOTO  YAEP KaHUA
PaCILIIOIeHHOM IPOBOJIOYKH Ha
IIOILIANKe JOCTATOYHO AJ1d 06pa3so-
BaHUSI UX INPOYHOI'0 COeZUHEHU C
MaJbIM TIE€PEXOAHBIM COIIPOTHBIE-
HueM. [Ipu 3HAUUTENHHOM KOJHUE-
CTBe BHEIIHMX KOHTAaKTOB oIlepa-
¥ Pa3BOAKY KPHCTalja Ha HOX-
Ke OCYII[eCTBIAETCA TOJIbKO B aBTOMATH3WPOBAHHOM IIpoliecce.

TIo OKOHUaHWY MOHTaXXa KPUCTaJJla Ha HOXKKe CIefyeT Kopny-
cuposéaHue, T.e. OKOHUATEJIbHOE BHEIIHee O(popMJIEeHUE TPAHBUCTO-
pa. Hoxkka kopmyca coeguHsaeTcs ¢ KPHIIIKOM (puc. 6.20) myrem
ropsiueil MM XOJOLHOM CBAPKH (IIOCJeqHAM IO CYIecTBY Gam3Ka K
TepmoKoMIpecuy). KoprnycupopaHnue npesnojaraer Takke 3aluTy
KDHCTa/Jjla OT BJAUWAHUA BHEIHEN Cpefbl, IO3TOMY €ro IIPOBOAAT
1ubo B BaKkyyme, 1ub0 B cpefe nHEPTHOro rasa (asor, aprox). bec-
KODPIIyCHbI€ BapPHMaHThHI TPAH3MCTOPOB OMMUCAHBI B CJAEAYIOIIEM Das-
Jele.

I'naBnaa cmemugpuka cOOPOUHBIX ONEpaIMil MPUMEHHUTENBLHO K
MHTErpajbHbIM CXeMaM COCTOHUT B TOM, uTo Kopuyca MIC MHOroBni-
BOZHBbIE: ¥ pocThix VIC KoMuecTBO BRIBOZOB cocTrapisieT 8—14, ay
00BITNX HOXOZUT 1o coTeH U Gosee. HomenkmaTypa KOPIyCcoB A
HC poBonrpHO pasdHoobpaszHa: HapAAY C KPYTJBIM KOPIIYCOM, HOXO-

Puc. 6.21. TepmoKomIpeccHs

TN
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sKMM Ha TPaH3UCTOPHEIH (cM. puc. 6.20), uCHONAB3YIOTCA IPAMOYTO-
JbHBIE KOPIyca: MeTalJIMYecKHe WY IIacTMacCOBbie, C BBHIBOJA-
MH, JeXKal[UMY B IJIOCKOCTH KOPIIyCa HMJX NePHeHJUKYIAPHBIMU
ei1 (puc. 6.22), BriGop Kopnyca B 3HAUUTEJIbHOMH CTENeHH 3aBUCHUT
OT HasHAUeHWs anllapaTypbl U CIOCOGOB ee KOHCTPYHPOBaHUA.

Puc. 6.22. Tunuyeble KOpyca HHTEIpajJbHBIX CXeM

6.11. Texnomorua ToHKOIIeHOUHBIX rubpuaabix HUC

CornachHo onpejeseHuio, IpuBeAeHHOMY B pasgene 1.2, rubpug-
note MIC mpepcTaBaAOT CO00i COBOKYIHOCTH IIJIEHOUHBIX ITACCHB-
HBIX 3JIEMEHTOB ¥ HABECHBIX AKTWBHBLIX KOMIOHEHTOB. IloaTomy
TeXHONMOrui TOHKOMNIeHOuHbIX 'MC MoXHO pa3buTs Ha TEeXHOJO-
THI0 TOHKOIJIEHOYHBIX ITACCUBHEBEIX 3JIEMEHTOB ¥ TeXHOJIOTHIO MOH-
Ta)ka aKTHUBHEIX KOMIIOHEHTOB.

Hsrorosnenne MAaCCHBHBIX 5JIeMeHTOB. TOHKOINIeHOuHBIE 3JIe-
MeHTsI ['YIC oCyIIecTBIAIOTCA ¢ IOMOIBIO TEXHOJIOTUYECKUX METO-
OB, OIIMCAHHBIX B paszgene 6.8, r.e. nyTem JOKaJIbLHOrO (Uepes Mac-
K{) TepMHYEeCKOro, KaTOJHOTO MM HOHHO-IIJIa3MEHHOTO HAaIbLIe-
HWsA TOrO MJIHM MHOTO MaTepyuaia Ha ZU3JIeKTPUUYECKYIO IOLNOKKY.

B kauvecTBe MacoK FJIUTEIbHOE BPEMS HCHOJB30BANUCE HaKAAdHble Mme-
maaruieckue mpagapemst. Takue TpadapeThl NPeACTABIALIN co00H ToH-
Kyio OuMeTa/audecKylo (Goisry ¢ orseperTuamu-okHaMu. OcHoBy Tpadape-
ra COCTABJAN CJOH 3JEKTPOXUMHUECKN HAHECeHHOI'0 HUWKeJd TOJMIINHOH
10-20 mxM. [locaeguuit onpegeasi padMeprl OKOH, T.e. PUCYHOK Tpadape-
Ta, a cJa0i GepuianeBoil OPOH3E!I BHINOJHAI POSh HeCcyIeil KOHCTPYKIMH.

CepbesHsle HeJOCTATKY MeTAJJINYECKMX HAKJAAHBIX TpadapetoB 3a-
KJI0YaloTCA B TOM, 4TO, BO-NEPBAHIX, B HPOIecce HANLLIEHWA IUIEHOK IIpPO-
HCXOJUT HANBLIeHHE Ha caMu TpadapeTsl, 4To MEHSeT UX TOJMINUHY ¥ HOo-
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HHM, KOTOPbIX MBI He OyeM KacaTeCs. 3aMeTHM JIHIIb, YTO C IOMO-
B0 poToauTorpaduy He yEaeTcsa MOIyuaTh MHOI'OCIOMRHbBIE CTPYK-
Typel THIA KOHgeHcaTopoB. OfHAKO 3TO OrpaHMueHVe He OUYeHb
CYILIECTBEHHO, TAK KaK B NOCJejHee BpeMs IPeAIOUUTAIOT UCIIOIb-
sosats B I'MIC HaBecHble KOHOEeHcCATOPHI (paZyu 3KOHOMUH ILJIOHIA-
OH).

[Ind pe3VCTUBHBIX TJIEHOK 4Yailie BCEro MCIONL3YIOT XPOM, HU-
xpom (Ni — 80%, Cr — 20%) 1 KepmeT ¥3 CMECH XPOMa X MOHO-
okucu Kpemuus (1:1). Merox HanslleHUA A 3TUX MaTepUaJoB —
TepMHUUYECKHM (BakyyMHBIN). OmutiecKue KOHTAKTHI K PE3UCTUB-
HBIM ILTeHKaM (II0JIOCKaM) OCYILIEeCTBIAIOTCA TaK, KaK IOKa3aHo Ha
puc. 6.23.

Hns o6k1afox KOHEEHCATOPOB HCHONL3YIOT ANIOMUHUN, TPHUYEM
[0 HamblJIeHUs HUJKHeH OOKJIafgxu (Ipuierarwolneil K IOAJIOMKKeE)
NPUXOJUTCS IPeABaPUTENIHHO HABLIATE TORKHU Nnodcaoll U3 cnja-
Ba CrTi, Tak Kak ajAre3usa aqlOMWHUI HEIOCPEACTBEHHO C IOJJIOMXK-
KO¥ OKAas3bIBAETCH HEeZOCTATOUHOM.

Iyt AY3IeKTPUUECKUX CIIOeB MJIEeHOUHBIX KOHJEeHCATOPOB II0 CO-
BOKYIIHOCTH Tpebopanuit (6osbllasi AU3JIEKTPUYECKasd IIPOHUIIAe-
MOCTb £, MaJIbIil TaHTeHC yIJia noTeps tg8, Gospinad npo6UBHAA Ha-
NPsKEHHOCTb ¥ AP.) HauboJsblllee pacpoCTPaHEHHWEe MMEIOT MOHO-
oxuce KpemuHua Si0 m moHookuchk repmanus GeQ. Ocoboe mecrto
CPeAy AU3JEeKTPUKOB 3aHUMAaOT okuciel Ta,0; m Al,O;, KoTOpHIE
NOJIYYal0T HE MEeTOAOM HalbLIEeHWs, a MEeTOZOM aHOAUPOBAHUA
HIDKHUX MeTalnumueckux ob6kiagor (Ta mmum Al).

7151 IPOBOAHUKOBHIX IIJIEHOK M OMHYECKHX KOHTaKTOB HCIIOJb-
3VIOT, Kak Impasujo, aubo 3omoro ¢ mopcaoem CrTi, mubo mens c
nojcaoeM BaHagus (HasHaueHue MOLCI0eB — YIIYUIMHUTh aATe3uio ¢
noanoxkkoir). Tonmmuua NpoBOgAINUX NJIGHOK ¥ KOHTAKTHBIX ILJIO-
magox o6sr4Ho cocrasaaer 0,5—1 mxm. PazamMepsl KOHTAKTHBIX TLJIO-
manox or 100x100 MM m Goiee.

Tonmuna HAHOCHMBIX IJIEHOK KOHTDPOJUDYETCA B IIPOIEcce Ha-
neineHuA. A 3TOro HMCIOAbL3YIOTCA HECKONbKO MeTonoB. Oquu u3
HYX, IPUTOAHBIHA TOJABKO B CJIydYae PE3UCTUBHBIX IIJIEHOK, COCTOUT B
HCIOJIL30BAHUM TaK HAasblBaeMoro ceéudemens. Ceuperens npen-
crapasder cob0il BcoMoOraTeNbHBIN (He BXOZAINUIL B CTPYKTYPY
T'IC) cnoit, BansliAeMBId OJHOBPEeMEHHO C pabouMMu CJIOsAMHY, HO
PacnoioKeHHbIH Ha nepucepUy MOAJNOKKY ¥ CHaOKeHHBIN ABYyMSA
3apaHee IPeyCMOTPEHHBIMY BHEIIHVUMHY BbIBOJaMu. depes aTH BbI-
BOJBI OCYII[€CTBJIAETCA KOHTPOJIb CONPOTUBJICHUA CBUAETENs B IIPO-
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Puc. 6.23. Iloayyenue TOHKO-
IUIEHOYHEIX De3UCTOPOB METo-

a

AoM doTtonurorpaduu:
— ¢doTopesucTHass macka (3)
107 PUCYHOK IIPOBOASIILETO

cJosi; 6 — TOTOBBIH PHCYHOK

]

npoBogsawere cuaosa (2);
— doTopesucTHas macka (3)
[I0J PHCYHOK DPE3HCTUBHOIO

CJIOs; 2 — TOTOBBIM pPE3HCTOD
~¢ NIPOBOAAIUMME BLIBOXAMH

CTENEHHO MNPUBOAUT HX B HErOJZHOCTH.
Bo-Bropeix, MeTalawyecKue TpagapeTsl
MaJO0 INPUTOSHHI HPH KaTOOHOM M HOH-
HO-IIA3MEHHOM HalbUIeHNH, TAaK Kak Me-
TaJIJ1 MCKAMKAeT dJIEKTPHYECKOe HoJe U, cile-
JOBATEJNbHO, BAWAET HA CKOPOCTH HAIBLIE-
Hua. IlosToMy B HocihegHWE TOZEL OT
MeTaJIMYeCKUX HaKJAJHBIX TpadapeTos
NPAKTHUYECKY OTKA3aJNCh ¥ HCIOJIb3YIOT
JIJIst IOJIyYeHus HeoOXOgUMOro pucyHka ¢o-
TosuTOrpaduIo — METOX, 3aMMCTBOBAHHEIN
U3 TEeXHOJOrNY HOJyIPOBOSHUKOBHIX HC.

doTronurorpapuio  OCYIECTBIAIOT
crefyiomum obpaszoMm. Ha mopmoxky
HAHOCAT CIUIOUIHbIE NJIEHKH HeoOXOZM-
MbIX MAaTepualoB, HAIpPUMEp, pe3Hu-
CTHUBHEIHN CJIOH ¥ IIOBEPX HETO — IIPOBO-
AAIOuil cjoit. 3aTeM IIOBEPXHOCTL IIO-
KDPBIBAIOT (hOTOPE3UCTOM ¥ C IOMOIIBIO
COOTBeTCTBYyIOIETro (hoToirabnoHa co-
34aI0T B HEM DHUCYHOK AJIs1 IPOBOAAILIE-
ro cjosa (Hanpumep, A KOHTAKTHHIX
TLJIOIIAJ0K Oyayiiero pesucTopa,
puc. 6.23, a). Yepes oxHa B doTOpesu-
CTHOI Macke IPOBOASAT TPaBJeHWE IPO-
BOJAIIETO CJI0A, HOoCJe uero (PoTope3ucT
yzandoT. B peayasTaTe Ha HOKa ele
CILJIOIIHOM IOBEPXHOCTHU PEe3UCTUBHOIO
CJIOA TOJYYalOTCsI TOTOBbIE KOHTAKTHERIE
niomanku (puc. 6.23, 6). CHoBa HaHo-
cAT GHOTOPE3UCT M C IOMOLILIO APYTOro
doromabiaona cos3gaT PUCYHOK IOJIO-
cku pesucropa (puc. 6.23, 8). 3arem
NIIPOBOAAT TPaBJIeHYE, YAAIAIOT GOTOpE-
3UCT ¥ TOJYy4aloT TOTOBYIO KOH(uUrypa-
OWI0 Pe3NCTopa € KOHTAKTHBIMM ILIO-
magkamu (puc. 6.23, 2).

Koneuno, Ba)xHO, YTOOBI TPaBUTENS,
JeCTBYIOIUIT Ha IPOBOJSINUN CJO,
He JeHCTBOBaJl Ha PEe3UCTUBHBIN U HAo-
6opor. Mmeerca u ele pAjx orpaHuue-
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HBIX 3JIeMeHTOB. TONBKO mocjie KOHTPOJIA ILJIaCTUHEI CKPabupyIoT-
cA ¥ cHabkaloTcsa HaBeCcHsIMU Komnonentamu. ['MC Moryr, Kak u
HC, nomemjarbca B Kopuyce uiu (B 6eCKOPIIyCHOM HCIOJHEHUH)
repMeTH3UPOBATHCA B COCTABE aNlapaTyphi.

MoHTaK HaBeCcHBIX KOMIIOHEHTOB. B KauecTBe HaBeCHBIX KOM-
IOHEHTOB MCIIOJB3YIOTCs OeCKOpnycHbIe JUOABI, TPAaH3UCTOPHI, pe-
3UCTHUBHBIE ¥ KOHAeHcaTopHbie c6opkH, a Takxke G6eckopnycHieie MC
u BHC. PaccmoTpum Ipumep.

IIpocreitiiuM BapraHTOM GECKOPIYCHOIO TPaH3UCTOPA SBJSIETCA
KPHCTAJUI, IOJYUEHHbLIH NOocjde CKpaibupoBaHud, K Tpem KOHTAKT-
HBHIM IJIOHIAZKAM KOTOPOI'O IPHCOEAVHEHBI TORKHE IIPOBOJIOYHLIE BEI-
BOABI ¥ KOTOPHIH 3aIUIIEH OT BHEUIHeH Cpefsl KaIllledl SNOoKCHEHOH
CMOJIBI, 06BOJIAKUBAIOIIE KPHUCTAJLJI CO Bcex cTopoH. Takoit TpaH3u-
CTOP IPHKJICHBAETCA K HOJJIOXKKe BOJM3Y TeX IJIEHOYHBLIX IJIeMeH-
TOB, C KOTOPBIMK OH HOJI’KeH ObITb COeHUHEH, IIOcJe Yero IPOBOJIOY-
Hble BBIBOABLI TPAH3WCTOpPa METOAOM TePMOKOMIIPECCHM IIPHCOeHVHA-
IOTCH K COOTBETCTBYIOIIUM KOHTAKTHBIM ILJIOIIAIKAM Ha IOJIOOKKE.

HmeeTca fgBa APyrux BapuaHTa OeCKOPIYCHBIX TPaHBUCTOPOB,
MOHT&)X KOTOPBIX OCYIIECTBJIsieTca nHaue. IlepBuiil BapuaHT HadbI-
BaeTCs TPaH3MUCTOPOM C ULApUKosuMU guigodamu (puc. 6.24, a). Hla-
puku auamerpoMm 50—100 MKM cBA3aHbI ¢ KOHTAKTHBEIMY ILIOIAAKA-
MY TPaH3MUCTOPA, a ueped HUX — C TeM MJIU MHBIM CJI0EM KDPEeMHU:
9MUTTEPHBIM, 0a30BBIM MM KOJJIEKTOPHBIM. MaTepuasom gis ima-
PHUKOB CAYXKHUT 30JI0TO, MeAb UIH cilia Sn—Sb. 13 Toro ke marepu-
ajia Ha OU3JIEKTPUYECcKOoi noginoskke miaenouHoi I'MC genarorcs xou
maxkmubie cmoabuxu BeicoToir 10—15 MM u guamerpom 150-200
MKM, PpAaCIOJIO)Ke€HHbie B TOYHOM COOTBETCTBUY C DPACIOJIOMXKEHUEM
IIapUKOB Ha Kpucraiiae kpemuus (puc. 6.24, 6). CoeguHeHue mapn-
KOB €O CTONOMKaMH OCYII[ECTBJIISIETCA MEMOJoM nepesepHymozo MOH
maxca (anra. repmur flip-chip): Kpucrann TpamHsucTopa mepesopa-
YMBAETCHA «BBEPX HOTaMu», T.e, IIAaDUKaMU BHU3, U HAKJALbIBAETCS
LIAPUKaMy Ha CTOJNOHKY Nognoykku (puc. 6.24, ). Coueraa pgasie-
HYe Ha KPUCTAJLUI C IOBBIIITEHVEM TeMIIEPaTyPhl (T.€. B CYILIHOCTH HC-
TIO/IL3Ysl TePMOKOMIIpeCCHIO), 0becneyrnBaloT INPOYHOE COeTUHEHHEe
LIapHUKOB co cTonbuxamu. Kak sugum, MeTox IIePeBePHYTOr0 MOHTA-
JKa CYIIECTBEHHO 3KOHOMUT miaomags nogioxkku I'MIC u Bpems, He-
obxogumoe Ha PasBOAKY aKTHUBHBIX KOMIIOHEeHTOB. [y1aBHas TpPyA-
HOCTh COCTOMT B COBMEI[€HUH IIIAPUKOB CO CTOJIOMKAaMHU, IIOCKOJIBKY
KPHCTAJI DY HAJIOXKEHUY IIePEeBEPHYT «BBEPX HOraMM» U 3aKpbIBa-
eT OT ollepaTopa MeCTa COeRUWHEeHUA.
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Imecce HamnslLieHUd. ['eoMerpust cBUAeTeN s U3BecTHa. [losToMy, KOr-
Zla eTo CONPOTUBJIeHNe NOCTUTAET 3HAUCHUA, COOTBETCTBYIOIIETO He-
00X0ZMMOI1 TONIIMHe, HalblIeHWe IIpeKpanialoT (IepeKphIBAIOT
sacaouky). Tonmuna pabouux cioep 6ygeT Takoi ke, KaKk y CBUAe-
TeJsi, TAK KaK OHYM HaNbLISAJNCh B OQUHAKOBBLIX YCJIOBHIX.

Jpyroit criocobd KOHTPOJA COCTOUT B MCIOJIL30BAHUY B KaUYeCTBE
cBUETeNA TOHKOM KBapIleBOH IJIACTUHBI, KOTOpas uepe3 BHeIUIHUE
BHIBOALI IpHUCOefUHEHa K KoiebaTensHOMY KOHTYPY TreHepaTropa
konebanuit. Kak masecTHO, KBapiesas IjiacTuHa obnagaer cBOMCT-
BaMu KoJsebaTebHOr0 KOHTYpa, IIPpAYEeM Pe30HaHCHAS YacTOTa Of-
HO3HAYHO CBA3aHa C TOJIIMHOMH IJacTUHEL. B nnponecce HanblIeHUA
TONINMUHA IJIACTHHLI MEHJAEeTCS ¥ MeHseTCs YacTOTa IeHeparopa.
VIsMeHeHHUA YaCTOTHI JIETKO U3MEPHUTHL ¥ OCTAHOBUTE IPOIECC HAIlbI-
JIeHWsA B HYKHBIA MOMEHT.

ITognoxxkku ToHKomMeHOuHbIX I'MIC no/mkHbI Tpeskae Bcero oba-
[aTh XOPOIIXMHY HU30JIHUPYIONMMU cBoiicTBamu., Kpome Toro, >keia-
TeJIbHBI MAJIasa JU3JIeKTPHUUEeCKad IPOHUI[AeMOCTh, BHICOKAA TEILJIO-
IIPOBOAHOCTH, AOCTATOYHAs MeXaHHuYecKasd NpouHOCTh. Temmepa-
TYpPHBIH KO3((PUNVEHT pacUIVUpEHUs JOJKeH OBITh ONMM3KUM K
TeMIEepaTypHbIM K03 GHUIIMeHTaM pacil¥peHusa HCIOJAb3YeMBbIX
mieHok. TUNuYHbIe MapaMeTphl HOMJIOXKEK chexyiomue: p = 1014
Omcym; £ = 5-15; tg§ = (2-20) 10™4; TKL = (5-7) 107°.

B macrosiee Bpema HauboJiblllee pacIpoCTpaHeHVE B KauecTBe
NOQJIOXKEK UMEIT cumanta u Kepamurxa. CuTanl npeicTaBiseT co-
00l KpUCTAINUYECKYI0 Pa3HOBHMAHOCTH CTeKJa (OObIMHOE CTeKJIO
aMop®dHO), a KepaMHKa — CMeCh OKHCJIOB B CTEKJIOBUAHOM ¥ KPUC-
TalnnudecKoi dasax (rnapHble cocrapnaaiomue Al,O; u S10,).

Tonmuua mopgmoskex cocrasiasier 0,5—1 MM B 3aBMCHMMOCTH OT
naomanu. I[Lnomass nopnoxkek y I'MC unorma Oosibllie muomiamu
KpucTaJioB Vv moaymnposoguukoBbix MC. CramgapTHile pasMepshl
TIOZJIOKEK JIeXKaT B npefenax or 12x10 go 96x120 mm. TpeGoBanus
K TIagKOCTH IIOBEPXHOCTH IPUMMEPHO TaKue ’Ke, KaK ¥ B cJaydae
KPeMHUs: ZOIycTHUMAasd LIePOXOBATOCTb He NpeBbimaeT 25x50 HM
(knacc mepoxosarocTu 12-14),

Oo6rruno I'MC, kax u moaymposoguukossie MC, umarorasiausa-
JOTCA IPYNIOBLIM METOAOM Ha CUTAJJIOBBIX WMJIY UHBIX IJIACTHHAX
Gonbioi nuomagu. IIo 3aBepiIeHAN OCHOBHBIX TEXHOJOTHYECKUX
omepamnuil, CBA3AHHBIX C MOJNyUeHUeM IIJIEHOUHBIX ITaCCUBHBIX 3JIe-
MEHTOB ¥ METAJLJIMYEeCKO¥ pa3BOgKH, IPOBOJUTCS BBIXOJHOM TeCTO-
BBIil KOHTPOJIb M, eCJH HeoOXOAMMO, IIOATOHKA TapaMeTpPoOB IacCUB-
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Pac. 6.24. MoHTaX GeCKOPIYCHEIX
TPAH3HCTOPOB C UIADHKOBHIMH BEHIBO-
AaMH: @ — TPAH3HUCTOD C UIAPHMKO-
BBIMH BBIBOAaMH; 6 — KOHTaKTHbIE
CTOJGHKH Ha IIOAJIOKKE IJICHOYHOII
UC; 6 — coeguHeHMe HIADHKOB
C KOHTAaKTHBIMH CTONGHKAMH;
] — KOHTaKTHLIe IUIOINAAKH HAa IIOZ-
JIO}KKe M BHEIBOABI OT HUX

TpyaHOCTE COBMEIEHHUA KOH-
TaKTHRIX IVIOIAZOK KPHCTANNa HU
TIOAJIOXKKHY 00JIer4aeTcs Ipy HUCIo-
JI30BAaHUM BTOPOTO BapuaHTa bec-
KOPOYCHBIX  TPaH3MCTOPOB
TPaH3UCTOPA C (AL0%HbIMU BbLEO-
damu (puc. 6.25, a). 3gecy KOH-
TaKTHBIE IUIOIIAAKY IPOJJIeHbI 3a
npefensl KPUCTaNIa M HaBUCAIOT
Hax ero Kpadmu Ha 100-150 MM,
OTKyJa ¥ Ha3BaHUe farxu.
Tonmuna ©Oamox (10-15 mMkM)
3HAYUTEJIbHO OOJbIEe TOJIUHEL
MeTaNJNYeCKO: pa3BOgKH Ha KPH-
cranne. [losaTomy ¥X moNy4aroT He
HaIBIJIEHUEeM, a 3JIeKTpoXuMHUYe-
CKHUM OCasKaeHmeM 3oJora (¢ mog-
ciroeM U3 TuUTaHa). nmHa Ganou-
HBEIX BeiBO#HOB 200—-250 MEKM
(BKJIIOYAA BBHICTYII), & IIUMpPUHA Ta-
Kasd jKe, KaK y OOBIYHBIX KOHTAKT-
HbIX miomagok (50—200 mxm).

Ilonyuenue 6anO0K OCHOBaHO Ha
CKBO3HOM TpaBJIE€HUU KPEeMHUs
yepes (POTOPE3UCTHYIO MacKy, Ha-
HECEHHYI0O Ha HIUJKHIOI IOBEpX-
HOCTH TLIacTubl (puc. 6.25, 0).
IIpu CKBO3HOM TpaBjeHUH OLHO-
BPEMEHHO € IHoJydyeHueM OaJiok
JOCTUTAETCSA pasfesieHue IJIacTu-
HBI Ha OTJAeJIbHbIe KpUCTAIILl Oe3
MEeXaHWYeCKOTO CKpaibupoBaHUd.
Ho Hauana TpaBJeHUA IIJIaCTUHA
TNpUKJENBaeTCsa BepxHei (auie-
BOII) IIOBEPXHOCTHIO K CTEKJYy.
Yrobnl COKPaTUTH BpeMsdA TpaBjie-
Hus u u3bekarrs OOKOBOrO pac-
TPaBJIMBAHUA IJAaCTUHBI, ee (IO-
cJle IPUKJIEUBAHUA K CTEKJY) CO-
11 OBLIBAIOT oT 00BIYHOM
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Puc. 6.25. BeckopnyCHBEIe TPaH3HCTODPH! ¢ GajIOYHBIMHM BHIBOZAMH:
a — TpaH3HuCTOp ¢ GajoumwmiMM BHIBOjaMlu; 6 — mosydyeHMe GajlOK U pasgele-
HHEe TPAH3ZUCTODOB Ha IUIACTHHE

ronmuusl 200—-300 mxm go 50 mxm. Ilo oxoHuaHuUM TpaBieHUs
KJIe#l pacTBOPSIOT ¥ pa3fefieHHbie KPUCTAJLJIBI OTHAJAIOT OT CTEKJIA.

MonTak HaBeCHBIX KOMIIOHEHTOB ¢ OaJIOUHLIMY BbLIBOLAMH MO-
JKeT OCYIIECTBJIATHECA TAK YK€, KaK U B CIyuae LIaPUKOBLIX BBHIBO-
OB — METOJOM IIepEeBepHYTOTr0 MOHTa’ka. IIpu 3TOM BBICTyHAalO-
e GalKu XOPOIO BUAHBI U UX COBMEIeHVE C KOHTAKTHBIMHY ILJIO-
IagKaMH Ha TOQMOXKKe He IpeACTaBdsdeT 3aTpygHeHui#t. MOXKHO
MOHTHPOBAaTh KPHCTANJ ¥ «JIHUIOM BBEpPX», HO TOrga B IOJIOXKKE
caeyeT NMPeXyCMOTpeTs yriaybieHwme A KpHCTaJa.

Haroropnenye MapuKOBLIX U 6QIOYHBIX BLIBOJOB CJIOXKHEE U JO-
posKe, ueM IIPOBOJIOYHBIX, HO OHM 00eCIeuMBalOT CYLIECTBEHHOE
yIIpoIneHue U yaeiesjgenue c6opounsix onepanuii u B 4—10 pas mo-
3BOJISIIOT YMEHBIINTE IJ0Inags Ha nogiaoskke I'HMIC, oTreogumyro ginsa
pasMeleHUA HaBeCHbIX KOMIIOHEHTOB. K colkalleHUI0, Hafe)KHOCTh
TAKHUX COeNYHEHWH HUMKe, YeM B CJydae MCIOJL30BAHUA ruOKUX
BBIBOZOB.

6.12, Texuosorua toJcTolieHOUYHBIX ruOpuaupix HC

IlaccupHeie deMeHTH ToJACTomNeHouHblXx I'MIC momyualoTces Jo-
KaJpHHIM HAaHECeHHEeM Ha MNONJIOXKKY TOJNYKUZKUX Nacm-Cmexjo-
amaneil ¢ MOCAEAYIOIMM MX BHICYIIVUBAHWEM M BXKUTaHUEM B IOJ-
noxkKy. CregopaTensHo, B AAHHOM CJlydae IUIEHKYW IIpuoGpeTaioT
CBOI0 TOJIIUHY CPasy, a He IMOCTEIIeHHO — CJIOH 3a cJIoeM — Kak
IpH TOHKOIIJIEHOYHOM TEeXHOJIOTHH.

IlocienoBaTeIbHOCTE TEXHOJNIOPMYECKUX OIepaiuil Ipyu HaHece-
HYY TOJICTHIX TIJIEHOK CJeAyIoIiad:
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a) HaHeCeHMe CJI0A NACThHI Ha IMOAJIOKKY Uepe3 MacKy — HaKJjan-
HO# Tpadaper (0TCI0ga Ha3BaHWe — Memod mpagdapemuoil newamu);

0) BppKUTraHue (WcllapeHHWe) DacTBOpUTe/d IPH TeMIepaType
300—-400 °C u TeM cambiM IpPeBpallleHHME TACTHI U3 IONYKHUIKOTO
COCTOAHUA B TBEPHOE;

B) BXKMraHUe 3aTBeDAEBIIEro BEI[eCTBA IIaCThi B IOAJIOKKY —
cnekanue — 1mpu temneparype 500-700 °C (8 saBuCHUMOCTH OT CO-
CTaBa TACTHI).

Onepanusa B)KUTAaHUI — CaMas OTBETCTBEHHAs B TeXHOJIOTHUe-
CKOM IIMKJIe; OHa TpebdyeT BLICOKOM CTAa0HIU3aIUN TeMIEPaTypsl: C
TouHOoCTHIO +1 °C.

B ocHOBe BCex IacT-CTEKJIO9MaJell JIeXKUT TaK Ha3biBaeMasd
¢pumma — TOHUANINUI NIOPOIMIOK CTEKJa, K KOTOPOMY, B 3aBHCH-
MOCTH OT Ha3HAUeHWsA IacThl, IPUMEIIVBAETC IIOPOIIIOK Pe3UCTHUB-
HOT0, NPOBOAAIIErO AN JUIJEKTPUIEeCKOro marepuaia. Jlucmepce-
Hasd (T.e. COBEpPIIEHHO OJHOPOAHadA) cMech (PPUTTHI U IIPUMECHOTO
MaTrepualia IpuobpeTaeT BA3KOCTh IIpHU JOOABIEHWY CHEenUaJbHBIX
OpraHMuYecKHMX BeIecTB U pacrBopuresneii. Ha srane BeDKUraHUA
(cM. BbIIIIE) PacTBOPUTENL MCHAPAETCs, & OPraHMYecKHe BeIecTBa
CBA3BIBAIOT YACTHIHI IOPOIIKA B €JUHYI KOMIAKTHYIO MAaCCy.

[j1s1 IPOBOASIIIUX TIACT IIPMMECHI0 OOBIYHO CIYXHUT cepebpo miam
30JI0TO, OJIA PE3HUCTHBHBIX — CMecCh cepebpa u mannagus (1:1), a
U1 QU3JIEKTPUYEeCKUX — TUTaHAT 6apusA ¢ BHICOKOM AW3JIeKTpUUe-
CKO MPOHUIAeMOCThIO. Bapsupysi MaTepHas U IPOLEHTHOE COJep-
JKaHue IpuMeced, MOXKHO H3MEHATH 3JIEKTPHUUYECKYVEe IapaMeTpshl
IJIGHOK B OuUeHp MIMPOKUX Ipegenax (cMm. pasgea 7.11).

MackamMu s HaHeCeHUs IacT Ha MOAJOXKKY CIYXKaT CeTYaThle
TpagapeTsi (puc. 6.26, a). Oux npeacTaBiaOT c060it TOHKYIO CETKY
Y3 KaIpOHA WJIN HepKaBeIOL[eH CTaly, HATAHYTYIO Ha AHO paMKH!.
Pasmep aueek ceTku — oxono 100 Mxm, guameTrp HUTEH — OKOJIO
50 mxm. Boabiras 4acTh CeTKM IOKPHITA IJIEHKOI, HO B IJIEHKE
MMeIOTCA OKHa. PHCYHOK OKOH IOJIYy4alT MEeTofoMm (oTomurorpa-
(buu, BrITpaBAUBasg OTBEPCTUA B IJIeHKe., YUYUTHIBAsA AYEHCTYIO
CTPYKTYPY CETKH, pPasmepsl OKOH TPyAHO chenarTs meHee 10-200
MKM. OTO TIpeROIpefeNsieT MUHUMAaJbHbBIE Da3Meprl 3JIEMEHTOB
roncromnedounbix I'MC u mupuny nunwmit.

1 HcxoaseM MaTepHasoM g4 CeTOK GBUI INEJIK M IOTOMY METOAMKY HaHEeCeHHs macT
Jepes ceTdaThle TpadapeThl YacTO Ha3bIBAIOT wlenrozpagueit.
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0)
Puc. 6.26. Metog JOKaJILHOrO HaHECeHHMs IIACTBI: @ — CeTYaTHIH TpadapeT;
0 — mOpojaBJMBaHHEe TacThl depe3 Tpadaper: ! — pakeias; 2 — CeTKa;

3 — moanoxka; 4 — macra

Pamka ¢ TpadaperoM 3amoJHsAEeTCA NAcTOM M pasMeIaeTcsa Haf
nogokKoi Ha paccroanuu 0,5—-1 mm. Ilocse saToro Ha ceTky omyc-
KaeTcs CHemUalbHBIM HOX -— pGKeab, KOTOPHLIH, IepeMeIasch
BOOJb PaMK¥, NOPORABIMBAET IIacTy Uepe3 OTBEPCTHS B CeTKe
(puc. 6.26, 6). HecmoTpsa Ha NpOCTOTY MJeu NPOLABIMBAHUA, 3Ta
OIlepanusa — IPeIU3NOHHAA; HA KauecTBO OyayLIeil IJIEHKHU U TIo-
BTOPAEMOCTh Pe3yJILTATOB OKAa3bIBAIOT BJIMAHUWE yroJ 3aTOYKYU pa-
KeJfd, ero HaKJOH OTHOCHTENBHO HOAJIOMKKH, CKOPOCTH Iepemelrie-
HUS U Apyrue pakTOpPLI.

Boo6ie roeopsa, ceTka Ha TpadapeTe He 00A3aTeNbHA: MOXKHO
NIPogaBJKBATE NACTy U Yepe3 CIUIONIHEIe oTBepcTusi. OqHAKO Kade-
CTBO IIJICHOK IIPH 3TOM XyJ’Ke, TaK KaK CeTKa obecmeumBaeT Gojee
ORHOpPOXZ:bIE€ CJOM B Pe3yJbTaTe CIUAHUA OTHEeJIbHBIX <«Kallelb»,
IpoIIeRIMUX Yepe3d A4eHKH ceTKHU. ToNIMHa NoJydaeMsbIX IIJIEHOK
3aBHCHUT OT gHaMeTpa HUTeH u pasmepoB sueex. OOBIYHO OHA CO-
crapaser 20—40 Mxwm.

K mopnoxkkam misa Tosctoryienounsix ['MC npegpasnaiorea B 06-
eM Te ke TpeGOBaHUA, YTO ¥ JJIs1 TOHKOILTeHOuHbIX. Ocoboe BHU-
MaHue 4acTO yAelseTCs TOBBIIIIEHHOHN TeIJIONPOBOLHOCTH, TaK Kak
TojsicTONIeHouHEir BapuadT ['MC xapaxTepeH AJA MOIIHBIX CXEM.
IlosTomy pacnpoCTpaHeHHl BLICOKOTJIMHO3eMUCTHIE KepaMuKH (96%
Al,O;3) u GepuinueBble KePaMUKH (99,5% BeO); nociepgnue B 7—10
pa3 IpeBBINIANT IVIMHO3EMUCThIE IO TEIJIONIPOBOZHOCTH, HO yCTyma-
OT MM II0 IPOYHOCTH. BarKHasA OTIMIUTENbHas 0CODEHHOCTSH IOAJI0-
KeK aas ToacromneHounbix I'MC cocTouT B TOM, YTO MX IIOBEpX-
HOCTBL JOJDKHA OBITH ZOCTATOUHO IIIEPOXOBATOM, YTOOBI ODECIeuYHTH
HeoOXOqUMYI0 afnTe3uio ¢ BelecTBOM nacTel. CTeneHn IIEPOXOBATO-
CTH XapakTepu3yeTcd HEPOBHOCTAMYK HO 1-2 MKM.



214 Tnasa 6. Texuonoruyeckyue 0CHOBHI MHKDPOIIEKTPOHHKH

MeToAbI MOHTa)Ka HaBeCHBIX KOMIIOHEHTOB Te ’Ke, UTO ¥ y TOH-
xomnenounsix I'MIC, HO pasmepsl KOHTAKTHBIX HJIOLIAHOK LEJaroT
6onsime: 400x400 MxMm.

B 11€710M TOJICTONIJICHOYHASI TeXHOJOTHs XapaKTepHa IIPOCTOTOH
¥ Hu3Koi crouMocTsio MC. Ograko 1o CPaBHEHUIO ¢ TOHKOIJIEHOU-
HOI TEeXHOJIOTHEeH IIJIOTHOCTh KOMIIOHOBKY OKA3bIBAETCA MEHbIIIe
(u3-3a Goxbimell MUPUHLI JUHUIM), a padbpoc mapamMeTpoB — G0Jb-
mre (u3-3a HEKOHTPOJUPYeMOH TOJNLIMHBI IIJIEHOK).

KouTpoJibHBIE BOIPOCHI

1. ITouemy AJ1d U3TOTOBJEHUA OOJMBLIINHCTBA NTOJYIIPOBOHUKOBBIX
npubOpOB MCIONB3YIOTCI MOHOKPUCTANINYECKHE MaTEepHAILI?

2, IlepeuncnuTe OCHOBHBIE TEeXHOJIOrHMYECKHe OIEpAIVU IOJyde-
HYA MOHOKDPHCTAIIAYECKOTO KPeMHUA.

3. Ina uero mpum npoussogcTBe MC Ha MOHOKDUCTAJLIWUECKUX
TIOAJIOYKKaX BbIPAIUBAIOT 3NIUTAKCUATIbHbIE CJIOX KPeMHUA?

4. HazoBpuTe aKieNnTOpHbIe IPUMECH IJid JIETUPOBAHUA KPEMHUS.
Yem onu oTanualoTces Apyr or Apyra? Kaxkue qoHOpHBIE TpuMe-
CcU KpeMHUA Bbl 3HaeTe?

5. HazosuTe OCHOBHEIE OIEPAIMH TEXHOJOTHYECKOTO IIPOLecca 13-
roroBienus HC.

6. Kaxue crroco6sl OKMCIeHNA KPeMHUA BaM u3BecTHrI? B ueM ux
NPUHIUNVANbHBIE OTJANYAA?

7. Hanuimure ypasHeHue ABYX 3aKoHOB Puxa.

8. B yem kauecTBeHHOe OTJUUMe paclpenelleHUsA IpPUMECH IIpHU
TepMuuecKoit Audbdy3uu 13 HEOTPaHUUEHHOTO U OTPAaHUYEHHO-
ro MCTOYHWKOR Auddysanra?

9. Kak pacnpenenaioTcs IpUMecH Ipy HOHHOM umnaanTanuu? Ka-
Kue GaKTOPHI OKA3LIBAIOT BAMAHVE Ha XapaKTep 3TOTO pacIpe-
peneHus?

10. HasosuTe u3BecTHbIe BAM TpaBHUTeH NIeHOK Si0,. A gna kpem-
HuA?

11. Yo Takoe anm3oTponHoe Tpasaenue? I pellleHusi KaKHUX 3a-
gau B npon3BocTBe C npUMeHsIOT aHU30TPOIIHOE TpasleHue?

12, Kakue MeTOABI M3TOTOBJIeHUs1 (HOTOLIAGIOHOB BaM 3HAKOMEI?
CpaBuure ux.
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13. Kakue MCTOYHUKY 3KCIOHUPOBAHUA NPUMEHAIOTCA IPH JIUTO-
rpacpuu?

14. Ilouemy pagpemramiaa CHOCOGHOCTH JUTOrpaduu 3aBUCHUT OT
OJIMHBI BOJHBI UCTOYHUKA 3KCIOHUPOBAHUAT?

15. KakoBel B HacTOsAIee BpeMms IIpedelibl paspellleHus JUTorpa-
duu?

16. Kakue MeToabl HaHEeCEHUs TOHKHUX ILJIEHOK MeTaJlJIOB ¥ JU3jieK-
TPUKOB BaM 3HaKOMbI? B ueM uX NpUHIUINANLHBIE OTANYNAT

17. Kakue MeTansbl ¥ IOYeMy MCIOJIBL3YIOTCA B KauecTBe IOJCI0A
TIPY HAHECEeHUH MeTAIMYeCKHUX IJIeHOK?

18. HazoBure nHaunbonee pacnpoCTpaHEeHHBIe MaTepPHaNbl 4 H3ro-
TOBJIeHuA MpoBoxHuKoB HC.

19. Kax npu usroropnenun npoeoguuxop MC usberxars obpasosa-
HUSA p—n-niepexogoB u 6aprepos IlloTTru?

20. Yem 00ycCI0BIeHE MAKCHMANBHO JOCTHKUMbBIE IIPefesibl MUHH-
aTiopusanuy npopoguuxkos YIC?

21. Kakue tunst kopnycoB YIC Bam 3HakoMsi? OTaU4aloTCAa 14 OHA
110 Hafe>XHOCTH?

22. YTo Takoe mapuKoBuie ¥ 6aI0UHbLIe BIBOABI?

23. Hasosure o6iacTy IpuMeHEHNsI TUOPUAHLIX JI€HOYHBIX M TOJI-
CTOILJIEHOUHBIX CXE€M.



- Fnosa 7
dnemMeHTbl NHTerpanbHbIX CXem

7.1. Beegenue

Hamomuum, uro saemenmamu HC (Kak HONyNpOBOZHUKOBHIX,
TaKk ¥ rUOpUAHBIX) HA3BLIBAIOT MX HEJEJUMble COCTaBHbIe HaCTH —
Te, KOTOpbIe Helb3dA OTHAENbHO crenuGUIMPOBaTh U HOCTABUTL KakK
orpenbHbie uagenua. Onua us ocobennocrein snementToB MC mo
CPaBHEHHIO C AaHAJOTMYHBIMY AUCKPETHBIMU IIpUbOpamMu UIH 3JIeK-
TPOPaAHO3JIEMEHTAMH COCTOMUT B TOM, YTO OHM HMEIOT 3JeKTpuye-
CKYIO CBA3b C 00Iedl NOANOKKOM, a UHOrjga U apyr ¢ ApyroM. Ilos-
TOMY MaTemarnuyecKue ¥ (usmuecKme MOoAeju (2KBHUBaJEHTHbIE
cxembl) 3emedToB YIC HECKOJILKO OTJIMYAIOTCH OT MoJeseil QUCK-
PEeTHBIX aHAJOrOB.

Bropas paykHasa ocobeHHOCTh 3JeMeHTOB VIC 1o cpaBHeHHIO C
OUCKDPeTHBIMH NpubopaMyu cBs3aHa C TeMm, 4YTO Bce 3nemeHTH MC
NOJy4aloTCA B eAUHOM TEXHOJOrnueckoM npomecce. Hanpumep, Bce
pesucTopsl naeHouHoit MC nmonyuaroTcs OZHOBpEMEHHO U, CIeROBa-
TeJIbHO, XapaKTepH3yIOTCA OZMHAKOBOH TOJNIUHOMN ¥ OJUHAKOBBIM
yAeJIbHBIM CONPOTHUBJIEHUEM (Pa3HUIA MOXKET OBITH TOJNBKO B AJIUHE
u mupuHe cnos). au B nonynposoguukoeoil YIC pabounit cioit pe-
3uCTOpa MOJMyuaeTcA OFHOBPeMeHHO ¢ 6a30BBIM CJIOeM TPaH3HUCTOpa
H, CJlefOBaTeNbHO, MMEET Te jKe 3JIeKTpPOo(U3UUecKue IapaMeTphl,
uyTOo U 6as3oBbiil ciaoit. MlHaue rosopa, npu u320MmoeLeHUU INEMEH-
mog UC umeemcs menvile «cmeneneti c60600bL», Lem npu u3zomos-
AeHuu ux OuCKpemHblX GHAJL0208: MOYKHO BapbUpPOBaTh IJIaBHEIM
obpazom KoHpurypanueil aiaementoB MC «B niame», T.e. UX Zau-
HOM ¥ LIVPHUHOM, a He TNyOMHOM CJI0EeB U UX 3JeKTPOhU3UIECKIMU
napamerpamu. B pesyasTare napamemput anemenmos HC 6 snavu
menvHOl. Mepe KOpPEAUPO8aHbvl (B3aMMOCBA3AHBI) U 0ZPAHUYEHbL,
Yero HeT ¥ AUCKPETHLIX KOMIIOHEHTOB.

OTMeTHM, OZHAKO, UYTO YKasaHHbIe OCOOGEHHOCTH IpeXKJe BCero
xapakTepusl anA sjaemenToB BYIC u CBUC, npu #3roTroBieHu# Ko-
TOPBIX M3-3a HPoOJeM COBMEIeHUs BCerga IPHUXORUTCA «3KOHO-
MUThL» Ha KoaumuecTBe doronurorpaduit. Eciu npobrema orpanu-
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YyeHUsA KoJauuecTBa orosurTorpaduil He NpeBaJupyeT Hajg OCTAJIb-
HBIMH, ITapaMeTpsI 371eMeHTOB MIC MOTyT 3HAUUTENHHO OTIHNYATHCS.
IloMuMo yKaszaHHBIX JBYX OCODeHHOCTEH, cjlefyeT OTMETHTb,
YTO B IpoOIecCe Pa3BUTHUs MUKPO3JEKTPOHWKY NOABUINCH TaKue
anemeHTsl FIC, KOTOphIe HE MMEIOT aHAJOTOB B QUCKPETHOM 3JIeKT-
POHHKE: MHOTO3MHUTTEDHBLIE ¥ MHOTOKOJJIEKTOPHbIE TPAH3UCTOPHI,
TpPaH3uCTOPHI ¢ 6apsepom IIloTTKY, TpexMepHEIe 3JIeMEHTHI ¥ Ip.

TpaguioHHbIe KOMIIOHEHTbI — [RUOLRI, KOHIEHCATOPEI H
T.I. — HU3MEHWINCHh KOHCTPYKTUBHO, U3MEHUICA ZUANa30H uUX Ia-
paMeTpoB. B moaynpoBoanukoBbix VIC oTcyTcTBYIOT amanoru ra-
KHX TPagUIHOHHBIX KOMIIOHEHTOB, KAK KATYINIKW HMHAYKTUBHOCTH
u TeM 0Oosiee TpaHCHODPMATODHI.

Komnonenmamu HC, kak oTMeuasioch B I'I. 1, Ha3bIBAIOT TaKkue
COCTABHBIE YACTH FUOPHUAHBIX MUKDPOCXEM, KOTOpPhie MOYKHO CIEeI[¥-
(pHUOUPOBATL OTHENHHO ¥ IIOCTABJATH B BHUAE OTHAEAbHBIX H3AeNUi.
KomnorenTst 'MIC npeacTaBnsaioT co00i HaBeCHbIE AeTaNH, OTIHYA-
IOIYecs OT «OOBIYHBIX» NUCKPETHBIX KOMIIOHEHTOB JIMIIbL KOHCT-
PYKTHUBHBLIM OopmiieHreM (DeCKOPIyCHbIE JUOAbI, TPAH3UCTOPHI U
Huce).

I'nmapHBIME 3j1leMEeHTaMu OHUIONAPHBIX NONYNPOBOGHUKOBEIX HIC
SIBJISIIOTCA N—p—n-TPaH3UCTOPHI. M IMeHHO Ha HUX OPHEHTHPYIOTCS
npu paspaboTKe HOBBIX TEXHOJOTHYECKUX IUKJOB, CTapasdch obec-
MeUHNTH ONTHUMAaNbHbBIE TaPaMETPh! 3THX TPAH3UCTOPOB. TexHomorus
BCEX [PYTUX 3JEeMeHTOB (p—7n—pP-TPaH3UCTOPOB, ZHOLOB, PE3UCTOPOB
¥ T.II.) ROJDKHA «IPHUCHOCA0IMBATECA» K TEXHOJOTHY N—p—N-TPaH-
sucropa. Takoe «mpucnocobienye» 03HAYAeT, UTO AJIA H3TCOTOBJIE-
HUA PYTUX 3JIEMEHTOB CJEAYET 110 BO3MOXKHOCTH u3beraTh HOMOJI-
HUTEJIbHBIX TEXHOJOTHYECKHX OIlepalnuil: >KeJlaTeJbHO HCIIONB30-
BaTb Te ke paboume caoum (KOJUIEKTODHBIH, 0a30Bbiil u
SMUTTEPHBIN), KOTOPbIe HEOOXOQUMEI qJA n—p—n-rpa"aucropa. Ot-
CIOa TaKas TePMHUHOJOTHUA: «B KaueCTBE Pe3uCTOpa HCIOMb3YeTCHd
0a30BBIi CH0» MU «pabouuit CI0i pe3ucTopa MOJMYyYaeTcsa Ha 3Ta-
ne 6aszoBoit guddysun».

Tnapusivu anementamu MIII-Trpansucropusix YIC go nocnenne-
ro ppemenu 6sttm MJII-Tpan3ucTOpsl ¢ UHAYIIMPOBAHHBIM P-KaHa-
noM. COOTBETCTBEHHO Ha HHUX OPHEHTHUPOBAJICS TEXHOJOTHUYECKHI
OUKJI ¥ K 3TOMY OUKJIY <«IpUCTIOocablIvBagach» TeXHOJOTUA OCTATD-
HBEIX 3JIEMEHTOB. B mociegHue rogsl, ocje TOro Kak yAajoch Ipeo-
HOJeTh TPYAHOCTH HBTOTOBJEHUS KaYeCTBEHHBIX IN-KaHAJbHBIX
MAII-TpaH3uCTOPOR U pa3paboTaTs TEXHOJIOTHIO KOMILIEMeHTap-
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uerx MAII (KMII) cxem, nociexusisi, 10 CYILIECTBY, 3aHsIa IJIaB-
HOe MecTO B TexmoJjoruu HC.

7.2. A3oasauusa 371eMeHTOB

Ha pwuc. 7.1 nokasansl ABa n—p—n-TPaH3UCTOPA ¥ AUOXK, BBINOJ-
HEHHEIe B 00IIIeil KpeMHHUEeBOM NMOAJNOXKKe n-Tuna. Kak suauM, Koju-
JIEKTOPHI TPAH3UCTOPOB ¥ KaTOJ AUOJa OKa3ajiuch NPHUHYIUTENLHO
CBA3aHH Yepe3 NOAJMOXKY. Takue CBsi3y, KaK IIPAaBUJIO, HEIpHeEM-
JIeMBI: OHW He COOTBETCTBYIOT »KeJaTelbHON KOHGUrypamuy cxe-
mbl. CrrefoBaTebHO, 31eMERMbL GUNOAAPHBLLY NOAYNPOEOOHUKOELLX
HC uynno usonruposamsv 0pyz om dpyza ¢ mem, wmobv. Heolxodu-
Mmbie COeOUHEHUA OCYWECMEAAIUCL MOLbKO nymem Mmemariuie-
CKOUL pa3eéolxu.

B cayuae uarorosienus Ha ogHOI nogaokke MJII-Tpanaucro-
POB MCTOKHY ¥ CTOKY CMeXXHBIX 3JIEMeHTOB (pucC. 7.2) 0Kas3siBalOTCH
pasjeleHHLIMH BCTPEUYHO-BKJIIOUEHHBIMY P—n-IePexXofaMy 1 Takasd
CBA3b He CTOJb I'y0uTesbHA, KaKk B OMNOMsIpHBEIX 3jeMeHTax. Ogua-
KO C POCTOM CTeleHH HHTerpanmuu u «cOnamkeHneM» 3J1eMEeHTOB, 00-
paTHbIe TOKH Pa3jesIUTeNbHBIX P—Il-TIePeX0f0B PacTyT U IPHHYXK-
gaior paspaborunkop UC ucxaTh cioco6sI U30AALKUN He TOIbKO Ou-
noaApHeix, Ho ¥ MIII siemMeHTOB.

| Tpausucrop 1 ! Tpamaucrop 2! Huoxg |

| I ! | M1 31 C1 M2 32 C2
91 B1 I 22 B2 [ Anop

nbp NG

Kosynexrop 1 | Konnexrop 2 l Karon

i | n-Si

Puc. 7.1. BHyTpeHHAA CBA3b JJIEMEHTOB Prc. 7.2. OTcyTcTBHE CBS3H MEXAY
6unonapusix VIC 4epes momNoXKy B OT- snementamu MJIII-rpaB3HCTOpHBIX
CYTCTBHE H3OJMSIXHHU nc

CpaBHuTeNBbHAA OIeHKa CIOCo00B M30NANMH. Bce HM3BeCTHEHIE
c11oco0bl M30MAIMY MOXKHO Pa3JesUTh HA JBa IVIABHBIX THIA: U30-
AAUUI 00PAMHOCMEUL,EHHBIM P—N-nepexodom U UIoAALUI0 Judaexm-
purom. Oba TUNa MBOAANUY NPOMJIIOCTPUPOBaHLI Ha puc. 7.3.

OGenHeHHBI! CJIOH p—n-repexoja, ocofeHHo npy 00JAbLIIOM 00pPATHOM
CMeNIeHUy, WMeeT OYeHb BEICOKOE YAEJIbHOe CONPOTHUBJIEHHE, OIH3Koe K
YAEJIbHOMY COIIPOTHBJIEHHUIO JUIJIEKTPUKOB. II03TOMY yKasaHHBIE ABA THIA
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Puc. 7.3. OcHOBHEIE MeTOABI H30AAXHH 3jemeHTOB HC:
a — C IDOMOINBIO pP—n-TIePexXofioB; 6 — ¢ IOMOINLI0 AHIIEKTPHUKA

U30AAINH PA3ANYAIOTCA He CTOJBKO YAeJLHBIM COIPOTUBJISHNEM U30JINDY-
IOLIEro CJIOS, CKOJBKO €ro ¢cTPyKTypoii. Haomdguwio p—n-NepexogoM OTHO-
caAT K ogHoa3HLIM crocobaM, uMesd B BHAY, YTO MaTepual no ode CTOPOHSAI
H B mpefenax M30JUPYIOLIEro CI0A OQUH U TOT )Ke — KpeMHwuit. Usoadamuio
AN3NEKTPHKOM OTHOCHAT K ,ﬂByX(I)aSHbIM CHOCOﬁaM, uMesd B BUJY, YTO MarTe-
puas ((asa) H30AUPYIOLIEro CJIOS OTJAXYAETCA OT MATepUAIa NOJIOKKY —
KpeMHusi. YuuTslBasi, yTo npu paspaborke HC npoucxoauT HnocToAHHOE
CHIKeHWe pafouyuX HanpsKeBud, U30JMANUs p-N-NHePexofoM NpUMeHseT-
cA BCe pedXe K peXxxe.

W3 puc. 7.3, a ACHO, UTO U30RAUUA p—n-nepexodom ceodumca K
ocywecmenenulo 0gyx 6CMPELHO-6KLIOLEHHbLX Ou0008 mendy uso-
aAupyemvimu dremenmamu — Tak ke, kak B MIII-Tpansucropubix
HC (puc. 7.2). dias Toro, uTobnl 00a M30JUPYIOIINX JUOLA HAXOZHU-
Juch TOL OOpaTHEIM CMmeIeHueM (He3aBHCUMO OT IOTEeHIIUAJIOB
KOJIIEKTOPOB), Ha HMOAJNOXKKY 3aJaI0T MaKCHMAaJbHBIN OTPUIIATENb-
HbI#t MOTEHIMAaA OT MCTOuYHWKa nuranuma KMCL,

HsonAnusa p—n-nepexoioM XOPOIIO BIUCHIBAEGTCA B OOINUI TeX-
HOJIOTHMYECKH IuKJa Ounmonsapubix VIC, ogHaKO ee HeZOCTAaTKHA ——
HaJuuye o0paTHBLIX TOKOB B p—N-Iepexofax U Hanuuue 0apbepPHBIX
eMKoCTei.

Wsonamnusa LUBNeKTPUKOM (OJlee COBepIlleHHAA U «pPafUKaib-
Hasa» (puc. 7.3, 6). IIpu KOMHATHOH TeMIepaType TOKY YTEUKH B
OU3JIeKTPpUKEe Ha 3—5 TOpsIJKOB MeHbIe, ueM oO0paTHbie TOKH
p—n-nepexopa. Uro kacaeTcsa NapasuTHOW eMKOCTH, TO, pa3yMeerT-
Cs, OHA MMEeT MEeCTO ¥ IpH AU3JNEeKTpuuyecKon maonamuu. OgHako
ee JIETKO chejaTh MeHbile 6apsepHOi, BrIOMpas MaTepral ¢ Majoi
AU3IeKTPAYECKON IIPOHUITAEMOCTHIO ¥ YBEJIUYUBAA TOJINUHY AU3-
JexkTpuKa. Kak nmpasmio, napasuTHas eMKOCTb IIDH AUIJIEKTpHYe-

1 Tax »xe mocrynaior 8 MIATI-rpansucropEeix UC.
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CKO# M30JIALMY Ha NOPAJOK MeHbIe, YeM IIPH H30JALUH pP-n-Ie-
pexoom.

H3osnsauua p—n-nepexonom. Hsonupyromue nepexoasl MOXKHO [o-
AYYUTH HO-pasHoMy. Tak, B UHCTO IIAaHApHOII TEXHOJIOTHY B CBOe
BpeMs MCIOIL30BAJINCHL MeTOoabl mpoinoll duddysuu (puc. 7.4, a) u
écmpeunoii (unmu OBYCTOPOHHel) Oug@ysuu (puc. 7.4, 6). Oboum
9THUM METOZAM CBOMCTBEHHBI Cepbe3HbIe HEJOCTATKHU.

1 JokansHas guddysus B I

| ST 0K
< AA‘f‘X‘V PO K’:‘:‘ﬁ KX
G,

L

yvrv

O6masa gubdysus B
a) 6)
Pac. 7.4. BozmoskHbIe BapHAHTHL HBOJSIHK IIEMEHTOB C IIOMOINBIO II@PEXOA0B:
a — meroy Tpoiiolt quddysuu (I, — pasMep OKHA IOJ KOJJIEKTOPHYIO AHDDY-

3uI0); 6 — MeTox BCTpedHOH (ABycropommed) auddysuu ([, — pasmep OKHa IOZ
pasfeuTeNbHYIO AUGRYIHIO)

B cTpykrype Ha puc. 7.4, g KOJJIEKTODHBIN n-cio#, mojgydaeMbld Ha
srane 1-i1 gsuddysuun, Asasercsa HeoOXHOPOJHBIM: KOHIIEHTpAIud IpUMecH
BO3pAcCTAeT OT AOHHOH YacTH K nosepxuocTty. IlosTomy Ha rpaHuIe c 6aso-
BBIM CJI0€M KOHIIEHTPAUWsS IIPUMECH OKAa3hbIBAeTCA HOCTATOYHO GOJBIION K
COOTBETCTBEHHO NpoOMBHOE HANpsAKeHWe KOJIEKTOPHOIO Nepexona IoJay-
yaeTcs cpaBHuTeNsHO Hu3kuM. Kpome Toro, cioskHa caMa TexHOJOrud
TpotiHo#l auddysunu.

B crpykrype Ha puc. 7.4, 6 u3ondmusa 371eMEHTOB KoCTUraeTcs obinei
aud@ysuell akuenTopHOI NpYMecH Yepe3 HIPKHIOIO IIOBEPXHOCTb ILIACTH-
Hbl N-TUNA ¥ JOKaIbHOH muddysuneil Toil XKe NpuMecH yYepe3 BEPXHIOW IO-
BepXHocTb. I'ny6uwHa obeux mauddysuil cocTaBisieT NOJOBWHY TOJIIIHHAI
MIACTHHEL, Tak uTo obe quddysuoHHble 00/IacTH CMBIKAIOTCSH. B BepxHei
YacTH IJIACTHHBI 00pa3yIOTCS «OCTPOBKH» HCXONHOIO KpPEeMHUSA 7n-THIA,
KOTOpHIE ABAAIOTCH KOJJIEKTODHBIMY CJAOAMH OygyHIMX TPAH3UCTOPOB.
Ilpu zaHHOM MeTOje, B OTJANUYMe OT HPENAIAYHIEro, KOJIEKTOPHBIA cioi
OKAa3LIBAETCH OQHOPOAHLIM. [JIaBHAIA HEJOCTATOK DTOro MeToja — HeobXo-
AUMOCTh TpoBefeHus raybokoit guddysum (100-150 Mxm). Bpema rakoi
auddyann cocrapadger 2—-3 cyTok u Gosee, YTO BKOHOMHUYECKH HEBBHII'OZHO.
Kpome Toro, us-za Gokosoit guddysun (cM. puc. 6.5, 6) IPOTIIKEHHOCTH
HM30JIUDYIOIUX p-CJOEB HA IIOBEPXHOCTH OKAa3bIBAeTCA NOPAJKA TOJIWUHEL
IJIACTUHBI, T.€. NPEBHILIAET PadMepsl OOLIYHAIX TPaH3ucTopos. CooTBETCT-
BEeHHO yMeHbInaercsi Kodod(PUIIMeHT WCHOAb30BAHUSA IJIOMIARU.
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B nacrosiee BpemMs BMECTO MOHOJWTHOH IIACTUHBI 7-TUIA HC-
TIOJIE3YIOT TOHKUH 3NMUTAKCHAILEBIA 71-CJIOH, BHIPAIEHHBIA Ha HMOX-
noxke (puc. 7.5). B aTom ciayuae npo6iemMa M30JANUN CYIIECTBEHHO
yrnporaerca: Aupdysusa, obecneumsaomas obpasoBaHHMe KOJJIEK-
TOPHBIX «OCTPOBKOB» (€e Ha3bIBAIOT pa3fderumenvhoil UIu U30AUDY-
roweil Ju@gysueil), TPOBOZUTCA TOJBKO yepes OAHY (BePXHIOK) MHO-
BePXHOCTbH ILJIACTUHBI Ha I'VIyOMHY, PABHYIO TOJIIMHE 3IIUTAKCHAE-
goro ciaosa (oObruno He Gonee 5~10 mrm). Ilpm Takoit Manoit
raybune Bpemda guddysuu He NpeBHiIaeT 2—3 4, a paclliupeHue
H30JHPYIOIINX p-CJI0eB Ha TOBEPXHOCTH, OByCJ/IOBIeHHOE DOKOBOH
mupdysueil, B HECKOJILKO pa3 MeHbIlle, YeM IIPU MeTOoJe BCTPEeYHOH
mupdysun (puc. 7.4, 6). IIpu sroMm Ko3hDULMEHT HUCIONBIOBAHUA
IJIOIIAAW KPHCTANJIa MMEeT IPHUEMJIEeMYI0 BeJIUUUHY.

T KH» -TH
«Ocrposkn n-rana, Jlokanbraa pguddysua B

OCTaBIIIMeCsd B 3MUTAKCHAND- HH Si0,
HOM CJIoe IIOCJe pasiesivre- miy 2 &x 3 A
apHOM guddysuu, HassBaOT (P\P /" \p/ n \p/n
xapmarnamu. B sTux Kapma- =

T'pannua Kapmans %
Hax Ha IOCJHEeAYIOIIUX 3Ta- | snuTaKCcHaJbLHOTO 5
Iax TeXHOJOTMYECKOTo IIpo- n-ciod o =
Iecca OCYILECTBJISAIOT Heo6- st

xozumbie snemeHTsl HC, B

Puc. 7.5. OcHOBHO# croco6 H3OJAINE
TIepBYI0 ouepegb — TPaH3U-

1 3JIEMEHTOB C TOMOIIBIO NePexOfioB
CTODBI". B IJIaHADHO-3IUTAKCHAIBHBIX YIC
Ilpocreitiime KapMauel,

NoKa3aHHbie Ha puc. 7.5, Ha-

XOIsIT OTPaHMYEHHOE NpuMeHeHue. TpaH3UCTOPbLI, U3TOTOBIEHHBIE
B TaKMUX KapmaHax (puc. 7.6, a), xapaxTepHsl OOJNBIINM TOPHU30H-
TaJIbHBEIM COIPOTHBIEHUEM KOJJIEKTOPHOro cioa r,, (100 Om u Go-
Jee). YMeHbIIATh YAeIbHOE CONPOTUBRIIeHNE 3MTUTAKCHUAIBLHOTO CJOs
HepanuoHAaABHO: IIPH 3TOM YMeEHbLIaeTcsd HpoGUBHOe HANpsiKeHVe
KOJIIEKTOPHOrO IepPexOoha M BO3pacTaeT KOJMNEKTOPHAS e€MKOCTb.
IlosToMy THNOBEIM pellleHueM SABIAETCA MCIOJb30BAHUE TAK HAa3bI-
BaeMOro CKpPHITOrO n-CJN0A, PAacHOJIOKeHHOTO Ha JHe KapMasa.
Poxnp Tarkoro mmskoomHOro ciaos ouesmgHa us puc. 7.6, 6.

1 Caoii n* mox KOJIJIEKTODHEIM 3JIEKTPOJOM, IIOJYYaeMBbIH Ha aTalle SMUTTEpIOH qud-
$ysui (T.e. OJHOBPEMEHHO C 9MUTTEPHBIM n’-ca0em), mpefoTspamaer oGpasoBaHLe
TapasHTHOIO p—n-IepexoAa NPH BXHUIaHUU aJIOMHHEUS B n-cjoi (cM. c. 202)
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CkprITBEIE CHIOM  TIOJYYaIOT
aubdysueit, KoTopas IPOBOJHUT-
cs1 JO HapalquBaHUs 3NUTAKCHa-
JBHOTO cnoA. Bo BpeMs1 snuTak-
CUM AOHODHBIE ATOMBI CKPBLITOTO
CJIOA IIOL [HAeHCTBHEM BBLICOKOIX
Temneparypsi AudDyHAUPYIOT B
HapacTaloIMu# 3nUTAKCHAILHBIN
n-cjao¥. B uTOre CKpBITHIA Ci0it
YaCTHUYHO PACIOJIOXKEH B 3IIUTAK-
CHaJILHOM, ¥ JHO KapMaHa B 3TOM
MecTe OKa3bIBAETCA <«IIPUINOLHA-
TBIM» Ha HECKOJbKO MUKPOH.

Puc. 7.6. CtpyKTypa MHTerpajisHOroO
n-p-n-tpamsucropa: @ — Ges ckpeiro- WA TOTO, YTOGLI IPeAOTBPaTUTEH

ro cjaost, 6 — co CKpHITBIM n -cioem HPe3MepHoe pacnnpocTpaHeHUe

JOHOPOB U3 CKPLITOTO CJOA B
3NUTAKCHANBHBIN (UTO MOJKET
TIPHBECTH K CMBIKAHMIO CKPBITOrO nt-cyos ¢ 6a30BbiM pP-CJi0eM), Bhi-
OUpaloT AJs CKPBITOTO cl0s AUb(PYy3aHT CO CPABHUTENLHO MAaJILIM
koshdunuenTom Aubdysur — CypbMy HUJIU MBIIIBLAK.
HcnonssoBaHue CKPHITOTO N'-cosa o6ecleynBaeT He TOJABKO Me-
Hblllee CONPOTHUBJIEHUE KOJUIEKTOPa (IIePBOHAYAJbHOE Ha3HAUEHUE
CKPEITOTO CJIOS), HO M HEKOTOpbie Apyrue IPEeHMYILEeCTBa, B TOM
yycnae 00Jp110H MHBEPCHBEIN KO3(P(DUIMEeHT yCuleHua TPaH3uCTOpa
¥ MEHbIIWH u36LITOYHBIH 3apA/ B KOJJIEKTOPHOM CJI0€, HaKaIlJIuBa-
IOIIUACH B peykUMe ABONHON HHIKEeKIUH.
Paspenurensuas guddysusa B sNUTAKCUATILHBIN CJI0H ABIAETCA
B HacTrosllee BpeMsi HauboJsiee IPOCTHIM M PACIPOCTPAHEHHBLIM Ba-
PUAHTOM H3ONSAIUY p—n-nepexogom. OgHAKO HUCIONL3YIOTCA U 6O-
Jlee CJIOJKHbIE BAPMAHTEI 3TOI0 METOHA, K UHUCIY KOTOPBIX OTHOCHUT-
¢ u3onAyus Koarekmopuoit duggysueit (MK, cm. puc. 7.7).

JlokasibHas
auddysuns P

P g 2 e ]

.y yvy )
pX IR AT RFRK

I'parnna smuTakcHaIbHOIO Kapman
p-criod p-81

Pac. 7.7. Metog HM30JALMH 3JeMEHTOB KOJJIEKTOpHON auddyauei
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Merog UIK]] xapaxTepeH TeM, YTO 3MUTAKCHAIbLHBIN CJI0H (TOMN-
muHo# 2—3 MKM) MMeeT IPOBOJUMOCTS p-THIa. B sToM ciioe pacmo-
JIOYKEHBI 3apaHee CO3ZaHHbIe CKpBITBIe n'-cnou. PasngenurenwHas
muby3usa B JaHHOM CIAyUae OCYLIECTBISIETCSI C IOMOIIRI0 JOHOPHOM
npumecH (dpocdopa); raybuHa qudody3un COOTBETCTBYET PACCTOSHUIO
OT IIOBEPXHOCTH JO CKPBITOTO ¢JI0s. B pedynbrare monyuarorca Kap-
Mansl p-Tuna (6ygymrue 6a3opie CJIOM), a CKPBITHIL n'-cj0it BMecTe
¢ pasgenuTenbHbIME nt-cnoaMu obpasyer o6racTe KoinexkTopa. Kak
BHAUM, B JaHHOM CJIydae pa3fie/luTe/bHbie CJIOM BBHINOJIHAIOT II0JIe3-
Hy0 QYHKIIHIO ¥, CJIefOBaTesbHO, He BJIHUAIOT Ha KO3(hHUIMEeHT wuc-
nosib3oBaHusA maomanu. Ilocnepauit mpu metoge MK/ okasniBaerca
3HAYUTEJbHO 0OJbile, yuemM B OCHOBHOM BapuanTe (puc. 7.5), OqHaxo
n3-3a GONBINOI KOHIEeHTpauuu npumecu B n'-croax meromy MK
CBOMCTBEHHBI MEHbINIVEe IPOOUBHBIE HANPAKEHUA KOJNJIeKTOPHOTO
nepexofa u OoJbllMe 3HAUYEHUA KOJJIEKTOPHON eMKocTu. Kpome
TOro, uTOOBI cAenaTs 6a3y HEeOMHOPOLHOM M TeM CaMbEIM CO3JaTh B
Hell BHYTPeHHee YCKOpSMIoLee IOJe, B p-KapMaHbl NPUXOJUTCA HO-
MONHUTEJLHO IPOBOAUTE JUPDPY3HIO AKIENTOPHOU IIpUMECH.

WNzonanua pudiieKTpukoM. McTopuyecKH MepBuIM Ccrocobom
HU30NANUY JUSJEKTPUKOM OblI Taxk Ha3BIBAEMBIN anuK-npouecc.
OTaIlBl 3TOrO IpOIlecca NOoKa3aHsl Ha puc. 7.8. Mlcxognaa niacTuHa
KPEeMHUA N-TUIA NOKPBIBAETCA TOHKUM (2—3 MKM) 3NUTaKCHAb-
HeM cloeM n'-rtuma (puc. 7.8, a). Uepes mMacky B ILIaCTHHE Bhl-
TPaBJIKWBAIOT KaHaBKY riybuHoi 10~15 MKM, IOC/Ie Yero BCIO pelib-
e(HYIO0 OBEPXHOCTEL OKHCIAAIT (puc. 7.8, 6)!. Ilanee Ha OoKHCIIEH-
HYIO pesbe(pHYIO IOBEPXHOCTH HAIBLIAIOT ToMCThiH (200—300 MKM)
CJIOH IIOJMKPHUCTAINYECKOr0 KpeMHusi (puc. 7.8, 8). ITocae aToro
HCXOAHYI0 IJIACTHHY n-THUNa COUIA(OBLIBAIOT HA BCIO TOJNIUHY
BILIOTE A0 AHA KaHaBOK. B pedyirTaTe moy4aoTca KapMaHel 1-TH-
na (Co CKPLITHIM Nt-cjioeM), PACIONOKEHHbIE YKe B IOJMKPHCTAI-
JINYeCKOi NoAnoxkke (puc. 7.8, 2). Mzonsanus sieMeHTOB obecrieun-
Baerca okHCHeIM cioem S10, (cp. ¢ puc. 7.3, 6). OcHOBHYIO TPYA-
HOCTb B 3IHK-IpOIECCe IPEACTABJIAET IPELU3UOHHAA IIIU(POBKA
MOHOKPHUCTAJIINYECKO IIJIACTUHGI: IIPU TOJILVHE COIININ(POBLIBAE-
Moro cnosa 200—300 MKM IIOTpellIHOCTE HIINGOBKY IO BCElt IOBepX-
HOCTH ZOJKHA JIeXKaTh B Ipejenax 1—-2 M.

1 Moxno Hcnons30BaTh KAk MBOTPONHOE, TAK M AEM3OTPOIIHOE TPABIEHHE (cMm. pas-
Zen 6 6). OcoGeHHOCTH MOCJIeZHET0 PaCCMOTDEHEL HIXe,



Pac. 7.8. Metoa guajexkTpuie-
CKOHM H30JMAnNK (3MUK-IIponecc):
a — HCXOaHasi CTPYKTYypa;

6 — TpaBJeHHe KaHABOK H
OKHCJIeHHe; 6 — HallbUIeHHe
TIOJIHKPUCTANIHYECKOr0 KpeM-
HHUs; ¢ — KOHEeYHasi CTPYKTYypa
(xapMaHBI CO CKPBITHIM
n’-cyaoem)

Tnapa 7. DeMeRTH] HHTETPAJBHBIX CXeMm

Ecuu ma 2-om srane (puc. 7.8, 6) Hanbi-
JATH He MOJYIPOBOSHUKOBEIN ciaoil (moau-
KPHCTAIJIMYECKNIT KpeMHuil), a AU3jIeKT-
PHYECKUH — KePaMUKy, HoJydaeTcA Ba-
DUAHT Kepamuueckoll u3onayuu. IToT
BapWaHT ofecneYnBaeT JYYIIYIO FAJbBAHHN-
YECKYIO M eMKOCTHYIO «Pa3BA3KY» dJIeMeH-
TOB, HO OH CJIOKHee 1 HOPOKE.

Bomnbitioe pacmpocTpaHeHue HOJy-
yujga TaK HasblBaeMasd TeXHOJIOTHUs
wpemnuii na cangupe (KHC, anra. SOS
— Silicon On Sapphire). Ee ocroBHbIe
sransl IoKasaHel Ha puc. 7.9. Candup
MMeeT TaKyI0 >Ke CTPYKTypy KpHuCTas-
JIMYECKOM pelIeTKY, KaK ¥ KPeMHUIIL.
IlosTomy na candupoBoil mIacTuHe
(TIOANOKKe) MOYKHO HAPAaCTUTh 3MHUTaK-
CHaJIbHBINA c10i KpemHuus (puc. 7.9, a),
a 3aTeM IMPOTPaBUTL 3TOT CJOH Ha-
CKBO3b 0 candupa, Tak uTobst 06paso-
BAJINCh KpPEMHUEBbIE «OCTPOBKM —
KapMaHbI» [ OyAyIIUX 3JIleMeHTOB
HC (puc. 7.9, 6). 3t KapMaHbI C HIDK-
Heil CTOpPOHHI H30JIMPOBAaHBI ZPYyT OT
apyra canupoM — IUIJIEKTPUKOM, &
¢ OOKOBBIX CTOpOH — BO3xyxoM. [los-
tomy Texnomoruiw KHC uacro ornocar
K KJaccy 6030ywnoil uszonayuuw. Heno-
CTaTKOM 3TOr'0 METOHa sIBJAeTCHA Dellb-
epHOCTH, MOBEPXHOCTH, KOTOpad 3a-
TPYZHAET OCYILECTBIeHUE MeTaJlIuye-

CKO¥ DasBOLKH.
Kapmanb

n: p p
czZnliEzn

Puc. 7.9. TexHONOrHNA «KpeMHHU# Ha candupes (KHC):
a — MCXOZHAS CTPYKTYDa; 6 — peabedHBleé KapMaHbL
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KomOuHNpoBaHHbBIe CHOCOOBI M30IALMH. B HacTosiee Bpem#
caMbIM PaclpOCTPaHEHHLEIM KOMOMHVPOBAHHBIM METOJAOM ABJISIETCA
TaKk HasbIBaeMas U3IONAGHADHAA mexHoaozus (u3omnaHap). B ee
OCHOBE JIeKHUT JIOKaJbHOEe CKBO3HOE IIPOKHCJIeHHe TOHKOro (2—3
MKM) 3IHTAKCHAJNBHOTO CJI0d KpeMHEusa n-tuna (puc. 7.10). B pesy-
JBTAaTe JOKAIBHOTO IMPOKMCIEHU 3NMUTAKCUANBHLIN 12-CJI0M OKadhi-
paeTcA pasfefieHHBIM Ha OTAeNbHbIE KapMaHBI N-THIIa — TaK JKe,
KaK IIpH MeToje pasfgenurenbHolt qubdysun (puc. 7.5). Ognaxo B
JaHHOM ciyuae OOKOBbIE M30JIUPYIOLIVE CJION HE IOJYIIPOBOZHUKO-
BbIe, a qUuajieKTpudeckue (OkuCHbIe). UTO KacaeTca JOHHBIX HacTey
KApMaHOB, TO OHY IIO-IIPEXKHEMY Da3feleHBbl BCTPEUYHO-BKJIIOUEH-
HBIMY p—n-iepexogamu. YIMeHHO II03TOMy HM3OIJIaHAP OTHOCUTCA K
KOMOMHUPOBAHHBIM METOZaM.

Kaxaolit KapMaH B CBOIO ouepenhb pasfejlieH OKHMCJIOM Ha JBe ua-
cru (I u 2 na puc. 7.10, a). B rnasro#t uyactu (1) ocyecTBaaioTca
6a3a ¥ 3MUTTEpP TPAHB3UCTOPA, & BO BTOPOit (2) — oMuuYecKUit KOH-
TaKT KoJieKTopa (puc. 7.10, 6). Obe uyacTu cBsi3aHBI Yepe3 CKpPBI-
eIl nt-cnoit. Takum 06paszoM YyCTpPaHAIOTCA BCe ueThIpe GOKOBBIE
(BepTUKAaNBHbLIE) CTEHKU KOJJIEKTOPHOTO IIepexoja, YTO CIocobeT-
BYeT YMEHBLIIEHHUI0 KOJIIEKTOPHOM eMKOCTH.

JlokanbHOE OKMCJIeHHME

S s
KR

Puc. 7.10. Uzonnasapuas TexHOJOIHA: 4 — CTPYKTypa Ao GasoBoit muddysuu;
6 — KOHeUYHas CTPYKTyPa TpaH3HCTODa

JlokansHOE MpOKUCIIeHNe 3TTUTAKCHAATILHOTO CJIOSA HeNb3A IMIPOBO-
AUTE yepes OKUCHYIO MacKy, TAK Kak IIPYU BLICOKOI TeMIlepaType U
TIpY HalMuyuy KHUCJA0OPOJa ee TOMINWHA OyJeT pacTd 3a CUeT TOJIH-
HpI n-cnos. IlosTomy B H3onaHape AJ1A JOKaJIbLHOTO IPOKUCICHUAA
WUCNO/IB3YIOT MAaCK¥ ¥3 HUTPHUAA KPEMHUS.

8—3423
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Ilo cpaBHEHHIO C KJIacCHUeCKMM METOOM Pasfe/IuTeTsHON qud-
¢dysuy H3OILIAaHADHBIH MeTOoh H3onAnuU obecrneduBaeT GONbINyI0
IJIOTHOCTh KOMIIOHOBKHY 3JIEMEHTOB (T.e. JIy4Illee HCIOJL30BaHHe
II0ImafH), & TaKk)ke Gojiee BEICOKME YAaCTOTHBIE ¥ IE€PeXORHbIE Xa-
PaKTepHUCTUKY TPaH3UCTOPOB.

Memod uszonayuu V-kanasxamu nokasas Ha puc. 7.11, a. B gan-
HOM CJIy4ae BMECTO CKBO3HOIO HPOKHCIEHUA SMUTAKCHAIBHOIO CIIOM
HCIIOJIL3YETCA ero CKBO3HOe IIPOTPAaBAMBAHME METOZOM AHW3OTPOII-
HOTO TpaBJeHUA (cM. pasgen 6.6). IIpu aToM IOBEPXHOCTH KPUCTA-
na gqomkHa uMeTh opuenTanuo (100), a TpaBieHye MAET IO IIOC-
xoctam (111), cm. puc. 6.10, 6. Pasdmepsl OKHa B MacKe AeJNaiOT Ta-
Kumu, uto rpanum (111) «cxopgaTcs» UyTh HWKE TPaHHUNBI
3MUATAKCHUANBLHOTO CJI0sg ¥ 00pas3yoT KaHaBKH V-00pasHoit (hopmel,
OTKYJAa ¥ Ha3BaHMUE MEeTOHA. 3aBUCUMOCTh MEXAY IIVPWHOMN ¥ Iy-
6MHON KaHABKM CTpOTO ompejeieHHast: l/d =4/2. IIpu raybune 4-5
MKM LIMPYHA KaHAaBKY COCTABHUT Bcero 6—7 MKM, T.e., TIOTepH ILJIOIA-
Y TI0J, MSOJIAIIMIO IIONYUaOTCA BechbMa HedHauuTensHeIiMu, Hexocrar-
KOM METOJa ABJAETCH HeOOXOAVMOCTE MCIIOJIL30BAHUA ILJIOCKOCTHU
(100), xoropoil cpoiicTBeHHa IOBBIINIEHHAsl IJIOTHOCTH IIOBEPXHOCT-
HBIX JeeKTOB (CcM. puc. 2.5).

1 Tomn-Si

Puc. 7.11. Metox msoaamum V-KaHaskamu (a) u U-xasaBKamu (6)

Penred, monyuennsiit B pesyiibTaTe TpapJeHUA, OKUCIAETCA,
Kak ¥ Ipu snuk-npoiecce. OgHaKO, B OTJIHUYME OT 3NMKUK-IIPOIIECcCa,
HOCJeAYIOIee HAlbIIeH e IOMNKPHUCTAIINYECKOTO KPDeMHUA NMeeT
11eJIBIO JIMIIL BEIPOBHATL pefibed MOBEpXHOCTH AMA 06JlerueHus Me-
TaJAn4YecKoit pasBoxku. s 3TOr0 JOCTATOUHO 3&IOJHUTH HOJU-
KpeMHHUEM TOJbKO KaHaBKHU.

IIpu MCIIOIBE30BAHUK METOLA PEaKTHUBHOrO MOHHOTO TpaBJIeHUA
MO>KHO HOTOJHHTENbHO YMEHBINUTE IINPUHY KaHaBku. Taxoit Me-
TOX H30JANWY MOJYyYWI HasBanue usorsyuu U-o0pasnbimu Kanas-
xamu (puc. 7.11, 6).
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< 7.3. TpaH3HCTOPEL N—p—n

IIOoCKONBKY N—p—N-TPAH3WUCTOPHI COCTABJISIOT OCHOBY GHIIONSP-
gpix MIC, MBI paccMOTpHUM MX Haubosiee nogpobHO, BKJIOYAA TeXHO-
noruio usroropienus. IIpum sTom GyaeM cUuUTaTh, UTO HIOJNANUA
oCyILIECTBIEeHA METOJIOM pasjenuTenbHoi guddysuu. OcobenroCTH,
obycnoBNeHHEIe APYTHMMHE METONAMHM H30JANNY, B HeoOXORMMBIX
caydasiX oroBapuBaloTCH.

Pacupenenenue npumeceit. Ha puc. 7.12 nokasano pacnpegee-
HUe NpuMecedl B CJI0AX HMHTEerpajJbHOr0 TPAHSUCTOPA CO CKPLITHIM
nt-cnoem (cM. puc. 7.6, 6). Cregyer o6paTuTs BHUMaHUE Ha TO, YTO
pacnpegenenue 3¢hdeKTUBHON KOHIEHTPaluy akKIelTopoB B 0aso-
BOM CJIO€ OKA3biBaeTCsi HEMOHOTOHHHIM. COOTBETCTBEHHO HEMOHO-
TOHHBIM OKAa3bIBAeTCs M pacupeaeieHue asIpoK. CrpaBa OT TOUKH
MaKCHUMyMa TPajgUeHT KOHIEHTpal¥u¥ ABIPOK OTPHUNATENbHEIN u
BHyTpeHHee 1oJie (II0 OTHOUIEHWIO K MHXKEeKTUPOBAHHBIM 3JIEKTPO-
HaM) ABJAETCA YCKOPSAIOIKXM, IJTO XapaKTepHO AJsA BCeX apeido-
BBIX TpaE3ucTOpoB. OfHAKO C/IeBa OT TOYKM MaKCUMyMa pajueHT
KOHIIEHTPAIIUY IOJIOKUTENBHBIM, a 3HAUHT HOJIe ABJIAETCH TOPMO-
samuM. Haauvue yracmrka ¢ mopmosawum norem npueodum K He-
KOmMOpoMY YBeAUUEHUI0 Pe3YyIbMUDYIOu,ez0 6peMeHU NPOLeMa HOCU-

N,cM'3
102 .
N, (P) SIUTaKCHATBHBIN i Iopnoxka
n-croi ; p-runa
10%° i
10 17 NCKp (sb)
N, )
10| Ny AN [N\
i L L \’ N 1 1 L\ 1\ 1
0 2 P4 6 8 10 x,MEM
-3 P .
Nogg-cm fw !
1017} — '
» N; r
1015+ ; : CrpoIThIit
- Omurrep Komnexkrop, n'-croft TontoKKa
] 1 1 1 { 1 1 1 i 1 ]
0 2 4 [ 8 10  x,MKM

Pue. 7.12. Pacnpegenenne KOHIEHTpPamUU NIpUMECEH B CTPYKTYpEe HHTErpajbHOIO
n—p-n-TpaH3HCcTOpPa M pacmpedeseHHe 3PPeKTHBHHIX KOHIEHTpaluit
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meaeil wepe3 6asy. OqHAKO pacueTsl IOKA3LIBAIOT, UTO 3TO YBeIMYe-
aue cocrabiasger Bcero 20-30% u ans NpUONMIKEHHBIX OIEHOK
MOKeT He YIUTHIBATHCH.

Kondurypamuu u paboune napamerpst. Koudurypanuu uHTer-
pajbHBIX TPAH3MCTOPOB (B IlIaHe) MMEIOT HECKOJIbKO BapHUaHTOB.
IlBa 3 HUX TWOKa3aHBI Ha puc. 7.13.

B
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DU ) T
]
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a) 0)

Puc. 7.13. Koudurypanusi (TOIOJOrHsi) TPaH3UCTOPOB.
a — acUMMeTpHYHas, 6 — CHMMETDUYHAas

IlepBas koudurypamnusa (puc. 7.13, a) Has3sIBaeTCa aCUMMETPHY-
HOM: B Helt KONJIEKTOPHBIH TOK IIPOTEeKaeT K 3IMUTTEPY TOJABKO B Of-
HOM HalpaBJeHuH: Ha puc. 7.13, a — cupasa. Bropaa Kordurypa-
nusa (puc. 7.13, 6) HaswiBaeTCsA CUMMETPHUYHON: B Hell KOJJIEKTOP-
HbIM TOK IIPOTEKaeT K 3MHUTTEDY ¢ Tpex cTOpPoH. CooTBeTCTBEHHO
CONPOTUBJIEHNE KOJJIEKTOPHOTO CJIOA I, OKAa3BIBaeTCA IPUMEPHO B
3 pasa MeHbIlle, YeM Y aCHUMMETPHYHOM KOH(}HUIrypanmuu.

Bropas KoHdurypamua xapakTepHa TaK)Ke TeéM, YTO KOHTaKT-
HOe OKHO ¥ MeTajIu3alus KOJJMeKTopa pasbuTsr Ha JBe 4acCTH.
IIpu Takoit KOHCTPYKI[MM ObOserdaeTrcs MeTalAudecKad pa3BogKa:
aJIOMHHHUEeBasd TOJOCKa (Halpumep, 3MUTTepHasa Ha puc. 7.13, 0)
MOJKeT IPOXOAHUTH Haj KOJJIEKTOPOM MO 3aII¥THOMY OKHCHIY, IIO-
KpaiBaomemy noBepxHocts MC (nogpobuee cm. pasj. 7.9).

s nmpumepa Ha puc. 7.13, a mpuBejeHsl OTHOCUTEIbHBIE pas-
MepBhI CJI0EB UHTErPajabHOTO N—p—N-TPAaH3UCTOPA AJA MUHUMAaIBHO-
ro Jurorpadgmueckore paspeienusa, passgoro 10 mrm. [Iaa sToro
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cayuas B Tabn. 7.1 mpuBeAeHBI TUIMYHBIE apaMeTPHI 3THX CJIOEB,
a B Tabn. 7.2 — TUNWYHBIEe ITapaMeTPhl TPAH3UCTODPOB.

Ta6muna 7.1. THOHYHEIE TAapaMeTPhI CJ10€B HHTEeTPAJIFHOI0
n—p—n-TpaH3KHCTOpPA

‘Hanmeﬂosanne ciod N,cm 2 | d, mxm | p, OMcn | R,, On/O
Tlognoxka p-runa 1,510" 300 10 — |
CxpbIThIl ' -cioit _ 5-10 _ 8-20

| Kos1eK TOpHBIiI n-ci10il 1016 10-15 0,5 500
Basoselil p-ciroit 5108 2,5 — 200
DmuTTepubii n'-cion 10%! 2 — 5-15

IIpumevanwe: N — KoHueHTpanud npuMecy (mias guddysHeix 6asoso-
I'o ¥ 3MUTTEPHOrO CJI0eB — NOBEPXHOCTHAA KOHIEHTpanud); d — raybuna
cJI0d; p — YAEJbHOE COIPOTHUB/EHYEe MaTepuaa; R, — yJeabHoe cONPOTHB-
JleHHe CJIod.

Tabanua 7.2. THUNYHBIE TTApaMeTPhl HHTETPAJIBHBIX
n—p-n-TpaH3HCTOPOB

ITapameTp Homunan Honyck 8, % i
Koapdunuenr ycunenna B 100-200 +30
IlpegensHaa wactora fr, MI'm 200-500 +20
Konnextopraa emkocrs C,, nd 0,3-0,5 *=10 ‘
IIpo6uBHoe Hampsxkenue U,;, B 40-50 +30 |
IIpo6uBHoe Hampsxkenue Uy, B 7-8 +5 :

Bemnunny R,, ¢urypupyiouyio B taba. 7.1, HageIBalOT ydeabHbiM cO
npomusnenuem caos. IlpouwcxoskjgeHuwe STOro apamMerpa CieAylollee.
ITycTs mMeeTca mpaAMOYroJbHAA IIOJOCKA MATEPHAJIA AJIMHON @, IIUPUHON
b u Tonmunoit d. Eciu TOK HpoTexaeT BAOJS MOJOCKH (T.e. NAPALIEdbHO
€e NMOBEePXHOCTH), TO CONPOTHUBJIEHWE NOJOCKK MOMKHO 3aNUCATH B BUAE:

R = p(apd) = R(ap), (7.1)

rae R = p/d. Ecau ciloil HEOAHOPO/EH 10 TOJIIuHe (HAIPUMED, ecly OH HOo-
yuen qudpysueil npumecn), To BeruunnHa R, sanuimercs B o6em Buje:

4 -1
R, = {.fc(x)dle ,
0
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rage o{x) =1/p(x) — yAeiabHaA NPOBOJRUMOCTE MaTepHaja B ILJIOCKOCTH,
PACIIOJIOKEeHHOH Ha PacCTOAHMH X OT HOBEPXHOCTH,

IIpu yciosum @ = b npaMoyrojbHas IOJOCKA HPHHUMAET KBAAPATHYIO
¢opMy, a ee CONPOTUBIEHHE JenaeTca PaBEBIM R,. 3HAYUT, BEIUYUHY R,
MOKHO OHNDEAEeNUTh KAK npodoflbHOe CONPOMUBAEHUE CAOSL UL NAEHKU
Keadpamnoi Kongueypayuu. YToOB NOAYEPKHYTH TOCIEJHIOI0 OTOBODKY,
BMECTO MCTUHHOI pasMepHocTy «OM» mummyt «Om/O» (unTtaercs: «OM Ha
KBagpaT»). 3Hadg BeJWYHHY R, Jerko paccuuTaTb CONPOTUBIEHHE CIOdA
WA IJIEHKH IPAMOYTOJbHOI KOHQUrypanmuu IO M3BeCTHHIM 3HAYEHUAM g
u b.

W3 tabn. 7.2 BUAHO, UTO IPOOMBHOE HANPXKeHUE 3MUTTEPHOTO
nepexona B 5—7 pa3 MeHsIIle, UeM KOJJIEKTOPHOro. JTa 0COGeHHOCTE,
CBOMCTBEHHAA BCeM Apei(OoBBIM TPaH3MCTOPaM, CBA3aHA C TEM, UTO
3MHUTTEPHELIA Nepexon 06pa3oBaH 6osiee HUSKOOMHBIMY CJIOAMY, UM
KOJLIeKTOPHBIN. IIpy BKJIIOUEHUN TPAH3UCTOPA C OOII[UM 3MUTTEPOM
npoboiiHOe HampsvKeHNe KOJJIEKTOPHOTO NIepexoja YMEHLIIAeTCA B
coorBercTBuy ¢ (5.29). Ecau 6asa mocTaToOUHO TOHKaA (W <1 MKM),
TO 1POGOI 00sruHC 0OycioBIeH 3¢hdeKTOM CMBIKAHWSA, a Halpake-
Hue npo6osi xapaxkTepusyeTcs BoipadkenueMm (5.30).

Ilapasurusie napamerpsl. Ha puc. 7.14, a nokasaHa ymnpouieH-
HadA CTPYKTYpa MHTErpajlbHOTO Nn—p—N-TPaH3UCTOPA, BBINOJIHEHHO-
ro mo MeTony pasgenuTenbHoit quddysuu. OcobeHHOCTH MHTErpa-
JILHOTO TPAH3UCTOPA COCTOUT B TOM, UTO €r0 CTPYKTypa (C y4eToM
IOAJIOMKH) — UYeThIPEXCJOWHAA: HAPAXY ¢ pabouyuMy SMUTTEPHBEIM
¥ KOJJIEKTOPHBIM IlepexXojaMu VMeeTCA TPeTHil (Iapas3uTHBII) IIe-
PeXOx MeXKAY KOJJIEKTOPHBIM N-CJI0oeM U IOAIoKKoi p-tuna. Ha-
nuuue cKpelToro n't-cioa (e mokasanHoro Ha puc. 7.14, a) ne BHO-
CHUT NPUHIMNHAILHBIX H3MEHEHUH B CTPYKTYPY.

]
T i

Puc. 7.14. Unrerpanpuslii n—p—n-TpaH3NCTOD:
a4 — YIOpoIneHHAs CTPYKTYDPa C BBLAEJEHHEIM [APA3UTHBIM p-—7i—p-TPaH3HUCTOPOM;
6 — YIpOILEHHas MOAENb; 6 — IOJHas MOZENb
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Ilognoxkky MC (ecnu oHa mMeeT NIPOBOAUMOCTD p-THUIA) npucoe-
dunaom K camomy ompuyamenrvhomy nomenuyuany. Ilosromy Ha-
npsAKeHNe Ha Iepexofie «KOJJIEKTOP—IOAJNO0XKa» Bcerga oGpaTHoe
wia (B XyaiieM cayuae) 6ausko x mHymao. CiaegosarenbHO, 3TOT Iie-
pexoJ MOKHO 3aMeHuTHL OapbepHOil eMKocTsI0 C,,, IOKa3aHHON Ha
puc. 7.14, a.

BmecTe ¢ ropu30OHTaJIbHBIM COIIPOTHBJIEHUEM KOJJIEKTOPHOIO
cjo4 r,, eMKocTe C,, obpasyer RC-menodky, KoTopas NOAKI0OUEHA
K aKTHBHOM obacTy KoNMeKTopa. Torga sKBUBaJIeHTHAS CXeMa UH-
TerpajbHOTO I—p—n-TPaH3UCTOPa UMeeT TaKOH BHJ, KaK IOKAa3aHO
Ha puc. 7.14, 6.

Ljenouka r— C,,, WyHMupyow,aa KoILeKMmop, — 21aG6HAA 0CO-
OeHHOCMb UHMEeZPALbHOZ0 N—P—N-MPAH3UCTOPA. ITa LEIOUKA, ec-
TeCTBEHHO, YXYAIIaeT ero ObICTpOAeHCTBYe U OTPaHIYNBAET NIpefelis-
HYIO YacTOTy ¥ Bpems IIePeKJIIOYeHWs,

IlockonsKy MOAMOXKKaA HaXOAUTCA IIOJ HEM3MEHHBIM IOTEHIHA-
JIOM, €€ MOYKHO CUHTATh 3a3eMJICHHOH 10 IepeMeHHBIM COCTABJIAIO-
muM. [ToaToMy, AONOMHAA MaJOCHTHAIBHYIO 3KBUBAJIEHTHYIO CXe-
My OB (puc. 5.16) nenoukoii r, C, = u npenebperas conpoOTHBIEHH-
eM Iy, TPHXOJUM K BBIBOAY, 4To eMmkocTb C,, CKJIajgbIBaercda C
eMKoCThIO C,, & COIPOTHBJIEHHE ', — C BHEIIHWM COIPOTHUBJIEHU-
em B, (cm. ¢. 163). CoOTBeTCTBEHHO 3KBUBAJIEHTHAA IIOCTOAHHAA
Bpemeru (5.68) samuinerca ciaepyromum oGpasom:

aoe =Tg T (Ci + Cyp) (s + Byo)- (7.2)

W3 psipaskenus (7.2) OueBUMAHO, YUTO IAPABUTHBIE IAPAMETPHI
C.y ¥ I, OTPAaHWYUBAIOT GHICTPOAENCTBYE UHTErPAIBLHOTO TPAH3H-
CTOpa B MAeaNbHBIX ycJOBHAX, korga 1, =0,C, =0u R _=0.B
3TOM CJly4yae SKBUBaJEHTHAA IIOCTOAHHAA BPEMEHH T, PaBHA no-
CMOAHHOUL 6peMeHU NOOLONKU:

T

Ty = Cyn 'xx- (7.3)

Hanpuwmep, ecin C,, = 2 n® u r,, = 100 Om, nonygaem 1, = 0,2
HC, COOTBETCTBYIOIIAA IpaHMuHas uacrora f; = 1/2nt; =~ 800 MI'u.
C yuerom mapamerpos 1,, C, ¥ DM HAJTUYMHU BHEIIHETO COIPOTHE-
Jlenus R sKBuUBaJIeHTHAA IIOCTOSHHAA BpPeMEHH BO3pacTaer, a Ipa-
HHYHAA YacTOTa YMEHBLIIAeTCH.

3Hauenue Iy = 100 OM, ucmonb3oBanHOe B NPERBIgYIEM IIPH-
Mepe, XxapakTepHO AJiA TPaH3UCTOpoB 6e3 ckpsiToro nt-cinoa. Ilpum
HaJIM4YUy CKPBITOTO CHAOS THNWYHBEI 3Hauenud r,, = 10 Om. Torga
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TIOCTOSIHHAA BPEMEHHU T, OKa3pIBAETCs HA NOPAAOK MEHbLIIE U BIMA-
HYe HOAJOXKKHM CTAaHOBUTCH MaJIO CYLIeCTBEHHBIM.

CoorHomenne mMexay eMmrocTamu C  u C, 3aBHCHT B IEPBYIO
ouepelb OT COOTHOINEHUA IIONIafeil COOTBETCTBYIOIIUX IIePEeXO00B
¥ KOHIIEHTPAIU# IIPUMeCH B CJOAX MNOAJOXKU U KOJJIEKTOpa.
O6eruno C,, = (2-3)C,.

Ilpu pacuere emxoctu C, ciefyeT yUHMTEIBaTE He TONBKO JOH-
HYI0 4acTh lepexoZa KOJUIEKTOP—TIOAJIOKKa, HO M ero GOKOBhIe
(BepTuranbHbIe) YacTu (CM. puc. 7.14, a). YaenbHas eMKoOCTbs GOKo-
BBIX uacTell GoJibilie, YeM NOHHOM, IIOCKOALKY KOHIEHTPALUA aKIer:-
TOPOB B pasfejuTelIbHBIX CJI0AX Bo3pacTaeT B HAIpaBjieHUM OT AHa
nepexofa K HopepxHocTd (Ha puc. 7.14, a 3Ta KOHIEHTPalluA XapaK-
Tepuayercsa I'yCTOTOM INTPpUXOBKY). TUIMUYHOe 3HaueHUWE YHENbHOI
eMKOCTH /A JOHHOH yacTH coctasaser Cy, = 100 n®/mm2, a pna
Goxossix uacreir Cy, , = 150250 n®/mm2. O6s1uHO BCce TPH Co-
CTaB/IAIMEe eMKOCTH C,, OKa3b[BalOTCA HOYTH OZHUHAKOBBIMH H
nexxar B npepenax 0,5-1,5 nd.

ITaccuBHylo ofjsacTh 0as3nl BMeCTe C JIeKAUIUMH IHOA Hell ofjgacTaMu
KOJLJIEKTOpAa ¥ NOLJ0XKKY MOMKHO NDEACTABUTh Kak HeKuil napasummbiil
p—n—p-tpausucrop. Ha puc. 7.14, g cTpyKTypa TAaKOoro TpaH3ucTOpa 00OBe-
JeHa HITPUXOBOWM JNuHWEeH, a 3KBUBAJEHTHAA CXeMa, XapaKTepU3yoilas
B3aMMOCBA3b palodyero n~p-—n-TpaH3HUCTOpA ¢ NapasUTHBIM, JIOKas3aHa Ha
puc. 7.14, s.

Ecau n-p—n-TpansucTop paGoTaeT B HOPMAJBHOM AKTHBHOM DeXuMe
(Uys > 0), To mapasurTHsIii TPaH3NUCTOD HAXOAUTCH B PeXKHUMe OTCEUKH
(U,s < 0, cM. 3HaKu Ges cxobok). B sToM cnydae KOJIEKTODHBII Iepexon
ITapasuTHOI'O TPaH3UCTOpa npejcTraBigeH emxocThio C, (puc. 7.14, 6). Ecan
JKe n—p—n-TpaHsucTop paboTaeT B HHBePCHOM PEXK¥Me WJIN B De)KuMe JBoi-
vo#t mHkekuu (U, < 0), To apasuTHLIA p—n—p-TPAH3UCTOP HAXOXUTCA B
axtuHOM pexume (U, > 0, cv. sHaKkM B cKob6kax). IIpyu 3ToM B IOAJOKKY
yxogutT tox Iy, = a, , I, rae I; — wactp 6a3oBoro Toka (puc. 7.14, ).

YTeuka 6a30BOro TOKA B MOAJIOKKY YXYALIAeT MapaMeTphl TPaH3UCTOPA
B pe)KuMe JBOHHOI mHKexnuM (cM. pasgen 8.2). [ToaToMy TpaH3uCTODHI,
npenHasHadyeHHse Ajisd paboThl B TAKOM DEeXXHMe, CHEIUATHHO JerupyioT
30JI0TOM. ATOMBI 30JI0TA UIPAIOT B KDEMHWH POJb JOBYIIEK, T.e. CrocobeT-
BYIOT YMEHbBIIEHHUIO BPEMEHH KU3HY HocuTemeil. CooTBeTCTBeHHO KO3 PH-
OUEHT O,_,_, yMeHbllIaeTcs A0 3HadeHui Menee 0,1, n yTeukolt ToKa B HOJ-
JIOMKKY MOXKHO HpeHebpeds.

B cnyuae guaieKTPHUUECKOH U30JANUY Napa3uTHLIH p—n—p-TpaH-
3HCTOP OTCYTCTBYeT, HO eMKocTh C,, coxpamaeTca. OHa, Kak ywxKe
OTMeYaJoCh, MeHbIIle, YeM IIPU MU30JALUY p—n-nepexogom. Eciau au-
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9JIeKTPHUKOM HABJsAETCA [JRYOKHCH KPEeMHUs, TO yjeJabHad eMKOCThb
IpH TOJNIIVHE 1 MKM COCTaBJIAeT OKOJO 35 n®/mm2,

THHOBOH TeXHOJOTHYeCKHH UK. [IpOMHBIIIIIEHHOCTS NOCTaBJIA-
er paspaboruuky MC rorossle NnacTWHsI KPeMHUA, IpOLIeIIVe
MeXaHMYECKYI0O M XUMHUecKylo oOpaborky. IlosTromy Gymem cuu-
TaTh, YTO B Havajie TEXHOJOTHMYECKOrO HUKJa HMeeTcdA IIaCTHHA
KpeMHHUA p-THUIA € OTHNOJMPOBAHHON IIOBEPXHOCTHIO, IIOKPHITOH
TOHKVM, €CTeCTBeHHBIM CJIOEM OK¥CJa. B 3Toil mmacTuHe rpynmo-
BBEIM METOZOM HY’KHO M3TOTOBHTH TPAaH3UCTOPHI CO CTPYKTYPOH, Io-
Ka3aHHOM Ha puc. 7.6, 6. [lociaegoBaTenbHOCThL omepanuii Gymer
cnenytomasnl.

1) Ob6iee oxuCNIeHUe IJIACTHHHL.

2) 1-a doromurorpadbud: cosgaHne OKOH B OKHCJE «IOJ CKDHI-
TBIe nt-ciom».

3) 1-a guddysua (cosgamue CKPHITHIX n'-ciaoes, puc. 7.15, a);
IuppysaHT — MBIIIBAK UIH CypbMa.

4) CrpapiuBaHue OKHCJA CO BCEH IOBEPXHOCTH.

OKHo o n*-nuq)q)ysmo SlOz OxHa NoA MHATTePHYI0 AndPysuic

kkﬁééﬁbm n
p-S1 j
8)
OKHO moj pasnenu’renbﬂym OKknO mop 6a30BYyI0
nmpq)yamo nuq)q)yamo Al
/

DO IR IO IR X
g

VA o

Puc. 7.15. Sranml TeXHOJIOIMUECKOro
OHKJIa CO3ZAHMS MHTErPAJBHOTO
N~p—n-TPaH3HCTOPa CO CKPEITHIM
n'-Cl0eM MeTOZOM PasKenHTesbHOH

Anddysuu:

@ — cozmaHHe CKDHITHIX €J0eB; 6 — CO3ZaHHE 6a30BBIX CJOEB B SMHUTAKCHAJD-
HBIX KapMaHax; 6 — CO3AaHHe IMHUTTEDHHIX CJIOEB M CJOEB IOZ OMUYECKHE KOH-
TaKThl KOJUIEKTOPOB; ¢ ~— OGmIas MeTaJMusanisa; § — co3gaHHe DUCYHKa Me-
TaZIH4eCKo pasBogroi

—_———

1 B npupoaumom nepedne omyieHsl MHOTOUHCIEEHEIE OIIEPATAY OYHCTKH U OTMBIB-
KH IJIACTHHEI, & TAK)Ke HAHECEHUs M YAAJIeHHs (oTopesucra.
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5) Hapamupasnue 3NUTaKCUAIBHOTO N-CJA0s1 (IIPM 3TOM CKPBITHIM
n*-caoit HeckonpKO AUPIYHAUPYET KaK B MOGNO0MXKKY, TAK U B 3Iu-
TaKCHaNbHBIN CJOM; cM. c. 222),

6) Obiee oxucienue.

7) 2-a gotonurorpaduda: co3ganue OKOH B OKHCJE «IIOH pasje-
auTeNbHYI0 auddy3uo».

8) 2-a quddysua (co3ganue pasfeIUTEIbHBIX P-CJIOEB ¥ COOT-
BETCTBEHHO H30JHMPOBAHHBIX N-KaPMaHOB B 3MHUTAKCHAJIBLHOM CJIOe,
puc. 7.5); nuddysadr — Oop.

9) 3-a doronurorpadus: co3fanue OKOH B OKHCJIE «I10f 0a30Byio
muddpy3uios.

10) 3-a muddysua (cosganme 6a30BBIX p-CJ0eB, puc. 7.15, 6);
nubdysaur — 6op. Qubdysua geyxcraguitHan («3aroHKa» U «pas-
roLka», cM. ¢. 179-180).

11) 4-a poronurorpadbusa: co3ganue OKOH B OKHCIE «IIOJ SMHUT-
TEPHYIO AuGDDYy3U0 U OMHUUYeCKHEe KOHTAKTHI KOJIJIEKTOPOB».

12) 4-a gpudpdysusa (cosganue n*-cioes, puc. 7.15, 8); guddy-
3anT — Gocdop. Uuorga ara auddysus Toke AByXCcTaguiHAasd.

13) 5-a ¢poronurorpacdua: co3gaHye OKOH B OKHCJIE «IIOJ OMUUe-
CKVe KOHTAKTHI».

14) Obmiee HaBIIeHYE ANMIOMUHUSA HA IIaCTUHY (puc. 7.15, 2).

15) 6-s1 poronurorpadusa: co3gaHve OKOH B (POTOPE3UCTE «IIOJ
METaINYECKYI0 Pa3BOAKY».

16) TpaBienue anoOMUHUA uepe3 GOTOPE3UCTHYIO MAaCKy, CHA-
tue ¢otopesucra (puc. 7.15, J).

17) Tepmuueckasa o6paboTKa AJIA BXKUTAaHUA aJIIOMUHUA B KpEeM-
HUH.

C6opounsie onepanmuy MbI ONYCKaeM: OHY ObIIM PacCMOTPEHbI B
paszgene 6.10. K paccMOTPEHHOMY TEXHOJIOTHYECKOMY LUKJIY Heob-
XOAUMO C/ejlaTh HEeCKOJBbKO HONOJHUTENbHbIX 3aMeyaHHH.

B mocneagHee BpeMsi IPOMBIIIIEHHOCT, HaYasa BhINYCKATh ILj1ac-
THHBI C YK€ OCYILECTBJICHHBIMY 3MUTAKCHUAILHBIM CJIOEM M CKPBbI-
TeiM nt-coem. B TakoM ciyuae mepBbie HATH ONlepaliuil OTHAJAIOT.

B 11.10 oTrmeueno, uto guddysus 6opa Ha sTane 6azoBoi AuDOY-
3uum — pAByXcTapuiiHas («3aroHka» u «pasroukas). Takoe, kasa-
J10ck OBI, YCIIQKHEeHVE NIPOIecca MMeeT Cephe3Hbie OCHOBARUA U AB-
JisieTcA OOIeNpHUHATHIM.

JeicTBUTeAbHO, A TOro YTOOH KOA(DPUIINEHT WHIKEKIUY SMUTTEDHO-

ro nepexoga cocraBiai He menee 0,999, xoHmeHTpanwd NpUMecH B MHUT-
TEPHOM CJioe JOJKHA IPEeBLIIIATE KOHIEHTPAHI0 B 6a3080M CJIOE HE MeHee
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weMm B 100 pas [cMm. (5.24)]. Mexkay TeM mpeieabHBIE PACTBOPHMOCTH Gopa
n docdopa NPy ONTHMANBHEIX TeMIIEPATYPax PasmudaioTca BCero B 3 pasa
(cm. Taba. 6.1). aa Toro 9TeGB MpeojoseTs 3TO NPOTHBOpeYUe, HYXKHO
IOHU3UTh NPHUIOBEPXHOCTHYI0 KOHIEHTpAnuio Gopa. DTo MOXKHO CAEAaTh
HECKOJbKUMHY cHocobamu.

MoxxHo nmpoBoanTh guddysuio 6opa nHpy CTOJb HU3KOH TeMmIeparype,
npu KOTOPoil ero mpegeisHasa pacTBopumocTs Oyxer B 100 pas mensime,
yem y (Qocdopa; ogHaKo Torxa KoapunueHT aud@ysuy YMEHBIINTCA Ha
HECKOJBKO NOPALKOB ¥ auddysuio npujeTcd HPOBOJUTH B TeueHUe pAja
CYTOK MY JaKe Hegesb. MoKHO MOHMSUTh TEMIEpPATypy B 30HE MCTOUHU-
ka guddysanTa ¥ TakuM obpaszoM co3gaTh «Juddy3aHTHHII rojgog» BOIU-
31 MOBEPXHOCTH ILJACTHHEI; OAHAKO 3TOT IPOIECC TPYAHO KOHTDOJUPYET-
csi. Takum obpasoM, AByxcTaguiiHaa ZUQPQPYySUs OKA3HIBAETCS ONTUMAIb-
HBIM pelleHHeM: BO BPeM# «DA3rOHKW» MNOBEPXHOCTHYIO KOHIEHTPAIUIO
JIerKO0 YMEHBIIWTH B JecATKY pa3 u Oomee (cm. puc. 6.7, 6).

Temneparypy «pasrosku» genaiorT Ha 150—-200 °C Gonsuie, uem
TeMIlepaTypa «3arOHKH», 4TOOBI NOBBICUTHL Ko3bdduiuent guddy-
3UH HNpHMECH ¥ COKPAaTHUThL BpeMms Ipollecca. TUNHMUHOE BpeMsdA «3a-
roaku» cocrapiser 20-40 mun (npu remneparype 1000-1050 °C), a
«Pa3rOHKH» — HECKOJIBKO uacoB (npu Temieparype okono 1200 °C).

Buenpenue ¢docdopa Ha srane sMuTTepHON guddysuu (m.12) —
TIOCTIeAHIsI BHICOKOTEMIIepAaTyPHAasI ollepaiud B UKJe (TeMIepaTrypa
BoIbupaerca Ha 100—-150 °C ke TemIepaTyphl «pa3TOHKU» Gopa,
yToOBI He M3MEHUTH IIy0HHY KOJJIEKTOPHOTO p—n-mepexopa). Jnu-
TeJILHOCTE 3TOM OIlepaIuy OIpefesiaeT TONIMUNY n't-cnosa, a sHauur,
¥ mupuHy 0assl Tpau3ucTopa. ¥ COBpeMEeHHLIX IJIAaHAPHBIX TPAH3H-
CTOPOB THUNMuHasd InupuHa 6asbi cocraBisier 0,4—-0,5 MKM.

B zaxniouenue saaMeTuM, 4TO B PE3YyAbTATE HEOQHOKPATHBIX OIe-
pamuit poronurorpadpuu, oKucaeHusa u guddysun peased OKUCHON
IJIeHKY Tepej MeTaJINu3anyuell OKas3bIBaeTCs CJIOKHBIM — MHOTO-
CTyHneHuaThIM. B psAge ciayuyaeB 9TO 3aTPYAHAET IOJyUeHUE XOPO-
1Ieit aAre3uy aJqIOMUHUA C TOBEPXHOCTHI0 OKMcaa. OGBIYHO HA PH-
CYHKAaX, WIJIIOCTPUPYIOIIUX CTPYKTYPY (pasdpes) TPaH3UCTOPOB MU
HC, MHOTOCTYIEHUATOCTE OKHCTIA JJIA IPOCTOTHI He TIOKa3bIBAIOT.

7.4. Pa3HOBMIHOCTH N—pP—N-TPaH3UCTOPOB

B mpomecce passuTHA MUKPOIJIEKTPOHUKH IIOSBUINCH HEKOTO-
Pble Pa3HOBUAHOCTY N—pP—n TPAH3UCTOPOB, He CBOMCTBEHHbBIE NHUCK-
PeTHBIM 3JIeKTPOHHBIM CXe€MaM M He BhillyCKaeMble B BUAE AUCKpeET-
HbIX ipubopos. Huke pacemarpusaioTesa HauboJee BaKHbBIC U3 3THX
PasnosuaHOCTEH.
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MuorosmurTepHsblit TpaH3ucTop. CTPYKTYypa MHOTOSMHTTEPHOTO
rpaHaucropa (MOT) noxasana Ha puc. 7.16, a. Takue TPaHIUCTOPEHL
COCTaBJISIIOT OCHOBY BechbMa pACIPOCTPaHeHHOTO KJacca HUA(PPOBHIX
HNC — rax HasmiBaembix cxeMm TTJI (cm. pasp. 10.2). Komuuectso
SMUTTEPOB MOXKeT COcTaBiATe 5—8 m Oosee.
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Puc. 716 MHOroaMHTTepHBI TPAH3HCTOD G — TONOJOI'HA H CTPYKTypa,
6 — cxeMHBIe MOZEJH, 6 — B3AUMOJEHCTBHE MEXAY CMe)XHBIMH aMHTTepaMu

B neprom npubnmxennu MIT Mo)XHO paccMaTpuBaTh KaK COBO-
KYIIHOCTH, OTAENLHBIX TPAH3UCTOPOB C COeqUHEeHHBIMHU (asaMH H
Komnekropamu (puc. 7.16, 6). OcoGennocru MOT kak egwHoO#
CTPYKTYpHE ciaepyiomue (puc. 7.16, 8).

Bo-nepBBIX, KaXkgasa apa CMEXHBIX IMUTTEPOB BMECTe C pasje-
JNAIIIAM X p-cioeM 0a3pl 06pasdyeT 20pu3oHmanvhbiii (MHOTAA ro-
BOPAT — npodonbhbiil) TpaHsucrop tuna nt—p-n*. Ecau na oguom
M3 3MUTTEPOB ZeHCTBYeT IpsiMoOe HAaNpsDKEHUe, a Ha Kpyrom obpar-
HOe, TO NepBu# OygeT UHIKEeKTUPOBATh 3JIEKTPOHEI, & BTOpPOit OyaeT
cobupaTh Te U3 HUX, KOTOPbIe MHIKEKTHPOBaHbI uepe3d GOKOBYIO IO-
BEepPXHOCThL SMHUTTepa M Hpouuiu 6e3 pekomOMHAMUy pacCTOAHUE
MeXxpy amuTTepamu. Takoit mpans3ucmopHuiil 3@@exm aABIAETCH
oiass MOT napasuTHbiM: B 06paTHOCMEII[EHHOM Iepexofe, KOTODBIH
HOJKeH OHITh 3alepThIM, OyaeT mporexkaTs TOK. YTo6bI umabexaTs
FOPHU3OHTAJIBHOrO TpaH3ucTopHOoro 3dderrTa, pacCTOAHUE MeXIY
aMHUTTEpPaMu, BoobIIe roBOpP:A, JOJKHO NpeBblmaTh JuMPy3NOHHYIO
LJUHY HocuTesnei B 6a30BoM cjoe. Eciu TpaB3uCTOp JerupoBaH 30-
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goroM (cMm. c. 232), To guddysuonHadA AJAUHA He HpeBhilmaer 2—3
MKM ¥ IPaKTUYECKH OKAa3bIBAETCA [JOCTATOYHBIM pacCcToAHME
10-15 mMm.

Bo-BTOpHIX, BasKHO, uT0o06I MOT MMe KaK MOXXHO MeHbIITUH HH-
BepCHBI K03 PuIKMeHT Iepegayun TOKa. B IpoTHBHOM ciydae B MH-
BEPCHOM DeXKMMe, KOoTga 9MUTTepPhl HaXOoATCA II0f OOpaTHBLIM Ha-
NpsPKeHNEeM, a KOJIJIEKTOP IOJ IPAMBIM, HOCHUTENH, HH)KEeKTHUpye-
Mble KOJIJIEKTOPOM, OYAYyT B B3HAUHTEJLHON Mepe JOCTHUraTh
3MHUTTEPOB, ¥ B IleI¥ IIOCJHeAHVX, HECMOTPA Ha MX obpaTHoe CMe-
ImeHue, OyJeT npoTeKaTs TOK — Tapas3uTHeId 3dderT, aHANOrHY-
HBIA OTMEUeHHOMY BBIIIIE.

Kax usBecTHO, MHBEpCHLIA K03bDUNVEHT ITepeJadyy BCeraa MeHb-
111e HOPMAaJbHOTO M3-3a PA3JUYUI B CTENEHHN JETHUPOBAHUA U B ILIO-
IIaAAX 3MUTTEpPa ¥ KoJleKTopa (cM. ¢. 142). Yrobsr gonmonHuTe N H-
HO YMEHBUINTE MHBePCHBIN Koadduument o; 8 MIT, HcKyccTBeH-
HO YBEIWUYMUBAIOT CONPOTHUBJEHWE TIaCCHBHOI 0asnl, ynajss
omMuuecKuil 6a30BBIiI KOHTAKT OT aKTHBHOM OBGJACTH TPaH3UCTOpa
(puc. 7.16, a). IIpu Takoit KOHPUTrypamuy CONPOTHUBJIEHYE Y3KOTO
«Ieperreiika» MeXXAY aKTUBHOH 00JacTpi0 ¥ 0a30BBIM KOHTAKTOM
moxker cocTaBisaTe 200~-300 Om, a nmaseHue Hamps)KeHUs HAa HEM
or 6asoporo toka 0,1-0,15 B. 3nauur, npaMoe HalpAKeHHEe Ha
KOJIJIEKTOPHOM Ilepexope (B MHBepCHOM perkuMe) 6yaeT B aKTUBHOM
obnacru na 0,1-0,15 B menpine, ywem B6au3M 6a30BOro KOHTAKTA.
CooTBeTCTBEHHO MHIKEKI[UA 3JIeKTPOHOB M3 KOJJIEKTOpa B AKTHUB-
HyI0 obsacTh 6asbl Oy/eT HeSHAUUTENbHOM M IaPa3UTHBLIE TOKH ye-
pe3 3MUTTEPHI OYAYT NPaKTUYECKU OTCYTCTBOBATh.

MHOroKOMJIeKTOPHbIe n—p—n-TpaHsucTopsl. CTPYKTypa MHOTO-
xonnekropHoro tpausucropa (MKT), nokasansasa na puc. 7.17, a,
He oTiuuaeTcd or cTpyKTypst MIT. Pasnuuue cocTouT nuis B uc-
N0JIB30BAHUY CTPYKTYPhI. MoXxkHO ckasars, uro MKT — amo MOT,
UCnOonb3yemblil 6 UHEEPCHOM peXcume. OOIUM 3MUTTEPOM ABJIIETCA
SIMUTAKCUANBHBIN 11-CJIOH, a KOJJIEKTOPaMHU CIYXKAaT BHICOKOJIETHPO-
BaHHpIe nt-clnom manelx pasmepoB. Takoe pellieHHe COCTABJIAET
OCHOBY OZHOTO M3 IONYJAPHBIX KJaccoB nudpoesix UC — rak nHa-
3BIBaeMBIX CXeM HH)KeKIHoHHOH moruku M2JI (cm. paspmen 10.3)%.
JxBuBanenTHasd cxema MKT mokasama ma puc. 7.17, 6.

2 "
1 Cregudnunoctes MKT B cxemax M°JT — cmocoG mUTaHUA, HO MX OCHOBHEIE CBOHCTBA
TaKkHe ke, KAK PACCMATpPHBaeMble HIKe
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Puc. 7.17. MHOroOKOJUISKTOPHEIH TPAH3HCTOP: 4 — CTPYKTypa; 6 — CXeMHbIe
MOJeJIH; 6 — TPAGKTODHS ABHKEHHMs MHIKeKTHPOBAHHEIX HOCHTEJeH

TI'nasnoit npodaemoii npu paspabomrxe MET aenrsemces yseauue-
HUe HOpMAJbHOZO KO3pGuuyuenma nepedaiu moKa OT 00Iero
n-aMuTTepa (MHXKEKTOpa) K Kakgomy u3 nt-xonnexTopos. Ecrecr-
BeHHO, 4YTO 3Ta npobiema — obpaTHas TOM, KOTOpasd pellanach B
cayuae MIT, xKorga KosadHUIMEHT mepefady OT N-CI0A K N*-Caoam
cTapaluch YMeHbUIATh.

B mannoM cayuae skenaTelsHO, UTOOBI CKPBITHIH nt-clIoi pacro-
Jarajcsi Kak MOKHO Giimke K 6a30BOMY HWJIM IIPOCTO KOHTaKTHPO-
Basn ¢ HuMm (kKak, Hanpumep, npu WUK]] rexuonoruu). Torga aror
BBHICOKOJIETHPOBaHHEIN nt-ci1oit, 6yAyuyu sMUTTEpOM, 0BECTIeUUT Bhi-
COKHMit KoathdummenT nHKeKuu. YTo KacaeTcss KoahpumuenTa me-
peHoca, TO AJs ero HOBBILIEHUA N'-KOJJIEKTOPHI CAeAyeT pacioa-
ratse Kak MOXKHO GJM>Ke APYr K APYry, COKpaIad TeM CaMbIM ILJIO-
mans TaccuBHO o6Gmactm 6Gaspl. OOGa 3TH InyTH, KOHEUHO,
OrpaHHW4YeHbl KOHCTPYKTUBHO-TEXHOJOTHUECKUMYU (dakTopamMu. Tem
He MeHee, JaKe IIPY CPABHUTENBHO pa3pekKeHHOM paclojIOKeHUH
KOJIJIEKTOPOB, MOXKHO HIOJNYYUTh KO3GGHUIMEHTHI [Iepejati Ha BCIO
COBOKYIHOCTE KOJJIeKTOopoB o = 0,8—0,9 uny kospPpunuenTst ycu-
JneHusa B = 4-10. 9TOro ZocraTo4yHo AJsA PYHKIMOHUPOBAHUA CXeM
H2JI, ecly 4mMCIO KOJNJIeKTOPOB He IpeBsimiaeT 3—51.

Ha puc. 7.17, 6 moxka3ausl TPAeKTOPUY ABIDKEHUA HHIKEKTHDPO-
BaHHBIX HOcHUTeNell B 6aze. Kak BUAMM, HOCHUTENN ABUTAIOTCA TaK,
YTO UX JOJA, NONajaloIiad Ha KOJMJIEeKTOPsI, CYIecTBeHHO Gonsiire,
eM eCJIM ee PacCUUTHIBATE N0 (hOPMaJLHOMY OTHOIIIEHUIO IIJIOIaAH
KOJIJIEKTOPA K MJIOIagy sMUTTepa. MIMeHHO I03TOMY pealbHbINA KO-

1 KoodduuuesT ycuneEns B pacieTe HA OQUH KOJJIEKTOD paBeH obnemy Koaddunu-
eHTY YCHJICHHS, TIOAeJIEHHOMY Ha YHMCJIO0 KOJUJIEKTOPOB. [iisa mpHBegeHHBIX 3Hade-
HUH o61gero KoapdunuerTa B KoadhGHIMEHT YCHICHUA Ha OFUH KOJJIEKTOD IIpeBbl-
maeTt egUHUNY, YTO K Tpebyercsa B cXeMax ni.
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spdunuenT B mMeer Te cpaBHUTEeNbLHO GOMBINNEe 3HAYCHHA, KOTO-
prle npuseneHsl Buie. CrnegosaTensHo, Npu pacuere Kosddunyen-
TOB 00 ¥ B HY)»KHO HCHIOJIb30BaTs He reoMeTpuydeckue, a addexTus-
HbIe IJIOIIagy, O UeM Yy Ke TOBODHJIOCH Ha C. 142 IPUMeHUTEIbHO K
MHBEPCHOMY BKJIIOUEHUIO TPaH3MCTODPOB.

W3 puc. 7.17, 6 BUAHO TaKKe, UTO CpeJHAA AJUHA TPAeKTOPUU
HOCHTeJIeil 3HAUUTEeNLHO IIPeBLIIAeT TOJMINUHY aKTHUBHON 0a3nbr w.
TIosToMy cpepHee BpeMsi gudipysuy OymeT 3HAUUTEJILHO MeHbIIIE,
yem y MOT u orgensHuIX TpaH3ucTopoB [cM. (5.47)]. PasHuma Bo
BpeMeHax IpoJjera eire 60iaslle, nockonsky 6 MKT none 6asvr Ona
UHHCEKMUPOBAHHBLX HOCUMEAEI A6AAEMCA He YCKOPAIOWUM, & mop-
mo3auwjum. Bpemsa nposeta t,p COCTABIAET He MeHee 5-10 =, a co-
OTBETCTBYIOIAA IIpejelbHas uacrora f, — He Gosee 20—-50 MI'nm
(cp. ¢ mapamerpamMu B Tabia. 7.2).

C apyro# cToponsi, KoJIeKTopHasa eMkocTs C, y MKT srauure-
JbHO MeHbIIe, ueM y MIT u oBbIYHEIX TPaH3UCTOPOB, M3-3a MAaJOI
mromanu nt-konanexropa. [losTomy B BeIpaxenuax (5.68) u (5.69)
wienamu C R, u C'R, uacTo MOXHO IpeHeGpeus.

Tpausucrop ¢ 6apsepom Mortku. Hasnauenwe u npusHnun geit-
crBasa Taxoro TpansucTopa (TIII) paccmorpens:r B pasgeine 8.4. Ha
pzc. 7.18 moxasaHa cTpykTrypa umHTerpaisHoro TIH. 3pxecs oueHn
UBAIIHO peIlieHa 3ajada coueTaHusi TpaHaucropa ¢ pguomom Illor-
TKH: aJIOMUHUEeBas MeTaJIu3alius, 5 B Al K
obecnieumBamIad OMHUYECKUH KOH-
TaKT ¢ p-caoem 6assl, mpogenaHa B
CTOPOHY KOJUIEKTOPHOro n-ciosa. Ha
TePBBIII  B3rAs[, KOJJIEKTOPHBIN
CIIOH OKa3alcsad 3aKOPOYEHHHIM CO
ciaoem Gasbl. Ha camom ke gene amo-  pu. 7.1a ) O —
MUHUeBadA IOJIocKa o0pasyer ¢ sucTop ¢ Gapsepom IloTTku
P-cioem 06a3el HeBHINPAMIIAIOIINIM,

OMHYECKH# KOHTAaKT, a C N-Cjl0eM KOJJIeKTOPa BBINPAMIIAIONINNK
KoHTakT IllorTku (cMm. pasgen 3.3). IlosToMy sKBHBaJeHTHas CXe-
Ma Taxko#l CTPYKTYPel COOTBETCTByeT cxeme Ha pumc. 8.12.

Pasymeercsa, cTpyxrTypHOE pellrenue, IoKaszaHHoOe Ha puc. 7,18,
MOKHO HCIIO/JB30BATh HE TOJNBKO B IPOCTEHINTEM TPAH3UCTOPe, HO U
B MOT. B 06oux cayuasx OTCYTCTBYIOT HaxoIlJleHUe M paccackiBa-
Hye N30pITOUHBIX 3apAJOB M IMOJYYaeTcs1 CyllecTBeHHbil (B 1,52
Pasa) BuIUrpHIII BO BPeMEHHM TePeK/JI0UeHUA TPaH3UCTOPOB U3 I0J-
HOCTBIO OTKPBITOI'O B 3aIl€PTOE COCTOAHUE.

n+ p-S1
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CynepGera TpaH3MCTOp. ITO HasBaHUe IIPHCBOEHO TPAH3UCTODAM
€0 cBepXTOHKOI 6azoit: w = 0,2—0,3 mxM. IIpu Takoit mupune 6asnr
Koaddumuenr ycuienusa 6azosoro toka cocrasuasger B = 3000-5000
u Gojsee, OTKyAa ¥ CJIeZyeT UX Ha3BaHUE.

Ilonyuenye CBepXTOHKOI 0a3bl IPeACTaBJIAET CePbEe3HYI0 TEXHO-
Jormyeckyio npobiaemy. Bo-mepBsix, mmupuHa 6a3pl ecTs PasHOCTH
ray6uH 6a30BOTO ¥ BMHUTTEPHOTO CJI0eB: W = dg — d,. Ecn gonyck Ha
mupuny 6assr coctaBiasger = 10%, T.e. 0,02 MM, To npu raybune
6asoBoro cnod dy = 2 MKM Iiy6uHa 9MHUTTEPHOTO CJIOA HOJKHA CO-
crapiaars d, = 1,8 = 0,02 mxm. 3HauuT, 9MHUTTepHAA AuUbDY3HA
NOJPKHA OCYLIECTBJSATRECA ¢ JonmyckoM = 1,25%, 4To JexuT Ha upe-
JeJie TeXHOJIOrMUeCKUX BO3MOKHOCcTeil. Bo-BTOpEIX, KOTJa B IpoOIlec-
ce qudhdysun SMHUTTEPHOrO CJIOA €ro MEeTALIypPruvecKas TpaHUIa
npubamKaeTca K MeTaJJyPrayecKoi IpaHulle KOJJIEKTOPHOTO CJOsA
Ha paccroanue 0,4 MKM, HacTyIllaeT Tak Ha3bBIBAeMbIN a@Pexm om-
mecHeHUuA KOJJIEKTODHOTO Iiepexoja: JajbpHeililas gudipysus aTo-
MOB (dochopa B 3MUTTEPHOM CJIO€ COIpOBOXKAaeTcs guddysuei (c
TOH JKe CKOpOCThHI0) aTomMoB Gopa B 6a3oBoMm cioe. MoXKHO CKa3aTs,
YTO IMHUTTEPHEIHM CIOH «IIpPOJABIVBAET» METAJJIYPTHUYECKYIO I'DaRu-
Iy paHee IOJy4YeHHOro 6azosoro caoa (puc. 7.19). IIpu sTom Tommm-

Ha 6a3kI coxpaHsaeT 3Havenue oxkoio 0,4

(] » [7*] p | mxm. Jlnsa Toro, uro6sr mpeogoeTs OT-
MEUeHHBIE TPYZHOCTH ¥ obecrneuuTs
Mﬁ BOCIIPOM3BOAMMOCTS IITUPHHEL 6a3sl, HO-

Prc. 7.19. ViumocTpamus mpob- TpebGoBaINChL MHOTOJIETHHE yenmusa du-

JeMEl HONYVeEHA cpepxTomKoji SHAKOB-TEXHOJIOTOB. Boavwolt roagpu-

6asb1 yuenm ycureHua y cynepbema mpan3u-

CmMOpoé nNoKYynaemcsa yeHoll OueHb

Manozo npodusnozo Hanpsaxcenus (1,5—-2 B). 3ro — pesynbTaT 3(-

exTa CMBIKAHUA IEPEXOAOB, CBONCTBEHHOTO TPaH3MCTOPaM C TOH-

Koit 6asoit (cM. pasn. 4.4). ITosTomy cynepbema mpan3ucmopuvt A6-

AAIOMCA He YHUBEPCANLHBIMU, G CEYUAAUSUPOBAHHLIMU INeMERMA-

mu HC. x riapHasd 0GJacTh NPUMEHEHUA -— BXOQHbIe KaCKagbl
onepamuoOHHRIX ycuaureneir (pasgen 10.10).

Heo6xopmmo 3aMeTHUTh, UTO AajbHeHIlIee YMeHbIIeHe ITUPUHBI
6assl 7o 0,1 MKM U MeHee CBJABAHO yJKe He CTOJIBKO C TeXHOJIOTHYe-
CKMMH, CKOJBLKO C IPUHIUNHNANLHEIME (OHUSHIECKHMH IIpobiaema-
Mu. A MMEHHO, eC/IM IPUHATL CPeHIOI KOHIEHTPAIIHIO aKienTo-
poB B baze paBHoit 8 - 101% cm~3 (cm. puc. 7.12), To Ha 1 cM AIUHE
ux mpuxopgutca 2 - 10°, IIpu mupune 6assl 0,1 mrm (t.e. 107° cm)
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OKAa3BIBaeTCH, YTO B 6ase PacIoaraloTCA BCETO ABA CJIOA aKIENTOP-
HbIX aToMOB. IIpyu 3TOM TepsAeT CMBICT IIOHATHE I'PASHEHTA KOHIIEH-
Tpaunyuy npuMecH (M CBA3aHHOE C HUM IIOHATHE BHYTPeHHETO II0JsI),
Ka4eCTBEHHO MEHAIOTCA IPOIlecChl PacCedHWsi ¥ XapaKTep JBUKe-
Hud Hocureneil B 6age. TeM caMbIM Kjaccudeckas Teopus TpaH3HU-
CTOPOB B 3HAYUTENLHON Mepe TepseT CHIY.

7.5. Tpansucropsl p—n—p

Ilony4yeHUe p—n—p-TpaH3KUCTOPOB C TAKMMH Ke BHICOKMMHY Iapa-
MeTpaM#, KaK H n—p—n-TPAH3UCTOPLI, B eJMHOM TEXHOJOIMYeCKOM
IIFKJIe OCTaeTcd O CUX IOp HepeieHHOH 3amadeii. IlosaTomy Bce cy-
II}eCTBYIOI[M€ BapHAHTHI MHTETPAJIbHBIX p—N—p-TPAH3UCTOPOB CV-
IIEeCTBEHHO YCTYNAlT nN—p—n-TPaH3UCTOPaM 10 Ko3(phUIIHEeHTY
yCUJIeHUA ¥ IpejesIbHOM dacTore.

Kax m3BeCTHO, Ipy IPOYUX PABHHIX YCJIOBUAX p—N—p-TPaH3U-
CTOPBHl YCTYHAIOT n—p-—n-TPAH3UCTOPAM II0 IIpeZelbHOM 4YacToTe
NIPUMEpPHO B 3 pasa M3-3a MeHLINEH IOABMIXHOCTH ABIPOK IIO CpaB-
HeHHUIO ¢ sneKkTpoHamMu. IlosTomy B gaHHOM cjydae, FOBOPS O MEHb-
uredl mpegeabHO YacToTe p—n—p-TpaH3UCTOPOB, MBI UMeeM B BUAY,
YTO HE yHZAeTCH O0eCIeYUTh Te «paBHBIE YCJIOBHUA», IPH KOTOPHIX
pasnuume 6bLIO OHI TOJIBKO B 3 pasa.

Ha panneit craguu passutuda UC B KauecTBe p—n—p-TPaH3UCTOPOB HC-
NOJIB30BANINCh p—N—pP-CTPYKTYPHI, 06pasoBaHHbIe cia0AMHU 6Gasbl, KOJLIEKTO-
pPa u HomJa0KKH (puc. 7.20, a). Takue TpaH3UCTOPHI OOBIYHO HA3LIBAIOT Na-
Pa3umHbiMuy 0 aHAJIOrUY ¢ TeMHY, KOTOPBIe BXOAAT B COCTAB TPAH3UCTOPOB
n—p-n (cM. puc. 7.14, a). CosgaHne napasMTHOro p—h—p-TPaH3UCTOPA HE
TpebyeT JOLOJMHHUTEIbLHBIX TEXHOJOIMYECKUX oliepanuii, OHAKO ero mapa-
MeTDBI OKAa3BIBAIOTCA KpaiiHe HMBKUMH ¥3-3a OOJAbINON IUMDWHEI Ga3bl
(cpaBHUMO#i ¢ TayOMHON SIUTAKCHANBHOTO €JI0A) ¥ C1aGoit CTeneHy Jeru-
PoBaHuA aMuTTepa. IIpakTHYECKW TOJIMHA 0as3bl coCTAaBAAET OKoJao 10
MKM, 9TO COOTBETCTBYET HpeaeabHoH uacToTe fr = 1-2 MI'n, a koadduu-
eHT ycwiaeHua B oOBIYEO He NpeBwIIIaer 2—3.

He meree cyiiecTBeHHEIM HEAOCTATKOM IIaPA3UTHHIX P—N—p-TPAH3UCTO-
POB ABnsfieTcA TO, YTO Pa3geHMUTENbHBIH p+-c110171 CBS3aH C MOMJOMKKOM, a
4epes Hee ¢ APYTUMY pasjeUTeabHHMU ca0aMHU. CieqoBaTebHO, KOACK-
MopbL ecex MAKUX DP—N—pP-MPAGH3UCMOPOE OKA3bLEAIOMCA COeOUHEHHLIMU
dpyz ¢ Opyzom, a 3TO CHUIBLHO OrpaHNYUBAET cPepy UX NpUMeHeHud (cp. C
buc. 7.1).

BBoga nomonHuTenMnHYH TEXHOJNOPMYECKYI0 ONEpanyio — riayboKyio
Augdysuio aknentopos (puc. 7.20, 6), MOKHO HOJYYUTH MEHbIIYI0 TOJ-
MyHy 6a3bl ¥ yayqmuTh napaMerpsl (B = 8—10 u f; = 4-6 MI'y). Oguaxo
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Puc. 7.20. IlapasutHble p—n—p-TPaH3UCTOPHI: 4 — 3MUTTED, NOJYUEHHBIH Ha
atane 6a3oBoil AUGPY3UH n—p—n-TPAaH3UCTOPa; 6 — 3MUTTEp, HOAYUEHHBIA cIre-
OHaNIbHO TIYGOKOH auddysueir Gopa

YBEJWYUBAETCA BpeMd npoBeAeHEnA suddysun u coxpaHaeTcsa HeLOCTATOK,
00yCNOBJEHHAIH CBA3bI0 KOJJIEKTOPOB 4epe3d HOMJIOKKY.

B w@Hacrosimee BpeMsi OCHOBHBLIM CTPYKTYDHBIM BapHMaHTOM
P—n—p-TPaH3UCTODPA ABJAETCA TOPUSOHTANbHBLIA P—n—p-TPaH3UCTOD
(puc. 7.21). OH M30JMUPOBaH OT ZPYTUX 3JIEMEHTOB, MIMeEeT ropasjio
Jydinine MapaMeTphi, YeM NapasuTHHIA p—N—p-TPAH3UCTOP, & €ro
TeXHOJIOTUA IOJHOCTHIO BIMCHIBAETCA B KJIACCHYECKUH TEeXHOJIOTH-
YeCKUH IWKJ C pa3fenuTeasHOH mubdysuei.

Pac. 7.21. TopusoHTanbHbIH
Pp—n—p-TPaH3UCTOD
(Tomosiorusi ¥ CTPYKTypa)

OMUTTEPHBIHE ¥  KOJJIEKTOPHBIHI
CJIOY TIONYYAIOTCA Ha 3Tame 0a30BOH
auddysuu, npuueM KOJJIeKTOPHBIN
CJIOH OXBaThHIBAET 3IMUTTEP CO BCEX
CTOPOH. ITO IIO3BOJIAET COOMpaTh UH-
JKeKTHPOBaHHbIe ABIDKH cO Bcex 0o-
KOBBIX 4YacTeil 3MHUTTEPHOro CJod.
IIpunoBepxHOCTHBIE DOKOBBIE Y4IAacT-
K¥ p-CJIOeB XapaKTepPHbLI IOBBIIIEH-
HOM KOHIEHTpalueil IpHUMecH, dUTO
criocobeTByeT yBenuueHuio Koaddu-
nueHTa ukexnuu. Ilockoasky 6a30-
Basa gubdy3ud CpaBHUTEIbHO MeJIKad
(2-3 MxwM), mupuny 6a3swl (T.e. pac-
CTOSTHYWE MEXAY p-CI0AMHU) yzaeTcA
caenats nopsagka 3—4 mxMm. B pesy-
JbTaTe TpefeNbHasi YacTOTa MOYKeT
cocraBaare 0 20—40 MTI'm, a xosd-
dunuenTt ycuaenus go 50.

W3 puc. 7.21 BHAHO, YTO FOPHUBOHTAIbHBLIA p—Nn—p-TPaH3UCTOP
(Kak ¥ mapasuTHBIN) ABaAerTcA GesgpeithoBriM, Tak Kak ero 6asa
OOHOPOAHAA — 3MUTAKCHAJBHBIA n-cjaoHd. JToT (pakTop BMecTe C
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MeHbIeH IOABM)KHOCTBIO IOHIPOK IpefoIpefelsieT IPUMEepPHO Ha
NMOPAAOK XYAIINE YacTOTHBIE ¥ IePeXoJHble CBOMCTBA P—N—p-TPaH-
3ucTOpa Aake IIPM TOH ke muUpWHe 0a3bl, YTO M y Apeiidosoro
n—p—n-tTpa3ucropa. 3 puc. 7.21 Takyxe BUAHO, UTO Jj1d yBeluve-
HuA KoahduIMeHTa mepegady SMUTTEPHOTO TOKa JKeJlaTeJlbLHO, 4TO-
65l ILIOWIAAb JOHHOH YacTH 9MUTTEPHOTrO €JI0A ObLIa Maja Ho Cpas-
HEHHIO C IJIOIanblo GOKOBBIX UacTeil. SHAYWUT, dIMUTTEDPHLIN CJIOM
HY’KHO JejlaTh KaxK MOXKHO 0ojee y3KHUM.

3aMeTHM, UTO r'OpU3OHTAJILHOMY p—N—p-TPaH3UCTODPY CBOMCTBEH-
Ha aJeKTpodusmuecKas CHUMMETPH, TaK KaK CJIOU 3MUTTEpPA U KOJI-
JIeKTOpa OJHOTHIIHBIE. B MaCTHOCTH, 3TO O3HAUAET, YTO IIPOOMBHLIE
HaNpAYKeHUs SMUTTEPHOTO ¥ KOJIJIGKTOPHOTO IIEPEeXOf0B — OAMHA-
k0Bl (006r9HO 30-50 B). Baus3kvMy OKa3bIBAIOTCS TAKXKE HOPMAb-
Hbill ¥ MHBepCHBIH Koa(hGhHIHeHTs ycuIeHusa Toka By u B,

Topu3oHTaNbHAsL CTPYKTYPa IO3BOJSET JIETKO OCYIECTBUTH
MHOTOKOJUIEKTOPHbIA p—n—p-TPaH3KUCTOP: [LOCTATOYHO PpPasfelvuTh
KOJBIEBOI p-KoJmeKkTop (puc. 7.21) Ha n yacTeil ¥ cienaTs OTAENb-
HbIe BRIBOABEI OT Ka)KJOH YacTH.

KosddumuenT ycunenus no KaxkgqoMy U3 KOJIEKTOpoB OyJeT mpu-
MEPHO B N pa3 MeHbIlle, UeM JJId €JUHOr0 KOJUIEKTOpa, HO BCe KOJ-
neKTophl OyayT OeiiCTBOBATH «CHHXPOHHO», & HATPY3KH, IIPHCOETH-
HEHHBIE K HUM, OYAYT U30JUPOBaHbI — «Pa3BsI3aHbI» APYT OT ApyTa.

I'1aBHBIEe HEZOCTATKHU TOPH3OHTAILHOTO p—N—p-TPaH3HUCTOpA —
CPaBHHUTENABHO GOMpIlIag IIMPUHA 0askl ¥ ee OZHOPOAHOCTh. JTU He-
JOCTaTKY MOJKHO YCTPAHHUThL B BEPTUKAILHOM CTPYKType (puc. 7.22),
HO IIeHOM [OIOJHUTENLHBIX TEeXHOJOTHYEeCKHX omnepamuit. W3
puc. 7.22 ciaepyioT ABe Takue omnepanuu: raybokas guddysusa
D-cloa ¥ 3axkauurensHas quddysua ptt-cnoa. Iocnenusaa onepa-
Uus Becbma npobiiemaTHvHa, TaK Kak
0Js1 monydenus: ptr-cioa HeoOXoguM x=xx
AKIeNTOPHBIN MaTepHal, y KOTOPOro
HpepesibHasi PacTBOPUMOCTSL Oosbille,
Yem y docdopa, HUCIONAL3YEMOro A
nmonyyenus nt-cmoa. ITockonasKy Ta- L’
KHMe MaTepualibl IPAaKTHUYECKHU OTCYT- Puc. 7.22. BepruxansHui
CTBYIOT, BePXHIOIO — Haubosee Jeru- P-n—p-TPAHIKCTOP
PoBaHHYIO yacTe n't-ciosa Heobxomu-

MO CTpPaBuTeE 4O OCYIECTBJIEHHUs p'T-cios, UTO HONOJHUTENLHO
YCIIOXKHAET TEXHOJOMMYECKUH IUKJI.

P <] B K
O

p-Si}
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Dosnbiime BO3MOMKHOCTH OJId IIOJAYYeHHMA  KadeCTBEHHBIX
p—n—p-TpaHsucTopoB oTkpriBaer rtexnonorus KHC («kpemMuuit Ha
candupe», cM. pasn. 7.2). B sarom caygae (puc. 7.23) p—-n—p-rpan-
3UCTOP H3rOTaBJIMBAaEeTCA IO Cy-
LI1eCTBY OTAEJBHO OT N—p—nN-TpaH-
3UCTOPOB, HAYMHAA C ITaAlla NHU-
TAKCHHU P-CNOA (9MUTAKCHA N- U
- - - = - -1 p-Cl0eB OCYLIECTBJAETCH JIOKAJb-
HO, uepe3 pasHbie MacKu). Iloaro-
My ¥ mIupuHa 0assl, U CTEIeHb

Puc. 7.23. Tpausuctop p—n—p-THia,

HOJIy4eHHBIH 110 TeXHOJOPHHU JIETMPDOBaAHUA I3MHUTTEPHOI'O CJI0A
«KpeMHUI Ha callpHpe» Hapagy MOoryT OBITH OUTHMHU3NPOBAHLI.
€ n=p—n-TpaH3UCTOPOM OuHaKO H606XOAHMOCTL B JIOKa-

JIbHO¥ SIUTAKCUM U JBa AONOJ-
HUuTeJbHBIX nporecca AuGdy3uy CUABHO YCIOKHAIOT M yAOPOKAaIoT
IIPOM3BOJCTEO.

7.6. HuTerpajibHpie THOXBI

B xauecTse quoga MOXKHO MCIOJL30BATH 000 U3 ABYX p—n-Ie-
PeXOn0B, PACTIOJIOKEHHbIX B U30JUPYIOIEM KapMaHe: SMUTTEePHBIN
UAU KOJJIeKTOpHBIH. MOXXKHO TaK)Xe HMCHOJB30BATH WX KOMOMHAa-
nuu. ITosTOMy 10 CYILEecTBY uHmezpaavhuill 0uod npedcmasnsem
c060it OuoOHOe GKAIOUEHUE UHMEZPAAbHOZ0 MPAH3UCMmopa.

IIATs BO3MOMKHBIX BAPHUAHTOB JUOLHOTO BKIIOYEHUSA TPAH3UCTO-
pa moKasaHbl Ha puc. 7.24. B tabn. 7.3 nIpuBeAeHsl TUIWYHEBIE Ia-
paMeTphi 3THUX BapuaHTOB. [IJIA HUX DPUHATHI Clejyioliye 0603Ha-
YeHUA: 0 YEPTOUKHY CTOUT ODO3HaUEeHUEe AHOZA, IOCJe UepTOYKH —
KaToga; eclH [Ba CJOA COeJUuHeHBbI, uX O00O3HaueHWsA NUITYTCA
cauTHo. M3 Taba. 7.3 BMAHO, YTO BapMaHThHI PasjuyaloTcd Kakx IO
CTaTUYeCKUM, TaK ¥ 10 ZUHAMHUYECKUM NapaMeTpaM.

BK-9 B9-K

Puc. 7.24. UaTerpanbHele HOALI (ZHOAHLEIE BKJIOUeHHS TPAaH3HCTOPA)
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IIpo6uénvie Hanpaxcernus U, 38aBUCAT OT UCHOJAbL3yeMOro mepe-
XoJa: OHM MeHbIle y TeX BapUaHTOB, B KOTOPBIX MCIOJL3YyeTCH
9MUTTEpHbIN mepexon (cM. Tabu. 7.2).

O6pamuyvie moxu I 4, (6e3 yueTa TOKOB yTEUKH) — 3TO TOKH Tep-
MoreHepanuy B mepexogax. OHu 3aBucaT or obbeMa mepexoja u,
CJIeJOBATE/ILHO, MEHbIIIe ¥ TeX BADUAHTOB, ¥ KOTOPLIX MCIIOIb3yeTCA
TOJIEKO 3MUTTEPHBIA Iepexold, MMEIOIIUN HAaUMEHBIIYIO ILIOIIanb.

Enxocme duoda C, (T.e. eMKOCTb MeKAY aHOAOM M KaTOXOM) 3a-
BUCHUT OT ILIOIANY HCIIOJAb3YEMBIX NIEPEXOAOB; II03TOMY OHA MaKCH-
MaJIbHA IIPY UX napajiielsHOM coequHeHuu (BapuanT B—~3K). ITapa-
3uTHAs eMKocmb Ha nodaoxky C, HMIYHTUPYeT HA <«3eMJIIO» aHOX
WIN KaToj Auofa (CUMTaercs, UTO HONIOKKA 3aszeMieHa). EMKocTe
C,» Kak IPaBuUJIO, COBIAAAET C eMKOCThIO C,,, C KOTOPOit MbI BCTpe-
TUJNCE IPH PAacCMOTPeHuM n—p—n-TpaHaucropa (puc. 7.14, 6). Ox-
Hako y BapuaHTa b5-9 emkoctu C,, u C, OKa3LIBalOTCA BKIIOUEHHBI-
MY I[I0CJIeJOBATENbHO U pedyIsTUPYIOIIaa eMKocTs Cy MUHMMAaIbHA.

Ta6auua 7.3. THNHYHBIE TTapaMeTPhl HHTETPaJbHBIX JHOI0B

‘ Tun puoja
ITapametp |

BK-D | BD B9-K B-K B-9K
Upp B 7-8 ; 7-8 40-50 | 40-50 7-8
Ig HA 0,5-1 0,5-1 15-30 15-30 20-40
C, n® 0,5 [ 0,5 0,7 0,7 1,2
Co, n®@ 3 | 1,2 3 3 3
ty He 10 | 50 50 75 100

Bpemsa eoccmanosnernus o6pamnozo moka t, (T.e. BpeMsa mepe-
KJIIOYeHUA RUOHA M3 OTKDPHITOTO B 3aKPHITOE COCTOSHME) MUHUMA-
IpHO y BapuanTa BK-3; y sTOoro Bapmanra 3apsaj HaKalJuBaeTCA
TOJBKO B 0a30BOM cloe (Tak KaK KOJJIEeKTOPHBIN Iepexon 3aKopo-
4YeH). ¥ APYrvX BapHaHTOB 3apsiJ HAaKaILIVBAETCs He TOJbLKO B Dase,
HO ¥ B KOJJIEKTOpe, TaK YTO AJIA paccackIBaHus 3apsiga Tpebyercs
Gonbiiee Bpemd.

CpapuuBas OTAeNsHBIE BAPHAHTHI, IPUXOJUM K BRIBOJY, UTO B
LeJIOM OnmuMaabHbiMU apuanmamu saéasiomces BE-3 u B-3.
Masnbie mpo6uBHbIe HATIPAYKEHNA 3TUX BAPHAHTOB HE UTPAIOT CYIIe-
CTBEHHOH poJsu B HU3KOBOJLTHBIX VIC. Yame Bcero mcmonanayercs
Bapuant BK-9.
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TTomuMo coGeTBeHHO AuOZ0B, B MIC wacTo MCIONB3YIOTCS UMHMez
paavhbie cmaduaumponvi. OHU Tak)ke OCYILECTBIAIOTCH B HECKOIb-
KVX BapMaHTaX, B 3aBUCUMOCTH OT HeOHXOZMMOro HalPAXKeHUA CTa-
OMIM3ay U TeMIiepaTypHOro KoadodumuenTa.

Ecnu Heobxoaumel HanpspkeHuA 5—-10 B, To ucnonssyror obpar-
HOe BKJoueHue auona B—9 B pexxume npobos; Ipu 3TOM TeMIlepa-
TYPHasi YyBCTBUTENBHOCTH cocrasiusieT + (2—5) mB/°C. Ecau Heob-
XoxuMb HanpaxXenud 3—5 B, To npumensoT 1ubo obpaTHOe BKJII0-
yeHue guoja BO—K, mcmonbsys adpdekT cmeikanusa (cMm. c. 144),
nubo obpaTHOe BKJIOUYeHVE p—n-Ilepexoja, CIenuanbHo o0pa3oBaH-
HOI'O B pasjpe]uTensHOM cioe (puc. 7.25, a). B nocmepnem ciyuae
n*-cnoi nonyyaioT Ha arane sMuTTepHO# Ambdysuu. Ilockonwsry
NIPUIOBEPXHOCTHAS YacTh PasdfeUTeNbHOrO CJIOs CUJIBHO JIErHpo-
BaHa, Iepexoj] uMeeT CTPYKTYPY p'—n't u emy CBOMCTBEH TYyHHEb-
HBIH# -— HUBKOBOJLTHBIM INpobo#. TemmeparypHas YyBCTBUTEIb-
HoCThs cocTaBiasieT — (2—3) mB/°C.

Prc. 7.25. Unrerpanbseble cTaGHUIHTPOHBI.
a — Ha OCHOBE DAa3AeJHUTEeJILHOTO CJIosi, 6 — Ha ocHOBe 6a30BOro cjos
(c mpuMeHeHHeM TeMIEPaTYpHONH KOMIEHCAIUH)

ITupoxoe pacnpocTpaHeHWe MUMEOT CTabMINTPOHBI, PACCUNTAH-
Hple Ha HATIDAXKEHUs, paBHbie MU KpaTHble HANPAXKEHHUIO Ha OT-
KpsiTOM Tepexosne U™~ 0,7 B. B Takux Ca1yuasx HCHONL3YIOT OZUH
MY HeCKOJBbKO IIOCJIeOBATENbHO BKJIOUeHHBIX Auogoe BK-3, pa-
foTaomux B IpAMOM HaupasieHuu. TeMnepaTypHasa 4yBCTBUTE Ib-
HOCTh B 3TOM ciaydae cocrapaser — (1,5-2) mB/°C.

Ecnzu B 06asoBoM CJ0e OCYILIeCTBHUThL JBa p—n-Iepexoia
(puc. 7.25, 6), To mpu Hmojgaue HANpPsIKeHUsA MeXnpy n'-caosmu
OOUH M3 ImepexomoB paboTaeT B perkyuMe JIABHHHOTO NIpo0osi, a BTO-
poil — B pe)kuMme IIPAMOTO CMeIlleHusi. TaKoit BapuaHT IpuBiIeKa-
TeJleH MaJIOM TeMmIlepaTypHO¥ uyBCTBHTensHOCThIO (= 1 mB/°C m
MeHee), TAaK KaK TeMIepaTypHbie YYBCTBUTEIbHOCTH IIPY JIABHHHOM
npoboe ¥ IpH NMPIAMOM CMEIEHVM HMEIOT Pa3Hble 3HAKH.
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o’ 7.7. IloneBoii TpaH3ucTop

ITonesrte Tpansuctopst (IIT), paccmorpennble B pasagene 4.3, Xo-
pOLIO BIMCHIBAIOTCA B 0011yIo TexHoJoruo 6unonapasix YIC u mo-
TOMY YaCTO U3TOTABJIMUBAIOTCH COBMECTHO C OMNONAPHBIMM TPAH3M-
cTOpaM¥ Ha OJHOM KpucTaiiae. Tunuunsie cTpykTypsl IIT, pacno-
JIOKEHHbIE B H30JIMPOBaHHBIX KapMaHax, TOKa3aHel Ha puc. 7.26.

Puc. 7.26. HuTerpajbsEble MoJeBble TPaH3UCTOPHL ¢ N-KadasoMm (a)
u ¢ p-xkaHanom (6)

B crpykType, mokasarHO# Ha puc. 7.26, a, p-cnoit saTsopa 06-
pasyercs:i Ha arame 6a3oBoit Aubdysuu, a nt-ciou, obecmeuyuparo-
lie OMUYECKU KOHTAKT ¢ 00J1acTAMY MCTOKA ¥ CTOKAa, — HAa 3Ta-
Iie 3MUTTepHOM quddysuu. 3ameTaM, UTO P-CI0H 3aTBOpPA OKPYKa-
€T CTOK CO BCE€X CTOpPOH, TaK YTO TOK MEXKAY HCTOKOM ¥ CTOKOM
MOMKeT IIPOTEeKaTh TOJBKO Yepesd yIIpaBiseMbIN KaHal.

B n-kapmanax, npesHasHauenHbsix Ana IIT, BMecTo cKpHITOrO
nt-cioa ocymecTBaseTca CKpuITEi pt-cioit. Hasmauenme aroro
CJI0s — yMEHBLIUIUTH, HAaYaJIbHYIO TOJINUHY KaHala d ¥ TeM CaMbIM
Hanpspkenue orceuxkn [cm.(4.29)]. OcymjecTsiieHue CKPBITOTO
P*-cnost cBA3aHO C JONOJHHUTENLHBIMH TEXHOJOTHYECKHMH OIlepa-
UuAMA. 1A TOro 4To6b CKPLITHIHM pt-CIOM IPOHUK B 3NMUTAKCHAE-
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HBII CJIOM AOCTATOYHO MIYGOKO, B KauecTBe aKIEeNTOPHOro Auddy-
3aHTa HUCIOJAB3YIOT 3JIEeMEHTHI ¢ 6opinum KospdumuenTom guddy-
suu (0op maM raniui).

Ha nopgnmoskkKy, a 3HauuT, M Ha p'-cloi 3agal0T HNOCTOAHHBINK
(MakxcuMaJlbHO OTPHUILATENLHBII) HOTEHI[UAN; IIO3TOMY OHHM He BbI-
TIONIHAIOT yIPaBAAKRIINX QYyHKIUH.

CrpyKkTypa, noKasamHas Ha puc. 7.26, 6, coBIagaer co CTPyKTy-
poit O6BIUHOTO n—p—n-Tpanducropa. Pons xaHala uMrpaer y4acToK
6a30BOTO p-C/IOs, PACIONOMKEHHBIH Mexgy n*- u n-cnosmu. Ecnwm
npu cosmecTHoM uarorosiaenuyu IIT m OGumomapHOro TpaH3HUCTOpa
He HCIOJIb30BaTh JOIOJHUTEJIbHBIX TEXHOJOTMYECKHUX IPOIIECCOB,
TO TOJIIMHA Kanana OyzeT papHa mIUpuHe 6a3bl n—p—nN-TPaH3UCTO-
pa (0,5—1 mrm). IIpu Takoil MayoOil TOJIIVHe KaHala IOJy4alnTca
6onpiroit pasbpoc napamerpos IIT u mamoe HampsokeHue Ipob6osi.
ITosToMmy 1enecoo0pa3Ho mOATH Ha YCJIOXKHEHHEe TeXHOJOTIMIecKOoro
OUKJIa, ocymecTeaasn p-caoit IIT orgensHo or 6asosBoro p-cnos, ¢
TeM uTOOBI TONIMHA KaHaja Oblia He MeHee 1—2 mxMm. [ina 3Toro
NIPOBOLAT IpeaBapuTenbHyio audodysuio p-cmoa IIT po 6asosoit
ouddysuu. Torga Bo Bpema 6asoBoit guddysuu p-caoit IIT gomoi-
HUTEJIbHO DACIIHUPAETCS, ¥ ero IIyO0uMHa OKa3bIBAeTC:A HECKOJBLKO
Gonpire rybumsl 6a30BOrO CIOH.

Insa Toro uto6er 06/1aCTH UCTOKA U CTOKA COEJHHIANNCEH TOJIBKO
yeped KaHaJ, n'-cioi fgemaior Gosee IMHMpPOKUMM (B ILIaHe), UeM
p-caoit (puc. 7.26, 6). B pesynsraTe n*-cnoit KOHTAKTHPYET C IIH-
TAKCHAJBHBIM N-CJI0EM H BMeCcTe OHYM OOGpas3yIoT «BepXHUH» H
«HIYKHUIt» 3aTBOpel. B HuskHell yacTu puc. 7.26, 6 KOHTaKT MeXAy
«BepPXHUM» ¥ «HIDKHHM» 3aTBOPaMH YCJIOBHO IOKA3aH IITPUXOBOM
aunwneit. Iloanoskka p-THma IPUCOEUHAETCA K MaKCUMaJIbHOMY
OTPHULIATEILHOMY IOTEHI[HANY.

7.8. MIAII-Tpas3ucTopsI

Boobuie rosopsa, coemectHoe uarorosseHue MIII- u 6unonsp-
HBIX TPaH3UCTOPOB Ha OJHOM KpHCTaJljle, B eJMHOM TeXHOJOrudye-
CKOM IMKJIe BO3MOYKHO, HO ABJISIETCA CHEeIMalsHBIM clyuaeM. Kak
npasunio, 6unonapusie u M/II-tpansucropusie C paspabaTeiBa-
IOTCSA ¥ M3rOTABIUBAIOTCA pasdfenbHo. Ity asa tuna MC npegnasHa-
yeHbI NGO JJA pellleHHs PasHbIX (PYHKIMOHAIBHBIX 3ajad, Jubo
[JIA pellleHus1 OMHOH ¥ TOH *Ke 3ajauy, HO C MCIOJIb30BaHNeM IIpeH-
MYII[ECTB COOTBETCTBYIOIIEro KJacca TPaH3ucTopos. ['1aBHyl0 POJIb
B COBPEMEHHOM MHUKPO3JeKTpoHUKe urpaiot MIII-TpansucTopsI, B

i ad
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KOTOPHIX AU3JIEKTPUKOM aBiaderca Si0,, ux nassiBator MOIL-Tpan-
3HCTOPAMHU.

Ipocreitmunit MOII-rpansucrop. IlocKonsky HHTerpanbHbIe
MJII-TpaH3UCTOPEI, KaK OTMeYaloch B pasfeie 7.2, He HY)KJAOTCHA
B M3OJIANUHY, UX CTPYKTYPaA BHEITHE He OTJNYAETCS OT CTPYKTYPHI
aucKpeTHBIX BapuaHToB. Ha puc. 7.27 BocHpouaBefeHa CTPYKTypa
MOII-TpaH3ucTOpa ¢ HMHAYOUPO- i 3 C
BAHHBIM n-KaHaJIOM, KOTOpas
61712 TIOAPOOHO IPOaHANU3UPO-
pana B pasgene 4.2. Ormerum
0Co0eHHOCTH 3TOTO TPAH3UCTOPA
rak sJjementa MC. O6aacTH IepeKpHITHA

W3 cpaBHenus puc. 7.6, 7.21

u 7.22 oueBusHa, npexae Bcero, FPuc. 7.27. Unrerpansuniit MOII-Tpas-
TeXHOIOTHYEeCKAas IpocToTa 3HCTOp (C IEpeKphITHEM 3ATBOpPA)
MOII-Tpan3ucropa II0 CpaBHe-
HUI0 C OMNONAPHBIMY: HeOOXOZUMBI BCEr0 JHUINL OJZWH IIPOIIECC
muhdys3uy 1 yeTsipe nporecca ¢oronurorpabuu (nog auddysuio,
IO TOHKUH OKHCeJN, HOJ OMHUYEeCKHe KOHTAKThI U TOJ MEeTajjiuda-
nuio). Texnonmornueckaa nMpocToTa obecrneunBaeT MEHbIINN Opak u
MEHBIIYI CTOUMOCTb.

OTcyTcTBMEe H30AUPYIOIIMX KapPMaHOB CIIOCOOCTBYET JAVUIIIEMY
HCIIOJIb30BAHMIO IJIOINAAY KDHCTakNa, T.e. NOBBIIIEHHUIO CTEIIEeHU
uHTerpauuu sjaeMeHToB. OgHAKO, ¢ APYroi CTOPOHLI, OTCYTCTBUE
U30JIANUY AelaeT HOAJOKKY OOIUM 3JIeKTPOLOM AJIA BCeX TPAaH3HU-
CTOPOB. ITO OGCTOATENBCTBO MOJKET IIPUBECTH K Pa3jIMuHUIO Ilapa-
METPOB y BHEILIHE HUASHTUUYHBLIX TPaH3UCTOpPOB. [leiCTBUTENBLHO,
eCJI¥V Ha MOAJIOYKKY 3aJaH INOCTOAHHLIHM NOTeHIMAal, a UCTOKY TPaH-
3UCTOPOB MMEIOT pa3Hble INOTEHI[UANLI (TaKkoe pasjuune CBOMCTBEH-
HO MHOTHM CXeMaM), TO OyAyT PasHeIMH U Hanpaxxenusa U, mexay
oMok Kot 1 ucrokamu. Cornacuo (4.15) aTo paBHOCHUIBHO pas3nu-
YWI0 NOPoroBbix Hanpssxenuit MJII-Tpar3ucTOpOB.

Kax masecTHO, riaHeiM (GaKTOPOM, JUMHTHPYIOIIUM OBICTPO-
neiicrBue MII-TpaH3uCTOPOB, OOBIYHO ABJIAIOTCA Ilapa3UTHBIE €M-
KocTtu (cm. ¢. 114-115). Merannuueckas paspogKa, UCIIONb3yeMas
B JIC, ropasno KoMIaKTHee IIPOBOJIOYHOIO MOHTaXKa, CBOMCTBEHHO-
r'o yanam ¥ 6JI0KaM, BBHIIOJHEHHBIM Ha JVCKPETHBHIX KOMIOHEHTAaX.
IlosTomy mapasuTHBIe eMKOCTH MHTerpansHoro MOIL-Tpansucropa
MEHbIIe, ueM AUCKPETHOTO, & ero OBICTPOAEIICTBHE COOTBETCTBEHHO
B HECKOJBKO Das3 BBILIE.

PO

p-S1
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ITapasurasie emxoctu MJIII-rpanaucropa ObIMH TOKa3aHBl Ha
puc. 4.10. BaprepHrle eMKOCTH TIePEXOJ0B HCTOKa M cTOKa (C, u
C,.) paccunTsIBaoTCs IO dopmyse (3.25); npu pasmepax n't-cioes
20x40 MKM 3T eMKOCTH JeskaT B mpegenax 0,04-0,10 nd.

VaoensBas eMKOCTE METALIA3AUUY ONIPENeIaeTCs 3IeMeHTAPHONR
dopmyoit

Con = 808/, (7.4)

rge d — TOJIIVHA 3AILUTHOTO OKHCJA, £ — €ro JUIJeKTPUUYecKasa
nponuitaeMocts. I[logerapisas € = 4,5 u d = 0,7 MKM, lolyyaeMm TH-
nuuHoe 3Hauenue Cy, ~ 60 nd/mm?. IIpu mupune IOJOCKH MeTa-
nusanuu 15 MKM IIOroHHas eMKocTs coctaBuT 0,9 nd/mm. Kak Bu-
O¥UM, HOJOcKu gauHoo Bcero 50-100 MKM MOryT mMeTh eMKOCTH
0,05-0,09 n®d, cpasEumMy©0 C¢ eMmKocTamu nepexogos C . u C_.
Eie Goabiiuil BKJIaJ BHOCAT KOHTAaKTHBIE IJIOIAAKY: NIPH ILIOIIA-
ax 100x100 mxm? ux eMKocTh cocraBiseT oxomo 0,6 nd.

Emxoctu mepekpuitua C, u C,, (cM. puc. 4.11) He mogparoTca
CKOJBKO-HHUGYAH TOUHOMY pacueTy, TaK Kak ILJIOMIaJb IEePEeKPHITHA
xapakTepHa GonbIIuM pasbpocomM m3-3a HEPOBHOCTH KPaeB MeTal-
Ju3anyy 3aTBopa u rpaHul uddysuoHHBIX ciaoes (puc. 7.27). Ilo-
PALOK BEJIWUYMH MOXKHO OI[€HUTH, [0JIaras TOJNINUHY TOHKOTO OKHCIA
d = 0,12 mxm. Torga u3s (7.4) nony4aem yAenbHYI0 €MKOCTb TOHKOI'O
okucna C, ~ 350 n®/mm?2. Ilpu mupune uctoka u croxa 40 MEM U
TIepeKpeITHH 2 MKM NOJy4YuM cpeanue sHauenusa C,, = C,, = 0,03 nd.
OTH 3HaYeHWs MeHbIle, YeM 3HaUeHusd APyTrux emiKocreii. Ilostomy, B
YacTHOCTH, eMKocThio C . uacTo mpeneGperaior. OgHAKO €MKOCTh
C,., npeacrasiaomasn coboit emxocmy 06pamuoil c643u MEKITY BbIXO-
AOM TpaH3ucTopa (CTOKOM) M BXOAOM (3aTBOpOM), HPOABJIAETCH BO
MHOTHX CXeMax He KaK TakoBasd, a B BuJe ropasno GoJpliieil 3KBUBA-
nenTHOH emroctu KC,, (GiaromapAa Tak Ha3sIBaeMoOMy s@@exmy
Muanepa, cm. pasg. 9.5). Muokurens K ecTs Ko3dpulueHT ycu-
JIEHU S CXEMBI: OH MOXKET COCTaBJATH OT HECKOJNBKUX €LUHUI[ J0 He-
CKOJIBKYX JecATKOB u Gojee. IlosToMy 3KBUBajieHTHAA eMKOCTH 00-
paTtHoit cBasu KC, moskeT mocruraTs 3Hauenwit 0,1-0,5 ndP, T.e.
TIPEBBIINIATL BCE OCTAJbHBIE €MKOCTH.

B xomnnemenTapusix MOII-tpansucropusix MC (KMOII) (cm.
c. 101) Ha OZHOM M TOM ’Ke KPHCTAJJIe HeoOXOZMMO H3rOTOBJISATH
TPaH3UCTOPLI 00OUX THIIOB: C N- U ¢ p-kananom. Ilpu srom ogun u3
THIIOB TPAH3UCTOPOB HY)XKHO padMellaTh B CIENUaIbHOM KapMaHe.
Hanpumep, eciu B KayecTBe NOJJIOKKH HCIIONL3YETCA pP-KPEeMHUH,
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TO n-KaHaJbHBIA TPAH3UCTOP MOXKHO OCYIIIECTBUThL HEIMOCPELCTBEHHO
B IIOJJIOKKE, a AJiA P-KaHANXLHOrO TPAaH3UCTOpa norpefyerca KapMas
¢ 3JIeKTPOHHOM NpoBoauMOCThIO (puc. 7.28, a). Ilonyuenue Takoro
KapMaHa B IIpUHIUIIEe HECJOKHO, HO CBA3aHO C JONOJIHUTEJIbHBIMYU
TEeXHOJIOTUYeCKUMU onepanuamu (boronurorpabus, guddysua q0-
HOpPOB # 1p.). KpoMme Toro, sarpygHseTca IONYIeHHe HU3KOOMHBIX
p-cioeB B BepxHeil (CHJIBHO JIETMPOBAHHON) dYacTH n-KapMaHa.
HOpyrum cmocobom maroropnenuss KMOII-TpaH3uCTOPOB Ha OFHOMK
nopnoxkke apaserca KHC rexunonorusa (cm. pasg. 7.2). B stom cny-
Yyae Ha candupoBOH MOJIOKKE CO3JAIOTCS «OCTPOBKM» KPEeMHHUS C
coOCTBEHHOII IPOBOLMMOCTLIO, IIOCJE Uero B OJHUX «OCTPOBKAaX»
nposopuTrca suddysud JOHOPHOH NPUMECH U IOJYy9aloTCA n-KaHa-
JIbHBIE TPAHSHUCTOPHI, & B APYTrux — Auddy3ua aKienTOPHOH Ipu-
MecHu ¥ IOJYy4YalTcs p-KaHalbHBbIE TPaH3UCTOphI (puc. 7.28, 6).
XoTdA KOMUYECTBO TeXHOJIOTUYeCKUX Ollepaluil U B 3TOM ciayuae 6o-
Jbllle, YeM IIpYU U3TOTOBJIEHUY TPaH3UCTOPOB OZHOIrO THIIA, 34TO OT-
najgaloT TPYAHOCTH, CBA3aHHBIE C IOJyUYeHHEM HU3KOOMHBIX CJIOEB
HUCTOKA ¥ CTOKa (CM. BhIlIe).

_— n-KaHanm "__

— - — — — — — Candoup -—
6)

Pac. 7.28. Kommiaementapuasle MOJII-TpaH3HCTODBI:
a — HCIOJL30BaAHME HM30JIHDPYIOMEre n-KapMaHa;
6 —— MCIOJIb3OBaHME BOSAYUIHOM H3oxsamuu (TexHosorusi KHC)

Yro kacaerca coueranua MOII-Tpar3ucTOpoB ¢ OUIONAPHBIMY,
TO B IIPUHIMIE OHO OCYII[€CTBAAETCA npocTo (puc. 7.29): n-kaHajb-
HbIe TPAHSHUCTOPHI H3TOTABJIWBAIOTCA HEIOCPEACTBEHHO B pP-TIOA-
JIOXKKE Ha aTalle 3MUTTepHON auddysuu, a p-KaHalbHbIE — B H30-
NUPYIOIIUX KapMaHax Ha artane 6asoBoil guddysun.
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Pac. 7.29. Coueranne 6unossipesix ¥ MOII TpaH3ucTOpOB Ha OZHOM KpHCTaJLIE

B npomecce pa3BUTHUA MHKPO3JEKTPOHHMKH YCOBEPILIEHCTBOBA-
Hue MOII-TpaH3UCTOPOB IIPOMCXOZUIO IIO ABYM IVIAaBHBIM HAIPaB-
JIeHUAM: NOBHIIIIeHNe GRICTPOAEMCTBUA U CHUDKEHMe IIOPOTOBOTO Ha-
nps>keHusi. B ocHoBe mocyexHeil TeHAEHIVH JIEKAJIO CTPeMJIEHUE
cHu3uTHs paboune nHanpspxenus MOII-TpaH3uCTOPOB M pacceuBae-
MyI0 UMY MOINHOCTH. IIOCKONBKY NOJHAA MOIMHOCTH KPHCTAJIA
orpaHuyeHa, yMeHbIIIeHWe MOIIHOCTY, pacCeuBaeMOd B OZHOM
TPaH3UCTOpEe, CIOCOOCTBYET IOBBILIEHWIO CTENeHW WHTEerpamuy, a
yMeHbIIIeHVe HaIPAKeHUH MuTaHus objerdaeT COBMeCTHYIO pabory
MOII-TpaH3UCTOPHBIX ¥ HU3KOBOJbLTHHIX OunonapHeix VMIC Ges cie-
IHUIBHBEIX COTJIACYIOIIUX 3JIEMEHTOB.

Cuoco6st noseImenna oOsicTpopeiicTBud. [loBbiimienune GuICTPO-
npeiictBua MOII-TpaH3MCTOPOR CBA3aHO IPesKAe BCEro ¢ yMeHbIIe-
HyieM eMKocTed mepexpsoiTus. CylllecTBeHHOe (IpuMepHO Ha NOPH-
[OK) yMeHbIIIeHNe eMKOCTeH NEepeKPHITUsI JOCTUTAeTCsl IIPYU HCIO-
JIb30BAHUU MEXHOL0ZUU CAMOCOBMEULeRHbLX 3ameopoé. Obmasn
uaes TAKOM TEeXHOJIOTMY COCTOUT B TOM, UTO CJIOHM HMCTOKa M CTOKAa
OCYII[ECTBJSIOTCS HE 10, a TOCJe OCyIlecTBaeHHuA 3arsBopa. Ilpu
3TOM 3aTBOP MCIOJb3YyeTCA B KaueCTBe MACKY IIPU HOJYYEHHUH CJO-
€B HCTOKAa M CTOKAa, a 3HAYWUT, Kpasi 3aTBOpa ¥ 3THX CJOeB OyAyT
COBIIafaTh YU IepeKpriTHe O6yaeT OTCYyTCTBOBATH.

Opun u3 BapumanToB MOII-TpansucTopa C CamMOCOBMEI[EHHBLIM
3aTBopoM IIOKasaH Ha puc. 7.30. IlocinenoBarebsHOCTL TEXHOJOTH-
YeCKHMX OIepamuit Impu aToMm ciepyiomasi. CHauala IpoBoguTCA
auddysua nt-cioes, IpUYEM PaCCTOAHUE MEXAY HUMH He1aeTcsa
3aBeoMO (OJbIIe >KenaTelbHON AJMHBI KaHala. 3aTeM OCYIIeCcTB-
JIAEeTCA TOHKOE OKHCJIeHVe Ha yyacTKe MeXKAy n'-cloaMu u uacTud-
HO Haj HuMH. [lanee Ha TOHKUI OKMCe] HaNbLIAETCA aJIOMHUHHUE-
BBI# 3JIEKTPOJ 3aTBOPA, IPWYEM €ro IMUPKWHA MEHbIe PACCTOAHUIA
Mexny nt-cmoamu. Haxomer, IpOBOOUTCA HMOHHOe JierMpPOBaHUE
(uMmnnaHTanua atomoB (pocdopa) uepesd macKy, oOpasyemMyro aiio-
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MU HVEBBIM 3aTBOPOM ¥ TOJICTHIM 3AIIUTHBIM OKHCJIOM. ATOME (oc-
dopa NPOHUKAIOT B KPeMHHUI UYepes TOHKHUI OKHCeN # «IIPOAJIeBa-
oT» nt-cnou no Kpasd aMOMUHUEBOH IIOJOCKH TaK, YTO Kpasd 3aTBO-
pa IpaKTHYECKH COBINAJAIOT C KpadM# HCTOKA # CTOKA.
HMnnanTuposanHBIie CJI0M JIerMPOBAaHBI HECKONBKO clabee, dem
aupdysuoHHBIE; IO3TOMY AJId HUX HCIOJIbL30BaHO o6o3HaUeHHE N
BMecTo nt. ['Ty6uHa UMIAHTAIIMY TaK»ke HECKOJIHKO0 MeHbIIle, YeM
rnybuHa pgupdysuu, u cocrapiaser 0,1-0,2 mrm.

Housl docdopa

W

0] 7 S

Al
' l n S

Puc. 7.30. MOII-TpaH3HCTOp C CaMOCOBMELIEeHHEIM 3aTBOPOM, IIOJYYEeHHBIH
MEeTOAOM HMOHHOH HMMILIaHTAMH

Hpyroir sapuant MOII-TpaHsucTOpa ¢ CaMOCOBMEIEHHBIM 3a-
TBOPOM IOKasaH Ha puc. 7.31. B aToM BapuaHTe cHauasna BEITPas-
JIMBAIOT OKHO B OKMNCJIe C padMepaMy, COOTBETCTBYIOIIMMHU Bceil
CTPYKTYPe TPAaH3UCTOpPa. 3aTeM B CpegHell 4acT¥ OKHa ITPOBOLAT
TOHKOE OKHCJIeHUEe KPEeMHUsd B BHJe HOJIOCKW, IIMPHHA KOTOPOH
paBHa guuHe Oyayinero kaHana L. [lamee Ha aTy NOJMOCKY HAIbLIA-
0T MOJHUKPUCTANIMICCKUI CIIOMH KPeMHUA TOH JKe IIUPHUHBI, HO 0o-
Jlee ANVHHBIA, BRIXOZAIIVM 3a I'PAHUIIEI UCXOZHOTO OKHA B OKHCIE
(puc. 7.31, a). YgensHoe CONPOTUBJIEHUE HANBIMSIEMOTO KpPEeMHUIA
JeiaeTcd qOCTATOYHO MAaJbIM, TAK YTO CIOU NOAUKPUCMALLULECKO
20 KDeMHUA BLLNOAHAEN POLb MEMAAAUUECKOZ0 3AME0PA B OOBIY-
HuI1Xx MOII-Tpansucropax. Ha ciefyioiem srarne IpOBOSAT MEIKYIO
aupdysuo NOHOPHON IIpUMecH Uepe3 MAackKy, obpasyemMylo moJo-
CKO¥ HMOMUKPHUCTANINYECKOT0 KPEMHUEBOTO 3aTBOPA U 3AIIUTHBIM
OKHCJIOM, OKPY)KAIOIM OKHO; B Pe3yJpTaTe Hosydatresa n'-ciaon
HMCTOKA ¥ CTOKA, KPAaA KOTODHIX IMOUTH COBIAJAIOT C KPAAMHK KpeM-
HHUEBOro 3aTBopa. /lasee BCI0 MOBEPXHOCTh KPUCTAJLIA OKHUCAAIOT U
B 9TOM OKHCJIE, KaK OOBIYHO, AENaI0T OKHA [JJIs OMHUYECKHUX KOHTAK-
TOB, B TOM uMcCJe AJd KOHTAKTa C KpeMHUEeBbIM 3aTBopoM. B 3a-
KJIIOUYeHWEe  OCYINEeCTBIAIOT METa/UIMYeCKyl0 pasBoOAgKy. M3
puc. 7.31, 6 BUAHO, UTO IOMUKPHUCTAJJIMYECKNN KDPSMHUEBLIK 3a-
TBOP OKAa3bpIBAETCA <«IOTPY’KEHHBIM» B CJIOM 3aI[UTHOrO OKHCJA;
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OMUYECKYVH KOHTAKT K HeMy pacrojaraerca 3a Ipejgejamu paboueit
obnacTu Tpam3uCTOpA.

%

L~ ITonu-Si

Hdudpysus ocdopa
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Puc. 7.31. MOII-TpaH3HCTOpD C CaMOCOBMEINEHHBIM IMOJIHMKpPEMHHEBBIM 3aTBODOM:
a — aran aud@dysuy ZOHOPOB uYepe3 MACKY, BKJIOYAOWIYIO CJIOH IOJMKDHCTAI-

JIMYEeCKOro KPeMHMs; 6 —— roToBasi CTPYKTypPa (mocje HaHeCeHHs 3aIljUTHOTO
OKHCIA H Me'rannnaannn)

YMmeHbillenue ImapasuTHbIXx emiocTeit MOII-TpansucTopor u
TIpeKAe BCEr0 eMKOcTH nepexphitma C_, BHIABHraeT Ha IEpPBHIH
TUIaH 3ajavy yMEeHbIIeHWs IIOCTOAHHOH BPEMEHM KDYTHU3HBI Tg.
IIpy MaspIX eMKOCTAX OHA CTAHOBHUTCS IJIABHBIM (aKTOPOM, Orpa-
HUYUBAIOIIUM ObICTPOAECTBHE,

IIepexon oT TpPaH3WUCTOPOB C P-KAaHAJOM K TPAH3WUCTOPaM C 1-Ka-
HaJIOM IIO3BOJIWJI YMEHLIIIUTE 3HAUEHNe Tg NMPUMepHO B 3 pasa Oia-
rozapsi yBeIWYeHUIO IIOABYIKHOCTY HocuTeneil. JanpHeiiiee yMmeHb-
IIeHVe BeJWYUHEI Tg TpeGyeT yMeHBINeHUA AuHbI KaHana L. OrtoT
IyTe Haubosee pajxUKaNIbHO pealusyercsa xMemodom 080inod duddy-
3uu. Crpykrypa MOII-Tpansucropa, moayieHHas 3TUM METOJOM, IIO-
KazaHa Ha puc. 7.32.

JTa CTPYKTypa aHajJOTHYHA CTPYKType KJacCUYecKoro
n—p—n-tpansucropa (puc. 7.14, a) ¢ Toii, 0AHAKO, CYII[eCTBEHHOMH
pasHUIei, YTO IMUTTEPHHIM n'-cioil (B maHHOM ciayuae 3TO CJIOH
HMCTOKa) MMEeT IIOUTH TaKylo JkKe IJIOLaAb, YTO ¥ 6a30Bniil p-cioit
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(B ZAHHOM CJIy4ae 3TO CJIOH KaHaja).
s Toro, uto6sl 06ecIeunTs TOUHOE
«BIHUCHIBaHHE» n'-cjoa B p-CHOH,
mapdysu0 goHOpoB ans nt-cnos
OCYILIECTBJAAIOT Uepe3 TO >Ke camoe
OKHO B OKHCJe, uepe3 KOTopoe Lo
3TOT0 OCYUIeCTBJIANH AUGPY3UIO aK-
OENTOpOB BJsA p-cloA. TeM caMaIM
ycTpaHseTcsa HeoOXOQUMOCTL B CO-
pmerneHuy GoToIrablIoHOB BIA OBYX
NocaefOBaTeNbHBIX  (hoToNHUTOrpa-
¢uit, a 3HauuT, U OIINOKA COBMeIIe-

HY, KOTOpad Morja Obl IPUBECTH K n+ nt
casury  nt-caos OTHOCHUTENLHO <7
n-caos. B pesyibrare paccroaHue L Sp p-si

Mexay n'- u n-cioamu, T.e. TOMIH-
Ha p-cj0si, MOKeT UMeThb IpuMepHO  Pue. 7.32. MOII-tpas3ucTop,
Te Ke 3HaquHﬂ, yTo0 W meHHa NIOJYYeHBBIH MeTOJOM ABOMNHOH
6asel W y n—p—n-TPaH3HUCTOPa (CM. Rucpdysun
puc. 7.14, a): go 1 MKM u MeHee.

B6iu3u noBepXHOCTH PacCTOAHUE MEXKAy n'- u n-cnoamu urpa-
et poib ONuHEL KaHana L (puc. 7.32). Ilpu sHavenuax L < 1 mxm
(BmecTo 4—-5 MmKM y Haubonee copepieHHbix MOII-TpansucTOpOB,
TIOJIY4eHHBIX IO OOLIYHOH TEXHOJIOTMH) IOCTOAHHAS BPEMEHH Tg
cormacHo (4.27) moxer 6u1Ts Menee 0,005 uc, a rpannunas uacrora
fs 6omee 30 I'Tm.

Crioco6bI yMeHbIIEHH S IOPOTOBOro HANDSKeHHA. TpaH3ucTopsl
CO CTPYKTypOil, NOKas3aHHON Ha puc. 7.31, obObIYHO Ha3LIBAIOT
MOII-rpan3ucTopamMu ¢ KkpemHuesuim sameéopom. Takue TpaH3UCTO-
PBI XapaKTepHBI He TOJbKO MAaJO¥ €MKOCTBHIO HePEeKPBITUIA, HO H
MaJBIM TIOPOroBhHIM HamnpspkeHmeM: 1—2 B BmecTro 06BIuHBIX
2,5-3,5 B. 9To 0o0'bsicHAETCS Tem, UYTO MaTepHall 3aTBOPA U MO~
JIOXKKW — OZHUH U TOT Ke — Kpemuuil. Ciregosareasno, KOHTAKT-
Has PasHOCThH NMOTEHIIVANOB MEXKAY HUMH (¢ ,c) PaBHA HYJIIO, UTO U
NIPUBOAUT K YMEHBIIEHHIO IIOPOTOBOTO HamNpAXeHUs [cM. (4.3a)].
IIpumepno Taxoil *kKe pe3yabTAT AaeT HUCIOJAbL30BAHUE MOJUOIEHO-
BOro 3aTBOpa.

IloM¥MO KOHTAKTHOM Pa3HOCTH IIOTEHIUAIOB, AL YMEHbIIEHUS
TIOPOrOBOTO HAaNPAXKEHUA MOXKHO BapbUPOBATh M APYTUMH Iapa-
MeTpaMH, BXOAAIIUMY B BeIpakenusd (4.3). HanpumMep, MOXKkHO 3a-
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MEHHTB TOHKHI okuces Si0, TOHKYM HaNbIIEeHHBIM CI0eM HUTPUAA
kpemaua SisN,, y KOTOPOro [u3JIeKTpUYecKasd IPOHHUIAEMOCTb
(e = 7) mpuMepHO B moJTOpa pasa GoJbIle, YeM Y ABYOKHCH KpeM-
HuA (£ = 45). ITO IPUBOAUT K yBeIHUEHHIO yAeAbHOR eMKocTH Cy, a
3HAUUT K YMEHBIIEHUIO0 COOTBETCTBYIOIINX CJaraeMbiXx IIOPOrOBOTO
Hanpsokerusi. HuTpux KpeMHUA B KaueCTBe IIOA3ATBODHOIO QH3-
JIEKTPUKa oGecrieyrBaeT TaKykKe NOMOJHHUTENbHbIE IPeHMyIecTBa:
MEHBIIINE IIYMBI, GONBINYI0 BpeMeHHYI0 cTabuabHocTh BAX u mo-
BBIIIEHHYIO paguamuoHHylo croiikocts MJIII-rpaH3ucropa.

MoskHO BMECTO ITACTHMH KPEMHHs C TPaAgULMOHHOM KpHCTaJ-
norpaduueckoit opumeHTanueir (111) mcmosn30BaTh IIACTHHBI C
opueHTanueit (100). IIpu 3aToM yBeIuuyMBaeTCs IJIOTHOCTh HOBEPX-
HOCTHBIX COCTOAHU#A (puc. 2.5), a BMecTe ¢ HEIO U 3aps] 3axBaThi-
BaeMbIX UMM 3JIeKTPOHOB. COOTBETCTBEHHO BO3PaCTaeT OTpUIIATE-
JNBHOE claraemoe Q,q/Cq B dhopmye (4.3a), a anrebpaudeckad cyM-
Ma 0boux ciaraeMuix, T.e. Hanpsukenue U,p, yMeHbIaeTcd.

O6paTroe BAUsHUE OKA3LIBAET BBEACHHe B TOHKHUM OKHCEN aK-
IIENITODHBIX aTOMOB: OHM 3aXBAaTHIBAIOT U3 IIPUNOBEPXHOCTHOIO
CJIOA KPEeMHUA YacTh 3JI€KTPOHOB, HOPOXKAEHHBIX JOHOPHLIMY IIPH-
MecsaMH, KOTOPbIe BCerfa IPHUCYTCTBYIOT B okucie (cM. c. 95-96). B
peaynbTate 3apafg Q,, yMeHsIaeTcsa. Beefjerue aKIeNnTOPOB B OKH-
CeJI MOYKHO OCYILECTBJATHL C TIOMOIIBI0 MOHHOM MMIJIaHTAI[HH.

Couerad mepeunciieHHbIe METOAbI, MOYKHO 06eCIeYuTs IIOpOTo-
Bbie HANPAXKEHUA IPaKTH4YECKHU MI060I CKOMb yroZHO MAaJoOiH Besu-
guHbl. CrefyeT, OgfHAKO, UMETH B BHAY, UTO CANIIKOM MaJjble 3Ha-
yeHudA noporosoro Hanpsskenus (0,5—1 B u menee) B 60NbIIUHCTBE
CJIyYaeB HeIIPMEMJIEMEI 110 CXEMOTEeXHUYECKUM COO0parKeHUAM (Ma-
Jlasg IIOMEXOYCTOHUMBOCTE).

MHOII-rpansucrop. Ocoboe Mecto cpegu MJII-Tpansucropos
3aHUMaeT Tak HasbviBaeMseiii M HOII-mpansucmop, y KOTOPOro gus-
JICKTPUK HMeEeT CTPYKTYDPY <«CIHABHUYA», COCTOAIIETO U3 CIOEB HH-
TPHJa ¥ oKkuciaa KpeMmHus (puc. 7.33, a). Cnoit okucia noaygaercsa
TIyTeM TEPMHMECKOT0 OKVCICHUA U UMeeT TONINUHY 2—5 HM, a ¢JIoi
HUTPHZA — IyTeM DPEaKTHUBHOTO HANLLIEHWA M HMMEeT TOJNIUHY
0,05-0,1 MxM, ZOCTATOYHYIO gJsA TOrO, uTOOR IPOOHMBHOE HATIPA-
sKeHue mpesBbluaso 50-70 B.

I'maBHag ocobennocts MHOII-Tpan3ucTopa COCTOUT B TOM, YTO
€TI0 IIOPOICBOe HATIPAXKEHYe MOJKHO MEHATh, II0JaBas Ha 3aTBOP KO-
porkue (100 MKC) UMIYJIbCH HANPAXKEHUAA Pa3HOH IOJSIPHOCTH, C
6omnboit amnaurygoit (30-50 B). Tax, mpu mogaue umMnynsca + 30 B

- - P - w o e
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3 -30-20-10 0 10 20 30 U,B
Sloz 15
7 Y i 1-10
P gj SN, IZ/P ‘ {-15
4-20
n-S1 U,,B
! a) 6)

Puc. 7.33. MOII-TpaH3HCTOp ¢ HEAVIHMPOBAaHHEIM D-KaHAJIOM: @ — CTDYKTYDa;
6 — 3aBHCHMOCTH IIOPOTOBOro HAINPSKEHHs OT HampPsyKeHHs 3aTBODa

yCTaHABIMBaETCA IOPOrosoe Hampsikenue U, = — 4 B (pue. 7.33, 0).
9To 3HAaUeHVE COXpaHAeTCA NIPH JajbHEHIeM HUCIIOJIb30BAHAY TPaH-
3UCTOpa B peskuMe MaJsix curaanos (U, < = 10 B); B Takom pexume
MHOII-Tpan3ucrop Beger ceba xkak obvrunsiii MI[II-TpansucTop ¢
UHAYLIVPOBaHHEIM p-kaHanoM. Ecnu remeps mogates umnyasc — 30
B, TO moporosoe Hampskenue chenaerca pasHbM Uy = — 20 B n,
cienoBaTebHO, curHaist U, <+ 10 B He cMOTyT BBIBECTH TPaH3H-
CTOp M3 3amneproro cocrosanua. Kak Bugum, Gnarogaps rucrepesuc-
Hoit 3apucumoctu U, (U,) MHOII-Tpan3ucTOp MOXKHO C IIOMOIIBIO
OONBINNX YIPaBIAKIAX UMIYJIbCOB IIePeBOAUTE U3 pabouero B 3a-
IepToe cocToAHMEe U 0O6paTHO. JTa BO3MOXKHOCTH HCIIONbL3YeTCS B
MHTErPANbHBIX 3allOMHUHAIOIINX YCTPOICTBAX.

B ocuoBe paborsr MHOII-Tpan3ucTopa JIeKUT HaKOILIeHue 3aps-
[la Ha TpaHUIle HUTPHUAHOTO M OKCHIHOTO CJI0EB. DTO HAKOIJIEHHUE
€CTh Pe3yNbTaT HeOAUHAKOBEIX TOKOB IPOBOAMMOCTH B TOM M ADPY-
rom ciaosx. IIpomecc HaKONJIeHsT ONTMICHIBAETCH 3JIeMEHTAPHBLIM BbI-
paskeHUeM

dQ/dt =Igp, —Ig, N,

rge o0a TOKa 3aBHCAT OT Hanps’KeHus1 Ha 3aTBOpe ¥ MEHSIOTCA B
TIpomecce HaxoILTeHUA 3apAfa. IIpu GoasIioM oTpHIATEIHHOM Ha-
IpsOKeHNY Ha TpaHUIe HAKaIJUBaeTcA IIOJNOKUTEJIbHBIA 3apspg.
OTO paBHOCHJILHO BBEJEHUIO JOHOPOB B QU3JIEKTPHUK ¥ CONIPOBOMKAA-
eTCs1 yBeJIndeHUeM OTPULATEIHHOTO IIOPOrOBOro Haupsaxenus, [lpu
GOMIBIIIOM IOJIOXKUTENBHOM HaNpskenuu U, Ha IpaHuIe HaKaIlJIH-
BaeTCs OTPULIATENbHEIA 3apAj. I9TO NPUBOLUT K YMEHLIIIEHUIO OT-
PUIIATENBHOTO IIOPOrOBOT0 HANPAXKEHU.

IIpu mansix HanpsakeHUAX U, TOKYM B AMBJIEKTPUUECKHUX CIOAX
yMeHsbinaoTess Ha 10—15 mopagkos (1), Tak uTo HaKOnJeHHbLil 3a-
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pad coxpanaemcs 6 mevernue MulCAYL waco6. BmecTe ¢ HuUM coxpa-
HAETCA ¥ IOPOroBoe HaIpsiKeHUe.

Cmemannste moHouTHsle IC Ha MOII 1 6MIONAPHBIX CTPYyK-
Typax. Bunonspusie CTPyKTypsl 06eCIIeYNBAIOT BHICOKOTOUHOE IIpe-
o6pa3oBanye aHAJOTOBHIX BEeJMUMH M 06/1ajaroT 60IsMIMMY yIpas-
naomymu Tokamu. KMOII-cxembl MMeOT GONMBINYIO CTENEHL HH-
Terpamyuy, Majayio IOTpebisaeMyl0 MOIHOCTL Hu 3dderTHBHO
HUCIONB3YIOTCA B 3alOMUHAIOIUX YCTpoiicTBax. B Hacrosiee spe-
MdA aKTHBHO Pa3BUBAETCH TEXHOJIOI'UA, NTO3BONAONIAA UHTErPalIbHO
o6 pepuuuTL Oumonapusie ¥ KMOII-cxembl B OQHOM KDHCTaJJIe U
TaKAM 00pasoM CYIeCTBEHHO pacHIMpuTh GYHKIMOHAJIbHbLIE BO3-
moxkHoctun VIC, BHUC u ocobenno CBUC. Ha puc. 7.34 npuseaen
npumep uuTerpanuu U2JI-ctpykryp ¢ KMOII-cTpyKTypamu ¢ 6umno-
JNAPHBIMHU p-KapmanHaMu. AHAJOTHYHOE COBMEIeHNe BO3MOYKHO B
cayuae KMOH—CprKTyp ¢ OUIIONAPHBIMU N-KapMaHaMH,

I/I C K

‘/

A
4 77 A
p-KapMmaun s
n-3IHUT. CJIOH
n+
2 p-S1

Puc. 7.34. KMOII-cTpyKTypa ¢ p-KapMaHAMH ¥ KDEeMHHEBBIMM 3aTBOpaMH

n-snUT. CION

7.9. IlonynpoBOgHUKOBBIE PE3UCTOPHI

IlepBoHauaapHO B NONYNpPoBOAHUKOBEIX IC npuMenaaANChH TOMb-
KO Ougdysuonusie pesucmopsi (JIP), OCHOBY KOTOPBIX COCTaBJIAM
oxuu u3 AudGY3UOHHBIX CJIOEB, PACHONOKEHHBIX B H30JUPOBAaH-
HOM KapMmane. B nacrosiiee Bpemsa 6oibilioe pacnpocTpaHeHue I10-
JYYUAY TaKKe HOHHO-UMIIJIaHTUPOBaHHBIE PEe3MCTOPHI.

Ouddysuonnsie pesucropsl. na puddy3noHHBEIX pPe3UCTOPOB
yare BCero UCIOJb3YeTCs1 MOJOocKa 6a30BOro ciod ¢ AByMs OMHUYe-
CKUMY KOHTaKTamu (puc. 7.35, a). [l1a Takoit H0OJOCKOBO KOHPH-
rypamuu conporusiaenue 1P cornacuo (7.1) sanucsipaerca B BUAE

R =R, (a/b), (7.5a)
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rae R, — yAenbHOe compoTusIenue cnod (cM. ¢. 229-230), a pasme-
psl @ 1 b moxasamml Ha puc. 7.35.

6)

-

Prc. 7.35. uddysHOHHBIN pe3HCTOp ¢ MOJIOCKOBOH (a) M ¢ 3ursarcobpasHoOH
Konburypanuei (6)

a)

W pgnuna, u mupuHa nonockosoro [P orpaHuyeHsl. InuHa a He
MOJKeT NIpeBHIIIaTh pasMepoB Kpucrasnia. lllupuna b orpanuueHa
BO3MOXKHOCTAMHU (hoTonurorpaduu, 60KoBoit Aubdysueit, a Takxke
monyctumeiM pasbpocom (10-20%).

Ilopcrasnaa B (7.5a) snavenua R, = 200 Om/00 u a/b = 100, mo-
JyyaeM THIIHMYHOE 3HaueHWe MAaKCUMAaJIbHOTO CONPOTUBICHUA
R, .«c = 20 kOM. OT0 3HayeHNe MOMKHO IOBBICUTE B 2-3 pasa, UCIO-
Jp3yA He IIOJIOCKOBYIO, & 3uz3azoobpasuyi xon@ueypayuo [P
(puc. 7.35, 6). B 3TOM cnyuae CONPOTHBJIEHHUE 3alUCHIBaeTcs B 6o-

Jee obmiem Buge

2a

R =R, lb +n+13]. (7.50)

3aece n — KOMMUECTBO «IeTeNdb» (Ha puc. 7.35, 6 n = 2), a cia-
raemoe 1,3 yyursiBaer HeojHopozHocTh /[IP B paiioHe omMmuecKux
KOHTaKTOB.

KonuuecTBo «IeTenr» B KOHEUHOM CUETE OTPAHMYEHO ILJIOIA-
Apio, oTBogumoit mog [IP. O6pruno n < 3, B IPOTUBHOM cJIydae IJIO-
Waas peaucTopa MoskeT gocturars 15—20 % moiagu Bcero Kpuc-
Tanna. MakcumaipHOe CONPOTHUBJICHUE IIPH 71 = 3 He IPeBhIIIaeT
50-60 xOwm.
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Temneparypusiii kosbdumuent conporusnenusa P, suimon-
HeHHOro Ha ocHOBe 0asoBoro cnosi, cocrasader 0,15-0,30 % /°C, g
3aBHCHMOCTH OT 3HaueHusa R, Pasbpoc conporusieHuii oTHOCcHTe-
JILHO pacyeTHOro HoMuHama cocrasiaseT * (15—20) %. IIpu stom
COIIPOTHUEBJIEHUS PE3UCTOPOB, PACIIONOKEHHBIX Ha OZHOM KpHCTaJ-
Jle, MEHSIOTCS B OFHY ¥ Ty ke cTopoHY. IloaTomy oTHOIlIeHHe co-
NIPOTUBJIEHNH COXPaHsAeTCA C ropasfo MeHbLITUM gonyckom (= 3 %
¥ MeHee), a TeMIepaTypHbIil Ko3(hdUNMeHT A/NA OTHOIIEHHU COTIPO-
THBJIeHUII He npesnimnaer = 0,01 % /°C. 9ta ocobennocts AP urpa-
eT Ba)XKHYIO POJIb ¥ IMUPOKO HCIHONb3yeTcs: npu paspaborke HC.

Ecnu neobxogumble HOMHMHAJLI COINPOTHUBJIEHUH IIPEBLIIIAIOT
50—60 xOM, MOXKHO HMCIOJIL30BAaTh TAK Ha3bIBaeMbi€ NUHY-PE3UCTO
pvt. CTpyKTypa nuuY-pe3ucTopa nokasaHa Ha puc. 7.36. Ilo cpasme-
HHUIO ¢ npocreiiinum [P mMUHY-pe3uCTOP MMeeT MEHBINYI0 IIOIIALbL
ceueHMd u GoJblliee yAeNbHOE CONPOTHUBIIEHNE (TaK KaK MCIOAb3yeT-
cA ROHHadA, T.e. cjnabo JerumpoBaHHadA duacThk p-cios). Ilostomy y
TIHHY-PEe3UCTOPOB YAEIbHOE CONPOTHUBIEHUE CJIOA OOLIYHO COCTAaBJIA-
er 2-5 xOm/00 u Gosee, B 3aBHCHMOCTH OT TOMINUHBI. IIpu Taxom
3HaueHWN R, MaKCHMMaJpHOE COIPOTHBJIEHNEe MOXKET JOCTHUTaTh 3Ha-
genuit 200-300 kOMm fgaske IIpu TIpoCTeiriIei TOJOCKOBON KOHDHUTY-
pamuu.

HepgocTarkaMu NHUHY-pe3UCTOPOB ABJISIOTCA: OOJMBINUIT pasdpoc
HOMUHaIOB (7o 50 %) M3-3a CUILHOTO BINSHUA U3MEHEHUS TOJIIU-
Hbl p-ClOA, OONBINUI TeMIIepaTypHBIM KO3G(MUIMEHT CONpPOTUBIIE-
ausa (0,3-0,5 % /°C) u3-3a MeHbIeil CTeleHH JIerMPOBaHUs JOHHOMN
YaCTH P-CJI0dA, HeMIMHEHHOCTb BOJILT-aMIIePHOMN XapaKTepHCTUKY IIPH

-

TP
v Ay

£

Prc. 7.36. IMunsu-pesucrop Prc. 7.37. TyssenspHOe mepeceveHHE
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panpskeHusax Gosee 1-1,5 B. ITocimenHaa 0cobeHHOCTE BEITEKAET U3
aHAJIOTHH MEXKAY CTPYKTYPaMu IIMHY-Pe3UCTOPAa U II0JIEBOT0 TPAaH3H-
cropa (cM. puc. 7.26, 6). BAX mmnu-pesucropa coBmagaer ¢ BAX
110JIEBOTO TpaHsucTopa (puc. 4.14, a), ecnu HanpsskeHue Ha 3aTBOpe
TIOCHeAHETO MOJIOXKUTH PABHBIM HYJIO (IOCKONBKY Y IHHY-PE3UCTOpa
caou nt ¥ p coequHEHSHI APYT ¢ ApyroM MeTannusaiueii). IIpobusnoe
HaIpsOKeHWe NWHY-PEe3HCTOPOB OIpefeisaeTcda IIpoOMBHLIM HAalpd-
JKeHHeM JMHUTTepHOTo nepexoga (o0sriuo 57 B).

Ecnu HeoOxXoauMbie HOMMHAJIBI CONIPOTHUBJIEHUM cocTaBaaioT 100
OM ¥ MeHee, TO HCHOJb30BaHUEe Gazoporo ciaod B [P Hemenecool-
pasHO, TaK Kak coryacHo (7.5a) mIupuHa pe3duicTopa AOJKHA OBITH
MeHbIlIe ero AJHUHBI, YTO KOHCTPYKTHUBHO TPYAHO OCYII€CTBHUTh.
Inst nonyyerua P ¢ MansIMu HOMHHaAJaM¥ COIPOTHBJIEHUH HCIIO-
Jb3YIOT HU3KOOMHBIX 3MHUTTepHBIl cnoil. Ilpu smauenmax R,
5—15 Om/[], ceoiicTBeHHBIX 3TOMY CIOIO (cM. Tabua. 7.1), yaaerca
MOJAYYXUT: MUHUMAJAbHBEIE CONPOTHUBJIEeHUs 3—5 OM c TemIeparyp-
HEIM Koapodumuentom 0,01-0,02 % /°C.

Hcnonbsysa sMuTTepHb n'-ci10i, MOMKHO DENIMTE emje OFHY 3a4ady,
BO3BHUKAIOIYI0 TPU KoHcTpyuposanuy HUC: ocyiecTBUTs Tak HassIBaeMble
«mynHeavbHbie» nepecedernus (puc. 7.37). Peub ujeT 0 BOSMOXKHOCTH H30-
JSOMU ABYX B3aNMHO HePIEeHJHKYIADHLIX NOJOCOK METalAu3aln#, OFHA
M3 KOTOPHIX (I) mAeT NOJHOCTHIO IO 3ALIUTHOMY OKUCIY, a Bropad (2) uac-
THYHO PACIOI0KeHa 0j NepBoil B BUAE HUBKOOMHOIO 1’ -y4acTKa — «TyH-
HeJssi». IIpnMep «TYHHEJIHHOro» epecevyeHHs MOXKHO BHAETHh Ha puc. 7.13,
0, rie B KavecTsBe «TyHHeJA» WCIOJAL3YeTCs YYAacTOK KOJJIEKTODHOIO
n*-cnos. «TyHHenbHOe» NepecedeHHe He ABAAETCH YHHBEPCAIBHBIM DPelle-
HHMEM, HOTOMY 9TO n'-yYACTOK HMEET Bce K€ 3aMETHOe CONPOTVBICHWE
(3-5 Om). IlosToMy, B UACTHOCTH, «MYHHEJNbHLIE)» nepeceieHus Henpuem-
AeMbl 6 Yenax numaHus, rje NPOTEeKalT JOCTATOYHO OOJbLINE TOKY.

Honno-sernpoBanHbie pe3ncTopbl. 3a mocjaeqHee Bpems Bee 60Jb-
LlIee pacIIpoCTpaHeH¥Ee IONYHAIOT UOHHO JeZUPOSAHHbIE PE3UCTMOpPbL,
KoTopsle B ornuuue ot [P monyuaioTcea He guddysueit, a JOKaILHOM
MOHHOM WMIIaHTanweil npumecu (cM. pasg. 6.5).

CTpyKTypa HOHHO-IErMPOBAHHOTO PE3UCTOpa TaKad ke, Kak [P
(puc. 7.38), HO riy6MHA HMIIAHTHPOBAHHOTO P-CJIOS 3HAYUTENHHO
MeHbIlie IyiyOuHLI 6a30BOTO CJI0Os1 U cocTasiaser Bcero 0,2-0,3 MEM.
Kpome roro, mommas uMmnanTamusa mos3posiseT 00ecHeuHTsH CKOJb
YIOnHO Masiyl0 KOHIEeHTpanuio npumecu B ciaoe. 06a paxTopa cno-
COGCTBYIOT IOIyUeHHUIO BEChMA BEICOKMX yAeJbHBIX CONPOTHBISHMIH
Crosa — go 10-20 xOm/0. IIpu s3TOM HOMUHAIBLI CONPOTHUBJIEHUI
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MOTYT COCTAaBJSATH COTHH KH-
jsoom. TKC mensire, uem y
OP, u JnexxuT B upefenax
3-5%/°C, a pasbpoc compo-
THUBJIEHUN He IIpeBBIIIaeT
* (5-10)%.

ITockonbxy TOMIMHA MM-
NIJIaHTUPOBAHHOTO cIosa
Maja, K HeMy TPYAHO OCyIe-
CTBUTh OMUYECKWE KOHTaK-
Tsl. [I03TOMY IO KpaaM pesu-
CTHBHOTO CJI0 Ha 3Tane 6aso-
Bo#l auddysuM OCYLIECTBIA-
T y3xkue aupPy3VNOHHBIS
p-cioM, K KOTOPHIM OMWYECKMIl KOHTAKT OCYIIIECTBJAETCH OOBIU-
HBIM CIIOCODOM.

JKBHBaJICHTHBIE CXeMbl. XapaKTepHOH OCOOeHHOCTHIO JGOTo
UHTETPaJIbHOTO PE3UCTOpa ABJIAETCH HaJWyue y HEro IapasuTHOM
€MKOCTHY OTHOCHUTENBHO TONJNOXKKH HJIY H30JHPYIOIIEro KapMmaHa.
B npocreitmem [P (puc. 7.35) Takoit mapasuTHON €MKOCTBIO ABJIA-
ercst baprepHasi eMKOCTE Iepexoja MeKAy pabouuM p-cJIoeM U 3Mu-
TaKCHAABHBIM 7-CIOEM KapmaHa .

Crporo rosops, COBOKYIHOCTH PE3WCTOpPAa ¥ IAPa3uUTHOH €MKO-
CTH TIpefcTasisaeT coboi pacnpesenenHylo RC-nmunuio (puc. 7.39).
OpHako ans npubauKeHHBIX pac-
4eTOB yjAoOHee IOJB30BATHCA 9K-
BUBAJIEHTHBIMH CXeMaMu C cocpe-
AOTOYEHHEIMH TIOCTOSAHHBIMH:
II-o6pasuoit (puc. 7.40, a) unm
T-o6pasunoir (puc. 7.40, 6). Ha
3THUX cXeMaxXx R — COIpoTUBJEHHE
pesucropa, C — ycpefHeHHasA eM-
KOCTbH Iepexoja.

e
p (nuddysuonnsii)

Pac. 7.38. HoHHO-JIErHpOBaHHBIA pe3HCTOp

Puc. 7.39. dusudeckast Mozesn HH-
TerpajsHOI'C DEe3HCTOpa B BHAE pac-
npeaeseHHOH RC-JTHHEUH

1 Ha n-cnoit 3ajjaercss MaKCHMAJIBHBIH [OJOKHUTEJNbHBIH MOTEeHHAX OT HCTOYHHKA
MHUTaHU, IOITOMY BCE YUACTKH p—n-IePeX0oAa HaXOAATCH Moj 0GpaTHRIM HalpsKe-
HHUeM.
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1 1
. - 3R R
’ 3C 3C _
1 P
n-ciaoit ' n-caoit
a) 0) é)

Puc. 7.40. DxBHBaJeHTHBIE CXeMbl HHTEIpalbHOIO pEe3HCTOpA:
a) Il-ob6pasuas; 0) T-ob6pasuas; &) Il-o6paswas npu U, = const

HeobxoqumocTs yecpegHeHUd eMKOCTH o0bsAcHAeTea ciaegyomumM. Ilpu
IIPOTEKAHUY TOKA YEPE3 Pe3UCTOP HOTEHINAMT P-cJI0A OKA3LIBAETCA PA3HAIM
B pasHHIX Toukax. IlocKoJbKy HoTeHIuAas n-cjaod NOCTOSIHHBIH, HanpsKe-
HHe Ha p—n-nepexofe OygeT MEHATHCH BJOJb OCH Y, a cIegoBaTesbHO, 6y-
neT MEHAThHCA U 0apbepHAs eMKOCTB.

B TUIMYHOM Cjyuae, KOrJa OAWH M3 3aKUMOB pesucTopa (Ha-
npumep, 2) HAXOZWUTCA IOJ HMOCTOSHHLIM HOTEHI[HAJIOM, & uepes
npyroit 3askuM (1) 3agaeTcs cTyIeHbKa TOKA, 3KBUBaTeHTHadA [1-06-
pasHad cxeMa CBOAUTCA K mpocretiineit RC-1enouke, mOKasaHHOM
Ha puc. 7.40, 8. CymHoCTs IEpexofHOTO NpOoIlecca COCTOUT B ILJIAB-
HOM M3MEHEHWV HAaNP)KeHUs Ha Pe3UCTope NPY CKauKooOpasHoM
n3MeHeHuu TOKa. [IocTosiHHas BpeMeHH, Onpejeduas qIUTelb-
HOCTH IIEPEXOJHOTO IIpoIllecca, MMeEeT BUJ

1=Y%RC, (7.6a)
a COOTBETCTBYIOIIAA IrpaHMYHaA dacToTa
f.p =1/(2nt) =1/(xRC). (7.66)

Ha spavenust R = 10 xOm u C =1,3n®d nojayuaeMm: T= 6,5 HCc u
frp =25 MI'n. 9To 3HAa4UT, YTO B ZAHHOM IIPEMEDE Pe3UCMOD BbLNOA-
Hiem c6010 QyHKUyuio (T.e. MMEET YVCTO aKTUBHOE COIPOTHBJIEHUE)
moavko do wacmom 10-15 MI'n. IIpu Goslee BBICOKHMX HacTOTax ero
COIIPOTUBJIEHME CTAHOBHUTCS KOMILJIEKCHbIM ¥ paboTa cxeMsl, B KOTO-
POIl OH HMCIIONB3YETCA, MOYKET CYIIECTBEHHO M3MEHHUTHCH.

Paccmorpennsie sKBUBageHTHREIE CXeMbl AEMCTBUTENLHBI U A
APyrux BapHMaHTOB Pe3HCTOPOB: Korga pabouumu sABJAIOTCS 3MHT-
TePHBIY WY KOJJEKTOPHBLIH CJIOH, a TaKKe NPU AUIJEKTPUUECKOH
u30MAnUY neMeHTOB. OZHAKO KOJNHMUYECTBEHHbIE Pe3ybTaThl OKa-
3bIBalOTCA pasHeIiMu. Hampumep, Ipu HCHNOAL30BAHUY JUSJIEKTPU-
9eCKO} M30/ANUY HNOCTOSHHAA BPEMEHHU MOXKET OBITE B HECKOJBKO
Pa3 mewnsine.
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7.10. IloxynpoBOTHNKOBbIE KOHIEHCATOPHI

B 6unonapuex noaynposogHukoBbeix MC poir KOHAeHCATOPORB
UrpaioT obpaTHOCMeI[eHHEIe p—n-IIePexoqbl. ¥ TaKUX KOHIeHCaTo-
poB XOTs Obl OZUH U3 CJI0eB ABJgeTcA ZubDY3UOHHEIM, IIOITOMY X
Ha3bIBAIOT Jugdysuonnvimu rondencamopamu (IK).

Juddysnonnstiz konaencarop. Tunuunasa crpykrypa K, B ko-
TOPOM HCIOJIB3YeTCs Iepexo] KoileKTop—6asa, IOKa3aHa Ha pHC,
7.41. EMKOCTb TAKOr0 KOHAEHCATOPA B O0IIleM CIyuyae MMeeT BHL:

C =Cpy(ab) + Cyy2(a + b)d, (7.7a)

rae Cy; u Cypy — ymenbHBIE €MKOCTH
JOHHOHN ¥ OOKOBOI uacTeil p—n-mepe-
xoma. CooTHoIeHWe CJaraeMseix B
npapoil yactu (7.7a) 3aBHCHUT OT OTHO-
menua a/b, T.e. OT KOHOpHUrypamuu
OK. Onmumaavroii xonuezypayuei
aeasemca xkeadpam (a = b): mpu aTom
«BOKOBasgA» COCTABJISIONIAA EMKOCTH
OKa3bIBaeTCA B JECATKU pa3 MeHpIIIe
JoHHO#. IIpeneGperass 0GOKOBOII CO-
CTaBJIAOINEH, T.€. BTOPBIM CJIATaeMbIM

Puc. 7.41. [AuddysHonHbLH B (7.7a), u monarasa a = b, moayuaem:
KOHAESHCATOD

C =Cy(ab) =Cypa®.  (7.76)

Hanpumep, ecnu Cy; = 150 n®/mm2 u C = 100 n®P, 10 a ~ 0,8
mMm. Kak Buaum, pasmMepbl KOHAEHCATOPA HOJYUUINCH CPABHYMBI-
MY C pasmepaMy KpHucTajia.

HOns Toro utro0nl cyMMapHas ILIOmIaAh BCeX KOHAEHCATOPOB,
Bxogsmux B cocras MC, ne npepsimana 20-25 % nnomaau Kpuc-
Tajlna, HeoOXOqUMO OrPAaHUYUTHL CYMMapHYI eMKOCTh KOHAEHCATO-
POB BEJIMYUHONI

Caxe =(0,2 -0,25)Cy; S

Kp?
rae S,, — mwromans Kpucramna. Ecmm S, = 2-9 mm? u Cy; =
= 150 n®/mm%, To C,,p, = 50-300 nd.

Vicnone3ys He KOJIEKTOPHEIN, 4 9MUTTEPHBIN p—n-epexoi, MOX-
HO obGecreyuTs B 5—7 pa3 GoJipilive 3HAUEHHUA MAKCHUMAaJLHON eMKO-
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cty. IT0 00BACHAEeTCA GONBINEH YAETLHOM €MKOCTHIO 3MUTTEPHOTO
epexoja, MOCKOJNbKY OH o0pasoBaH 60/ee HU3KOOMHBIMY CJIOSMH.

OcnoBHbIe napaMerpsi [IK, BKII0Uad TexHOJOruYecKUil pasbpoc
HOMMHAJIOB §, TeMIlepaTypHbIi Koaddunuent emxoctu TKE !, mpo-
6usHOe HanpsxeHne U , 1 JOGPOTHOCTS @, IPUBeAEHEl B Tabn. 7.4
71 oboux BapmaHTOR [JK — ¢ MCHOJIB30BaHNEM KOJJIEKTOPHOTO U
3MHUTTEPHOTO IepexonoB. Kak BMAuM, OCHOBHOE IIPEUMYIIECTBO
TIpH MCIOJb30BAHNY SMUTTEPHOTO Iepexona — 60nbinyve sHaUeHUS
MaKCHMMaJbHOH eMKocTu. [To npo6uBHOMY HanpssKeHUIo ¥ ZoOpoT-
HOCTH (CM. HIDKeE) STOT BapHMAaHT YCTYIaeT BAPUAHTY ¢ HCIOJIb30Ba-
HMEM KOJIJIEKTODHOTO Ilepexoja.

Tabauia 7.4. TunuyHele NapaMeTpb! HHTETPAJIBHBIX

KOHOeHCcaTOpoB
Tum Cor | Cuscer |8 % | TKE, |Ugp> B|Q (1 MTm)
2
| kKoHpgeHcaropa |n®/mMm n® % /°C
i Ilepexox BK 150 300 | =20 -0,1| 50 50-100
{Ilepexox B9 1000 1200 | £ 20 | - 0,1 7 1-20
{MOII-cTpyxTypa | 300 500 | =25 | 0,02 20 200 |

HeobxoaumeiM ycaopueM Aia HOpMaasHOH paboret [IK aBmaer-
ca obpaTHoe cMemeHVe p—n-nepexoga. ClemoBaTenbHO, HaAnpaice-
Hue nHa [JK Goanrno umemv cmpozo onpedeneHHy10 NOAAPHOCMb.

Emxocts [IK cornacuo (3.25) saBMCHUT OT HanpAKeHUA. ITO 3HA-
uuT, 4ro [IK, BooG111e roBOps, SABJIAETCA HeLUHEUHbIM KOROeHCamo-
Pom ¢ BonsT-bapaguoi xapakrepuctukonr C(U). HenuneiiHble KoH-~
JeHCATOPBI HAXOLAT IPUMeHEeHVe B CIeIUAaJIbHEIX y3JaX PajuoTex-
HUYECKOH anmapaTypsl: IapaMeTpUYecKux yCHUIHUTEeNAX,
YMHOXKHUTENAX YacToThl M Ap. B Takux y3max HenumueiHocts K
OKaanplBaeTca moJje3Hoi. OgHako dale TpedyIoTCs AUHelHble KOH-
AeHCAaTOPHI C NOCTOSIHHOI €MKOCTBIO, KOTOpPhIe CIOCOOHBI IPOLyC-
KaTe 6e3 UCKaXkeHUA NepeMeHHbIe CUTHANH U «GIOKUpoBaTs» (T.e.
He IIponyCKaTh) MOCTOSHHbIE COCTaBJAOIIVE cUrHANOB. [IK ycmem-
HO BRIIOJIHAET TAKyI0 (PYHKIWIO DM HaJIMYWH IIOCTOSHHOIO CMe-
IeHyA E, IPeBHIIAIONIET0 AMIIUTYAY IE€PEeMEeHHOTO CHUTHAaJa.

1 BaBucumocTs eMKoCTH O ot remneparypst oGycnoenena dpysknueit Ap o(T), korto-
Pas Bxozut B BeIpaskerue (3.25).
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ITycTs, HanpuMep, nomHoe ofpaTHOe Hampaxkenue Ha JIK mmeer mupg
U=E+U, smmot,

rae E = const u U, « E. B srom cayuae Hanpsaskerre U MeHAeTCH B Ipege-
aax or E+U, po E-U,, T.e. BecbMa HesHauuTeapHO. COOTBETCTBEHHO
emrocTs JJK ocraercA NpaKTHYeCKM IIOCTOSIHHON M paBHOH 3HaYeHW:o
C(E). IlepeMmeHHaA cOCTABAAION]AA TOKA OYAET ONpeAeaaThCA PEAKTUBHOM
IIPOBOANMOCTBIO 3TOH €MKOCTH, KaK B «OOBIYHOM» KOHJEHCAaTOpe:

Im = YCUm’
rge Y, = o C(E).

Baknoit ocobGennocrsio K ABIAeTCss BO3MOMKHOCTL MEHSTH
3HaYeHHe eMKOCTH, MeHAd cmeweHue E. CregoparensHo, K
MOXKHO HCIIOJIb30BaTh HE TOJIbKO B KaUeCTBe «ODLIYHOIO» KOHIEH-
caTopa C IOCTOAHHOM eMKOCThHIO, HO ¥ B KauecTBe KoHdencamopa ¢
ANeKMpuULecKU Ynpagasemoil eMKOCMbl0 NN, KaK TFOBOPAT, KOH
dencamopa nepemennoil emrxocmu. Takue KOHJEHCATOPH HEO6XO-
AUMBbI, HAIIpUMeD, AJISd HACTPOMKHU KoJebaTeILHEIX KOHTYPOB B pa-
AUOTEeXHUKe. JJIeKTpUUYecKas peryJupoBKa eMKOCTY, pa3yMmeercs,
IpenIouTHUTeIbHee OoObIYHOH MexaHmdecKod. OgHaKo AuManasoH
3JIeKTPpUUeCKOH PeryJMpoOBKY OrPAHWYEH: MEHAA cMmelleHue E OT
1 70 10 B, moxxHOo cornacuo (3.25) usmenuTs emKocTs [IK Bcero B
2-2,5 pasa.

JoOporaocts. BarkupiM mapaMeTpoOM BCAKOTO KOHAEHCATOpA, B
rom umcie K, asaaerca sBricokouacToTHas Zo6poTHocTs Q.. OHa
XapaKTepu3yeT IOTEPH MOLJHOCTH TIPY IPOTEKAaHUM eMKOCTHOTO
TOKa W OIpejesAeTCsi KaK OTHOINEHWE DPEeaKTHUBHOI'O CONPOTHUBJIE-
HUSA KOHJEHCAaTopa K aKTUBHOMY:

X 1
=== , (7.82)
r, oCr,
j—c rge r, — CONPOTHMBJIEHHE IOTeph HA BHICOKHX
yacrorax (puc. 7.42, a). YemM menbue aKTHB-
s ™ T=C  Has MOINHOCTH IO CPABHEHHIO C peaKTHBHOM,

TeM Oonbiie moOporHocTh. Hampumep, ecian
C=100 n®, r, = 20 Om u f = 1 MI'm, TO
a) 6) @, ~ 75. ¥ ugeanpHoro xoHgeHcaropa r, = 0 u
Puc. 7.42. ®usuveckue &, = o,
Moaesau auGdy3sHOHHBIX

KOHJEHCATOPOB
Ha BY (a) u sa HY (6)

u
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I';1aBHBIM UCTOYHUKOM moTeps B JIK ABIA0TCA MrOPU30OHTANLHEIE
CONIPOTYBIEHNA HMKHUX CJIOEB, BXOAAIUX B COCTaB p—n-IEPEX0-
nos. [lna nepexoga BK — 310 compoTuBIenue KONTEKTOPHOTO €O
(puc. 7.41), a nnd nepexona B9 — Gazosoro. IIpu HaMMYMK CKPBITO-
ro n'-cioa compoTuBNeHHe r, AJA Nepexofa BK sHauuTenbHO MeHb-
yie, YeM IIPU HMCIOJBL30BAHUU KOJJIEKTOpPHOro (ra6na. 7.4).

W3 suipackenus (7.8a) oueBMAHO, UTO JOOPOTHOCTL BO3PACTAET C
yMmeHbIIeHHeM JacToTsl. OJHAKO IIPH JOCTATOYHO HABKHUX UACTOTAX
CTAHOBUTCS CYIIECTBEHHBIM JPYTOH THI OTEPh, KOTOPLIM Ha BBICO-
KUX 9aCTOTaX MOYKHO IIpeHeOpeus. Pedyb uAeT 0 COIPOTHUBIEHUH I10-
Tephb Iy, 00yCI0BIeHHOM 00paTHLIM TOKOM p—ri-IIepexofa, T.e. O COo-
TIPOTUBJIEHUH yTEYKH. ITO COIPOTHUBJEHUE HIYHTHDYET €MKOCTH
oK (puc. 7.42, 6). Iloaromy dobpomuocme HA@ HUIKUX LACMOMAX
OIpEeAeNsIIOT KaK OTHOINEeHVE PeaKTWBHOI IIPOBOJMMOCTH KOHJACH-
caTopa K aKTHUBHOM:

oC
Qu = =0Cry, (7.86)
Yry
Tge r, — CONPOTHBIEHVEe IOTePsh (YTEeUKM) Ha HUSKUX YACTOTAX.

ITockONMBEKY CONpPOTHBICHUE Iy, ONpefendeTcsa o6paTHHIM TOKOM
Iepexoja, OHO OOPATHO IPONOPIMOHAJLHO ILJIONIIaZH Iepexoia.
Tem cambIM mpousBesenue Cr,, a 3HaudT, ¥ HU3KOYACTOTHasA H00-
POTHOCTE He 3aBHCAT OT IJOINafau. TunuyHOe 3HaUeHHWe @, Ha yac-
tore 500 T'iy cocrasaser 50-100,

B Tom gmanasone yacToT, B KOTOPOM 3HaueHUsa 06enX JOBPOTHO-
creit @, u @, mpesprmaior 100-200, JK mpexacrasiaAeT co6oif modTu
HOeansHYI0 éMKOCTh, T.e. Ha 3KBUBaJEHTHHIX cXeMax (puc. 7.42)
MO)KHO He YUWTHIBATh COIPOTHBJEeHUEe NoTeph. VI3 mpuBefeHHBIX
npumMepoB ciaenyeT, 4ro K ABAseTcs mMOouTH MaeanbHBIM B AHAna-
3one uactor 500 I'm — 500 xI'm.

JKxBuBajeHTHad cxema. Cnenmduueckoit ocobernnoctsio K Kak
snemenTa VIC ABnsAeTca Haludue y HEro IapasuTHOM eMKkoctu. IIpu
WCIONB30BaHUM Iepexofa DK — aTo GaprepHas eMKOCTb MEXKZY
KOineKTOpHEIM cloeM u nognoskko#t Cp,, = C., (cM. puc. 7.14).
Hanuwue napasumnoit emxocmu npueodum K Henoanoil nepedaue
hanpancenus uepes JK 6 nazpysky.

HettcTBuTebHO, M3 IKBUBAJICHTHON CXeMsI Ha puc. 7.43 BumgHO,
uro K BMecTe ¢ napasuTHOR eMKOCTHIO 06pa3yeT eMKOCTHOM Jenu-
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TeJb HanpdkeHud. [[0sTOMY Ha BBIXOJ IPOXOJUT TOJBKO YacTs
BXOJHOro HanpsykeHusa U :

U.. =U __}.{_“_*‘E___
BhIX BX Xnap + XC’

rae me ¥ X, — peakTHBHBEIE CONPOTHBJICHNA NapasuTHOMN ¥ pabo-
ueit emxocreit C, u C. Ilopcrapnaa X, = 1/0C,, 1 X, = 1/0C,
3anuiieM Ko3hGHUOUEeHT nepefadyyl HaNpAXKeHUA B BHAE

Uptix/Usx = C/(C + Crgp). (7.9)

Koadpoumnuenr nepegauu 6yaer 630K K eJUHUILE, €CIH BHITOJ-
HseTCA HepaBeHCTBO Cnap < C. Opgnako mionasu o60uX KOHAEHCcAa-
TOpoB (paGouero ¥ mapasMTHOTO) IOUTHM OZMHAKOBHI (puc. 7.43).
Bonee Toro, mjomanes mapa-
3UTHOTO KOHpgeHcatopa C,
Jayke HeCKOJIpKo 0OoJIbIIe TIo-
magu pabouero. IlosTomy em-
koctu Cp,, u C pasnuvaroTcs
TOJNBKO OJlarojapsa pazjIMyuIio
yaenbHBIX €MKOCTe#l Ilepexo-
noB BK u KII u pasnuuwuio Ha-

Pac. 7.43. Poas mapasuTHOH eMKOCTH NpsDKeHuM Ha BTUX Iepexo-
IpH nepeaade NnepeMEHBOI'0 HaIpAKEeHHUA Aax. PvaeT],I nOKa:}LIBaIOT,
yepe3 AuddysHOHHBIH KOHIEHCATOD YTO B pealbHBIX CTPYKTypax
HIC napasutuyio eMKocTs C
He ygmaerca chenars meHnie (0,15-0,2)C. CoorBercTBEHHO KO3(-
¢unuenT nepegauum He npepsitaer 0,8—0,9. Anamoruyunblie BEIBOABI
¥ aHAJOrMYHAA 5KBHUBAJIEHTHAA cXeMa gelicTBuTeNbHBEI U ajia K,
HUCHONb3YIolIero nepexon BI.

B nociegsee BpeMs B KauyecTBE HAKONUTEIbHBIX KOHASHCATOPOB
B 9JIeMEHTaxX NaMATH IIIHPOKOe INpUMeHeHVe HaXOAAT CTPYKTYPH
Ha ocHoBe U-ramaBok (pmc. 7.11). Ilo cyigecTBy, MCIIONb30BaHUE
TAKHMX KOHJEHCATOPOB 3KBHBAJICHTHO ¢«BEPTHUKANBHOMY» HHTETDH-
POBAHUIO CTPYKTYP, KOrAa 06JIacTh HAKOIJIEHUA 3apAja pacunoJara-
eTcsa He HA TIOBEPXHOCTH KpHUCTalia, & B ero o6beMe. ITO O3BOJIA-
eT Pe3KO YBEJHUNTH CTENeHb MHTEerpaiuu.

MOII-xonpeHcaTop. MHTerpanasHBIM KOHZEHCATOPOM, IIPUHIIM-
nuanbHO orauunsiM or K, aesnserca MOII-kougencarop. Ero TH-
IuyHaA CTPYKTypa IIOKa3ana Ha puc. 7.44. 3gech Haj 9MUTTEPHBEIM
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[ Puc. 7.44. MOII-xormeHcaTOp
¢ AUANEKTPHKOM
2 C—
1 _-
Al n+ Si0, 5 43 2 -1 0 1 UB

":‘z’:‘:VAVAVAVAVAVAVA"gvAvAv':‘AvA":‘:"i Puc. 7.45. Bonm-@apap;naa XapakxKTepH-
L cruka MOII-kougercaropa: I — Ges o6-
pasoBanus MBBEPCHOHHOTO CJIOH;
2 — npu o6pa3’soBaHUsd MHBEPCHOHHOIO
cioda

nt-croeM ¢ IOMOIILI0 JOTONHUTENRHBIX TeXHOJOTMYECKNX IIpolec-
cOB BEIpamieH cjioi Touxoro (0,08-0,12 mxM) okucna. B ganbHeii-
11eM, IIPH OCYIIECTBJIEHUY MeTaJlINYeCKOi pa3BOJKH, Ha 3TOT CJIOMH
HanbIIAETCA AaJIOMUHYEBasi BePXHAA OOKJagKa KOHAeHcaropa.
Hmxneit o6KIagKoOH COYKHUT 3MUTTEPHBIR n't-cioi.

YpenbHas emrocTs MOII-koHAeHCaTOPA BRIPAKaeTca POPMYyJION
(7.4) u obbruro cocrasaaer oxolo 350 nd/mmZ. OcHOBHEIEe Iapa-
metpst MOII-kOHAeHCATOPOB HNpuBegeHbI B Tabn. 7.4.

Bakusim npeumyinectBom MOII-KOHZeHCATOPOB IO CPAaBHEHHUIO
¢ 1K apnsercs: To, 4T0 OHU paboTamT npu 060 IONAPHOCTH Ha-
NIPAXKEHUsI, T.e. aHAJIOTUYHEI «00BIYHOMY» KOHAeHcaTopy. OxHako
MOII-xougencarop, xak u K, Toxke HenuHelHEBI; TIpuMep
BONbT-hapafHON XapaKTEepPHUCTUKH (KOTOPYIO0 OOBIUHO HAa3bIBAIOT
C-U xapakTepucTuKol) IoKasaH Ha puc. 7.45.

3asucunmocts C(U) obycaosiena TeM, uTo eMxocTh MOII-koHzeHcaTo-
Pa, BooOmie roBopA, NpejcTaBiasgeT coboH NHOcaeROBaTeJBHOE CoefMHEHUe
ABYX eMKocTel: eMKOCTH JAW3JeKTPHKA (0 KOTOPO# rOBOPWJIOCH BEIIIE) U
eMKocTH 00eJHEeHHOro0 CJI0d, KOTOPHIF MOKeT 06pa3oBaThcAd B NPHIIOBEDX-
HOCTHOH of6gactTy NOJYNPOBOAHMKA. B KOHaeHcATope, NOKAa3aHHOM Ha
buc. 7.44, npy HYJeBOM ¥ NOJIOXKUTEILHOM HANPSIKeHUAX HA MeTaJande-
CKOH o0KJafKe NpUNoOBepXHocTHAA 00JacTh oxKassiBaeTca oborareHHOM
JIEKTPOHAMH, T.e. oOeJHEHHBIH caoii orcyrcTByeT. COOTBETCTBEHHO €M-
KOCTb KOHZAeHCATOpAa onpepeaaeTca AUIJMEKTPHKOM U NMeeT MaKcuMalbHoe
3HayeHHeE.
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IIpn oTpuuaTeIbHBIX HANPSKEHMAX IOCTENeHHo ofpasyeTrca ofegHeH-
HeI# cyoit. Ero ray6uua pacTeT ¢ pOCTOM HAIPAMKeHNA, & eMKOCTh COOTBET-
CTBEHHO YMeHbUIAeTCS. JTO NPHUBOAHUT K YMEHBIUEHMIO Pe3yAbTHDPYIOmeii
emrxoct MOII-koHgercaTopa (kpuBas 1). Ilpu gocraTouHo GOJMBIIOM OTPH-
LLaTeJbHOM HANDPKeHN! BOIM3H HOBEPXHOCTH 06pasyeTcs MHBEePCHOHHEIL
ABIpOUHBIHA cJOH, T.e. mpoBOAAIuil KaHaa. Torga eMKocTh 0GejHEHHOro
CJIOSI OKA3BIBAETCS «OTKJIIOYEHHOH» OT eMKOCTH JUIJIEKTPUKA, U Pe3yJIbTH-
pyiomaa emkocTs MOII-KoHzeHCaTopa cHOBa NpubamxaeTcad K HavajlbHO-
My 3HaueHwio (kpuBad 2).

1A Toro utoOwl BiuAHWe 00eHEHHOrO oA OBLIO HE3HAYHTEILHBIM,
HeobXoaAuMO, 9To6BI €MKOCTh 3TOro caoA ObLira GoablIoil IO CPABHEHMIO C
eMKOCTBI0 gudjaeKTpuxa. Taxoe TpeboBaHue ymaoBieTBOpsAeTCS NpH GoJib-
m1o#i KOHUEHTPALMK IPUMeECH B HOJYIPOBOAHVWKe. VIMEeHHO O3TOMY B Ka-
YecTBe HOJAYNPOBOSHUKOBOH «o6Kaagku» MOII-koHAeHcaTOpa MCIIOAb3yerT-
e nt-cuoil. OgHoBpemenno, 6rarogaps MajoMy CONPOTHUBIEHMIO S3TOrO
cj0s, obecneunBaeTcA BHICOKAA AOOPOTHOCTH KOHAEHCATOPA.

Ilapasurnas emrxocrs MOII-KOHAEHCATOPOB YUUTBHIBAETCA C IIO-
MOIIIBIO YKe U3BECTHON 3KBHBaJEeHTHOM cxemsl (puc. 7.43), rage mox
eMKOCTbI0 C, CllefyeT NOHUMATb eMKOCTb MEXKAY Il-KapMaHOM X
p-nognoxkoii. Kosdgdbunuenr nepegauu (7.9) B faHHOM cilydae co-
crasiasdeT He Mmemee 0,9-0,95.

BakHo#t ocoGerHOCTEI0 MOII-KOHZEHCATOPOB ABJIAETCA 3aBUCH-
MOCTH HMX €MKOCTH OT yacToThl. Takas 3aBUCHMMOCTL OOyCJIOBJIEHA
BIUSIHUEM ObLICTPHIX ITOBEPXHOCTHEBIX COCTOAHMI Ha rpaHuIe IIOJIY-
IpPOBOOHUK—AU3NEeKTPUK. [lepesapsas 3THX COCTOSHMI sABaderca

v,107t:M/c
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2,5 Ing 53 Gag 47 As
20 f N\ mmmmmmmmmmee L
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Puc. 7.46. 3aBucUMOCTs ApPeH(POBOM CKOPOCTH 3JIEKTPOHOB IMPOBOLHMOCTH
OT HANPSYKEHHOCTH 3JIEKTPHYECKOTO IIOJs
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MHEPIIMOHHBIM IIPOI[ECCOM ¥ TPOMCXOAUT C IIOCTOSTHHOM BPEMeHH II0-
pazaka 0,1 mxc. Iloatomy ¢ pocrom uwacToTh eMKocTe MOII-KOHaEH-
caTopa YMEHBINAeTCsi ¥ JOCTUTaeT YCTAHOBUBINETOCA 3HAYCHUA
AU IpH dacToTax Gojlee HECKOJBKUX Merarepi.

B sakmaiouenue 3ametrum, uto B MOII-rpausucropanix UC, B or-
auuue oT OunonApHbIX, usroropiaenue MOII-KonzencaTopos He CBsI-
3aHO C ZONOJHUTENLHBIMY TeXHOJOTHYECKUMMH IIPOIeCCAaMU: TOHKUHA
OKHCeN IjIs KOHAEHCATOPOB HoJydaeTcd Ha TOM JKe 3Tame, 4YTO U
TOHKHH OKHCEJI I0J 3aTBOPOM, 8 HU3KOOMHLIN II0JIYIIPOBOZHUKOBLIH
¢JI0i1 — Ha JTalme JIerHpOBaHUA UCTOKA ¥ CTOKA. M3onupyromnue Kap-
mansl B MOII-TrexHOMOrny, Kak M3BeCTHO, OTCYTCTBYIOT.

7.11. 9aemenrsl UC Ha MoJyIIPpOBOTHHKAX TPYIIIILI
AIIIBV

Ioxynposoguukn rpymnst A'BY xax marepmaner pna HC.
CpaBHUTeIbHEIH aHATHU3 CBOMCTB MOJYIPOBOAHUKOB rpynner ANBY
¥ KPEeMHYA TIO3BOJAET BBIABUTH TPU OCHOBHBEIX pPasdjvuyvus IIPHA CO-
3JaHVY Ha UX OCHOBE aKTWBHBIX 3jeMeHTOB MC:

1. CunpHO OTAMUAIOTCA 3aBHUCHMOCTH [JApeiidoBOit CKOPOCTHU
3JIEKTPOHOB IPOBOAUMOCTH, OCODEHHO IpPYU HUZKUX MOJAX.

2. U3 nonynposoguukos rpynnst AMBY jnerko msroroBuTs mo-
NYU30JIHPYIOIIYI0O TOZIOKKY.

3. 9t noaynpoBOoAHUKY (apceHuj rainnus, pochun uHAWA, ap-
CeHU MHAUA ¥ Ap.) 06pas3yioT TBepAsle PaCTBOPHI HE TOJIBKO ABYX-,
HO ¥ TpeX- ¥ YeTHIPEXKOMIIOHEHTHbIE C ITUPOKUM JUANa30HOM H3-
MEeHEHUs HUX 9JeKTPOdHU3UUEeCKUX CBOMCTB.

Ha puc. 7.46 npuBefieHa 3aBHCHMOCTH JpeithOBOH CKOPOCTH
3ME€KTPOHOB IIPOBOAUMOCTH OT HAIPSAKEHHOCTH 3JIEKTPUUECKOTO
TIOJIA AJIA JBYX- U TPEXKOMIIOHEHTHEIX NONynpoBogHuKoB AMBY
KpemHusa. [IpuumHON TOro, YTO 3aBUCHUMOCTH CKOPOCTH Apeida
3JIeKTPOHOB TIPOBOAUMOCTH OT I10Jsa B GaAs u InP umeer e MoHO-
TOHHBIHM, KaK ¥ KPeMHUs, a 3KCTPeMaJbHbII XapaKTep, KPOeTcs B
Pas3nuyuy 30HHOH CTPYKTYPHI 3TUX MaTepHaioB. 30HHAS CTPYKTY-
pPa GaAs npupegena Ha puc. 7.47.

AbBcomoTHBIA MUHUMYM 30HbI IpoBoguMocTy GaAs HaxopuTcA B
T. I'. Bo sropom munumyme B T. X sneprud Ha 0,36 3B Briue. 3d-
dbexTUBHAA Macca MEKTPOHOB IPOBOAUMOCTH B T. I' mana (0,068m,
I'me m —macca NOKOs CBOOOAHBIX 3JIEKTPOHOB B BaKyyme) H II0O3TO-
My npeiidpoBasa IOABUIKHOCTSL 3JIEKTPOHOB IIPOBOAMMOCTH BeJIHUKA.
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2B Kax suzxno us puc. 7.47, B 1.

10 X mmMeeT MecTO BTOPOH Mu-
HUMYM sHepruu. OpgHaxo

8 3mech o(hgeKTHBHaA Macca
3JIEKTPOHOB 3HAYUTEJHHO

peimze (1,2 m), u apeiidosaa
" CKOPOCTBH 3JIEKTPOHOB IIPOBO-
Boua npo- OUMOCTH YMeHbIIIaeTcs,
BONHMOCTH
ﬂ /\ 0,36 58 OTHM OGBACHAETCH YUYACTOK
L~ "
- ¢ oTpunaTeJbHOI nqupdepeH-

Banpemenuan 0

HuaJbHOK I POBOAMMOCTLIO
Ha puc. 7.46. Iror sbdexT
noJy4us HasBaHue 3dPexTa
T'angna u ucnonwsyerca pas
reHepamuy  BBICOKOYACTOT-
L r X HBIX curHajos. B HC Ha

Puc. 7.47. 3ouHaa crpykrypa GaAs GaAs 9ToT 9dhexT Hexkela-

TEJICEH ¥ OJIsA ero mopaBJIeHuA H606XO}.II/IMO BBIIIOJIHUTL YyCJIOBHE

AE
—>1 (7.10)

Ep

3gecy AE — sHeprerudeckmnil 3azop mexxay T. ' 1. X, a Ep —
IIUPUHA 3alpeleHHOil 30HsI B T. ' 30HEI IIPOBOJMMOCTH.

duementst HC Ha nonynposogaukax rpymust ATBY. dnemenTs!
HC na ABY moxxno0 rpy6o pasgenuTs Ha ClAeAylOUlue TPYIIbL: IIO0-
JleBbie TPAH3UCTOPHI ¢ 3arBopoM IIlorTku, reTepobuNONAPHBIE
TpaH3ucTopsl 1 MJII-TpaH3UCTOPEI.

HecmoTpsa Ha TO, YTO TEeXHOJIOTHIO HM3TOTOBJIEHUS MaTepHAJIOB
AMBY y npuGopoB Ha UMX OCHOBe IIO L[€IOMY PAAY HPHUMH HEIb3A
CYHUTATH CTOJb K€ OTPaboTaHHOM, KaK AJA KPeMHUEBHIX CTPYKTYD,
HUCCIeOBaHUA ¥ pa3paloTKu y’Ke IPOJEeMOHCTPHUPOBAIH BO3MOXK-
HOCTH CO3ZAaHUA CBepXOLICTPOREHCTBYIOMIUX 1UPPOBHIX cxeM, KOH-
KYPHDPYIOIUX C KPeMHUEBbLIMU. MOXKHO IIPEAIIONOKUTh, UTO IJIaB-
HYIO POJI> B KOHKYPEHTHOH Gopbbe 6yAyT UrpaTh IoJieBble TpaH3MU-
cTopsl ¢ 3aTrBOpoM IIIOTTK¥, T.K. OHM IPOCTHI B H3TOTOBJIEHUH H
noTpebA0T HeSHAUUTENLHYI0 9HEPrHio.

CrpykTypa M npHHUuN paGoThl II0JIEBOT0 TPAH3HCTOPA € 3aTBO-
pom Ilorrku (BIIII-rpansucropa). Crpyrrypa GaAs—3IHII-TpaH-
sucTopa m3obpaskeHa Ha puc. 7.48, a.
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a) 6)

Prc. 7.48. Crpyxtypa (a) u cratuueckue BAX (6) 3III-tparsuctopa

Ha nonyusonupyiomeit maactTue GaAS ¢ BHICOKHM YAEIbHBIM
conporusieHueM (mopagka 108 Om-cm) dopmupytor ToHKUIL amexT-
POIIPOBOXHLIN CJIOHM N-THUIIA, KOTOPBHIA HA3LIBAIOT AKTUBHBIM CJIOEM.
B akTHBHOM CJI0€ PacCIIOJIOKeHEI 00JIaCTH MCTOKA, 3aTBOPA M CTOKA.
[ns1 moaydeHVA XOPOHIMX OMMUYECKHX KOHTAKTOB Ha aAKTUBHOM
cJIoe nOJ 3JEeKTPOAAMU MCTOKAa ¥ CTOKA pacmoJaraioTca nt-obiac-
TH. JJIeKTPOA 3aTBOopa o6pasyeT ¢ aKTHBHBLIM cjioeM KOHTaxT Ilot-
TKHY (cM. pasgen 3.3). AKTHBHBI cI0i 0GBIUHO GOPMUPYETCA MOH-
HOM uMIIaHTanuel, HanpuMep KpemHuA. Tommmmua storo cuost
0,1-0,3 MKM, a KOHOEHTpamusa ImpuMecu okoio 3107 cm™3, Uem
KOpode J/IMHa 3aTBOPA, TeM BhIlle ObICTpojelicTBHe Mpubopa, B Ha-
CTOAlllee BpeMs [JJIMHa 3aTBopa cocraBasger 0,2—-1,0 mxMm. Omuye-
CKHe 3JIeKTPOJbI U3roTapjausaioT us craBa Al-Ge—Ni, a snexTpop
3aTBopa — u3 Al mau cununuza sBoandpama.

Ecny K CTOKY IPHIOKUTHL IOJOKHUTEAbHOE HAIpsKeHHe, a K
3aTBOPy OTpHIlaTeJbHOe, O0eZHEHHEBIN CJIOI IIOJ 3aTBOPOM paciy-
PHTCA, a KaHAJ Me)KAy MCTOKOM ¥ CTOKOM CY3HUTCA ¥ TOK B I[eIIH OT
HCTOKA& K CTOKY M3MeHUTCA. [IOCKONBKY BBIXOZHOM CHTHA/J CTOKAa
MOJKHO pelyJHPOBaTh MAaJIBIM BXOZHBIM CUTHAJIOM 3aTBOpPAa, TAKOI
TIPHGOP MOMKHO HCIOJb30BaTh KaK yCHJIHUTENLHBIH 37eMeHT. Ha
puc. 7.48, 6 mpuBeAeHBI CTATHUYECKHE XAPAKTEPHCTHKH TaKOro
npubopa.

Onuna kamana s 3IIII-rpansucTopax sABAgeTCA BaXkHEHIINM
ntapaMeTpoM, onpefendwIuM OpicTposeiicTue snemenra. Ilpu uc-
1I0Ib30BaHUY TEXHOJIOTHHM CaMOCOBMEIeHHOH HMOHHOM HMMIITaHTa-
MY npu o6pasoBanvy Cjl0eB n'-THIa OKAa3bIBaeTCA BO3MOXKHBIM
YHOpaBnATE BENWYMHOH 3a30pa MeXXAy HUMH, uTo obecreuuBaeTr
CHM)KeHMe IIOCJIeJOBATENbHOTO COIPOTHUEBJIEHHS HCTOK-CTOK H IIO-
3BOJIsIeT (pOpMMPOBATH 3aTBOPHI ZIWHON OkoJo 0,1 MKM.
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TpaH3uCTOPSI ¢ BHICOKOU MOXBHIEHOCTHIO 3JIEKTPOHOB. M3BecT-
Hbl pa3jIMuHble BAPHAHTHI KOHCTPYKIIMHM TPAH3UCTOPOB C BBICOKOH
NOABMYKHOCTEIO 9JeKTpoHOB (BIIDT). OOmee npeacrasieHue o
crpykTtype BIIDT ¢ oguum rerepomepexomom gaeT puc. 7.49. He-
TOK, CTOK ¥ 3aTBOPHHIK 3JIEKTPOX GOpMuUpPYIOTCA Ha IIOBEPXHOCTH
GaAs. IloBhlleHue NOABMKHOCTH 3JIEKTPOHOB B KaHaJle JOCTUTaeT-
cA 3a CYeT HMCIOJb30BaHUsA rereponepexona GaAs ¢ maTepuanoMm c
Gosblloi mWHUPHUHOH 3anpemeHHoi 30ubI (Al 3 Gag ; As) ¢ BBesen-
HO¥ B Hero JOHOPHOM IIPUMECHIO,

n 3 C
n-Ga As \ % [ n-Ga As 0,05 MKM

n-Al, 3Gay 7 As 0,06 mrM

DJIeK TPOHBI MPOBOJUMOCTH n-GaAs 2,0MEM

i-Ga As (moaymosxka)

Puc. 7.49. Crpykrypa BII9T Ha GaAs

Cozpanue Takoil CTPYKTYPbI BO3MOYKHO METOZAaMH 100 BHICOKO-
KOHTPOJIMPYEMOTO 3IHTAKCHATHLHOTO HapamuBanua cmoes AMBY,
nmbo MeToZaM¥M MOJEKYJIAPHO-JIyueBoit anutaxkcuu. IIpu peanusa-
VY TAKUX NPHUOOPOB yAaeTca TOCTUTHYTH 3HAUEHUI IOABIYKHOCTH
31ekTpoHOB 70 10° cm2/B - ¢ mpu 77 K u no 2 - 10° ¢cm2/B - ¢ npu
4,2 K. lna cpapHeHusa OTMeTUM, 4T0 B 06uIunHbIX SIIIII-Tpansucro-
pax NIOZBYMIKHOCTL 3JIEKTPOHOB B cJosix n-tuna GaAs cocrasiseT
Bcero 5 - 102 ¢cM3/B - ¢, T.e. MeHbIle Ha gBa HOPALKA.

7.12, dxemenrsl niaenounsix HC

Kakx usBecTHO, NPOMBINUIEHHAS TEXHOJOTHUS AKTHUBHBIX IIJIEHOY-
HBIX 3JIEMEHTOB (JHOJ0B ¥ TPAH3UCTOPOB) NOKa He paspaborana. Ilo-
9TOMY HU K€ PacCMaTPUBAIOTCA TOJNBKO NTACCHUBHBIE 3JIEMEHTEHI: pe3u-
CTOpBI, KOHAEHCATOPHI M KATYINKY WHAYKTUBHOCTH. JTHU 3JIEMEHTBI
MOr'yT HM3TOTaBJUBATHCA KaK IO TOHKOILJIEHOYHOHM, TaK M IO TOJ-
CTOILJIEHOUHOM TexHosoruu. Kondwurypanuu TOHKO- ¥ TOJICTOILIE-
HOUYHBIX 3JIEMEHTOB OJWHAKOBBI, HO X KOHKPETHBIE IeoMeTpHUYe-
CK¥e paszMepsl (IpY 3afaHHBIX 3JeKTPUYECKUX IapaMerpax) MOryT
CYIIIECTBEHHO Pa3jIN4yaThCA B CBA3Y C MICIOJb30BAHMEM COBEpIIIeHHO
Pa3HBIX MAaTepHAJOB.
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IIneHOUHBIE 3JIeMEHTHI HeT HEeOOXOAMMOCTH H30JIHPOBATH HAPYT
oT Apyra, Tak KaK Bce OHM BBHIIIOJHSIOTCA HA AUIJIEKTPHUYECKOHN
noanoxkKe. IIocKONBKY NOAJIOKKA CPaBHUTENLHO ToJCTas (He Me-
mee 500 MKM), a pPacCTOSHHA MEXJY 3JIEeMEHTAMH CPABHUTENBHO
GoJpliiue, IMapa3uTHBEIE eMKOCTH IIPAKTHUYECKH OTCYTCTBYIOT M HMX
yd4eT Ha SKBUBaJEHTHBIX CXeMax OORIYHO He MMeeT CMBICHA.

Pesucropst. CTpyKTypa u KOHGUTrypamuy IJIeHOYHOTO Pe3ucTo-
pa mokasaHsi Ha puc. 7.50. Kak suaum, B 061eM coydae KOHPHUTY-
pauusa IJEeHOYHOIrO pesucTopa Takad e, Kak qud(ysumoHHOTO
(puc. 7.35), r.e. sursaroobpasHaa. B YacTHocTH, OHa MOXKeT GBHITh
nosockoBoii. IloaTomMy pacuerT CONPOTWBIEHWA MOYKHO IIPOBOAUTD
no ¢opmynam (7.5). YaenpHOE CONPOTHUBIJIEHWE CJIOA 3ABUCHT OT
TOJIIIIMHBI CJIOA M MaTepraya. Tunumunsle 3HAueHNA R, IIpHBeAeHH
B rabn. 7.5. Tam >ke npuBeseHbI TUNHMYHBIE 3HaYeHUs APYTUX Hapa-
METPOB PE3UCTOPOB: MAKCHMAJLHOIO ¥ MUHVUMAJBHOTO HOMHUHAJIOB
CONpPOTHUBIEeHUA, pagbpoca HOMHUHAMNOB (8), TeMIepaTypHOIo Koad-
¢unuenra (TKC) u BpemenHoro gpeiicda conporusnenus (3a 1000 u
npu temmeparype + 70 °C).

< 1
\ N . 5
AN H R PesucTuBHBIA ciioM

PeaucruBHm cJoM Mertann

IMopoxxa

a) 6)

Prc. 7.50. Ilnenounble pe3HCTOPHI IOJOCKOBOH (a)
1 3ursaroobpassoii (6) KoHQUTypaguHu

3unavenue pasbpoca (gomycka) & IpuBeAeHHI AJA ABYX CIyYaeB:
KOrja OTCYTCTBYeT CIlelMalbHas HOATOHKA (I0CTHPOBKA) Pe3uCTO-
POB mocse ux u3roTosjaeHu:A (0/mOAT.) ¥ MOCJe TAKOH MOATOHKU (C
noar.)!, 3uauenns TKC Takike npuBefeHsl AJa ABYX BeJUUHMH: A

1 Crnoco6er moaroHKH paccMOTpeHs! HIDK.
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CONpPOTHUBJEHUS OTAEeNbHOro pesucropa (R) ¥ OJ1d OTHOIIEHHA CO-
TIPOTHBJIEHHNA ABYyX pe3ucTopoB (R,/R,).

Tabxuna 7.5. Tunuunsie mapamMeTPs! IIVIEHOYHBIX Pe3UCTOPOB

1
; | TKC,
| 5 % 1074°C
|
. Tun | D; 3 g Ry
pesucropa i & 3 5 o - 28 1S
. o I =4 = o TS
B I I A - S 192%
| \ > o ~ x
R
E;’":;‘:I‘;I“e ,10-300 | 10° | 10 | =5 |=0,05| 0,25 | 0,05 | 0,005
EJ‘;{;‘;Z‘I’IHHH« 5,0-10°1510° 05 | 15 | =0,2 | 2 | =0,1 | 0,05

W3 taba. 7.5 moxHO caenars ciepyromue o6lyie BHIBOLBI:

O AHaas3oH CONPOTHBJIEHUI NJeHOYHBIX PE3UCTOPOB HeCPaBHEHHO
mupe, YeM HOJYNPOBOAHUKOBEIX (Auddy3uOHHBIX U MOHHO-JIE-
THPOBaHHBIX);

0O TOHKOIIJIEHOYHAas TeXHoJOruda obecleuuBaeT 0OoJjiee BBICOKYIO
TIPEIM3NMOHHOCTh M CTa0UJIBHOCTL PE3UCTOPOB;

0O moAroHKa odbecmevuwBaerT CYieCTBeHHOe yMeHbIIeHue pasbpoca
(momyckoB) compoTuBIEHUH; CJeZOBATENLHO, BO3MOXKHOCTH Ta-
KOt NOATOHKHY SABJIsIETCA Ba’KHBIM IPEMMYIIECTBOM IIEHOUHBIX
pe3ucTopoORB;

0O OTHOIIIeHWe COIPOTHUBJIEHUI, KAK U B cJy4yae NOJYIPOBOTHUKO-
Beix UC, xapakrepusyerca MeHHIIMM pa3bpocoM ¥ MeHbIIUM
TKC, uem oTmensHOe COINPOTHBJIEHUE.

TloaroHKy pe3sMCTOPOB MOYKHO OCYIIeCTBJIAThL PasHbIMuU crocoba-
mu. IIpocreiimuii, mcropuuecky NepBhIf ciocof COCTOUT B HaCTHY-
HOM MeXaHMYeCKOM COCKalJMBAHUY DPE3UCTUBHOTO CJOs JO TOTO,
Kak nopepxHocTh VIC samuimaeTcs TeMm UM MHBLIM NOKphITHEM. Do-
Jiee COBEPIIIEHHLIMY SABJISIOTCA METOABI YACTUYHOTO yAaJIeHHUA CJI0d C
TIOMOILILIO 3JIEKTPUYECKOH WCKPHI, 3JIEKTPOHHOIO HJIM JIa3epHOro
ayya. Pagymeercsa, Bce STH CHOCOOBLI IMOSBOJIAIOT TOJBKO YyBeJIWIH-
BaThk CONPOTHBJIEHUe peaucropa. Hambonee cosepiieHHsIil 1 rubrui
MeTOJ COCTOUT B IIPONYCKAHUY Uepe3 Pe3ucTop AOCTATOYHO 0OIBILIO-
ro toka. IIpu TOKOBOI MOArOHKE OZHOBpEMEHHO MAYT ABa Ipolecca:
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OKMWCJIEHVEe TOBEPXHOCTHY DEe3UCTUBHOrO CJOA ¥ YHOPAJOUEHHE ero
MEJIKO3ePHUCTOHN CTPYKTYPHI. [lepBolif Mpomece criocoGCTBYET YBEIH-
YeHUIO, 4 BTOPOH — yMeHbIIeHUIO conpoTusiaenud. llogbupas cuny
TOKa ¥ aTMocdepy, B KOTOPOH BejeTcA IIOArOHKa, MOXKHO obecme-
YUTh> VM3MEHEHVEe COIPOTHUBJIEHVA ¥ B Ty, ¥ B JPYI'YIO CTOPOHY Ha
+ 30% C IOrpeIHOCTHIO (II0 OTHOWIEHHIO K YKeJIaTeJIbHOMY HOMMHA-
JIy) RO moJeil HPOHEHTa.

Kongencaropsl. CTpykTypa ¥ KOH(HUrypanusa TUINYHOTO ILIe-
HOYHOIO KOHAeHcaTopa HOKa3aHHI Ha puc. 7.51. Yaennnaa eMKocTs
KOHAEHcaTOpa ompeaeasderca 1o dopmyie (7.4), rge Toamuea gua-
JIEKTPUYECKON NJeHKH d CYIIeCTBEeHHO 3aBHUCHUT OT TEXHOJIOTHI:
g ToHKuX miaeHok d = 0,1-0,2 mym, gas toacreix d = 10-20
mEM. IlosToMy npu Ipouux pas-
HBIX YCJIOBUAX yAeJIbHAA eMKOCTh

TOJICTOIL/IEHOUHBIX ~ KOHJEHCATO- S
POB MeHbIlle, YeM TOHKOILIEHOY- 5

HbIX. OHAKO pas/JHuue B TONIIH- <Y

He QUAJIeKTPHKA MOYKEeT KOMIICH- K

CHpPOBaThCA 6IarogapsA pasIdyHio 2
AUBJIeKTPUYECKUX IIPOHUI[AEMO- ." :

cTe#l MaTepuasos. Homias Tobremenn X Bopeman

V TOHKOIJIEHOUHBIX KOHAEHCA-  obksanxa obKragKa
- SBR—..

TOPOB yAeJbHas eMKOCTb He IIpo-

NIOpIMOHAIbHA AU3JIEKTPUYECKON

TIIPOHUIAEMOCTH  HCIOJIH3YeMOTo

Marepuana, TaK Kak y4uTbiBaeT- Pmc. 7.51. Ilnesounslit KoEzeHCATOD

CcA emje ero npob6uMBHAA Halp:da-

JKeHHOCTb. Marepmal ¢ BHICOKUM

3HaUEeHMEM € MOJKET HMETh Majyi0 IPOOGHBHYIO HAIPIXKEHHOCTD.

Toraa npu sagannoM NpoGUBHOM HANPAYKEHUH TOJNIMHY TUIJIEKT-

PHYEeCKOro €J0si HEOOXOAVMO YBENIUYUBATH, U BLEIUTPHIII B Y[eNb-

HOH eMKOCTH OKAa3bIBAETCA MEHbIIe OXKHUIAaeMOro.

IIpu BrIGOpEe qUANIEKTPUKA JJIA BHICOKOUACTOTHBIX KOHJEHCATO-
PoB (Kax TOHKO-, TAK ¥ TOJICTOIJIEHOYHBIX) MPUXOFUTCH HOMOJIHHU-
TeJIbHO YINTHIBATH IOTEPH 3Hepruu B auanexkTpukxel. Uto Kacaerca
OMHYECKHX IIOTepb B OOKJIagKax IJIeHOYHHBIX KOHAEHCATOPOB, TO

1 3t norepn xapaKTepPH3YIOT IapaMeTPOM <«TAHTeHC AenbTa» (1g8) — TaHreHcoM
VIJa Me)kgy BeKTOpaMH IIOJHOTO TOK& M PeaKTHBHOH cocTamislomeil TOKa wepes
KOHJeHCATOp IIPH 3afaHHOH YacToTe. Ec/K noTepy HesHauYHTeNbHHL, TO tg8 ~ 8 << 1.
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OHY ropasfo MeHbllIe, YyeM y IOJyIIPOBOJHHKOBEIX KOHAEHCATOPOB,
IOTOMY UTO B KadecTBe OOKJIANOK WCIOJb3YIOTCA METANIUYEeCKUe
CJIOM C BBICOKO¥M IIPOBOSMMOCTHIO,

B Tabxa. 7.6 npuBegeHb! TUIIMYHBIE TAPAMETPHI NIJI€HOYHBIX KOH-
aeHCaTopoB. [ CpaBHEeHWA BOCHPOU3BEAEHBI TaK)Ke I1apaMeTDhI
6u3skux umM 0o crpykType MOII-xorgeHcaTropoB. M3 rTabamin:
MOKHO CHAefaTh CHAeAVIoIue O6Iue BBIBOABI:

O yZenbHBIe €MKOCTH IJICHOYHBLIX KOHOEHCATOPOB (IIpu HamJe)ka-
u1eM BBIOOpe AMINEeKTPHKA) B HECKOJBKO pas U Jake Ha IIOpiA-
JOK HPEeBBIalT yAeabHyl0 emKocTh MOII-KOHZeHCAaTOPOB u
TeM Oonee muddysHMOHHLIX KOHIEHCATODOB;

O MaKCUMaJbHbIe EMKOCTH INICHOYHBLIX KOHIEHCATOPOB MOTYT OBITH
Ha HECKOJbKO IOPAAKOB Oojblile, YeM €MKOCTH NOJYIPOBOLHHU-
KOBBIX KOHAEHCATOPOB, INIaBHEIM oOpasom Giarogapsa Oosipineit
nIomagy (IOCKOMBKY IUIOIaAs Hognokex rubpuaunix MC 3Ha-
YUTEeNHbHO IIPEBHIIAET IUIONIaAb KPHUCTAJIOB IHOJYIPOBOTHUKO-
Beix HIC);

0O TOJCTOIIEHOUHBble KOHJEHCATOPH HE3HAYUTEJbHO YCTYHaioT
TOHKOIIJICHOYHBIM II0 OOJBITMHCTBY IIApaMeTPOB, 3a HCKJIOUE-
HUEM, MOXKeT ObITh, TeMIIepaTypHOro koaddunueHTa;

{0 AJiA BEICOKOYACTOTHBIX TOHKOIJIEHOYHEBIX KOHJEHCATOPOB OIITH-
MaJbHBIM AV3/JEeKTPHKOM ABJISAETCA MOHOOKMCH KPeMHUs; GIu3-
KMMH K Hell IlapaMeTpaMy 00/afaeT TaK)xe MOHOOKMCH IrepMa-
HUA.

Tabauna 7.6. THun4YHLIe MapaMeTpsl MICHOUHBIX KOHASHCATOPOB

T I
i
g o & ~
- o 2 TKE &
; 0 ,
Tun KoHjgeHcaTopa ! g ;i 2 5, % % /°C §
{ . 2 )
S Ry @
'sio | 60 | 1500 |=15| 0,2 200
Tomxomre- ) 6 T 1500 | 410 | = 15| 0,03 30
HOYHBIN 1 5 |
| Ta,05 | 4000 10 + 15 0,02 30
. s +0,05.. |
ToncronneHoYHbIH 1 10 +* 20 | +0,15
MOII | 350 | 200 |=20] 0,02 10
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Cieyer 3aMeTHUTh, UTO B IOCJIeHEe BPeMs, B CBA3H C HAJIHMUNEM
MHHHMATIOPHBIX QUCKPETHBIX KOHAEHCATOPOB (B TOM 4YHCJie ¢ BeCbMa
OOJIBLIION €eMKOCThIO — JO HEeCKOJbKUX MUKPodapak), Habaozaercs
TeHAEHIYA K OTKAa3y OT INIEHOYHBIX KOHAEHCATOPOB M 3aMeHe X
HaBECHBIMH KOHJEHCATOPAMU.

Karymxu naaykTuBHOocTH. Kak y)ke oTMeuanocs, BOZMOXKHOCTE
OCYILIECTBIATH KaTYIIKY UHAYKTUBHOCTH METOLAMH MUKPO3JIEKT-
POHVKY ABJAETCA OJHMM M3 KOCTOMHCTB IIJICHOYHOH TEeXHOJOTHH.
Taxue KaTyUIKH HPEACTABJSIOT Co00i NMJIOCKME CIupaiu, OOLIYHO
OpPAMOYTONBbHOM KoH(purypanuu (puc. 7.52). [lna ymeHbIIeHuA co-
NpOTHBJIEHUA B KauecTBe MaTepuaia
ncnoas3dyercs: 3oimoto. Hlmpuna me-
TAJMIUIECKON TIOJIOCKM COCTaBJAET
30-50 MrM, IpocBET MEKAY BUTKaMH
50-100 mxm. IIpu Takux reomerpu-
YeCKMX pasdMmepax yjelbHas HUHIAYK-
THBHOCTEL JISKUT B pumamasone 10-20
HH/MM2, T.e. Ha mwromamu 25 mwm?
MOKHO IIOJYYUTH UHAYKTUBHOCTH
250-500 ul'm.

Ho6poTHOCTH KAaTyIlleK WHAYKTHUB-
HOCTH Ha BBICOKOI HYaCTOTe OIIpefess-
eTcA BBIpa’KeHUEeM

Q, =ol/r,, (7.11)

Pac. 7.52. Ilnenounas KaTymika
HHAYKTHBHOCTH

TOe r, — COIPOTHBJIEHNE BHICOKOUACTOTHHIX noreps. Hanpumep, Ha
yacrore 100 MI'y go6GpoTHOCTE MOXeT UMeTh sHaueHue @, = 50. B
oTanuve oT gobpoTHOcTH KoHpeHcaropa [cMm. (7.8a)] moGporHOCTH
KaTyILIKY BO3PacTaeT C yBeJHYeHHeM YACTOThI. [103TOMY IJIeHOY-
HBIe KaTYIIKHX MOTYT yCHeIlHO pafoTaTh B AUANA30HE CBEPXBHICO-
Kux yacror (CBY), nmpu uacrorax 3—5 I'T'i. Ilpu arom uwmcio BuUT-
KOB cocrasysgeTr 3—5.

B cBasu ¢ paspaboTKOil MUKPOMUHHUATIOPHBIX IIPOBOJOYHLIX Ka-
TylleK NpUMEHeHHe IMJIeHOYHBIX KaTyIIeK, ocO0eHHO Ha yacToTax
MeHee 50—100 MTI'n, orpamuuwBaeTcsA, ¥ IIPEJIOYTEHHWE, KAK U B
Cllydae KOHAEHCATOPOB, OTHAETCS HABECHBIM KOMIIOHEHTaM.
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KoHnTpoJbHBIE BOIPOCHI
1. JaitTe onpesesieHye 3JIeMEHTAM UHTETDAILHBIX CXEM.

2.
3.
4.

5.

e

10

11.

12.
13

14.

15.

16.

17.

Kaxue oCHOBHbI€ METOJbI U30JAIUY 3JIEMEeHTOB BhI 3Haere?

B uem ux npuHIUNVAaIbHbIE JOCTOMHCTBA ¥ HEZOCTATKH?

B kxarkoM HampapJeHUM IPOZOJXKAETCs IPOrpecc B paspaboTke
METOOB U30JIAIYH 3JI€MEeHTOB?

Hapucyiire koudpurypanuio 1 Ha3oBUTe XapaKTeP ¥ apamMeTphl
pacmpezesieHus1 IpUMeceil B TPAH3UCTOPHOM N—p—N-CTPYKType.
Ilouemy npoOuBHOEe HaUpsAKeHHe KOJJIEKTOPHOIO IIepexoja
n—p-—-n-TpaH3ucTopa 0oJbIle IMUTTEPHOr0?

Hapucyiite cTpyKRTYPY MHTETPAILHOrO n—p—n- (p—n—p)-TpaHsu-
CTOpa ¥ YKa’KWUTe Ha Hell Bce TapasuTHbIe NapaMerpsl. Kakumu
U3 3TUX IapaMeTPOB OTPAaHWYMBAETCA BpPeMs HepeKII0UYeHUusd
UHTEerpaisbHbIX TPaH3UCTOPOB?

Kaxue pa3HOBUAHOCTY UHTErPANILHEBIX OUIIONAPHBIX TPAH3HUCTO-
POB BbI 3HaeTe?

Yem onpegensierTca npobiieMaTHUKa CO3JaHUA CBEPXTOHKOM 6a3nl
OMIIONAPHBIX TPAH3UCTOPOB?

Ilepeuucnure OCHOBHEBIE OIleparyu¥ CO3ZAHHA CTPYKTYp OHUIIO-
JIAPHBIX TPAH3UCTOPOB.

HapucyiiTe HeCKOJIbKO BapHMAHTOB AUOAHOTO BKJIIOUEHUs TPaH-
3UCTOPOB.

Yem oTnmualores cTpyKTypst nosesoro u MIII-Trpansucropos?
Hapucyiite cTpyKTYypPy KOMILIeMeHTapHo# nmapst MOII-Tpansu-
CTOPOB.

B gem sakirouaerca NpUHNUI CAMOCOBMEHI@HUA IPHU M3TOTOB-
aAeun MOII-rpansucropos? IIpy H3roTOBIEHWH KAKHX elle
OPYTHX HHTErpaJpHBIX CTPYKTYP MCIO/E3YETCA 9TOT IPUHIAT?
Kak usrorapnuBaercs noaukpeMuuessiil 3aTsop? Kakossr npe-
MMYILIECTBA MCIOJb30BaHUs IIOJUKPEMENEBOM MeTa nusanuu?
C Kakol TOYHOCTBIO ¥ KAKOTO HOPALKA BeJIMYUHEL MOYKHO HU3TO-
ToBUTHL AUt y3uoHHIH pesucTtop? KakuMu MeTogaMu MOKHO
TNOAHATH Ipejebl 3HaUeHUH Pe3HCTOPHBIX CTPYKTYP?

Kakue cTpyKTyphl HCIONBL3VIOTCS B KauecTBe KOHZEeHCATOP-
He1x? YTO OrpaHMYmMBaeT IpeAeNbHbIE TapaMeTPhI IOJyIPOBOA-
HUKOBBIX KOHJEHCATOPOB?
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18. IloueMy ucmons3oBanue marepuanos rpynnsl A™B' nmossonsaer
noBbIcuTh GBIcTpogeitcTBue VIC?

19. HapucyiiTe CTpyKTYypy HOJI€BOTO TPAH3UCTOPa ¢ 3aTBOpOoM IIloT-
Tku Ha GaAs. [losicHuTe IpUHITUITIEI €70 CO3JaHuA U PAbOTHI.
20. Kakumu cpecTBaMy MOKHO IIOBBICHTH OBICTPOAEHCTBYME IIPO-

CTOTO IIOJIEBOTO TpaH3ucTopa ¢ 3arBopom HlorTku?

21. Kakxue maTepHuanbl UCHOJBL3YIOTCA AJsA CO3JAHUA IIJIEHOYHBIX
pesucropos? Kakue npefenpuble apaMeTphl HJIeHOUHBLIX Pesu-
cTOpoB MOKHO 0b6ecneunTs? C KaKOH TOUYHOCTHIO?

22. Kakue maTepuaisl UCHOJIB3YVIOTCA M KaKOTo NOPsAKa Ipeaeb-
HbI€ apaMerpsl MOXKHO IIOJIYYUTH IPY CO3ZAHUY IUIEHOUYHBIX
KOHJeHCcaTopoB?

23. MO>XKHO JI¥ M3TOTOBUTH IIO TexHosoruu kpemuuesbx MC karyii-
K¥ MHAYKTUBHOCTH?

24. Kaxoro nopsajgka BeJIMUUHEL ¥ JOOPOTHOCTH MOXKXHO M3TOTOBUTH
UHAYKTHUBHOCTH IO TOHKOIJIEHOYHOM M TOJICTOIJICHOYHOH TeX-
HoJslorum?



fnosa & - - —
OcHOBbI LNPPOBON CXEMOTEXHUKN

8.1. Beegenue

CxemMOTeXHUKa MWKPO3JeKTPOHHEIX YCTPOMCTB, BO3HUKINAA Ha
0a3e QUCKPETHOW TPaH3UCTOPHOH 3JIEKTPOHUKU, SBJSAETCHA HeIpe-
PBHIBHO Pa3BUBAIOIIEHCs MH)KEHEePHON AUCIUILINHON. B xone Gomee
yem 30-7eTHEro pasBuTHA IPOUCXOAHUI CBOETO POJA «eCTECTBeHHEBIHN
oT60p» M3 OIrPOMHOro KOJIHMUYECTBA CXeMHBIX peilleHuil. B mocneny-
IOIIUX TJIaBaX pPaccMaTPUBAIOTCA CXEMbI, COCTABJIAIOIINE «30JI0TOH
boHx», KOTODEIII HauboJee HACTO HCIONL3YETCA B COBPEMEHHOM
CXeMOTeXHHKe ¥ sABJIAETCA OCHOBOI ee HaNbHEHIIEero pPasBUTHUA.

Knaccupuranusa aJIeKTPOHHBIX cXeM. B HacTosIee BpeMs IIpH-
HATO JeJVTh 3JIeKTPOHHEIE CXeMEI Ha ABa KJacca: yu@posésle U aHa-
a0208ble.

B ocnoBe 1u(poBBIX CxeMm JIEXKAT IPOCTeMHIIne MPaH3UCTMOPHbLE
K04y — aHAJIOTH MeTaJLIMUYeCKUX KOHTAaKTOB. Kilouu xapakTepHsl
ABYMS YCTOMYHBHIMH COCTOAHHUAMH: PA30MKHYTHIM M 3aMKHYTHIM.
Ha ocnose mpocreiimmux Kiaioueil cTpoATcsa 0ojee CIOKHBIE CXeMbl:
JoruyecKkue, OucTabuiIbHBIE, TPUTTepHBie (CIYCKOBBIE) M [IP.

B ocHOBe aHaAJIOTOBLIX CXeM JIeXKaT NpOCTeHIllue YCHUINTENbHbIE
STYEeUKY — Kackadv: uiru cmynenu. Ha ocHOBe yCHIUTENBHBIX Kac-
KAJOB CTPOATCA CIOKHBbIe (MHOTOKACKATHBIE) YVCHUIUTEIH, CTabmau-
3aTOpPBl HAmpAKeHHUA ¥ TOKa, NpeobpasoBaTeny 4acToTsl (MOZyisA-
TOPBI ¥ [ETeKTOPBI), FeHepaTophl CHHYCOUJANbHEIX KoJMeOaHumi H
pax apyrux cxeMm. Takmue cxembl HMHOrJa HA3bIBAIOT JIMHEHHBIMH
WY KBAa3sUJAMHENHBIMY, XOTA 3TO Ha3BaHUeE INOLXOAHUT TOJIBKO A
ycuaureseit ¥ crabunau3aTOpPOB, a AJsA OCTANIHHBIX CXeM SBIAETCH
YCIOBHBIM,

Crnenmudunky nudpoBbix ¥ aHAJOTOBEIX cXeM yA00HO MOSACHHATH C
TIOMOII[BI0 TAK HA3BIBAEMbBIX InepedamoiHbiX XAPAKMepUCMmuK,
ONUCHIBAIOIIUX 3aBUCHMOCTH BHIXOAHOM BEIMYHHBEL OT BXOZHOM.
Jsa onpejeseHHOCTH IPUMEM, UTO S3TH BeJUUYUHBl — HANpPsKeHUA.

Ha puc. 8.1 nmokazansl TMIMYHEBIE ITIepeJaTOYHbIe XapaKTepHUCTH-
k¥ cxeM. Iludpoir I oGosHaueHa XapaKTEepPUCTHUKA UHEEPMUDYIO-
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wjux cXeM, y KOTOPBIX HUSKUM BXOJHBIM HalPAKEHUAM COOTBETCT-
BYIOT BBICOKYIE€ BBIXOAHBIE, a Hu(}poil 2 — XapaKTepUCTUKA HeUuH-
8epmMupyIoUUx cXeM, Y KOTOPhIX HU3KUM BXOAHBIM HalpS)KeHUAM
COOTBETCTBYIOT HHU3KME BBIXoxHble. lHBepTHDyIOIlHE CXEeMBI HMMe-
10T GonpLIOe pacupocrpaHeHue, Takye Ke XapaKTePUCTUKY CBOKCT-
BEHHEI U IIPOCTENINNM KJII0YaM, ¥ IPOCTEHIINM yCUIUTENAsHBIM Ka-
ckagaMm. OMHAKO MCHOJIH30BAHYIE 3TUX XaPAKTEPUCTHUK B TOM H ADPY-
oM KJacce CXeM IPUHIUINANLHO Pa3iudaerc.

B TpansucTopHOM KJIOue ABa €ro YCTOMYMBLIX COCTOSHUS (paso-
MKHYTOE ¥ 3aMKHYTO€) COOTBeTCTBYIOT ToukaM A u B (puc. 8.1). B
TOYKe A KJIOY Da3OMKHYT ¥ Ha HeM Iagaer OOJbIIOe HANPsKeHUE,
a B TOuKe B KJI0Y 3aMKHYT U nage-
HYe Hanpa’KeHuA Ha HeM OJIU3KO K
HyJaI0. BxoaHble U BBIXOZHEBIE CUT-
HaJbl (HAaIPs)KeHUs1) B KJII0Ye IIpHU-
HUMAIOT TOJIBKO [gBa 3HaYeHUA:
aubo Uy, v U, 4, Mu60 U p u
U,xpe POpMa IepegaTOuHON Xa-
PAKTEepHUCTHUKY MeXJAy TOYKaMu A
U B HecyllecTBeHHa; €CJIM OHa Me-
HaeTcA (KaK NOKAasaHo MTPUXOBOH
JIMHVEH), TO BHIXOJHBIE CHUTHAJBI 0 T U, p
OCTAIOTCA HpPaKTUYeCKH Heu3MeH- CJXAUC AU Bx
Heimu. OTcloga ciefgyeT, UTO KJIIO-
uy, a 3HAYUT, U NudpoBsie cxembl Puc. 8.1. Ilepegarounkle Xapakre-
MaJl0 4yBCTBUTENbHEI K pasdbpocy PHCTAKH SJICKTPORHBLX CXEM:
(momycxam) napameTpoB, K UX TeM- I' — umneprupylomux;

2 — HEHHBepTHPYIOINHX
TlepaTypHON 3aBUCHMOCTH (TemIle-
patypaoMy Apeiidy), K K3MEeHEHHIO
TIapaMeTpoOB CO BpeMeHeM (BpeMeHHOMY apeiidy), a TaksKe K BHeEII-
HUM 3JIEKTPOMarHUTHLIM IIOMeXaM (HaBOJKaM) ¥ COOCTBEHHBIM IITY-
maMm. Ilocaequuil BRIBOA UILIIOCTPpUPyeTCs HA puc. 8.1 Tem, UTO He-
Gosbmive Konebanua Hanpsskenuda AUg oKoso Touku B (9TO Moryr
ObITE ITyMBI MJIM HABOAKH) IPAKTHYECKH He MEHAIOT 3HAYEHUA BhI-
XOJHOTO CHUTHAajia, a 3HAYUT, He BJIUAIOT Ha pabory Kiioua.

B ycunurensHoM Kackage HCIOJB3yeTCsA HEINPEPHIBHBIN pado-
YNl yYACTOK IepeJaTOuYHOM XapaKTEePUCTHUKHY MEXKAY TOUKAMHU a U
b. BxogHple ¥ BBIXOAHBIE CUTHAJIbI MOTYT NIPHHUMATH JIO0ble 3Ha-
YeHWA B Npefesiax 3TOrO y9acTKa M CBs3aHBI JPYT C APYyroM QYyHK-
UMoHaneHOH 3aBucumocThio Uy, =f(U,,). OueBugHo, uTo moGas

U

BBIX
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«redopManysi» XapaKTEepUCTUKYU Ha yuacTke a—b, MO0 Kakum Onl
NPAYHHAM OHA HY IPOUB3OIILIa, 6yAeT HemoCpeACTBEHHO OTPakaTh-
cA Ha yKas3aHHOHN (hyHKIMOHAJIBLHONA 3aBUCHMOCTH U Ha pabore cxe-
Msi. Hanpumep, npu ogHOM u TOM Ke BxoaHoOM curraie U, . Bbi-
XOJHOH CHMTHaJ MOXKeT IPHMHVMMAaThL pasjauvHbie sHavenua U, . .,
U,uxcr - OTCIOnQ ClleAyeT, UYTO YCHIHTENbHEIN KacKaj, a 3HAYHUT, U
aHaJIOTOBbIe CXEMBI YyBCTBUTENbHLI K pa3bpocy mapamMerpoB, K HX
TeMIepaTypHOMY ¥ BPDEMEHHOMY apeiidy, a Takike K IIyMaM ¥ Ha-
popgkam. Ilocnequuit BEIBOZ MINIOCTPHUpPYeTCs Ha puc. 8.1 teM, uto
Hebonbive Konebanna nanpsorenua AU, okono Touku C Bi3bIBa-
IOT 3aMeTHbIe M3MEHEeHVs BHIXOJHOTO CHIHAJa B COOTBETCTBHUHU C
byurmmeit U, = f(Ug,).

BHyTpu Ka'kgoro Kjacca 3JIEKTPOHHBIX CXeM — NIU(POBBIX U
aHaJIOrOBEIX — pasdyMeeTcs, UMeeT MecTo 6oJee feTalbHag KIaccH-
(purangus, mpeskae BCEro IO BHITIOJHAEMBIM QYHKIIUAM.

MsI HauHeM M3yUeHWe CXEeMOTEXHWYECKUX OCHOB MUKPOIJIEKT-
POHUIKY C TPaH3UCTODPHBIX KJHOYeH M KJIOUEeBHIX CXeM, Kak Ooiee
TIPOCTHIX, XOTs MCTOPUUYECKYV TEePBHIMU Da3BUBAIWCH aHAJOTOBLIE
cXeMBbI (HIMEHHO OHY COCTABJAJK OCHOBY PAgVOTEXHUKYN — IIEPBOH
obnacTu HmpuMeHeHUA 3JeKTPOHHHX Hpubopos).

8.2. Craruuyeckuii peXxuM NpocTeiniero OGHIOJAPHOTO
KJI04a

B crartmuyeckoM pekume KJOYa, T. €. B ABYX €ro yCTOMUHBHIX
Toukax (A u B Ha puc. 8.1), ugeanpHbIMy IapaMeTpamMu 00J1aga0T
MeTaJlJInuecKue KOHTAKThI, 3aMbIKaeMble M Da3MbIKaeMble ITyTeM
MEeXaHHUUECKOTO INepeMeIleHUsaA. ¥ TaKMX MEeXaHWYeCKHX KJiloueid
OCTaTOYHbBIA TOK B PA3OMKHYTOM COCTOAHYH OIpegeIsieTcsa KauecT-
BOM HM30/IAIMY ¥ 06bIuHO He npesbimaer 10712 A, B zaMKHyTOM CO-
CTOAHUY OCTATOYHOE HAIpAKeHWEe Ha KOHTAKTe COCTABJsSET JOJH
MHUKPOBOJIbTA IPH ToKax nopsagka 1 MA. Ilo stum mapamerpam Me-
XaHUYeCKue KJIOYM I[IOKa OCTAIOTCHA BHE KOHKYPEHI[UH.

OpHako B JUHAMHUUYECKOM DeK¥UMe, T. €., IIPH IepeKJIUeHNH U3
OJHOI YCTOIYMBOI TOUKU B APYTYI0, MeXaHUYECKUe KJIIOUYU 3HAYM-
TEeJbHO YCTYHAalOT 3JIEKTPOHHBLIM IO MaKCHUMaJLHOM uHacroTe Iepe-
KJIIOYEeHUNH, HaJeKHOCTH KOHTAKTA M CPOKY CIy>XKObl. JTH IOKa3a-
TEeJIY OKa3aly pelralolee BAUAHNE HA 3aMeHy MeXaHNYeCKUX KJIIOo-
yell 3JIeKTPOHHBIMYK B IM(MPOBBIX YCTPOHCTBaX.
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PaGoume rTouku. Ha puc. 8.2 mokasana
cxeMa IIPOCTeHINero TPaH3MCTOPHOrO KJIIO-
ya. TpaH3uCTOp BKJIOUEH IO CXeMe ¢ 06IuM
smurrepom (03). Yupasasemoi (IpephiBae-
MOH) ABJsIETCA KOJNJIEKTOpHAadA Liellb C UCTOY-
HUKOM NIuTaHusa E, ¥ Harpy3KoH B BUAe pe-
suctopa R,. B ympasaamwomeit (6a3oBoii)
ey BKJIOYEeH HCTOYHUK YIIPAaBJAIOIIETO
HanpsKeHusa Eg u mocief0BaTeIbHOE CONpo-
tTuBJeHNe K. Puc. 8.2. IIpocreiimuit

Ecnu nHanpsaxenue Eg MMeeT OTPUIATENb-  TPAHSHCTOPHBIH KJIOY
HYI0 IOJAPHOCTH, TO 3MHUTTEDHBLIA IEPEXOf
cMelled B o0paTHOM HalpaBJeHUY, TPAH3UCTOP 3allepT, ¥ OCTATOY-
HBIA TOK B IeNI¥ Harpy3kKu oueHb Mad. COOTBETCTBEHHO HampskKe-
Hue Ha Kmode U, 6ausko K E,.

Ecnu Hanpsaxerue E, MMeeT NONOXKUTETLHYIO HONAPHOCTD U JO-
CTATOYHO BEJHKO, TO TPAH3HUCTOP OTKPHIT, B (€Y HarPy3KYU NPOTe-
KaeT TOK I, ¥ OCTATOUHOe HANpA’KeHHe Ha KJIodue MOXKeT ObITh
0JIM3KUM K HYJIIO.

M3 cka3aHHOTO ClIeqyeT, YTO pacCMAaTPHUBAEMbIH KJIIOY SABAAETCA
WHBEPTHUpPYIOIIe# cXeMO#, TaK KaK yBeJHYeHHe BXOJHOTO HaIps-
JKeHud Eg OT OTPUIATeBHBIX 3HAYEHUH K IIOJIOKUTENbHEIM COIPO-
BOMKJaeTcsA yMeHbIIeHNeM BbIXOZHOTO HampsmkeHua U,, or E, fo
MaJIOTQ OCTATOYHOT'O HANPSYKEHUA.

OcTaTo4HbBI TOK ¥ OCTATOUYHOE HAaNPSKeHWe — IJIaBHBbIE CTATH-
yecKue napameTpsl karouya. PaccmoTrpum ux nojgpobGHee.

B zamepToM COCTOAHUWHK KJIOYa, CTPOTO TOBOPs, JOJYKHO BBHINOJI-
HATbCA yesosue Eg <0 . OfHAKO yYUTHIBasA, YTO TOK p—r-TIepexoja
3KCIOHEHIMAJAbHO 3aBHCHUT OT IPHJIOKEHHOTO HANPSIKEeHWs, A
KaXKJ0T'0 KOHKPETHOT'O AMAaNa30oHa Pe)KUMMHBLIX TOKOB MOXKHO OIIpe-
JeJIUTh AOCTATOYHO PE3KYI0 IPaHUIly 00JIacTH IIpAMBIX CMEIEHUH,
TIPH KOTOPAIX 3THM TOKOM MO>KHO npeHebpeus. IlosTomy KpemHue-
BBIN N—p—N-TPAH3UCTOP KJIIOUA MOXKET CYUTATHCA NPAKTHUUYECKH 3a-
nepreiM, ecau Eg < (0,5-0,6) B. Ilpx aTOM TOKH BceX TpeX 9JIEKT-
POZOB TpaH3uCTOpPa OOLIYHO He IIPEBHIINIAIOT JOJed MUKpoaMiepa.
IlosTomMy majgeHusiM¥M HaIpPsOKEHHA Ha COIPOTHBIEHUAX R, m R,
MO0 upeHehpeus U cuurats Ug = E; u U, = E_. 3anepTomMy co-
CTOAHMIO KJIOUa COOTBETCTBYIOT TOYKH A Ha prc. 8.3.

Koraa nanpsxenue Eg gocruraer snauenus U, rpaH3uUCTOP OT-
nupaerca. Haunnaer nporexaTs 6a30851# TOK Iy, ¥ NPONODPIMOHA-
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Ig

BI}

Is3 Iy 6
2 R,

Iy 1
~=A
A0 A vr Eg Egz Eg ovu,., U E, Uy
a) 0)

Puc. 8.3. Pacnosoxxenre paGodux TodeK KJIOYA HA CTATHUYECKHX XapaKTepHCTH-
KaxX TPAaH3HUCTOpA. & — BXOAHOH, 6 — BBIXOZAHOH

JbHBIN eMy KOJIJIeKTOPHBIN TOK I, ,, a MOTeHIHal KOJNJIEeKTOPa CooT-
BeTCTBEHHO yMeHbIaeTcs (cM. Touku | Ha puc. 8.3). Ilpu ganvueii-
mIeM pocTe Haupsorkenud Eg nmoTernuan 6asst Uy ocTaeTca paBHBIM
U” (puc. 8.3, a), HO TOKH NPOROKAIOT PACTH, A IOTEHIIMAT KOJ-
JIeKTopa — Tmajarsl.

B Touke 2, mpu ToKe Iy, mOTeHIMaa KoJneKTopa U, menaercs
paBHbIM U®, a Hamps)keHHe Ha KOJUIEKTODHOM Ilepexoje
U, = U, — Uy — pasreIM Hynwo. lIpn ene GompIinx TOKax Hanps-
skenue U,, CTAaHOBUTCA OTPHULIATENIBHBIM, T. €. IPAMBIM, ¥ TPaH3U-
crop paboraer B pe:kuMe JBOiHOM uHkeKiuu. OgHAKO JO Tex IIOp,
NOKa NpAMOe HaIpsKeHWe Ha KOJLJIEKTODHOM Iepexofe OCTaeTcsa
MeHsllle Hanpskenu:a ornupanus (0,5-0,6) B, urikeKIua KONJIEK-
TOpa HECYIIecTBEHHA ¥ TOK KOJUJIEKTOpa NPOoJOJIXkaeT PacTH IIpo-
NOPOUOHANBHO TOKY 0assbl.

Tonbko B Touke 3, Ipu ToKe I43, KOTQa NpamMoe Hanpsbxenue Uyg
JNOCTHUraeT HANPAYKEHUA OTIHUpPaHUs (2 MOTeHIHa] KOJJIeKTopa CO-
oTBercTBeHHO nagaer fo 0,1 B), MH)KeKLI¥A KOJNJIEKTOpa HauuHaeT
NIPEeNnATCTBOBATH AAJIbHEHIIEMY YBEJUWUEHUIO KOJIJIEKTOPHOTO TOKAa
¥ 9TOT TOK OCTaeTcA fAajiee NMPaKTUYeCKY HEU3MeHHBIM.

1 Ha puc. 8.3 u gajee Ay HAXO0KASeHUA pabouHX TOYEK HCIONb3yeTca Memod aunuil
Hazpy3xu. 910 cnoco6 rpadHUvecKoro ONpeseaeHERsa TOKa U NOTeHHHala B oGuieH
TOYKe IIOCJIeZOBATENDbHO BRJIOUEHHEIX 3JIEMEHTOB C McIoin3oBaHmem BAX atux
anemeHTOB. II0 OCH HAmps>KeHHiH OTKJaAbIBaeTCs 3aaHHOE HalpsykeHue (B ZaH-
HOM cJy4ae BeJHYHHBI E; HaK E.) 1 U3 5TOH TOYKH IPOBOAUTCA BOJIbLT-AMIEPHAA
XapakTepUCTHKa Harpys3kH (B JaHHOM CiIydae — pe3HcTopos Ry win R,). Touxa me-
pecedeHHsa 06eX XapaKTePHUCTHK — OCHOBHOMN U Harpy304HOH — OoIIpeAesideT TOK H
HaIpsKeHHe B TOH Wi MBOH nemu.
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Taxoil MaKCHUMaJAbHBIH TOK KOJIJIEKTOpPa HAa3bIBAIOT MOKOM Ha-
couyenua u obosnauawT I, .. CoOTBETCTBEHHO M PEXXMM ABOIHOM
WHMKEKIUY, XapaKTePHBIA [JJIA OTKPHITOI'O COCTOSHUA KJOYa,
06BLIYHO HA3BIBAIOT PeXUMOM HacbiueHus TpaHsucropa. OTKDPHITO-
My (HaACBIII[EHHOMY) COCTOAHMIO KJIOYa COOTBETCTBYIOT TOUKH B Ha
puc. 8.3. Ynpasidomue TOK ¥ HaNpspKeHWEe B OTKPHITOM COCTOA-
uum obosHauenst uepes Ig u Eg.

OcraTouHOe Hanps KeHHe Ha KJIoue B TOUKe B COTepP)KHUT ABe CO-
cTaBJAIITe:

Uger = Uxs + Txalns (8.1

rpe U,, — Pa3HOCTE HaNpAXKEHUII Ha Tlepexofax, I, r.. — Magenne
HaNpPsYKeHMsI HA OMUYECKOM COIIPOTHUBJIEHUH KOJJIEeKTOPHOMH obiac-
TH TPaH3UCTOpA.

s omipenesieHus1 IepPBOIl COCTABNAIOIIEH BOC- TK
TMoAb3yeMes (PHI3UUEeCKOl MOeNbI0 GUIONIAPHOTO
TPaH3UCTOPA B BUJe 3KBUBAaJIEHTHO CXeMBbl, IIpe[-
craBieHHO# Ha puc. 8.4: I, =—I§%(euﬁ“/‘” -1) —
TOK 4epe3 3SMHUTTEPHBIM JUOJHBIX 3JIEMEHT,
I, = %‘“—(evﬁ" /0T _ 1) — 7oK uepes KOLNEKTODPHEIHA
AMOAHbIH smeMent, I,, =1 q(” /7 —eVn/07)
TOK ymOpasiseMoro ucrounumka, C, =Cu, + I, (—;—;—
— ©eMKOCTb 9MHUTTEDPHOIO JUOJHOTO 3JIEMEeHTa,
Cy =Cg + I ;—: — eMKOCTb KOJIJIEKTOPHOTO LH-
OHOTO 3JIeMeHTa, Tae I, — IapaMerp MOAeIH
YIpPaBIsgeMOro MCTOYHHMKa ToKa, By u B; — Hop- Puc. 8.4. Oxpusa-
MaJbHEIA ¥ MHBEPCHBIM CTaTHUeCKHe Koabdumu- ”222?2’; cﬁi’frﬁa
€HTHl yCUJIeHUA ToKa 6assl, T, © T, — 3(13(1)eKTnB- Tpamngmpa
HOe BpeMs JKM3HY HEOCHOBHBIX HOCHTEJEH B 9MHUT-

TEPHOM H KOJJIEKTOpHOM Ilepexopax, C, u C,, — OapnepHbre
€MKOCTH TIePeXOZOB.

Toxm 6askl M KOJJIEKTOpa NPW 3aJaHHBIX HanpsxeHumax Ug, #

U,, ONpeReaAioTcsa BhIPaXKeHUAMHU:

I Uﬂ U —Uss
Ig ~ -x0 e x0 e Ur ,
N BI
Uso Us, Uy I Vs, Uss
I, =Igle 97 _ o Or _ K0 97
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Orkyna, uckawouasa Uy, monyuaem sasucumocTs U,, oT TOKOB
6a3bl ¥ KOJJIEKTOopa:

I; 1
M7 "B 41
Ug =0plnl| 14+ — || 22T~ — 1 (8.2)
B; I; 1
IKH BN

Hanpumep, ecs By = 100, B; =1 u I, = Ij, o U,, ~ 27 MB. Ecimn
I, =10 I, To U,, sBospacraer go 65 MB. 3aMeTHM, 9TO yMeHBLIEHHIO CO-
crapasiiomiet U,, crocoGCTByeT npexk/e BCero yBeaudeHre HHBEPCHOTO KO-
adpdunuenta ycuaerua B, Tak, ecoim B mpuBeJeHHOM IpuMepe IOJI0XKHTh
B; = 3, To spayenusn U,, cocraBar 12 u 40 mB.

Bropaa (oMuuecKas) coCTaBAsION[asd MEHAETCsS B HTUPOKUX IIpe-
Jejlax B 3aBUCHMOCTY OT TOKa HACHILIEHUA ¥ CTPYKTYPHI TPaH3U-
cropa. Hampumep, ecnu I, = 100 mxA u r,, = 10 Om (cTpyxTypa
€O CKPBITHIM ¢0eM), To I, .r,. = 1 MB, T. e. BTOpaa cocrapnAmmad
MHOro MeHbIne rneppod. Eciau xe I, = 2 MxA u r, = 100 Om
(crpykTypa 6e3 ckpsiToro cioa), To I, r., = 200 MB , T. e. BTOPan
COCTaBJSsIIOIAA 3aMeTHO IIPeBHIIIaeT NepByIo. MMEHHO IIO3TOMY B
kawoueBsix MIC Bcerma ucnons3yioT cKpeiThie caou. OGLIYHO NOMHOE
oCTaTOMHOe HampsukeHue cocrasaser 50—100 mB.

Kpurepnit Hacsienus. Vs puc. 8.3 HeTpyAHO NONYYUTEH CJIERY-
IOII¥e BHIPA’KEHUA AJIA OTIIHPAIOIero Toxka 6a3bl ¥ TOKa HAaCHIIe-
H¥sI KOJIJIEKTOpa:

I =(E5 ~U")/Rs; (8.3a)
Iiw = (Ex — Uger)/ By = Eg/Ry. (8.306)

ITockonbKy Hampsskerwe U™ cnabo 3aBHCHT OT TOKA, MOXKHO
CUUTaTh, UYTO B PEe)KMMe HACBHIIIEHUWsI TOKHM KJIOYA OIpeResIsioTCA
BHeITHUMY Uenamu (E;, R, u E,, R,). Hnaue ropopa, npu pacuere
Kaoya Toky I¢ ¥ I, MOXHO CUMTATh 3aJaHHBIMY, HE3aBHCHMBIMU
BeIMYWHAMY, a HanpsDKeHUsT — GYHKIUAMU TOKOB.

PopManbHbIM KpHUTEepHMeM HAaChII[eHUs KJaoda {T. e. peKxuMa
JBOMHOM MHXXEKIMH) fABIAETCHA yCJIOBMe, YTOOB HaIpsa’kKeHHe HA
KOJNJIEKTOPHOM Ilepexoge Ob110 mpaAmbIM. OgHaKO B Tex CiayvasdX,
Korjga 3afaHbl TOKY, TaKOH Kpurepuil Heynoben. BmecTo Hero uc-
HONB3YIOT TAK HA3BIBAEMHEINI TOKOBBIM KPUTEPHH HACHIIIEHUS:

BN Ig > IKH' (8.4)
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CyTb 3TOro KpuTepus COCTOUT B TOM, YTO TOK 6a3bl JOMKEH IIpe-
BBIIIATH 3HAYEHHE, IIPY KOTOPOM TOK KOJIJIEKTOPA AOCTUTAET 3HaJe-
gua I.,. HepaBencrso (8.4) mo/mxkHO GBITH JOCTATOYHO CHUJIBHBEIM,
yTO6EI Hen3be)KHBIe U3MeHeHUA BXOAANIMX B Hero BeJIMYUH He IIpH-
BOJMIY K BRIXOLY KJIIOUa M3 HACHIIIEHUSA ¥ COOTBETCTBEHHO K Dea-
KOMy BO3DPACTaHHUIO OCTATOYHOI'O HAIPAKeHH.

Cuny nepapemcTBa (8.4) xapakTepus3ylOT O0COOEIM IIapamer-
pOM — CMeneHnvio HaACbLUeHUA:

S =By I} /I (8.5)

3navenue S = 1 COOTBETCTBYeT rpPaHHUIE C AKTUBHLEIM DEXKH-
MOM, 3HauyeHHe S = 0 — HYJIeBOMY KOJJIEeKTOPDHOMY TOKY, a 3Haue-
Hue S = By — paBeHcTBY 6a30BOTO ¥ KOJJIEKTOPHOTO TOKOB. Ha
puc. 8.3, 6 cTemeHb HacChIlIeHUA COCTABJAAET S = 2.

Iapannensnoe coenuHenue Kinoveir. Ha npakTuke dacto ogus
WCTOYHUK HanpmKeHua E ynpapisaeT HECKOJLKHMH KJIOUaMMU.
Torma yuacTky 0asa—3MHTTEp 3THX KJIoUell OKa3bIBAIOTCH BKJIIO-

Is
Ikl IxZ ’ LZ
e
R | ’,
Ry [ ) - P P
r " If| 2
™ ks 7
I I Isp 1/2 16 ——— —= 4
< ==
& v N B
/,/’/\2
‘r,
L 0 Ug U* Us Us
a) o)

Pac. 8.5. IlapannensHoe coefHHEHHE KJIOUeil:
a — cxeMa; 6 — pacmpefleJieHHe TOKOB

YeHHbIMY NapajiensHo. Ha puc. 8.5. nokasaHa cxema ABYX Iapaj-
JIeIbHO BKJIIOYEHHBIX Kiaroued. OueBMAHO, uTo obmuii Tok I pac-
Opexpenserca (meauTcs) mexay Oasamm:

Is = Igy + Igo. !

Ecnu TpaH3uMCTOpPEI M UX PEeXKUMBI UAEHTHYHBI, TO OO TOK
ReauTcd MeXpy 6asaMu IIOPOBHY:

103423 Ig; = Isp =} Is.
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Ecnu »xe Bxoneeie BAX HeMAeHTHUHBI, TO paclpefejieHue TOKa
I, npy ofHOM M TOM JKe HAIpPAKEHHUM U™ mosxeT BbITh BecbMa He-
paBHOMepHEIM. [Ipuuunoit pasnuuua BxomgHuIX BAX mMoXkeT GBHITh
XapakTep Harpysxu. IIycTh OQUH TPAHBMCTOP HAXOAUTCA B AKTHUB-
HOM pe)kHuMe, a APYrod — B INIyOOKOM HAaChII€HNH, YTO, COTJIaCHO
8.2, COOTBETCTBYET OCTATOYHOMY HAaNPAKEeHWIO

1
Uy, = Inl+-—
] @7 BI

Toku 6a3el TPAaH3UCTOPOB ONPERENAIOTCS BLIPKEHUAMU:

Uss
Iﬁlz_lj"leq"r’
BN
Uﬂa %
) P =E'<ie“’7 +—]$’—e(” —-—————11 ) (8.6)
N I 1+ —
I
T.C.
Isy _ By

+
Iy 1+B,

IIpu By, >> B, 66abIas 4acTe MOJHOTO TOKa 6a3kl napasieabHo
BKJIIOUeHHBIX TPAHBHUCTOPOB IONAJAaeT B HACBIIEHHBIX TPaH3HUCTOP
¥ CHMMETpHs pacnpefgeieHns 0a30BOro TOKa HapyiuaeTcsa. Beipas-
HUBaHYe TOKOB 6a3bl MOXKeT OBITh JOCTUTHYTO BKJIIOYEHNEeM OJNHA-
KOBBIX COIIPOTHUBJIEHUI IOC/ef0BaTeNbHO ¢ 6azaMu KavKJ0ro TpaH-
sucTopa (Ha puc. 8.5 noka3aHpl LWITPUXOBBIMY JIUHAMH).

IocaegosarenpHas Kinodesasa uenouyra. OraenbHbie KJIIOYHM HC-
TI0JTH3YIOTCA IJIaBHBIM 00pa3oM B aHANOTOBBIX cxeMmax. [lna mudpo-
BBIX CXeM XapaKTepHa COBMeCTHasdA paboTa HECKONBKUX KIIOYeH —
Kaouesvle yenoyku. B TaKMX I[eNOUYKaxX KaoKABIM KJIOYOM YIIPaB-
JAeT NPeAbIAYIIUARA U CaM OH, B CBOIO Ouepelb, YIIPABJIAET IOCIeAY-
IOILIVIM.

PaccMOTpHM IOCHeoBaTeNbHYIO IEeNuuKy Kioueit Ha puc. 8.6.
Kmrou T4, nokasaHHBLIN IITPUXOBOM NuHMel, MoKa He Oymem ydu-
TeIBaTE. Ecau Tpar3ucTop T'1 OTKPHIT M HACHIINEH, TO IOTEHIUa
U, ¥ paBHBI# eMy noTeHiual Ug, OMuB3KY K HYJIIO, a 3Ha4YUT, TPaH-
sucrop T2 zanepr. Torga 8 6a3y Tpanaucropa T'3 nmporexkaeT TOK OT
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ucrounuka E, uepes pesucrop R,, u TpaH- o TEx
aguctop T'3 orkpeiT. Takum oGpasom, das
nocaedo6amenvHoll UENnoYKu xapaKmepHo
yepedo6aHUe OMKPLLMbLX U 3AKDbLMbLX
Kawoiel.

OKBUBAJEHTHbIE CXE€MBI IJIA KOJJIEK-
TOPHBIX IleTleil HachIIIEHHOTO U 3aIepTOTo .
TPaH3MCTOPOB IOKA3aHH Ha puc. 8.7. Itu L

el BT S
[}

cxeMbl IIO3BOJIAIOT OIPEAE/IUTh PeXuM Oa- 74
30BBIX Uelledl yIpaBiAsieMbIX TPaH3UCTO-
poB. CpaBHHuBasa cxeMy Ha puc. 8.7, a c 06-
meit cxeMoil Ha puc. 8.2, s3anuiieM napa- Pac. 8.6. Kiouesas
MeTpsl 0a30BOM IIeNY 3alepTOTO KJIOYa: HemouKa

Es =Ugr=0; Rg =0, (8.7a)
rae E; — «3anmpamoliee» Hanps:Kenue. CpaBHuBas cXeMy Ha

puc. 8.7, 6 c obmett cxemoit Ha puc. 8.2, sanulllem HapamMeTrpsi Oa-
30BO# ILENIM OTKPBITOrO KJIOUA:

Eg ~E.; Rs=R,. (8.76)

IlopgcraBnsia 3uavenusa (8.76) B suipaskenue (8.3a), momyuaem
BeJIMYVHY OTIUPAIOIEro ToKa 6a3mbi:

Ig = (Ex ~ U")/R. (8.8)

OTKpBITHIH

BanepTrIil
TpaHsucrop 12

|
|
a4

- @

HaceimenHolit
TpansucTop T'1
Ban. rpaus. T2

a) 0)

Puc. 8.7. OKBUBaJICHTHBIE CXEMBI KJIOYa:
4 — B 3aIepTOM COCTOSIHHH; 6 — B OTKPHITOM (HACHIIEHHOM) COCTOSHMH
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KoneKTOpPHBIN TOK HACHIIIEHHOI'O TPaH3HUCTOPA BhIpaskKaeTcs
T0i ke Gopmynoi (8.36), UTO ¥ B «HU3OJHMPOBAHHOM» KJIOUE:

Iy = (Ex — Uger)/By = Ex/Ry. (8.9

Kak BUAuM, KOANEeKMOPHELL U 6a308bii MOKU 6 nocaedosameltyb-
HOU yenowrke nowmu OOUHGKOEbL.

Ilogcrapass (8.8) u (8.9) B kpurepuit nacsienus (8.4), momy-
yaem OorpaHMuYeHue Ha Ko3(d(UIMeHT yCUJIeHUd:

B> EJ(E. - U*). (8.10)

Hackce Ipu MUHUMANBHEIX HANpsKeHUAX nuranusa E, = 1-1,2 B
nonyuaem B > 2,4-3,3, 4To /erko BHINONHUATE B OOBIYHBIX pabouux
peXuMax.

CremeHb HaCHIIEHUA KJIOUa B IOCJIERZOBATENbHOH IENOYKe CO-
raacuo (8.5) samuchiBaeTCA CAEAYVIOIIAM O0pasoM:

S =B (E, - U"/E,. (8.11)

IIpu o6bIUHBIX HaNpsKeHuAX nuTanudg (3—5 B) cremens HachH-
IeHMuA MOJKeT gocTturars 3HaueHuit 50-100 u Goiee.

B sakmiouenve moguepKHeM, UTO HaIPsKeHUe Ha Kiioue, pabo-
TaIOIeM B I[eIIOYKe, MeHsAeTcs B Ooslee Y3KUX TpejesaxX, ueM Ha OT-
AeIpbHOM, M30JUPOBAaHHOM KJlode. JleACTBUTENLHO, ¥ M30JIUPOBaH-
HOTO KJII0Ua B 3ameproM cocrosuuu mmeeMm: U, = E_ (cM. Touky A
Ha puc. 8.3, 0), TOrga Kak y 3alepToro KJjiwoua, paboraroiiero B 1ie-
nouke (72 na puc. 8.6), U, = U”. 9ra ocobenHOCTb 00yCI0BIEHA
TeM, UYTO KOJIJIEKTOpP 3allepTOTo TPAaH3UCTOpa coeguHeH ¢ 6asou cie-
OYIOIIEro, OTKPBHITOrO TPaH3UCTOpA.

HarpysouHast ¢cnioco6HOCTs Kio¥a. THUNUYHBIM JJIA KJIIOYEBBIX
cXeM ABJSETCA COYeTaHWEe IIOCHeJOBATENLHOTO M HapajielIbHOIO
COeAMHEHuA KJIoueHd. A MMeHHO, B IIOCIAeJOBaTeNbHOI I[eNo4YKe
Ka’KABIN TPAH3UCTOP MOXKET YIPAaBJATH He OQHUM, a4 HeCKOJbKUMH
IapajleNbHO BKIIOUeHHBIMM KJouamu. Hanpumep, na puc. 8.6
IITPUXOBRIMY JIMHUSAMY TIOKa3aHO, YTO TpaHaucTtop 1'2 ympasjdeT
He TOJbKO KIoUoM T3, HO OZHOBpeMeHHO u Kaouom T4, a B ob1ieM
cayuae elge psAgoM KJIOued.

Hazpysoinoit cnocobHocmbeio HA3bI8GI0M KOAUYECME0 NAPAALENY
HO 6KJUIOWEHHBLX KJUIOYell, KOMOPbMU CnOCOGer ynpasasms OaHHbIU
Kawoy, OGO3HAYMM 3TO KOJIMUECTBO Uepesd I.
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TIpeAIIoNoKHM, YTO CyMMapHBIN oTnupaiommui Tok (8.8) genur-
cs1 IIOPOBHY MexKay n 6asamu; Torja B KaXKJOM U3 IapallelbHO
BKJIIOUYEHHBIX KJIOUel

o J1E U
61 n R M

K

Tox I ROMKeH yAOBJIETBOPATb KPUTepHIo HachblmeHus (8.4),
rae KOJNeKTOPDHBIH TOK I,, IO-IpeKHeMy OllpejesiaeTcs BbIpae-
HueM (8.9). Us ycaoBua (8.4) HeTPyZHO IIOJIYUUTH NPUHIUNINAATL-
HOe OTpaHVWuYeHYWe Ha Harpy304YHYHI0 CIOCOOHOCTH:

E, -U

n<——B.
E (8.12a)

K

Ha camoM gefne orpaHuuesye NOJKHO ObITh 60sIee KeCTKHM, TaK
KaK HY>XHO 00eCIIeuyuTh He IIPOCTO Hachiinenue (1. e. S > 1), a Mmu-
HUMAJBHYIO CTeNeHs Hachimenua S . Torga, yuureisaa (8.5), Ha-
rpysouHas cnoco6HOcTh OygeT orpanmueHa 6o/lee CUJIBHBIM Hepa-
BEHCTBOM:

B E,-U
PR

n< (8.1206)

S

MHH K

Hanpumep, ecrn E, =3 B,B=100u S, =4, To n < 18. 3aga-
BasACh 3HaYeHHeM S, He00X0AMMO, B YACTHOCTH, YUUTHIBATL Pas-
6poc 6a30BBIX TOKOB M3-38 HEMAEHTHUYHOCTH BXOAHBHIX BAX.

8.3. Ilepexomusie mpouecchl B IpocTeiniem
ONIIOJAPHOM KJIIOUe

IlepexomHble TpPOIECCHl MPOUCXOAAT HON OEeHCTBHUEM CTyIIeH4Ya-
THIX M3MEHEeHHUI BXOJHOro curHana. BpeMenHre quarpaMMbel TOKOB
¥ HaupsoKeHWM B KJIOUe IOKas3aHsl Ha puc. 8.8.

Kax punum, BRIXOAHbBIE MMIYIBCHI (i, ¥ U, ) CABHHYTHI OTHOCHUTE-
JIBHO BXOZHOTO (€5), a X QPOHT U cPe3 uMeIOT KOHEUHYIO JJINUTeNb-
HOCTh. COOTBETCTBEHHO pasjuvaioT 3adepiku (QPOHTOB M CPe30B
HMIYNbCOB (I, ¥ t,) U AJUTENLHOCTH HIY 6Pemena (POHMOE U
cpesoe (¢, u t ;). [Ipupamenus KOJNJIeKTOPHOTO HANPAXKEHHA CBA3A-
HBI ¢ IpupAaI[eHUAMY KOJJIEKTOPHOTO TOKa COOTHOIIEHHEM

U = — i Ry .
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6yf B t
E;/
ls LIE ] /Is t
- BI;
lK IKB t
L 7
E
K U /
Uy fe o ¢
ts(b t(b f tsc tc
£ on
Pac. 8.8. Ilepexoguble IpoIecchl Pac. 8.9. DkBHUBajeHTHasl cXeMa KJI09a
B KJIoYe Ha GHIONSPHOM TPaH3HCTODE Ha sTame 3aZep:KKH (PPOHTa

3amepkka (ppoHTA. JTOT TEPBHII 3Tan NEPEXOLHOTrO Ipollecca
00yCJIOBJIEH 3apAag0M BXORHOM €MKOCTH 3aIlepTOro TPaH3HUCTOpa
(puc. 8.9). 3apajg eMKOCTH HauuHaeTCHd NOCJe TOTO, KaK YIIPaBJIsI0-
Ijee HaIpsAKeHVe CKauKOM MeHseT CBOe 3HaueHHe OT K 1o E;.
IIpomecc 3apdafga ONMCHIBAETCA ypaBHEeHUEM

ug(t) =E(l—e /o) - Ege™' /e,

rpe 1, =C,, Ry — mocToAHHas BpeMeHH 3apaja.

Korga nanpssxenune Uy, HapacTas, CTAHOBUTCH DPaBHbIM HalpA-
skenuio U”, OTIMpaeTcs 3MHTTEPHEII IIepexof TPaH3UCTOPa U 3Tall
3apsAfa OKaHYMBAEeTCA. 3HAUMUT, BPeMs 3aJePXKKH f,, MOMKHO Hal-
TH, TIojaras ugt) = U"; oHO BHIp@)KaeTcsA CIefyIOIIEM 0GpasoM:

E¢ + E;

typ =T 1N .
i ¢ *
E: -U

(8.13)

Hanpumep, ecnu Eg = 0 [em. (8.7a)]u E; =3 B, 10t ~0,257.
Bxoanyio eMKOCT: OOLIYHO IIPHHUMAIOT DaBHO# cymme 6apbep-
HBIX €MKOCTEeH 3MHUTTEPHOrO ¥ KOJJIEKTOPHOrO ITIepPeXOR0B:

Coy = Cog + Cys. (8.14)

Ionaras C,, = 2 n® u Ry = 2 kOm, nosrydaem 1, =4 ne. Toraa
IS WCIONBb3OBAHHEIX Bhllle 3Hauenuit E; u Eg moiayda-
eM t.4 ~ 1HC.



8.3. IlepexogHbie MPOLECCH B MpOCTelinieM GMIOIAPHOM KJII0Ye 295

dopmuposanue dponra. Hapacranue KOJIIeKTOPHOrO TOKa H
criaf KOJUJIEKTOPHOTO HANPSXKEHUs Ha 2-M 3Talle IepexofHOro mpo-
mecca IPOMCXOJAT B YCJHOBHAX 3aJaHHOrO ToKa 6asel Ig
[cm. (8.3a)]. Ilpu amanuse ciefyeT YYUTHIBATE ORHOBPEMEHHBIE
mpoLecchl 3apAfa AubGy3MOHHOH eMKOCTH 3MHTTEPHOTO IIepexoja
u 6apbepPHOl eMKOCTH Ilepexoja KojneKTop—basa.

IIpenmonoXuM, YTO OCHOBHOe BJHAHUWEe Ha (popMUpoBanue
(hpoHTa OKa3sIBaeT nepes3apsa] AUGQOYSHOHHOH eMKOCTH 6a30BBIM
tokom I¢. PaccMaTpuBas NepexOAHBIN IIPOIECC yCTAaHOBJIEHM
TOKa 4epe3 3MUTTePHbIH Auof [, ¢ yueToM Rubdy3uoHHOH eMKO-
cru aMuTTepa C; 14 = 1,,7,/0r (cM. MoJess GUNONAPHOTO TPaH3H-
cropa, puc. 3.4), HeTPYAHO IOJYHUUTH

@) =I¢ (1 - e‘“‘=).
CnenmoBaTenbHO,
i (t)=I By (1 —e_t/”). (8.15)

AcUMNOTOTHYECKUM 3HAYEeHVWEeM TOKa Ipua ¢ —> 0 SBJIAETCH
1, (0) =By Ig (cm. puc. 8.8). Opnako oHO He MOXKeT ObITH JOCTHI-
HYTO, TaK Kak B MOMEHT {, TOK JOCTHTaeT 3Hauenusa I, mocie
Yero TPaH3UCTOP IEePeXOAUT M3 aKTHBHOTO pekKuMa B PEeXKHM Ha-
CBIIIEHUA ¥, CJIeAOBaTEeIbHO, TePsIeT CHJIY UCXOZHOE COOTHOIIeHUE
I, = Byls. Bpema dponTta t;, JIeTKo HaitTu u3 (8.15), moagcraBnaAA
() = I, ,; oHO BBHIpa)KaeTcA CIeAYIOIIHM o6pasom:

R (8.16)

-

ByIg

TunuyHeIMY 3HAUEHUAMH BPeMEHH JKHM3HY T, MOKHO CUMTATH
100 uc (B oTcyTcTBHE IpHMecH 30710Ta) ¥ 10 HC (IIpM HATHYMY NIPH-
Mecu 3osota). Ilycrs, nanpumep, By, = 100 u v, = 100 nc. Torga,
ecim Iy = 0,11, To t, ~10 ue, ecmu xe Ig = I, To t, =1 He,

PaccmarpuBas nepesapsas GapbepHO eMKOCTH KOJJIEKTOPHOIO
nepexoxa, CJIeAyeT PacCCMOTPETh CHCTEMY YPABHEHUN I TOKOB
0aspl ¥ KOJMIEKTOpa B IIPOIECCe MepeKIIOYeHMs:

U
Iﬁ+ =Ias - Cy d_dtLﬁ’
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dU
I, ==2o—2 =1, By +C, — .

deﬁ clUK
YuureiBas, 4TO *— °, 1 UCKJI0Yas [, IPUXOAUM K Aud-
thepeHIIMAIEHOMY YpaBHEHHIO

dUKS

By + 1C. R, =(E, ~I{ByR,)-U,,,

perieHHEeM KOTOPOI'O ABJAETCH:

Ueo(#) =E, ~IgBy R, (1 — o /By DGR, )

3uauenne U,, ~0 gocTuraercs B MOMEHT l;, KOTOPHIH MOKET
OpITh onpegened us (8.17):

1
ty =By + DC Ry In——— (8.17)
1

KH

ByIs

ITo BHIpaXkeHue aHanoru4Ho (8.16), HO AIUTENBLHOCTH Ipollecca
37eCh OnpeAeliaeTCsa IOCTOAHHON BPEeMEHH KOJIJIEKTOPHOM eMKOCTH
By + DC, R, . IIpu Tunuunsx snavenusx C, = 0,5 n®, By = 100
u R .= 2 xOm ona cocrasaaer oxoso 100 ne. TeM caMbiM oTa I10CTO-
sAHHasg BpeMeHH BCerjga CyieCTBeHHA, a B TPaH3UCTOpax, JIETHDO-
BAHHBIX 30JIOTOM, SABJSETCA OIpefesaloniei.

9dpdekTUBHAA TOCTOAHHAA BPEeMEHW Ha dsTane ¢GOpPMHUPOBAHUA
(dbpoHTa OIpeReNAeTCs eZUHOH IOCTOAHHON BpeMeHH JJiA Ipoiec-
coB mepesapsaga qudGy3uOHHON eMKOCTH SMUTTEPHOTO IIepexona U
OapbepHOU €MKOCTH KOJIJIEKTOPHOTO Ilepexofna:

Togp =T + By + DC Ry

Ws eripakenuii (8.16) u (8.17) cnepyeT: uem 6oavute omnupaio-
wuil mok, mem MeHbvUie gpems (PpoHma.

1 MuoxnTtens (By + 1) npu nocrosusoif BpeMeny C, R, CBA3AH ¢ mposABJIeHHEM Tax
Ha3eIBaeMoro aggexma Muanepa npH HaJuUUH CBs3H (B HallleM caydae eMKOCT-
HO¥) MeXAy BXOAOM H BEIXOAOM KJIIO4a
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JTan HAKONJIeHHA 3apsaga. [locse TOro Kak TPAH3UCTOD HaYal
paboTaTs B pe’KMMe HACHILEHUA, 3aMeTHEIX BHEITHMX M3MeHeHHH
B CXeMe KJIoua He mpoucxoput. OZHAKO IPOJOJKAeTCs: HaKOILIe-
Hue 3apafa B ZUD@y3HOHHBIX eMKOCTAX 3MUTTEPHOIO ¥ KOJJIEK-
TOPHOTO IIepexopa.

B mauaze srama, KOrga TpaH3WCTOP HaXOAWUTCA Ha rpaHUIE aK-
THBHOTO Pe)XKHMa, 3apaj OIpejesdeTcd TOKOM uUepe3 3MUTTEepHBIN
auox: @ =1I,, t,. Ilogcrapnss I,, =§‘-‘£ u yuurbirag (8.5), sanm-
[IeM 2PaHUYHDbLL 3apad N

I+
L,

Qrp S a°

(8.18)

B xoHIe sTana cmayuonapheil 3apax onpefendeTca pacupese-
JIeHueM TOKa 0asbi Me)KAy KOJJIeKTOPHBEIM ¥ 3MHTTEPHBIM Iepexo-
+ =
samu (Is = I, + I, ). OTHOIIEHUe ITUX TOKOB B PEXKHMe HaChIIIe-
HUsd UMeeT BUA:

wia, ¢ yyeroMm (8.2) u (8.5),

SI}I+1+1
I, _~ By 1
I S+1 S+1

KK

§ C ydueroM pacnpepeneHusi TOKOB CTArMOHAPHEIH  3apaAfg
Q@ =1, -7, +I,, 1, 3anuiIeM B ClegyIOIleM BHje:
I} Ig
6 T, + 6
S+2

Q" =

- S+, .
. (S + 1)1, (8.19)

3Zech IEpBHIA YieH — 3TO 3apAi, HAKOIUICHHBIH B 9MHUTTEPHOM
P—n-nepexope, BTOPOH — B KOJUIEKTOPHOM. KOJJIEKTOPHBINA 3apsaj
UpeBbInIaeT 3MUTTEPHLIN B (S + 1)1, /1, pas. YUuThiBad, 4To O6BIYHO
3ddexTIBHOE BpeMd JKHU3HHU B KOJJIEKTOPHOM Iepexoje CYIeCTBeH-
HO Bplllle, YeM B SMUTTEPHOM, HPHUXOLUM K BEIBOAY: 8 HACLIULEHHOM
Pejxcume 6unonapnozo mpansucmopa 3apad HeoCHOBHbIX Hocumenell
Hakanaueaemcs 6 OCHOBHOM 8 KOANEKMOPHOM nepexole.



298 I'masa 8. OcHOBBI HHPPOBOI CXEMOTeXHHKH

ITocxkonsky TOKY 6as3sl M KOJLIEKTOPA Ha JAaHHOM 3Talle He MeHs-
0TCA, 3apAL HAKaILJIUBAETCs JUIE 0J1arogaps TepMOTeHEepAIMY HO-
cuTeJieil, a 3HAYUT, CKOPOCTh HAKOIJIEHUA ONpefeaeTcs BpeMeHeM

sxu3Hu. IIpomecc HakomneHua 3apAza — OHKCHOHEHIIMANLHBIA u
ONUCHIBAETCS BhIpasKeHHEM
Q(t) = Q(0)e ™" + Q(e0)(1 — &™), (8.20)

rae Q(t) u @() — HauadbHOE ¥ YCTAHOBUBIIEECSd 3HAYEHUA 3apsaja,
a T=Q"/I; — sdpdexTUBHAT NOCTOAHHAA BpPEeMEHH Ilepe3apsasa,
ompegensiemas u3 (8.19). YuuThsiBas, 4TO IPU JOCTATOUHO BHICOKHX
CTEeIIeHAX HACBHIIIeHUA Qrp << @', mpemebpe)keM B BhIpa’KeHUH
(8.20) zapamom Q(0); mamee mMOJOXKUM, UTO IPOIlecC HAKOILJIEHUS
3axanyuBaercs Ha ypoeHe 0,95 @Q(«). Torga us BeipakeHus (8.20)
nonyyaem épems HAKONJAEHUS:

t, =3%. (8.21)

Hanpumep, ecnu T =30 He, TO £, =90 HC.

IInsa Toro uToGnl HAKOIJIEHWE YCIEJNO 3aKOHUYHUTHCA, QJINUTENb-
HOCTHL OTHMpalomero uMnyiasca t* (puc. 8.8) goMKHA IpeBBITIATH
BpeMs HaKOILJIeHHA t,. B npoTuBHOM ciydae B MOMEHT 0OpaTHOTO
IepeKJIOUeHNsT HAKOIJIeHHLIH 3apsn OyAeT MeHbIlle YCTAHOBHUBIIIE-
rocs 3Havenua @(w). A MMEHHO, eClI¥, Kak ¥ Bbillle, IIpeHeOpedb
sapagom Q(0), To B moment t' zapam GymeT MMeTs BEIUUUHY

QU ~IgTA - 7). (8.22)

Jra BeJIMUMHA B CAy4ae KOPOTKUX HMIIYJIbCOB MOXKET COCTAaB-
JATE Malisie Joau @ (o).

3agepikra cpesa. 3apad, HAKONJeHHbIL 6 CROAX U nepexodax
MPaH3UCmMopa, He Moxcem MeHAmbcs menogenHo. COOTBETCTBEHHO,
He MOTYT MEHSIThCA MI'HOBEHHO ¥ HANPSKEeHWSA Ha YMUTTEPHOM H
KOJIJIEKTOPHOM Ilepexojax. 3HaYUT, B MOMEHT IIepPeKJIIOUeHH:d
VIPaBJAOINEro Halpakenusa K, oT sHaueHun E; no sHauenuda Eg
(8 gactaoctH, go 0) Ha 06oux p—n-mepexofax COXPaHATCA IIPAMBIE
cMereHus, 6auskue K U”. IIpu 3TOM KONIEKTOPHBIM TOK He MEHHA-
erca u ocraerca paBHeiM I . Yro xacaerca 6azoBoro Toxa, TO OH
NIPUHUMaeT IHaYeHHue

I =(E; ~U" YRs. (8.23)
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Ecan xaou paboraeT B HOCIEJOBATENb-
HOI IETI0UKe, TO 3aIHPAaHWEe HPOUCXOFHUT B
pesyabTaTe HACHIIIEHNA NPeAbIAYILEro K0~
ya. Torga sanupamomuil Tok I MOXKHO Haii-
T M3 SKBHBAJEHTHOH CXeMBI, ITOKa3aHHOH
ma puc. 8.10. B aroil cxeme HachIIIEHHBIH
(rpeAbIAYIMIT) TPAH3UCTOD HPEACTABIEH CO-
TIPOTHBIEHUEM I, ¥ HanpsxesueM U, (cp.
¢ puc. 8.7, a), a y 3anupaiouiero TpaH3UCTO-
pa BhIAEIEHO ConpoTuBjeHune 6askl 1y IIpe-
pefperas B NEPBOM HPUOIMIKEHHUH TOKOM [ ; ,

HanpssKeHueM U, n CONPOTHBICHUEM ..,  Pgc. 8.10. DXBUBATeHTHAA
nojyyaeM Ha4dYajJbHOE€ 3HAYyeHue 3anupaio- cXeMa KJIIOH& HAa sTame
Iero TOKAa: paccaceiBasusA (IIpH HacChlle-

I =- U* . (8.24) HUU TpeAslgyLero Kiioua)

IlycTs, Hanmpumep, g = 100 Om, Torga Ig ~ —7 MA; aTo 3HaAYEeHUe Mo-
’eT B HECKOJbKO pPas IpeBslIaTh 3HAUeHWe oTHHpalollero Toka Ig, oco-
6eHHO npu paboTe Kalouei B MuKpopexxume. Eciou He jgesaTs YKasaHHBIX
Bolllle npeHeOpexeHwuil, Tok I; OyAeT HECKOJBKO MeHbLIe.

Cxadox 6aszoBoro Toka OT 3HaueHudA I A0 3HaueHus Ig Bieder
3a co0olt ImIaBHOE yMEHbIIeHUe MU, KaK TOBOPAT, PACCACLIEAHUE
3apsaga oT sHaueHud @' mo sHaveHus Qrp [em. (8.19) u (8.18)].

PaccacriBanve 1iporcXoANT B TEX Ke YCJIOBUAX, UYTO ¥ HAKOILIe-
HHe — TIpHM HeN3MEeHHBIX BHeITHUX Tokax. IlosTomy ckopocTs mpo-
mecca paccachbiBaHuA OIpefesiaeTcA TOH »Ke TOCTOAHHOM BpeMeHH T,
a ypaBHeHVE PacCachbiBaHVA COBIAZAeT C ypaBHeHUWEM HAKOILJIEHUS
(8.20). Ognako HauanpHOE M YCTAHOBUBIIEECA 3HAUEHUA 3apsaga
OyayT HHBIMH.

A vMmenHo, HaUYaNBHBIHM 3apsa] Ha 3Tale paccachblBaHUs PaBeH KO-
HeYHOMY 3apany Ha sTalle HaKOIIeHMA. IIpu JocTaTouHO AJAUHHOM
OTHHpAaIOIIeM WMIyJIbCe 3TOT 3apsj onuckiBaerca GOpPMyJIoi
(8.19). ITosTomy mpumeMm

Q) =I57. (8.252)

" VeranoBuBlIMiica (aCHMINTOTHUECKH) 3apAf IO-TpexHeMY
OIlperessseTCsa TOKOM 0assl, T. €. B JaHHOM CJIyyae — 3alUPAIOIINM
ToKoMm I :

} Q(0) = I¢T. (8.256)



300 T'nasa 8. OcrosbI uHPOBOH CXEMOTEXHHKH

ockoneky I < 0, BenmumHa Q) OKA3LIBAETCA OTPUIATE]b-
HO#. ITO 3HAUYMT, UTO ee B JAHHOM Clydae cJIeJyeT pacCMaTpHUBaTh
He KakK pealbHBIA 3apsf, a JIUIIb KaK aCUMITOTHYECKOe 3HAUeHHe.

OxoHyaHue 9Tama pacCacblBaHHfA XapaKTepusyeTcsd TeM, UTO
KOHIeHTpanusa u30BITOYHBIX HOCHTENeH Ha KOJNJIEKTOPHOM IpanuIle
0asnl majgaeT 00 HyJd ¥ HAa KOJJIEKTOPHOM Ilepexoje BOCCTAHABJIU-
BaeTcs oOpaTHOe HanpAkeHue. TONBKO IIOCJe 3TOr0 MOJKET HauaThb-
CcA yMeHbIIIeHHe KOJUIEKTOPHOTO TOKa M (OpMHpOBaHHE Cpe3a UM-
myJbca.

Bpema sagepxxku cpesa ¢, uau BpeMA paccachblBaHuA tp eCcTh TOT
MHTEpBaJ, B TeUeHuEe KOTOPOro 3apAa YMEeHbIIaeTCA OT HavyaJbHOTO
saaveHud Q(0) Zo BenuwIMHBEI OCTATOYHOTO 3apAna §,.., COOTBETCT-
BYIOIIIETO Haually 3anupaHus KOJJIEKTOPHOI'O Iepexoja.

OOBIYHO OCTATOYHLIN 3apsi 3HAUMTENbHO MEHbIIe I'PAaHUYHOTO
sapaga (8.18), a mocaegnuii, B CBOIO Ouepenb, HAMHOIO MeHbIlle 3a-
pAfa, HaKaIJIuBAIOI[erocs B pe)KuMe HachimeHus. [losTtomy B mmep-
BOM npubIMIKeHHH MOJKHO mpeHebpeub OCTATOUHBIM 3apAAOM H
OIlpeJeNuTh BpeMs paccachiBaHuA U3 ypapHeHus (8.20), momoxus
@(t) = 0. Torga ¢ yderoMm BhIpakeHmii (8.25) monyuaem:

I+
¢, =% 1+ 221, (8.26)
’ |15
6
rae |I 6 | — MOZYJb 3anuparmero Toxa. Hanpumep, eciau OTHOIIe-

HYIe TOKOB Je)kuT B npepenax 0,2 — 5,0, To Bpema paccacesiBaHudA
cocrasaser (0,2—0,6) T uwau, npu T =30 HC, oTr 6 go 20 HC.

U3 dopmynser (8.26) BugHO, UTO pems paccacvi6aHus, m. e. 3a-
depicKa cpesa, mem menvlle, uem MeHvule omnupaouuit mox I 4
yem Goavuwse zanupaiowyuit mox Ig. IlockoNbKY Majas BeJWYHHA
OTIIUPAIOIIEr0 TOKA NPUBOLUT K yBEJIMUEHUIO JIUTEIbHOCTH (pOH-
ta [cM. (8.17)], xesraTes1bHO B HEPBYIO OYepe]b yBEJINUNBATEL 3aIlH-
paloIYi TOK. JTOT NYTh ITUPOKO UCIOJIbL3yeTCA IIPYU IIPOEKTHPOBAa-
HUAY KJIoueil.

dopmuposanne cpesa. [lo okoHUaHUY sTana paccacklBaHUA Ha-
YMHaeTcs NOCHefHUH 3TAll IIePeXOJHOTO IIpolecca — 3alupaHue
TpaH3uCTOpa. ITOT dTal TPpyAHee APYTUX IOAZAETCA KOJIUM4YeCTBEH-
HOMY aHAJMU3y, TaK KaK BeJUUUHA OCTAaTOYHOTrO 3apAaja CPpaBHHUTE-
JIBHO MaJia, a (popMa pacipejejleHus1 HocuTeled B 6aze — CJOXMK-
Has.
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PaccMOTpPHM cHayaja HpoCcTeHIIMil ciaydail, Korja 3anMpaoIuil TOK
HACTOJBKO MaJ, 4r0 B Hayajle JAHHOrO 3Talla pacnpejejeHde HOCHTeJei
CcOOTBETCTBYET HOPMAAbHOMY aKTHBHOMY pexxuMmy (puc. 8.11, a). Torga
BauaNbHEIL 3apap paBex rpanuunomy: Q(Q) = Q,,; Benuumua Q,, onpege-
asiercd popmyioit (8.18). HJasbHeillee yMeHbIIEHNE 3apAA UAET ¢ TAKOM
ske HOCTOAHHON BpeMeHM, KaK ¥ yMeHBIIeHue KOJLIEKTOPHOIoO TOKa, T. e.
v, [em. (8.15)]). AcuMuToTHUECKOE 3HAUEHVE 3apAJA OCTAeTCA TeM XKe, UTo
¥ Ha JTale paccachIBaHUA: Q(w) = Q; BeanMunHA @ ONpeAesIeTCss BhIpa-
sxeHneM (8.256). PopMHUpOBaHNE Cpe3a 3aKAaHYMBAETCA TOTAA, KOrga KoJ-
JeKTOPHBIN TOK, a BMeCTe ¢ HMM M 3apAj AEJA0TCA PABHBIMH HYJIIO.

IToacraBaaa B (8.20) sHayenne Q(¢) = 0, 3aMeHsAA B IOKA3aTeaAX 3KC-
NMOHEHT T Ha T, M HCNOJb3yA NpHBeAeHHEIE BhIlle 3HaYeHNA Q(0) u Q(x),
noJy4aeM IINTeIbHOCTE Cpe3a B BHJE:

I3
5|8

t,=1,In|1+ (8.27)

HauansHble yciaoBHA, IpHUHATEIE NP BhIBoge (8.27), XapakTepHEI gasa
JOCTATOYHO MAaJBIX 3aHUPAIOHINX TOKOB, MHOrO MEHBIIMX TOKA HaCHILIe-
uusa. Takoil cayyail peIKO UMEET MeCTO HA HPpaKTHKe. ['opasgo waiie sanu-
paloiuil TOK CPaBHUM C TOKOM HACHIIeHUA MJM NpEBHIIAET ero.

Ha puc. 8.11, 6 norxasaHsl HauabHbIe PacIlpeiesieHus HOCHUTeNeil
IpH JOCTATOYHO GOJIBIIIOM 3AMVPAIOEM TOKEe, BCEro JUIUIb B HECKO-
JI5K0 pad MeHbIem ToKa I, . JInd cpaBHeHWs LITPUXOBLIMY JUHUA-
MU IIOBTOPEHHI pacIlpejeiieHus, Noka3zaHHbie Ha puc. 8.11, a. Kax
BUAYM, IIOIALM TIOA KPHBBIMY B JAHHOM CJIyuae 3aMeTHO MEHb-
1re, YeM B aKTHBHOM peskuMe. TeM caMbIM IIOATBEpP)KOaeTcsA, UTO

] B K 9 B K 9 B K
n n n
N
\ t=0
1 \!
4 1\ t=0
2 (2
2 h
Ve
0 w; 0 wx 0 0,5w w x
a) 0) 8)

Puc. 8.11. PacnpezesneEre KOHNEHTPamMM HOCHTeseil B Gase Ha aTame 3amupa-
HUsA npH Majom (a), cpeisem (6) u GoabiioM (8) 3anMpaloUIMX TOKax:
1 — GeaapefidoBeifi TpamsucTop; 2 — apeitdoBbIi TPaH3HCTOP
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OCTATOYHEIY 3apsAJ B KOHILE 9Talla PaccachiBaHUA MeHbIlle IPaHUY-
Horo. COOTBEeTCTBEHHO OIUTENBbHOCTH cpeda OyZeT MeHble, YeM
npu pacuetre mo (popmyine (8.27). Oguaxo riaaBHaa 0co0eHHOCTH
HAHHOTO CJyYasd COCTOUT He B 3TOM UHCTO KOJIUYECTBEHHOM OTJIH-
4yuy, a B USMEHEeHWY CTPYKTYphI cpesa,

A ¥MeHHO, B HEKOTOPEHIi MOMeHT BpeMeHH ¢; KOHIIEHTPAIlUs HO-
curesell Ha SMUTTEPHON rpanuie 06as3pl TO)Ke [JejlaeTcAd pPaBHOIX
mymo. Ilocne aToro oba mepexoja — KOJJEKTOPHBIH ¥ 3MHUTTEp-
HBI — paboraior Ipu o6paTHOM cMenienuu. POPMATIBLHO TAKOH| pe-
JKUM paboTHI CleAyeT CUUTaTh omceykoi. OgHAKO, B OTIHYHE OT
«OOBIYHOM» OTCeUYK¥, Korga B 0a3e OTCYTCTByeT M3OLITOUHHIHA 3a-
PAn4, a TOKY I[IePeXOJOB HUUTOXKHO Maijbi, B JAaHHOM cJydae, He-
cMOTpa Ha ofpaTHbIe CMeIeHuA, B 0ase COXPAHMJICH HEKOTOPHIA
OCTATOUHBIN 3apAx (COOTBETCTBYIONIMN 3alITPUXOBAHHOMN Ijomia-
[I¥), & TOKY UMEIOT BIIOJIHe KOHeUHhIe 3HAaUeHUsA. TaKoH Pe)KuM Ha-
3LIBAIOT PEXKVMOM OUHAMUYECKOU OmCe¥Ku.

B pekvme qUHaAMHUYECKOIH OTCEYKYM BCe TPH TOKA TPAH3UCTOpPA
CHajaloT 40 HyJA C MOCTOAHHOM BpeMeHH OTCeUKH T, 3HaUEeHUE
KOTOpOI1 npuBegeHo Hmxke. [locToOTHHAA BPeMeHH T, 3HAYUTEIHHO
MeHblle, YeM NOCTOAHHAA BPEMEHH T, KOTOpaA ONpenesAeT Ipo-
IlecC 3anupaHud B0 MoMeHTa t;. IlosToMy KOHeuHBIH yuacTOK cpesa
Oyper Oosiee KPyThIM, Ye€M HAYaJIbHBIMH.

Kak yxe He pas oTMeualoch, 3anupamooimuil TOK Iz 06BIYHO
CpaBHUM ¢ TOKOM I, miu mpesblmaer ero. B ciayuae Takux Gomb-
HIVX TOKOB pacipejesleHue HOCUTeJed B KOHIle 3Tala paccachlBa-
HUA ¥ Havaje 3Talna 3alupaHuid HOJIy4YaeTcsd TAaKUM, KaK IMOKa3aHo
Ha puc. 8.11, g (kpusas ¢t = 0). IT0 pacnpegesieHUe y>Ke COOTBETCT-
BYET PeXKUMY JUHAMWUECKOMN OTCEUKH, a 3Ha4YHUT, BeCh cpe3 popmu-
pyeTcA ¢ IIOCTOAHHON BPeMeHH T, ¥ AJIUTENBHOCTE CPe3da t, OKa3bl-
BaeTcs BechbMa He3HauMTeNbHOH (puc. 8.8).

IlocTosHHYIO BPeMEHH OTCeYKH MOJKHO Ipy00 OIeHHTb, HCXOAA
¥3 TOTO, YTO H3GEITOYHEIM HOCHTENSAM, PACIONIOMKEHHBIM B CPeAHeHN
vacTH 6assl, He06XOAMMO NIPOATH pPaccTosAHUE Y, w, AJA TOTO 4yTOOHI
yiiTy us 6assl uepes TOT UM UHOM nepexog (puc. 8.11, g). CooTser-
CcTBYIOIIlee BpeMsi B 4 pasa MeHbINle BpeMeHHU IIpoJieTa uepe3 BCIO
fasy. IloaToMy 3amuuzeM IIOCTOSHHYI BPEMEHU OTCEUKH B BHAE:
=0,25¢,, + Cy R (8.28)

T OoTC
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IIepBoe cnaraeMoe B GOJBIIHMHCTBE CAYYaeB HECYILeCTBEHHO, U
TIOCTOAHHAS BPEMEHH T, OIPeAessieTCH HOCTOAHHON BpEMEHH KOJI-
nexTopHOH nenu. Hampumep, ecnu ¢, = 0,2 mC, C_ =0,5 1P u
R, =1x0m, TO 1, *CR,= 0,5 ue.

Bpems cpesa Ha yposHe 0,1 oT HavagpHOrO TOKa I, BHIpa)KaeT-
cd COOTHOIIIeHHeM

K

t, =231, (8.29)

IIpu 1, =0,5 HC nMonyuaem ¢, ~ 1,1 He.

BansHne eMKOCTH HArpy3ku. Eciau Kiarou paboTaeT Ha eMKOCT-
HyI0 Harpysky (HalpHMep, Ha BXOJ CIEAYIOIIET0 — 3alepToro
KJII0Ya, cM. puC. 8.9), TO AIUTEIpHOCTH (DPOHTA U Cpe3a TOKA U Ha-
NIpSIPKEHYsI MOTYT CYLIeCTBEHHO pasnudarbesi. Hanpumep, Bo Bpema
cpe3a TOK MO-IIPe)KHEMY YMEHBITaeTCA ¢ MaJIOi IIOCTOAHHON Bpeme-
HU T, TOTAA KaK HallpsyKeHUe HapacTaeT ¢ ropasfo Gonbiieit mo-
crosieHo Bpemenu C R, rge C, — eMKOCTr Harpysku (CM. IITPH-
XOBYI0O KPHUBYIO Ha puc. 8.8).

IIpu ycnosum C, >> C,, KOTOpO€ 4acTO MMEeT MeCTO, CPe3 MM-
NyJbCA TOKA MOXKHO CUUTAThL INPAKTHYECKH BEePTHUKAJIBHEIM, TOTZA
KaK Cpe3 HaNpsKeHUA WMeeT KOHEUHYI0 AJIUTEIBHOCTH, XapakTe-
pusyemyo Beauuunoil (cMm. puc. 8.8)

ten ~23C,R,. (8.30)

Amnanornunoe pasiuyve MeXAY OAUTEIbHOCTAMY (PPOHTOB TOKA
¥ HanpsKeHUs MMEeT MECTO IIPH OTIMPAHUY KJI04a, ecI eMKOCTh
Harpy3K¥ TIPeBhINIaeT KOJIJIEKTOPHYIO eMKOCTh. B 3ToM ciayuae
(POHT MMIyJAbCa TOKA TOXKE MOKHO CUUTATH IPAKTUYECKH BEPTH-
KaJbHBIM, a AJUTENBHOCT, GPOHTA MMIYJIbCA HAIIPSYKEHHU ONUCHI-
BaeTcsa BeipaskeHuem (8.30).

8.4. Karou ¢ 6apsepom IMorrkm

Opnoil w3 raasHpIx npo6sieM IPH NOBHIMIEHUH GBICTpOReilCTBHA
KJIroueit sIBJIAETCA yMeHblIeHue 3aJeP>KKY cpeaa, T. €. BpeMeHHU pac-
cacwiBaHuaA u30wsITOUHOrO 3apsaga [na storo, kax BugHO u3 (8.26),
HY)>KHO yMEHbIIATh OTIHPAIOIIHIL TOK I¢ , T. €. CTelleHb HACHIIeHHs
S. Opnaxo mpu artom cormacHo (8.17) BO3pacTaeT AJIMTENBHOCTH
tbponra. Kpome TOro, B peajbHBIX YCJIOBUAX CTeNeHb HACBHIIEHUA
HBOo/bKHa NpeBbIIaT, MHUHMMAalpHOE 3HaueHme S, .. (cM. pasg. 8.2).
Unaue maneitimee ymensimenne KoaddumuesTa By wiu Toka I¢ me-
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PEBOAUT TPaH3WCTOP B AKTUBHLIA DE)KHUM, a 3TO CONPOBOKAAeTCA
yBeJMueHueM OCTATOYHOrO HanpspKeHHA Ha KJIode.
O0menpusHaHHLIM CIOCOOOM IPEeJOTBPATUTH HAaCBHIIleHYE TPaH-
3MCTOpPa ¥ B TO ’Ke BpeMsa us3bekaThb oTMe-
YeHHBIX OCJIOKHEHUN ABNAETCA UCIOJIb30-
BaHMe B KJIOUe HeNWHeHHO# obpaTHoi
CcBA3H. JTOT cHocob COCTOMUT B TOM, HUTO
MEXAY KOJIEKTOpPOM u 06a30i TPaH3UCTO-
pa priiouaerca auox Hlorrku (puc. 8.12),

T IJIA KOTOPOTO XapaKTepHO OTCYTCTBHe Ha-

v Is 7 KOILIeHUs 3apsaga HeOCHOBHBIX HocHuTeseil
¥ Majloe HAIpsKeHVe OTIIHPaHUSH.

L Korga Tpamsucrop s3anmeprt uiau pabora-

Puc. 8.12, Ko ¢ Henu- eT B aKTHBHOM pek¥Me, NOTEHIMAJT KOJI-
HefiHOW OGPaTHOM CBAIBK  jleropa  IOJNOMUTENEH OTHOCHTEJILHO
(Tpamng{;ﬂ“;g PREPOM  Gaghl; cilefoBaTeNbHO, AHMOK HAXORMTCA
nopy o0paTHBIM CMeIljeHVeM U He BiauseT
Ha pabory Karoua. Korga B mponecce ¢op-
MHpOBAHUA (POHTA HOTEHIHAK KOJJIEKTOPa OTHOCHTEJNbHO Gashl
IPOXOJHUT depes HyJb U JeslaeTcd OTPHIATEIbHBIM, AUOL OTIHpaeT-
¢d ¥ Ha HeM yCTaHaBJIMBaeTCA NPAMOe HalpAKeHHe U;. Ecau ato
Hanpsxeaue MeHbine 0,5 B (uro xapaxrepHo gna muomos HloT-
TKH), TO KOJJEKTOPHBII Ilepexoh NPaKTUIeCKH 3alepT, a 3HAYHUT,
HCKJII0YaeTCA PesKUM JBOHHOM MH)KEKIUY ¥ HaKOIUJIeHHe u3bbITo-
HOTO 3apsfa, CBOMCTBEeHHBIe PeyKUMY HachlmeHua. COOTBETCTBEHHO
IIpU 3alypaHUM KJIOYa OyAyT OTCYTCTBOBATH 3Tall PacCachIBAHHA
u36LITOTHOTO 3apsAAa M 3aZiep:KKa cpesa. PaccmorpeHHas KoMbuna-
nuA o6sIYHOro Tpansucropa u guoza HloTTku monyumuia HasBaHHE
mpansucmopa ¢ 6apvepom IHlommicu. JIerko 3aMeTUTD, UTO OTCYT-
CTBHe HacHIieHWA B TpaHaucTope ¢ 6apbepoM IloTTKM 06yciosie-
HO MeHBIIIVM NPAMEBIM HallpAsKeHueM Ha JHuoje (U;) IO CPaBHEHUIO
¢ IpAMBIM Hanpi’KeHUeM Ha KPEeMHMEBOM p—n-liepexope .
OcTaToyHOE HaIlpsKeHHe Ha KJwode ¢ 6apbepom HlorTKm He-
CKOJIbKO OoJibIe, YeM Ha OOLIYHOM KJIOUe. A MMeHHO:

Uper = U* - U, =0,2-0,3 B.

OJHAKO 3TOT HEJOCTATOK OKYyIaeTcs 6oJyee BLICOKMM OnicTpOneiicT-
BYIEeM, IIOCKOJBKY TPaH3MCTOP BCe BpemdA paboTaeT B aKkTHBHOM pe-
JKUMe.
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CrnepgyeTr momuepKHYTb, YTO HEeCMOTPsA Ha OTCYTCTBHE HAaCHIIIe-
qud, K04 ¢ GaprepoMm IIoTTKM Mayio UYBCTBUTENEH K U3MEHEHH-
am xosddunuenta By ¥ oTnupalomero ToKa, MOCKOABKY OCTaTOY-
HOe HalpsKeHue cj1ab0 3aBUCHUT OT 3THX BeJIUYHH, a 3HAYHT, TOK I,
coxpaHsdeT CBoe gHaveHUe, ompezeisgeMoe BoIpakeHueM (8.30).

Sanep:xkka GpoHTa t,p ¥ AJIUTEJBHOCTH dpoHTA tq, — OKasbIBa-
JOTCA TAKHMMHU JKe, KaK ¥ B HachllleHHOM KJoue, OgHAko Ipoirecc
3anupaHuA TIPOUCXOTUT HMHaye.

Korpga ynpasndiomui Tox I, IpuHUMaeT 3nadeHue I; , Tok | z B
[epBHIHI MOMeHT He MeHAeTcA, a TOK I M3MeHsAeTcA Ha Ty 3Ke Besu-
4UHY, 4YTO ¥ TOK I:

Al =AI =I] - I} <O.

IToCKOJBKY TPaH3UCTOP HAXOAUTCA B aKTUBHOM peXXHUMe, KOJ-
JIEKTOPHBIA TOK IIOJ AeificTBHeM cKadka Alg yMeHbIIaeTcs ¢ IOCTO-
AHHOH BpemeHu T,. llpu arom mpupamenus Al, IOJHOCTHIO UAYT
uyepes AuOf J ¥ yMeHbIalOT TOK [ a

i, (&) =I, —By|AL|(1-e™"*), (8.31)

rue |AIg] — momyas npupamenus 6a3oBOro TOKa.

Bremnwmit Tox I, HauMHaeT yMeHbIIATLCA TOJLKO TOTAA, KOTZA
3anupaerca auox. [losaras aesyio vacts (8.31) pasuoit mynio, ner-
KO HaiiTu BpeMsA 3aJep>KKU cpesa.

Ecnu, xpome Toro, monoxurs 1/By << 1-1I;/I] (4ro obbrunO
HMeeT MecTo), TO, pasjaras Jorapudm B DAX, IOJIYIUM:

T, 1
By 1+ I71/1f

~
~

(8.32)

3C

Hycts, manpumep, |I;|/I; =1; Torpa t,, =1,/2By . 9Ta Benuun-
HA Y COBpEMeHHEIX TPaH3UCTOPOB PeAxo Ipesbimaer 0,5 Hc.

8.5. Ilepekaloyarenb TOKa

IlepexniogaresseM TOKa HASHBAIOT CHMMETPUYHYIO CXeMy
(puc. 8.13), B KoTOpOIt 3afaHHBIN TOK I, oporexaer uepe3 Ty HJIH
HHYIO ee BeTBb B 3aBUCHMOCTH OT NOoTeHnuajga Uy Ha OGHOM M3 BXO-
A0B. Ilorenuuan E Ha BTOPOM BXOne NOAREP>XKHBAeTCA HeHM3MeEH-
HBIM.
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Taxum obOpasom, nepBas 0cOGEHHOCTE Ile-
perJodaTe]ss TOKA COCTOMT B TOM, 4TO
ylpaBJieHVe OCYILIECTBISIETCA He TOKOM (KaK
B TIPOCTeHIIIeM KJIOUE), a HAIpPKEeHUeM.
Bropasa ocobeHHOCTb IepeKIIovuaTesisa COCTO-
UT B HCIOJb30BAHUY HEHACHIIIIEHHOrO (aK-
THBHOIO) De)KUMa TPAHB3WCTOPOB B OTKPbI-
TOM COCTOSIHWY, UTO OOEeCImeYuBaeT IIOBHI-
HIEHHYIO CKOPOCThH IIEPEKJIIOUEHUA B CBA3H C
OTCYTCTBVIEM 3aJIEPXXKU Ha paccackiBaHue.

Craruyeckuit pexxum. J[losokum cHa-
yana Ug = E. Ilpu 3TOM OTKpHITEI 06a
TPaH3HCTOPa U B Ka)xAoM nporekaer Tok 0,5 I;. IloTernuan smur-
TepoB MeHblue moreHmuana E Ha Bemmumny U™ U, =E - U".

Ymenpimum noresnuan Uy Ha senrnuudy 6 2 0,1 B. Ilockonsky
noteHnual U, He MeHsAeTcA, Hanpskenue Ug,; YMEHbLINTCA TOXe
Ha BenuuwHy 8. IIpu sTom Tok TpaHsucropa T'l ymMeHbIIHTCH B fge-
CATKY pas. 3HAUMT, P BXOZHOM curHane Uy < E — § TpaH3uCTOp
T1 6yger 3anepr, a yeped TpanaucTop 1’2 6ygeT NpoTeKaTh MOJHBIH
Tok I,. Benumuuny

Puc. 8.13. IlepexJiiouaTesnnb
TOKa

Es =E-3 (8.33a)

Ha30BEM 3ANUPAOWUM NOMEHUUALOM.

Ecnu, nao6Gopor, yBenuuuTh norennual Uy Ha BeqdumHy &, TO
BMeECTE C HUM Ha Ty ’Ke BeJIMYVWHY BO3PaCTeT IOTeHIHUAN IMUTTEPOB
¥ COOTBETCTBEHHO YMEHBINWUTCA Hanpsukenue Ug,,; IPU 5TOM DPe3KO
YMEHBIIUTCSA TOK TpaHaucropa T2. 3HauuT, IPY BXOZHOM CUTrHaJe
Ug z E + 8 Tpansuctop T'2 MOXKHO CYUTATh 3allepPThIM, a BeChb TOK I,
nporexaeT uepe3d Tpausuctop T'1. Benuuuny

E§ =E+38 (8.336)

Ha30BeM OMNuparouum nomeHyuaioMm.

Takum o6pasom, nepenad nomenyuara AUg =+£8 oxono cpednei
seaununvt E obecnewusaem nepexaiouenue moxa I, us odnozo
mpan3ucmopa 8 dpyzoii. COOTHOLIEHHA MEXXAY OTIHUPAIOIYM U 3a-
NEPAIOIUM INOTeHIHAIAMU CIeAyIOIIre:

Eg ~E5 =23; (8.342)
Y% (Eg + Eg)=E. (8.346)
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OcTaHOBMMCA HA pe)KHMMe OTKPHITOro TpaHsucropa. Ilonaras,
YTO OTKPHITHIH TPaH3UCTOP paboTaeT B aKTHBHOM Pe)XKUMeE M YYHU-
ThIBAd, UTO TOK 3MHTTepa 3amaH (I, = I,;), moaydaeM AJIA TOKOB
KOJIZIeKTOopa u 0asbl M3BECTHBHIE COOTHOLIEHUA:

I, =olg; (8.35a)
Is =Q-a)Iy =1,/(B+1). (8.350)

IMoTeHnWan KOJJIEKTOpa ONpeAesAeTcA BhIpaykeHueM
H

U, =E, —alyR,. (8.36)
Ilast Toro, yTobbI 00eceunTs AKTUBHEBIN PEXKIM, T. €. U30eXKaTh
HACHIIIIeHUsA, HYXKHO BBINOJHUTE yciaosue U,y 2 0 wmn U, > U,
Ilopcrasasa B mociaesHee HepasencTso U, u3 (8.36) u Ug = E¢, mo-
JIyYuM

E, —algR, > Eg. (8.37a)

Ha npakTuke JaHHOe HECTPOroe HEPABEHCTBO MOYKHO 3aMEHHUTH
PaBeHCTBOM, TaK KaK HeGompiue orpunaTeabHble sHavenna U, g ne
BBHIBLIBAIOT CYIIECTBEHHON MH)KEKIVY B KOJIJIEKTODHOM Iepexoje, a
3HAUUT, ¥ HaKOIJIeHUs U3OBITOUHOTO 3apsaga. Torga yenosue HeHa-
CHIII[EHHOTO PeXXuMa MOXKHO 3allucaTh B CJAERYIOIeM Buie:

E, —olgR, =Eg =E +38. (8.376)

OcraTouyHOe HanpAXKeHUe Ha TPAH3UCTOPe IIPH YCJIOBUY IPaHUY-
Horo pexxuma (U, = 0) paBHO HanpAXeHUIO Ha SMUTTEPHOM Iiepe-
xope:

Uper = U*. (8.38)

Kax suguo us (8.36), moTeHIuas KOJIJIeKTOPa OTKPHITOTO TPaH-
BHCTOpA HE 3aBMCUT HY OT BXOZHOTO cUrHata Eg , HU OT U3MeHeHuit
Koshounuenta B (mockonsky namenenus B npakTuuecku He MeHA-
0T 3HaueHud o =~ 1). IIpyu cTabuAN3NPOBAHHOM HAIPAXKEHNH IHTAa-
Husa E, efWHCTBEHHBIM I1apaMeTpPOM, BIMAIIIYMM HA Beauuuny U,
ABjsAeTCA CONpOTHBeHHE R, .

IlocinenoBarensHOoe coemuHeHHe NepexJrodarenein. Kak u mpo-
CTeiiinyie KJIIOUY, IEePEKIIOUATENN TOKA 06RYHO paboTaloT COBMECT-
HO B 1mocjeJOoBaTeNbHBIX IleNouykax. IIpy 3TOM yIpaBJsIONIHI CHUT-
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+E N+l HaJ IOCTymaeT Ha NaHHBIH Iiepe-
KJII0YaTessb c KOJIJIEKTOpa
IpeABIAYLIET0, a BBIXOLHOM cHur-
HaJl JaHHOTO IIepeKJIovaTess IO-
crynaer Ha 6asdy CJIeZyIOIiero
(puc. 8.14). Jlerxo ybequThes, 9To
Henocpedcmeernnoe coeduHenue
nepexiiouameneil 6 maxKux uenoy-
kax Hesosmoxcrho. Ilpuxopurecs
COeBUHATL UX APYT C APYroM dYe-
pe3 [OIOJHUTENBHBEIE COTJIACYIO-
Pac. 8.14. Henouxa ue cxemsl, KOTOpble Ha3LIBAIOT
TepexotaTenel Toka cxemMamu cmeuwsenus YpoeHs.
IIpocredimuM cIocoBOM CMeLieHUsA YPOBHA SIBJAETCHA BKJIOYe-
Hue 3.4.C. € MeXAY CMeXXHBIMH IlepexJjtouarensmu (puc. 8.14). B
9TOM CJIydae IIpHU 3amepToM TpaHsucTope T'1 (B N-M IepeKaioUaTe-
se) noreHnuaa 6assl Tparaucropa Tl [B (N +1)-m nmepexniouarene]
OypeT MMeTh BeJlUUYUHY

Ug) =E, —e. (8.39a)

dra BeJMUMHA LOJPKHA HPEBbIINATHL 3HaYeHUe Eg C TeM, 4TOOBI
tpansucTop TY 6511 OTKPHIT. Brmonuenue yemosua (Ug)™ > E; e
BBI3EIBAET 3aTPyAHEHWH.

Ecnu >xe rpansuctop T'1 (8 N-M Iepexiouaresie) OTKPHIT, TO II0O-
Tennual 6asel Tpamsucropa T'l' cocraBnsaer

(U'61) =E; —algRy —e. (8.396)

OTa BeJIMUMHA OOJKHA OHITH MeHsIe E ¢ TeM, YTOGBI TpaH3H-
crop TY 6511 3amepr. Takoe ycioBHe HAKJIaALIBAET ONpejeIeHHOE
orpanuyeHue Ha 9.4.C. e. [eiicTsuTensHO, mojgcTasum B (8.396)
snavyedne E, ~algR, u3 (8.376); Torza

(Ug) =E+5-e.

IToacraBnsas B HepaseHCTBO (U'{) < E; IOoNy4eHHYIO BeIUIUHY
A 61 6
A —
»
(U's1) u snauerue Eg w3 (8.33a), HeTPyAHO NOJYYHUTE YKazaHHOE
orpaHuueHue:

e >28. (8.40)
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Hcrounuk Toka I, MOMKHO OCYILECTBIATH
pasHbIMH crnocofamu. Hawubosee mpocThIM ¥
HCTODUYECKH IIEPBHIM SBJISETCS MCIOIb30Ba-
upe peaucropa Ry (puc. 8.15). Ecim oTKpEIT
rpausucrop T2, To Tok I, onpenenserca cooT-
HOLIEHHEM

Iy, = U/Ry, = (E — U)/R,. Puc. 8.15. Ilepexrmodarens
TOK& C Pe3HCTOPOM B Kaue-

Ecan otxpeiT Tpansuctop T1, Tto Toxk Iy
CTBe HCTOUHHKA TOKa I,

rMeeT HECKOJIBKO 0oJIbIee 3HAUEHHE:
Iy, = U,/Ry = (Ef = U")/R,.
ITogcrasaaa (8.376), HETPYAHO HOAYYUTH:
Loy = Igz + (8/Ry).

Kax Bugum, Tok I, Ipu HepeKJIOYEHMH HE OCTAeTCA NOCTOSHHBIM, a
MeHsieTc Ha BejawuuHy &/R,. daa Toro, uTobbl 3TO0 HENOCTOAHCTBO GBLIO
npeHeOpeK¥MO MAaJIBIM, AO/OKHO BBINOJHATHCA YCJIOBHE

i <<E—£— wm E~U" >> 6.
Ry R,

Hanpumep, eciz 8 = 0,1 B, To HanpskeHue E ZOJYKHO HPEBBINIATH
1,7 B.

Ilepexoxusbie upounecchl. ByaeM cuuTaTh, UTO YIPABJIAIOIIE
CHTHAJBI NOCTYNAIOT OT MCTOUHUKA 3.4.C. C HYJEeBHIM BHYTPEHHUM
COIIPOTHBJIEHHEM. B peaspHBIX CXeMax TaKoe IIPeANoJIosKeHue
00BIYHO OIIpaBAaHO.

IIycTs B MCXO4HOM coCTOsIHMY cxeMEI (puc. 8.13) Ha Bxoge geli-
CTByeT IOTeHIMan 3anupamus E; u, sHauwur, TpaHsucrop T'1 3a-
nepr. IIpy nmocTymieHuu CUTrHANA, PAaBHOrO TOTEHIMANY OTIHDAa-
HuA Eg, mepBbIM 3TalOM IEPeXOAHOTO Ipolecca OyAeT, Kak U B
TIpocTeiifllieM KJO4e, 3aps] BXOJHOH eMKOCTH. AHalIu3, aHANOTHY-
HBIIl IpoBeZeHHOMY B pasjene 8.4, IpUBOAUT K BBIPAKEHHUIO:

tap =T,1n2 =071, (8.41)

rhe OCTOAHHAA BpeMeHHU T, =ryC,, . Ecau nmpunars rg = 100 Om u
C,y =2 nd, T0 tap ~ 0,15 He. C yueTOM KOHEYHOTO BHYTPEHHEro Co-
TIPOTHBJIEHUA UCTOYHHUKA CUTHaJMA 3afepikKa 6yAeT COOTBETCTBEHHO
Gonsme. Popmyna (8.41) ocraercsa B cuie ANA JMIOGEIX CHTHATOB,
CHMMETPUYHBIX OTHOCHUTEJIHHO IOTeHIuana k.
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Ilocne ornupanusa TpansucTopa 7'l Yepes ero SMUTTEPHBIM mepe-
XOJ IpOTeKaeT HeM3MeHHEBIH TOK I, a morennuan 6a3bl coXpaHser
HensMeHHOe sHauenue E;. DT ycloBHA 03HAUAlOT, UTO NO Cyle-
cmey mpaH3ucmop éKaI04eH no cxeme ¢ obujeit 6asoit (OB), xora
BHEILIIHe Ka’KeTCs, YTO OH BKJIOUeH mo cxeme 09.

B mepBhIil MOMEHT, KOrZa KOJJIEKTOPHEIN TOK ele PaBeH HYJIIO,
BeCh IMHUTTePHEIN TOK I, mpoTeKaeT depes 6a3y: I5(0) = I,. 3nauenue
I(0) MoxxeT HaMHOro IpPeBHIIIATh YCTAHOBHBIIeeCsa 3HaueHMe
(8.356). Ilo Mepe HapacTaHus KOJNJIEKTOPHOI'O TOKA TOK 0asbl yMeHb-
L1aeTCH.

Kax ussecTHO, TOK KoJJeKTOpa B cxeme OB MeHseTcs ¢ 9KBuBa-
JICHTHOM TIOCTOSHHOW BpeMeHH

TSKB

T3
=—2 _4+C.R,.
B 1" CxPx (8.42)

IlockonpsKy B IepeKJIiouaTeNAX TOKA TPAaH3UCTOpbLI paboTaioT B
aKTHUBHOM De)KuMe, (PPOHT M Cpe3 OKa3blBalOTCA 3KCIOHEHI[HaJb-
HeiMu. MIx paurensHocTu Ha ypoBHe (0,1-0,9) AI, (rae Al, =oaly)
OZUHAKOBEl ¥ COCTaBJIAIOT:

tp =t =227 - (8.43)

Wz Bripaxenus (8.42) oueBupHO, uTO BTOpoe ciaaraemoe (C R,)
JKeJlaTeJIbHO AeslaTh OMM3KHUM K TepBOMY WUV MeHbilre ero. TakuMm
obpagom, 3HaueHUe COIPOTUBIeHuA R, 1enecoobpasHo BbiGupaTs
U3 YCJIOBUsI

T, 1

< To =
By +1C, (8.44)

K

Hanpumep, ecmu By = 100, v, =20 ac u C, = 0,5 0P, TO
R, <0,4 xOM. HaxomleHne ¥ paccachlBaHAe HOCHTesie, a 3HAYHUT,
M 3aJep’KKa cpe3a B HEHACHIIIEHHOM KJIOUe OTCYTCTBYIOT.

8.6. M/III-Tparg3ucTopHbIe KJIIOYU

Knroun ma MIII-TpaH3ucTopax, Kak ¥ Ha OUIIONAPHBIX, B CTa-
THUYECKOM DeXXKHMe XapPaKTepHU3YIOTCI 0CmamoiHbim moxom (B 3a-
IIEPTOM COCTOSIHWY) M OCMAMOYHbLM Hanpaxenuem (B OTKPBITOM
cocrosaHuu). KlzsecTHsl Tpu pasHoBuaHOocTH MJIII-TpaH3MCTOPHBIX
KJI0Yeii: ¢ peaucmopHoil Harpy3Koii, ¢ Junamuieckoil (TpaH3UCTOP-
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HOT) HArpys3ko#d u xomnaemenmapreie (KMIII) xmroun. Ilocruen-
Hue BBINOJHEHHI Ha KOMIIJIEMEHTApHBIX TPaH3UCTOPax, T. e. Ha
TPaH3UCTOPax C KaHaJlaMH TPOTUBOIOJIOMKHOTO THIA IPOBOAMMO-
ct. PaccMOTpuUM IOOUepefHO CTAaTHUYEeCKVe IapaMeTphbl Iepeduc-
JIeHHBIX TPeX Pa3HOBUIHOCTEH.

Knrou ¢ pesucTopHOit Harpy3koi. CxeMa TaKOTO KJI04a, BHINOJ-
HEHHOTO Ha n-KaHaJbHOM TPaH3HCTOpe, MOKAa3aHa Ha puc. 8.16, al.
Ilns 3anppaHuA KJKOYa Ha 3aTBOpP TPAaH3HWCTOPa IOAaeTcA HaIpd-
wenue E; < U, rge U, — mopororoe HampskeHHe.

B 3amepToM TpaH3MCTOPe OCTATOUHBLIM TOK €CTh OOpaTHBIM TOK
CTOKOBOTO p—n-nepexoja, MOCKOJIbKY 3TOT Iepexoj paboraer mpu
ofpaTHOM cMeileHuH, 6auskom K E,. CneposarenbHo, Tok I, co-
craBisaeT He Gomee 1079-10710 A (mpm ycmoBuM, YTO HOBEpXHOCTH
KpHCTaJJIa Xopolo ofpaboTaHa 1 OTCYTCTBYIOT IIPUIIOBEPXHOCTHLIE
kanansl). Ha BonbsT-aMIepHOil XapakTepHUCTUKE 3alIePTOMY COCTOS-
HYIO KJI0Ya COOTBETCTBYET Touka A (puc. 8.16, 6). IIpu ykazauHbBIX

1
Ic rcﬂ:b(E;_ Uy)

a) 6)

Prc. 8.16. MII-TpaH3UCTOPHBIH KJIOU ¢ Pe3HCTODHOH Harpyskoit: a — cxema;
6 — pacnosoxkeHne pabo4yMX TOueK Ha BBIXOZHOH XapaKTEpHCTHKeE

3HAUeHUAX OCTATOYHOrO TOKA IajgeHueM HampsukeHusa I R MoxxHO
npesebpeys U CYMTAThL, YTO MAKCHMaJbHOe HAIpA’KeHNe Ha 3amep-
ToMm Katoue U, .. = E..

A ornupaHus KJlOua Ha 3aTBOP IHOJaeTCA HalpsDKeHUe
E; >U,. 9TO HaIpKeHHe NOKHO OBITH FOCTATOUHO GOMNBIMHM,
uTobbr pabouasa Touka B (puc. 8 16, 6) cOOTBETCTBOBaKA KAK MOXKHO

MeHblIeMy OCTATOUHOMY HampakeHuo. Torga pabounit TOK OTKPHI-

1B clly4yae p-KaHaJbHOrO TPaH3HCTODa BCE HANIPDSKEHHS B MOCICAYIOIIeM aHaJH3e
cjaegyeTr CHHTaTh MOAYJAME OTPHIATENIbHLIX BeJHUYHH.
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TOrO Kjioua (TOK HAaCBHIIIeHU:A) ONpejeseTcda, KaK y OHIIOoNsApHOro
KJII0Ya, BHEINHVMY 3JIeMEHTAMMW CXEeMBI:

I, =(E, ~U,.)R, ~E.R, . (8.45)

Pa6ouasa Touxa B B OTKPHITOM COCTOAHYH KJIOYA JIEXKUT HA Ha-
JaJI5HOM, KBas3suJIMHeHHOM yg9acTke xapaktepuctuxu MJIII-tpan-
sucTopa. IIoaToMy ocTaTOUHOe HaNpsKeHNe MOYKHO 3aIlucaTb, YM-
HOXKasA TOK HaceluleHus (8.45) Ha compoTusieHue KaHana r,,. Ilo-

— +
naras U,, = E;, moaydaem
E 1
— C
UocT = R ‘ N ’ (8-46)
AE; -U,y)

rge b — ygensHas KpyTHU3HA.

IIpu copMecTHO¥ paboTe KJOuel B IOCJEZOBATEJLHOR IIEIIOUKe
oTnupamomuii curian E, mocTymaer oT mpesmiAyLiero (3ameproro)
KJI0Ya; B 3TOM cJyuyae E =E,.

Ecau npunars b = 0,1 MA/B Uy=2,5B,R,=50kOmMuE; =
=E =758, 10U, =300 MB. TaKoe sgavenne U CpaBHUTENB-
HO BEJIMKO, IIPUYEM IIyTH ero yYMeHbIIeHUA B JAaHHOH cXeMe orpa-
HUWYeHH], IOCKOJIBLKY U yBeaudeHnue R, u yBeJudeHue b B KOHEYHOM
cyeTe 03HAYalOT yBeJudYeHUe IJIOWagy, 3aHIMaeMoi CXeMoi, a 3To
B NOJyHIpOBOZHUKOBLIX YIC He)xejaTegbHO.

OnxHako ciefyeT NOOYEPKHYTb, YTO IPHUHIIMNUAILHBIX OrpaHy-
uenu#i Ha penmyury U, B MJII-TpPaH3MCTOPHBEIX KJIOYaxX HET;
ocmamounoe HanpaxeHue MO¥HO clenams cKob yzoOHO MALLLM,
yBeauuuBad conpoTrusienne R, u manpaxenue E;. 910 — onHO u3
BasKHeHImuX npeuMmyinects MIII-Tpam3ucTOpPHBIX KJIOUel Iepen
OGUIIOJIAPHBIMH, Yy KOTODHIX BedwduHa U , HPHHEOUNHANBHO OTpa-
Hy4deHa Hanpswenmem U, [em. (8.2)].

Kmou ¢ pjuanammyeckoit Harpyskoil. CxeMa Taxoro Kiamodya, BBI-
TIOJTHEeHHOre Ha OZHOTHUIIHBIX TPaH3UCTOpaxX, IIOKasaHa Ha
puc. 8.17, a. Poab AuHaMU4YeCKOH HArpySK¥ BLINOJHAET TPAH3U-
crop T2, y KOTOpOro 3aTBOpP COeAMHEH CO CTOKOM M KOTODBIH, TeM
CaMBIM, ABJIAETCA JBYXIIOJNIOCHUKOM — pe3ucTopoM. B cxeme ¢ qu-
HaMu4yeCKO#l Harpyskoil TpausucTop 1'2 Ha3HIBAIOT HAZPY30%HbLIM, &
T1 — axmueHnbiM.

Boapr-amnepnyio xapakTepucTury pesucropa T2 MOKHO IONY-
YUTh U3 CIEeRYIOUUX cooOpa:keHuil. ITOCKONBEKY IpuU COegUHEHHH

3aTBopa co cToKOM monyuaerca U, = U,,,, To, OueBHAHO, cIpa-

CT
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+E, I
1 2
¢ Ebz(Umz‘Uoz) E: }
T2 \
11 + 2
5 by (E; —Upy)
15 018, "0y
Uc \ : \
A !
T1 :B . :Uozl
Tl /! Y
—I- 0 Uoc'r UCH Ec Uc
a) 6)

Puc. 8.17. MIOII-TpaH3ucTOpHLIA KJIOY ¢ ZUHAMHYECKOH HATPY3KOH: @ — cXxe-
Ma, 0 — paCIOoJoKeHHe paGouMX TOYeK Ha BBIXOZHOH XapaKTepHCTHKe

BepuBO HepaBeHcTBO U, 5 — Uy < U ,,. ITO HEpaBeHCTBO O3HAYAET,

uyTO Tpau3ucTop 1I'2 paboTaeT Ha IOJIOTOM YYaCTKe XapaKTepUuCTH-

KH. Hna 3TOTO ydacTKa HeilCTBUTENbHA tdbopmyna
2

I, =%bU,, -U,)”. Ilogcrasnasa B vee U, = U,,,, 3anumem BAX

pesucTopa B BHJe

Iy =Y%by(Ueez —Upy)’. (8.47)

Kax Bugum, sta BAX — napabonuueckasi, T. . HeJIUHeHHad.

B 3amepToM cOCTOsSHMY KJI0OUa, KOUAA Ha 3aTBOP IIOLAHO HAIP-
xKenme E, < U,, ocTaTouHbIN TOK MMeeT NIPUMEPHO TO ’Ke 3Haue-
Hue, uTO U B peaucTopHoM KJioue ( 1079-10710 A u menee), a maxk-
CHMaJbHOE BBIXOJHOe HAaIpsiyKeHMe OJM3KO K HAIPsKeHUIO ITUTAa-
wua: Uy, = E, (cM. Touky A na puc. 8.17, 6). Tounoe nososkenne
TOUKY A OIpejesdeTcA IepeceueHWEeM OOpaTHBIX XapaKTEPHUCTHUK
CTOKOBBIX p—N-TIEPEX0JO0B aKTHUBHOIO ¥ HArPy30YHOTO TPaHB3HCTO-
poB.

B OTKpEITOM COCTOSAHUY KJIOUYA, KOTAA Ha 3aTBOP NOZAHO HAIP-
xenue E; > U, pabouas Touka B 1eXXUT Ha KBa3UIMHEHOM yua-
CTKe XapaKTePHUCTUKH aKTUBHOro rpansucropa I'l. OcraTounoe Ha-
TIpsA’KeHue B 3TOH TOUKe, Kak oOnIuHO, Mano. IlosTomy muraltomee
HaIIpsKeHVe MOXKHO CUUTATh NMOJHOCTHIO IPHJIOKEHHBIM K Harpy-
3ouHOMy Tpanauctopy T2. Torga TOK HachIIIeHUs ONpegesieTca U3
bopmynsr (8.47), ecnu nmonoxkute Uy = E:

Iy =%b,(U, ~Ugy)?. (8.48)



314 Tnasa 8. OcroBsl HudpoBoi CXeMOTeXHHKH

Ymuoskas ToK I, Ha COINpOTHEBJeHMe KaHala M IOjaras

Uy = E;, momyuaeM OCTaTOuYHOe HampsbkeHue B Bugel:

_b (B ~Up)®

= 8.49

ITockonbKy Ha IPaKTHKe BCETAa BHIIONHAeTCH ycioBue E; <E_,
HETPYAHO CHENATh CJERYIOIIWMI Ba’KHBIM BbIBOJ: AJA TOIO, YTOOBI
OCTaTOYHOE HaIpsi’KeHue ObII0 Malo, 8 Kalue ¢ OUHAMUYECKOU HA
2py3sKoil JONIHHO BbINOLHAMBCA cOOMHOUeRUe by << b,, m.e. mpan-
3ucmopel GoAHCHbL Obimb CYULECMEEHHO DAZJAULHLIMU.

HanmomHuM, UTO yAelsHasa KPYyTHU3HA b onpejenAeTrcsa B IEPBYIO
ouepelb reoMeTpHed TPaH3UCTOPa, & MMEHHO, OTHOIIEHUEM IITUDPH-
HbI K AIUHe KaHana Z/L. 3HauuT, y aKTUBHOI'O TPAH3UCTOpPA OTHO-
menwue Z/L BOMKHO GbITH KaK MOMKHO OOJBIIINM, & ¥ HArPy304YHOTO
KaK MOYXHO MeHbII¥UM. B 060MX CiIy4Yasx orpaHWYeHUsA HaKJ/JIagblBa-
IOTCS KOHCTPYKTHBHO-TeXHONOTHYeCKUMN dakxropamu. Ecau obec-
Ie4yuTh oTHomeHue b, /b, = 50-100 (uTO BIONHE peanTsHO), TO OCTa-
TOYHOe HampsKeHHe MOKeT JeykaTs B mpegenax 50-100 mB.

KomniuemeHnrapusiin Kiarou. CxeMa Takoro KJmua NOKa3aHa Ha
puc. 8.18. IIycTs B MCXOZHOM COCTOSIHUY YIIPaBJAIOIee HaIpsvke-
uue pasHo E, = 0. Torgpa

Ugni = 0; Ugys = — E,.

+E, 3HaYuT, n-KaHaJbHBIH TpaH3U-

U, T2 crop T1 3amepr, a p-KaHaJIbHBIA

| ®) | rpansuctop T2 OTKpHIT (cuuraem,
uro E, > |[Uy,y.

r U, Tox B 00IIel Ienu OIpeRenAeTcs

| Ti 3anepTsiM TpaHaucTtopoM 1'l u co-

U, (n) crapader Benuuuny I,.. OTKpPbITHIH

Tpan3ucrop T2, kak U B IIpegbIAY-

L IuX cxemax, paboTaeT Ha KBaswuJIu-

Puc. 8.18. Koumnemerrapupi HOHHOM YUACTKe XapaKTePUCTHKH.
MAOII-TpaH3HCTOPHBIN KJIIOY YMHOXKaA OCTATOUHBIA TOK II€PBOTO

1 IToporoseie HanpsKeHUs! TPAH3UCTOPOB JJIA OOIJHOCTH IIPHHATHI pa3HEIMH. B HH-
TerpajnHbIX CXeMaX 3TO pasdaudne HeusGerkKHO M3-3a PA3IHYHSA HAIPSLDKEHUH MeX-
AV HUCTOKaMH M OOIeH MOAJIOKKOM.
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TPAH3UCTOpa Ha COIPOTHBJIEHWE KaHajJa BTOPOro M HoOJaras
U,, = E,, monydaeM HanpsxeHNe Ha OTKPHITOM TpaH3ucTope I'2:

! U l — IOCT 1 :

by (E, ~1Ugal) (8.50)
Ecnu npunsars I

t0 |U,0] = 2 MKB.
IlycTs Temeps yIpaBisiOliee HAIPsKEHNe NIPUHUMAET NOJIOXKH-

TenbHoe sHauenue E, = E,. Torpa

=100 A, b, =0,1 MA/B2u E - |Uyy =5 B,

octl

Usi = Ec> UOl; Usyz = 0.

~y

3HaUNUT, Telepb N-KaHalbHbIN TpaH3UCTOpP I'1 OTKPHIT, a p-Ka-
HanbHBIN TpansucTop T2 sanepr. Ilpm atom Tok B 0OIieir menwm
TO-TIpe’KHeMy OCTaeTCs1 Ha ypoBHe I .., XOTA TPaH3HUCTOPHI «IIOMe-
HSAJNNCHL MECTAMU».

Taxum o6pasom, BakHelIIeir 0COGEHHOCTHI0 KOMIIJIEMEHTaPHbBIX
KJIIOUeil SIBJISIeTCSA TO, YTO OHH NPAKMUYECKU He nompebasiom
mowHocmu 6 oGoux cocmosnusx. COOTBETCTBEHHO, 3TH JBA COCTO-
HYA MOYKHO HA3BIBATH «3aKPHITHIM» U «OTKPBITHIM» TOJHKO YCJIOB-
HO — II0 OTHOLIEHHIO K OJHOMY M3 TPAH3UCTOPOB (Hamupumep, n-Ka-
HaJILHOMY).

OpHako ycTOMUYMBLHIE COCTOAHUA Pa3JNvYaAOTCA BeCbMa YETKO IO
YPOBHIO BLIXOQHOTrO HanpskeHusi. Tak, Boimme ObINIO NTOKA3aHO, YTO
npu Hu3KOM sHauenuu E, xorga Tpamsucrop T'1 samepr, Hamps-
skeHue U, , Ha OTKPLITOM TpaHsucTOpe T2 HUYTOXKHO MaJjo, a 3Ha-
YUT, BRIXOAHOE HANPSDKEHWEe PAaBHO HATPSKEHUIO ITUTAHUI:

ocT

Upaxe = Eo- (8.51a)

IIpu BrICOKOM 3HauYeHHMHM E, , KOrga oTKpiT Tpansucrop T'1, Ha
HEM IajaeT TaKoe ke HUYTOXKHOe HanpsxeHue. Bemwuwny U,
MOKHO HaiiTu u3 Bpipakenud (8.50), 3aMeHUB MHOEKCHI B IIPaBoit
yacTu. 9TO ¥ OyAeT OCTAaTOYHOe HANpsAKEHMe Ha KJoue:

Uper1=1ocr2/ [B:1(E, —Ugy)]- (8.516)

OcraTouHOe HampAKeHWe MO)KeT MMeTh TaKie jke KpailHe ma-
Jbie 3HAUEHHUsA, KaK ¥ B IIPUBEJEHHOM BbIIlle IIPUMeEpe: J0 eXWHUIL
MHUKPOBOJIBT ¥ MeHee. MaJjple OCTaTOUHBIC HANIPAMKEHUS ABJSIOTCA
ele OJHAM Ba)KHBLIM IIPEUMYILNEeCTBOM KOMILJIEMEHTapPHBIX KJIIOUeil.
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Ecun nanpsxenve nuranus E, npeBsllaeT cyMMY IIOPOTOBBIX HAmps-
SKeHNH 000X TPAaH3UCTOPOB, TO MMEeTCsA MHTepBaJl YIPABAAMIUX CHIHA-
JIOB

Up < E, < E, — |Uy,
B KOTOPOM OTKPBITHI 00a TpaHsucropa. Torga ofmuit Tok B memu Oygmer
¥MeTh KOHeuHOe (MHOrgA JOCTATOYHO 0OJBIIOE) 3HAUEHHNE, KOTOPOE MOIKHO
BBIYUCIAUTS IO U3BecTHHIM GopMynaMm. OpgxHaxko aiaa KMIOII-katogesn TH-
NUYEB HU3KKE HANPAKEHWA NMUTAHUA, OAUBKYE K CyMMe HODOrOBHIX Ha-

NPOKEHUH, TaKk YTO 3aMETHOrO BO3PACTAHUA TOKA B NEPHOJ] NepeKJioue-
HUs OOBIYHO He IPOMCXOQUT.

Ilepexonnste nponeccsl. UHepuuonuocTs MATI-TpansucTopHBIXx
Ka0ueil o6ycaoBIeHa IIaBHBIM 00pa3oM Iepe3apaaoM eMKOCTel,
BXOJAINNX B COCTaB KOMILIEKCHOR Harpysku. MHepIMOHHOCTL Ka-
HaJjla, XapaKTepH3yeMyl0 IOCTOAHHOH BpeMeHH T,, NpH Heobxomu-
MOCTH MOKHO y4YecTb, CKJIAAbIBAA T, C IIOCTOAHHON BpeMeHu Iepe-
3apaga eMKOCTeH.

a) 0)

Pac. 8.19. Ilapasurtusle eMmkocty MJIT-TpaH3HCTOPHOrG KIIOHA:
a -— COCTaBJSIOIHe eMKOCTH; § — pesyJbTUpYIOILasd eMKOCTh

Ha puc. 8.19, a noxasan kiawu Ha TpansucTope T'1 (¢ pesucTop-
HO# Harpyskoi), paboTaiomiuii B HOCHeKOBaTEAbHOH IeNouKe Ha
BTOpOI anayioruunsliit kiaou. Ha puc. 8.19, 6 nokasana sksusaneH-
THafdg cxema KJua, B KOTOPOI BCe YaCTHBIE eMKOCTH 3aMEHEHBI Of-
HO¥t cymMmapHO#t emxocreio C :

Co=C,+ Copy + Cppap + Cyy + KCye. (8.52)

Tunuunbie B3HaueHUs CYMMapHOK €MKOCTH  COCTABJAIOT

C, = 1-3 n®. Ona BKMIOUaeT cCAeAyIOIIe KOMIOHeHThI: C, — eM-

KOCTh 3aTBOP—KaHaJI; B OTJINYNE OT APyrux eMKOCTe¥# OHa sIBJIAET-
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Cs1 MMMaHeHTHOH, T. e. opeanuiecku ceoiicmeennoit MJII-mpansu-
cmopy 1o caMOMy IPUHLUINY ero geficTudA (yZeilbHad eMKOCThH 3a-
TBOP-KaHaJI ONpeje]deT BeJUYUHy yZReJbHOH KpyTusuel); C,, —
€MKOCTh CTOK-IIOJJIOKKa (6apbepHas eMKOCTh CTOKOBOI'O p—n-nepe-
xopna); C_,, — NapasuTHasA eMKOCTb MOHTa’KHBIX COeJUHEHUH OTHO-
CHATEJLHO NONJIOXKKY (B MHTETPaNbHBIX CXeMax 3TO eMKOCTh MeTaJi-
JUYeCKOH MJIY HOJMKPeMHMeBOil passoaku); C., C,. — eMKocTH
3aTBOPa OTHOCHTENBLHO obGyacTell MCTOKA M CTOKA.

IIpoucxoxxgeHue koagpdunuenta K cBa3aHO ¢ TaK Ha3hBIBAEMEIM
appexmom Muannepa (cm. pasz. 9.5). Kosddunmuent K mosker
VMeTh 3HAUEHWA OT HecKOAbKHMX eauuun Zo 10—-20 u Gomee. Ilpum
3TOM pois emKocTH C,, 4acTo OKa3niBaeTCA JOMUHMPYIOIel.

IlycTs B MCXOZHOM COCTOSHWY TPAH3UCTOP OTKPBIT M HAa HEM Ia-
naer HeGoJbIIIOE OCTAaTOUHOe Hampspkenwe. IIpu mocrymieHuu 3a-
TUPAIOWET0 CUTHala £, TOK B TPaH3MCTODE YMEHbIIAeTCHd JO HyJIsd
¢ BechbMa MaJIoH NOCTOAHHON BpeMeHH T, — NPaKTH4YeCKH MI'HOBEH-
Ho. Jlocne samupanua Tpansucropa (T. €. 3allMpaHHsA KJloua) em-
xocTs C, 3apAKaeTcA OT MCTOUHMKA NuTaHua E  uepes pesucrop R,
¢ mocrosHHOK Bpemenu T, = C.R, (puc. 8.20, a).

Ic
1 E;
——————— g W
I =
//
//
<2
”
- /’
) A I.(0)
//
Ip R,
Ll - <
0 Uocr ? UCH Ec Uc
a) 0) 6)
Puc. 8.20. K pacuery mepexogHBEIX mpomeccoB B MJII-TpaH3ucTOpHOM KJIIOYe:
a — OKBHBaJeHTHas CXeMa IIoCjie 3amMpaHHsa Kiouya; 6 — JKBHBaJSHTHas CXe-
Ma [OocJie OTIHPAHMA KJIOYa; 8 — XOJ IPOIecca OTIHMDPAHMs Ha BHIXOAHBIX Xa-
PaKTepHCTHKAX

IIpomecc 3apsaga onmuceiBaeTcs NPOCTeHIel 3KCIOHEHIINAIBHOMN
dbyeKIHEH
—th
u,(ty=E,1-e "°).

Bpems 3apsaga, T. e. AAUTEeNbHOCT: QPOHTA HANpPSKEHUA HA
yposue 0,9E_, cocrapiser

ty = 2,3 RC,. (8.53a)
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Hanpuwmep, ecau R, = 50 kOm 1 C, = 3 nP, To 7, = 150 HC U
ty = 350 mc.

Ecnu B dopmyne (8.53a) 3aMeHUT: COIpOTHBIeHNe R, OTHOIIe-
muem E_ /I, [cm. (8.45)], To HauTenbHOCT: PPOHTa 3ANMINETCA B
caenyiomeM Gosee obiieM Buae:

tg = 2,3 (ECo/Lon)- (8.536)

W3 Takoit GOpMEI 3aIHCH SCHO, YTO AJIUTEILHOCTH ()POHTA IIpe-
JOIIpefenaeTCcA >KelaTeJbHON BeJIUYMHON pabouero Toxa.

Ornupanue Ka04Ya 1 GopMUPOBaHYE Cpe3a UMIIYJIbCca HAIpKe-
HUs IPOTEKAIOT HECKOJNbKO ciorkHee. Ilocie mogayu oTHMpamInero
curnana E; Tok I, mpakTHUecKy MIHOBEHHO (C IOCTOAHHOI BpeMe-
HH T,) JOCTHTaeT 3HAYeHH:A

1,00) = Y HE; -Uy)* (8.54)

(puc. 8.20, 6). OTUM TOKOM HauvHAaeT paspsxaTsca eMKocTs C,. Ilo
Mepe paspaga eMKOCTH Hanpspxenue Ha croke U, yMeHbinaercs. [lo
TeX IOp, TOKA OHO OCTaeTcs GONbIle HaNpsKeHNd Haceimenus U,
pasnoro E; — Uy, TpansucTop paboTaeT Ha IOJIOroM ydacTKe Xa-
PaKTepUCTUKY ¥ TOK coxpanser sHauenue I, (0) (puc. 8.20, s).

Korga nanpsoxenue U, yMeHbIIafACH, Ae1aeTCA MeHbIIe HAIpPA-
JKeHUs HACHIIeHUsd, TOK I, HauuHaeT NajaTh, CTPEMACH B Ipeaee
Kk 3HaueHUIO I (o) =1_, . CooTBETCTBEHHO Ha ITOM ITane Iepexof-
HOTO IIpoIlecca Hy>XHO 05110 Obl yuecTh HEJUHEHHYIO 3aBUCHUMOCTH
I(U,). Opuako, urolGel m3bekaTe MaTeMaTHUEeCKHX TPyAHOCTE,
BOCIIOJIB3YEMCs JBYMsI HPOCTEHITUMY allIPOKCUMANUsIMU, OJHA U3
KOTOPBIX AaeT 3aBeOMO 3aHUKEeHHOe, a Apyrasd — 3aBeJOMO 3aBbi-
IIeHHOe 3HaYeHVe JJIUTEJILHOCTH Cpe3a.

B oboux cnyd4aax npeHebpeskeMm TOKOM Ip uepea Harpy3OuHBIH
pesuctop. Takoe npeHebpe’keHye BIOJHE OIPaBJaHO, TAK KaK IOY-
THU Ha BCEM IIPOTsKEHUH IIePeXOJHOTo Tporecca TOK I He3HauUnTe-
JIeH TI0 CPaBHEHWUIO C eMKOCTHBIM Tokom I, (pumc. 8.20, ).

B rauecrse 1-it annpokcumanwu npumeM I, = I (0) = const (emxocTs pas-
pAKAaeTcs HeM3MEeHHHIM TOKOM, CM. IITPUxOByIo auHuio I Ha puc. 8.20, 8).
Torga, nojejaus HA4AIBHEIL sapay @ = E C, Ha paspagHslii Tok I (0), moay-
yaeM:

t, = EL./1(0).
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B xauectse 2-it annpoxcuManyyu npumem I, = U /R, rae R, = E /I (0)
— CcpemHee CONpOTHBJIeHVe B Hepuoj paspsja (CM. HITPUXOBYIO JUHHIO 2
Ha puc. 8.20, g). B aToMm cioryuae paspsajg HocuT oOBIYHBIN 3KCHOHEHIAAb-
HBI# XapaxTep

u(t) = Ece_t/1 ’

rge T = Ccch. Cuurad, uTo paspAj sakaHuuBaercdA Ha yposHe 0,1 E_, nosy-
qaeMm:

t, = 2,8t = 2,3 [E,C,/I(0)].

Jna pacueTOB MOXXHO IPHHSATH IPOMEXKYTOUHOE U3 ABYX IOJY-
YeHHBIX 3HAYEHUH:

t. = 1,5 [E.C./1.(0)], (8.55)

rae Tok I (0) onpenensaerca soipaskeHueM (8.54).

Hanpuwmep, ecnmu E; =E,=75B; Uy =2,5B; b=0,1 mA/B%u
C.,= 3 n®, o I(0) = 1,25 MA u t, = 25 Hc.

Kak BuguM, cpe3 noso#umenrsHoz0 UMNYAbCA 3HAYUMENLHO KO
poue pponma. B obiiem cayuae TaKO BBIBOJ BBITEKAET M3 CTPYK-
Typsi Boipadkenuit (8.536) u (8.55), KoToprie B IPUHILUINE Pa3Inya-
IOTCA TOJBKO 3HaueHUaMH Tokos. Y3 pumc. 8.20, 6 sacmo, UTO
I1,(0) >> I.,. Orcioga HeusGexkHO CIeAyeT, UTO f, << f,.

Taxum oGpaszom, GpicTpOAEICTBME JAaHHOIO THUIIA KJIOUE onpene-
adeTcsa ANUTeNLHOCTHI0 dpoHTa. [INsa yMmMeHbIIeHUsd BpeMeHH i, He-
06X0AMMO yMeHBIIIaTh CONPOTHBJIEHNe E, , a 3TO IPUBOJHUT K POCTY
OCTATOYHOTO HaUpsDKeHUs Ha kiaode [cM. (8.46)]. CregosarensHo,
BO3MOXKHOCTH IOBBIIIEHUs OBICTPOZEHCTBUA OTPAHUYEHEI.

O6muit BUL IepexOoAHBIX U,
IIPOLIECCOB B PacCMOTPEeHHOH
¢xXeMe mokasan Ha puc. 8.21. E;

B katove ¢ dunamuneckoit 1
nazpyaroit (puc. 8.17, a) dop-
MUPpOBaHVE Cpe3a IPOMCXOJUT I, (o0)

TaK ke, KaK B KJIOuUe C pe3d- INOL >
CTOpHO#t HArpyskoit, a Bpema U =
t, omnpegenserca GopMyJIOi E, oer 0,9E,

(4
(8.55). Taroe coBnagenue o6's-

3 M} t
SCHAETCA TeM, YTO TPH BHIBO- A Lt | ¢

Ae dopmyist (8.55) Mb1 npeHe- Puc. 8.21. Ilepexoansle IIPomeccHl
6perau TOKOM Harpysku Ip u B M/IJI TPaH3HCTOPDHOM KJIIOYE

Up
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TeM CaMBIM HCKIioumnu cnenuduxy narpysku. Tox I(0), sxona-
muit B popmyay (8.55), sAsnsgerca B JaHHOM ClIydyae HAaYaJIbHBIM TO-
KOM aKTHUBHOTO TPaH3uCTOpa: mo aHanoruu ¢ (8.54) sanuiuem:

I.(0)=¥b(E; ~Upgy). (8.56)

PdopmupoBaHue (PpPOHTa HPOUCXOZUT B HEPHOJL 3apAga eMKOCTH
C, uepes HeJIMHEHHYI0 AUHAMHMYECKYIO Harpys3Ky. YUHTHIBad Iapa-
6onuuyeckuii xapakrep BAX (8.47), Mmo)xHO 3apaHee 0)KugaTh, UTO
3apAf eMKOCTH OyJeT IPOUCXOOUTH MeAJIeHHee, YeM IIPU Pe3UCTOP-
HOH Harpyske, a BpeMsd ty 6ymer Oonbime. YToGHI M3berkaTh MaTe-
MaTUYeCKUX TPYAHOCTeil, 3aMeHUM mnapabonauueckyio BAX nuneii-
Hoi# ¢ conporusnenuem E /(3 I, ). Torna smecro dopmys: (8.536)
HONYYHuM

t‘b =2’3Eccc/(%Icu ), (8.57)

rge TOK HachlmeHusa I, BeIpakaerca dopmynoit (8.48).

3aMeTuM, UTO B ZAHHOM KJIIOUE B COCTAB HArpy30UHOH eMKOCTH
(8.52) crepyer JONOMHUTEIBHO BKIOYUTE eMKOCTE C_ o, & B HHTeT-
PaJbHBIX cXeMax (VIUTHIBad OOIHOCTS MOQJOXKKY ¥ 000UX TPaH3U-
CTOpOB) — eIle u eMKOcThb C, ,.

ITockonbky 1O CPaBHEHHUIO C PE3UCTOPHBIM KJIIOUOM BPEM: f,
BO3POCJIO, a BpeMA ¢, OCTAJOCh TeM ke, MOXKHO CAeJIATb BEIBOJ, UTO
8 KAI04ax ¢ JuHaMUYecKol HazpY3Kou, KaK U B PE3UCTOPHBIX KJIO-
4ax, Geicmpodeiicmeue onpedensemcs 0AumenbHOCMbI0 PPOHMA.

Hcnonssya peipakenus (8.47) u (8.56), nerko nokasarh, 4ToO
OTHOIUEHMEe tq,/tc ompefesAeTCca B IIEPBYIO Ouepedb OTHOIIIEHHeM
YAeNbHBIX KPYTH3H b,/b,. llonsiTka yMeHpIIUTs Benuuuny b,/b,
(c nenblo BHIpaBHUBaHUA MPOHTA U Cpe3a) IPUBOAUT K yBeIWye-
HYIO OCTATOYHOr0 Hanpskenus [cM. (8.49)]. IlosTomy IOBLIIIeHE
ObICTpOAelicTBUs KJoua TpebyeT yBeJIWYeHUA yAEJbHON KPYyTHU3-
HBI 000HX TPaH3UCTOPOB, a 3TO, KaK M3BECTHO, COIPSAXKEHO C yBe-
JIVYeHVEeM WX Pa3MepoB, T. €. IJIOIMaA¥. B MHTerpaJbHBIX CXeMaXx
TaKo# NyTb, €CTEeCTBEHHO, OrpaHUueH.

B komnaemenmapHom Kal0ue TIePeXOZHEIE TIPOIECCH] XapaKTep-
HBI T€M, 4TO 3apAj ¥ paspaj Harpy30uHOi eMKocTH C, IPOMCXOAAT
IpUMEPHO B OAMHAKOBLIX YCJIOBUAX. JTO 00'bACHASTCA CUMMETpUet
CXeMBI II0 OTHOMIeHHIO K 3alupaiollleMy ¥ OTHHPAIOIEeMy CHUTHa-
aM.



8.6. M/III-TrpaB3yucTopHEIe KIIOUH 321

3apsj eMKOCTH IPOUCXOAUT Yepe3 OTKPHITHIM TpaHauctop T2
npu 3aneprom T'1 (puc. 8.18), a paspang — uepe3 OTKPHITHIA TpaH-
guctop T'1 mpu sameprom T2. B ofoux cayuasx TpPaH3HUCTOpP, OT-
KPBIBITUHACA IIOCJIe OUYEpPegHOTO NepeKIIoueHusi, cHauana paboraer
B peXHUMe HaChHIIeHHUS CO CPaBHHUTeNsHO Goabirum TokoM I (0), a
3aTeM, 10 Mepe 3apsajfa WY pas3pajfa eMKOCTH, HallpsyKeHWe Ha CTO-
Ke NajaeTr HWKe 3Hauenuda U, ¥ TOK HauMHaeT yMeHsInaTecsa. Cre-
JOBATENbHO, MEeXaHu3M ODOMX TIPOIlecCoB (3apsjza ¥ paspAfa) TOT
JKe, KOTOpbIH Obl/I paccMOTpeH IPHU aHajluse paspaja B KJIOUe ¢ pe-
3UCTOPHOM Harpyskoit (puc. 8.20, 6 u 8g).

CooTBeTCTBEeHHO, AMUTENbHOCTY GPOHTA U Cpe3a OIpefeNsioTc
ORHOTHUIIHBIMM BhIpa’kKeHUAMH, aHamoruuHbIMu (8.55):

EC, _ SEccc

t L 2
IcZ ® bg(Ec‘ IUozl)z ’

s =1 (8.582)

tc = 1,5 ELCC = ﬂcLz . (8.586)
@ p@E -vyy

B dopmynax (8.58) ungexcer I u 2 npusBaHbl NOSYEPKHYTH pas-
NuYyue IapaMeTpoB N- ¥ p-KaHAJIbLHOrO TpaH3ucTOpoB. OZHAKO 3TO
pasnuume BrOpocTeneHHoe. [IpakTryecky AIUTENbHOCTH QPOHTA K
cpes3a OKAa3BIBAIOTCH OSMHAKOBBIMH.

Ecim, xak u Belimme, monoxkuts U, = 2,56 B, b = 0,1 MA /B2,
C,=3n® u E, =7,5 B, 10 t3, = t, =~ 25 HC.

CpapuuBaA IoJyyeHHBbie 3HAYEHWA C NPEABIAYIIUMY, BHIUM,
4TO OBICTPOAEMCTBYE KOMILJIEMEHTAPHOTO KJI0Ya OKa3bIBAETCH II0Y-
TH Ha IOPAAOK BBIIIE, YeM V ABYX APYTHUX THUIOB KJIOUeil. ITO Ipe-
UMYIIIECTBO COXPAHSETCA U NP YMEHbLIIeHWN HANPAXKEeHUs NHUTA-
HHUA.

JApyroit oueHb Ba’KHOH 4YePTOH KOMIJIEMEHTAPHOTO KJII0Ya ABJIA-
eTCs1 OUeHb MaJioe NoTpebjieHue 3HEePTuM OT UCTOUYHMKA IUTAHUA B
CTaTHUYeCKOM pekume. 3aMeTHad sHeprus, o0yCcIoBJIeHHasd Heo0Xo-
OUMOCTBIO Tlepe3apsAfa eMKOCTeil, norpebiseTcs B Ipoijecce Iiepe-
kiaouenus. Tax)ke IIpY NepeKIIOUEeHNHN U3-32 KOHEUHOH AJIUTENb-
HOcTH (POHTA BXOAHOIO CHTHAJNa Ha KOPOTKOe Bpems 06a TpaH3u-
CTOpa KJIOYa OKAa3biBAIOTCS OTKPBITBIMM, YTO TIPHUBOAUT K
KOPOTKOMY HMIIYJIBCY TOKaA NMOTPebJeHUsA OT MCTOUHHMKA IUTAHHUA.
Wcnons3oBanne KOMIJIeMEHTAPHBIX KJOUEH IPH OYeHb IIOJIOrOM
(ppoHTE BXOLHOTO cHUrHaNa MOJKeT NPHUBOAUTH K TEILJIOBOMY pPaspy-
LIEHUI0 TPAH3UCTOPOB IPY INPOTEKaHNHU 6OIBIIOr0 CKBO3HOTO TOKA.

11—3423
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J1a Bcex Tpex THUIOB KJOUeH 21G6HblM NYynmeMm nosbluleHUs Obi-
cmpodeiicmeus Aériemca ymenvuienue cymmapHoii emxocmu C,.
IIpu 3aganHO¥ eMKOCTH Svicmpodeiicmaue NOGuLULAEMCs C Yeeruie-
HUeM MOK06, B YaCTHOCTH, — C YBeJIMUeHUeM MHUTAIIIero Hamps-
JKeHUs.

8.7. IlomexoyCcTOHYUBOCTD KJIIOUEH

ITomumo mnone3HbiX (YyHpaBAAINNX) CUTHAJIOB, HA KJIOYHA U
KJIOUEeBEIe CXEMbI BCErja BO3NEMCTBYIOT IapasuTHBIE CHUIHAJHI,
06ycI0BIeHHBIE BHEIITHNMY 3JIEKTPOMAarHUTHRIMY IoMexamu («Ha-
BOAKAMM») UJIK K€ BHYTPEHHVUMHU INIPONEeCccamMHy, HampuMep, CBA3A-
MU ueped oOmuH uMCTOUHWK nuraHuA. [losaTomy paboume CUrHAJNBI
JOJI>KHBI IPEBBIIIATh YPOBEHb HOMEX, a K MaJIbiM HapasuTHBIM CUT-
HaJlaM KJII0Y ZOJDKeH OnITh 110 BOBMOXKHOCTH HeUyBCTBUTEJEH, T. €.
He NOJDKEH pearupoBaTh Ha HUX TaK, KaK OH pearupyeT Ha Ioje3-
HpI CHrHa.

WrguddepenTHoCTs KIIOUa (MM APYTOM CXeMBbi) K TAPa3UTHHIM
CUTHaJIaM Ha3blBAIOT NOMEX03AULUULEHHOCMbIO UIYX NomMexoycmou-
LUBOCMbIO.

IloMex0oyCTOHYMBOCTS IPUHATO U3MEPATH abCONMIOTHOH BeJIUYH-
HO# curuasia (065IYHO B BOJMBTaX), KOTOPHIH eIlje He BEI3RIBAET JIOMK-
HOrO OTHUPAHWA WA 3alupaHusa Kiaioua. IlomMexoyCcTofYuBOCTD 110
OTHOIIEHUIO K CUTHAJAM IOJOKUTENbHON U OTPHUI[ATEJIbHO MOIAD-
HOCTH MOXKeT GbITh CYILLIeCTBEHHO Da3HOil. AHANV3 IIOMEX0yCTOHun-
BOCTY IpejIoJiaraeT, 4YTO KJI0UY paborTaeT B IOCJIeZOBATEILHOM Ife-
TIOYKe.

IlocnemosaTesnpHasA IeNOUYKa KJAMOUEeH AO/KHA paboTaTe Kak
ORHO IIeJI0e; U3MEHEeHYe COCTOSIHUA 1-T0 KIIoua JOJPKHO COIIPOBOXK-
JaTbCsA U3MeHeHWeM COCTOSHHA BCeX OCTAJbHBLIX KJIOYed, BIJIOTH
50 nociaegHero. OxaspiBaeTcs1, QIS 3TOTO BXOQHOM CHUIHAJ JOJYKEH
NpeBBIIIaTh TAK HAa3bIBAEMBIN 710p0Z XYECMEUMEeAbHOCMU; B TIPO-
THBHOM CJIyuae CUTHAaJbI B I[EIOYKe «3aTyXaloT» ¥ KJIOUH, yEaJIeH-
Hple OT IIepBOTO, He MEHAIOT cBoero cocroanma. Hanporus, cursan
IoMex¥ AOJDKeH ObIThb MEHbINle NTOpOTa YyBCTBUTEJILHOCTH.

Jdas Toro, uTo0bl OLIEHUTH NMOPOT UYBCTBUTEIHHOCTHU, PACCMOT-
pUM IpeJBapuTeasHo 00I1yI0 METORUKY ONpeaeienud pabouux ro-
YyeK B IOCJeNOBaTeJabHOM IleNoYKe KJmouei. 3ajgada CTaBUTCA Ta-
KuM o0pasdoM: n3BecTHa pafouas TOUKaA 1-TO KJI04a; HeobXOoxuMo
C IIOMOIIBIO IIepeJaTOYHOM XapaKTEePUCTUKY HaWTH pabouyo Tou-
Ky n+1-ro xmoya. Vicnonabayoorca Tpu crocoba peirreHus 3TOH 3a-
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gauy, IOKasaHHbIe Ha puc. 8.22, mpuuem mOCHeAVIOIINE PaCCyiK-
JEeHVA OCHOBAHBI HA OYEBHUAHOM COOTHOLIEHUU

Usix n = Usx (n+1)» (8.59)

rge n — HOMep KJIOUa B IeIOYKe.

Ha puc. 8.22, ¢ nokasad HENmoCpejCT-
BeHHBII crocol pelleHus yKasaHHOI 3aja-
uu. IlycTh 3agana pabouasa Touka n. IIpo-
eKTUDPYyA ee HA OCh opjumHAT (cTpeaka I),
noaydaeM sHavenuwe U, .. OTki;ajersas
9TO 3HaUeHuWe Ho ocu abeuuce (cTpeaka 2),
noayyaeM cormacHo (8.59) 3HaueHue
U.x n+1)- HaxoHer, npoBoas BepTHKAIb U3
aToil abcuuccsl (cTpenka 3), HaXoZuM pa-
fouyio Touky (n+1). [ansee npouexypa mo-
BTOpsAeTCH.

Ha puc. 8.22, 6 noxasan sropoii, Gosee
yAOOHLIM M HaraagHBIN crnocol pelleHwd,
OCHOBAHHEBIIL Ha WMCHOJb3OBAHUH OHCCEKT-
p¥chHI, NPOBEAEHHON M3 Hayaja KOOpJAWHAT.
BuccekTprca ABAAETCA IeoMeTPUYECKUM
MECTOM TOYeK, XapaKTepH3yeMBbIX PaBeHCT-
BoM U,,, = U,,. 3HauuT, NPDOEKTUDPYA TOU-
Ky n Ha OuccekTpucy (crpenka 1), moayda-
eM TouKy n', alcgumcca xX0TOPOil ecTs
Uk n +1)- [IPOBOAA M3 TOYKH n' BEPTHKAIb
JI0 IepecedyeHudA ¢ NepPesaTouyHod xapakTe-
puctuxko# (ctpeirka 2), HOJydYaeM TOUKY
(n+1). NmeHHO 3TOT crocob OyxeT MCHOJL-
30BATHCA B JAJbHEHIIEM.

Ha puc. 8.22, ¢ nokasan TpeTHH criocod
pellenusi, AHAJOIWYHBIN MeTOAy JWHUH
Harpysk¥. 3jechk HepejaToyHas XapakTe-
PHCTHKA Inochejyomero xiawoua (2) orio-
’KEHa B 3E€PKAJbHOM OTOoOpasKeHUX ¥ HOo-
BepHyTa Ha 90° oTHOCHTENLHO XapaKTepH-
CTHKY npexsiayigero kiroua (I). Touka n
Ha KpuBoH I mpoexTHpyeTcs IO TOPU3OH-
Taly Ha KpuByio 2 (cTpenka 1), u 3TO gaet
pabouylio Touky (n+1). 3aTem Touka (n+1)
IIPOEKTUPYETCA NO BEPTHKAJM CHOBA Ha
kpuByio I (cTpeaka 2), U 3TO JaeT TOUKY
(n+2). Hanee mpolecc NOBTOPSAETCA.

BHIX

n+l

a) 3 :
!
U +<1— 1
2\JI
Y
0 Unx {n+1) ng

n+l
|
6) 2,

BRIX 1T

0 Unx (n+1) BX

U,

BRIX1?

U

Bx2

6)

Y U,

Bx1®

U

BBIX2

Puc. 8.22. Metogsl onpeaese-
HUst paGoYHX TOYEK B IIOCJEHO-
BaTeNnbHOM IemouKe KJoueil:
a — HeIlOCpeJCTBeHHBIH MeTOZx;
0 — meTox GHCCeKTpHCHI;
6 — MeTOJ JHMHHU HAPY3KH
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3allepT, T. €. Ha ero BhIXOJe HaIpsKe-
Hue OJIU3KO K HanpA'KeHHWIO IHUTaHUA
(rouxka A ma puc. 8.1). Torga karou T2
OTKDBLIT ¥ Ha ero BLIXOZE OCTATOUHOE
HaIps)KkeHue 6au3K0 K Hyaio (Touka B
Ha puc. 8.1). CoorpercrBenno xaioy 1'3
sanepr, K4 74 oTKpHIT U T.4. Beixoa-
Hble HaIPsDKEeHUA KJI0YeH B MCXOJHOM
COCTOSHMM ITIOKa3aHsl Ha puc. 8.23, a.
Ilogagum Teneph Ha Bxox KJjoga T'1
yupasaaomuit cursan U,,, (puc. 8.24,
a). Ilpu aToMm pabouasa ToYKa KJo4a Ie-
PeMecTUTCA U3 IIOJIOXKEeHHA A B IOJIO-
sxerue I. IIpoexktupys touky I Ha Guc-
Puc. 8.23. Buixoamne Hanps- CEKTPHCY ¥ NPOBOAS BEPTHUKAIL U3 TOU-
JKeHHd klioYeit B mociaefosa- KU [’ 0 nepeua’roqnoﬁ XapaxkTepucTH-
TeNLHOM HemodKe: KH, HOoJyuaeMm pabouyio TOUKy KJH0UYa

T172 T3 T4 T5T6 T7 IIpeAmOI0XKHUM, YTO B IIOCIEZOBATe-
g
S

nsHOM nenouke (cM. puc. 8.6) xaou T'1
a) ’
|l fwzal , | wal

a4 — B HCXOOHOM COCTOSBHU, T2 (TO‘IKa 2). HpOBKTprﬂ Tquy 2 Ha

6 — IpH CHUrHajge BBIIIE BICCEKTONCY M LIDOEO s Tou pe
IIOPOTOBOTO; pucy POBOAA U3 TOYKH

6 — IpH CUrHAJNe HUKEe BepTHUKa/Jb AO IepecedeHUsA C Iepena-

OPOroBOro TOYHOH XapaKTEePHUCTHUKOM, IIojJyuyaeM

TOuKy 3 — pabouyio TOuky kiawoua T'3.
IIponomkaa mponeRypy, ybeskgaemcs, uTo paboune TOUKH HeUeT-
HbIX KJjoueit, HauuHaa ¢ T'5, coBnagaioT ¢ TouKoit B (OTKpPBITOE CO-
cToAHMe), a pabouue TOUKY UeTHHIX KJIoueit, HauuHaa ¢ T4, — ¢
TOuKOit A (3amepToe cocrosanue). Mnaue rosopsa, curuan U,,; focra-
TOUeH AJd YIPaBJeHUs I[ENOYKOM, TaK KaK IOJ ero qeiicTBHEM BCe
kaoun (KpoMe HECKOJPKUX IEepBbIX) M3MEHAIOT CBOE COCTOAHUE
(puc. 8.23, 6).

Temeps paccmoTpum ciayuaid, KOrjga IpHu TOM >Ke MCXOJZHOM CO-
CTOSAHUY I[eNIOYKY NOJAaH MeHBINMH ynpasiaoomuit curan U,
(puc. 8.24, 6). Hcnonbaysa mpe)kHIOO HNPOLELYPY, HoayuaeM pado-
ume TOUKH [, 2, 3 ¥ T.A. ¥ yOerKkgaeMces, YTO AaHHBIN CUTHAI HEHO-
CTaTOuYeH [JIA yIPaBJIeHHUs [[eIOUYKOM, TaK KaK M3MEHsIeTCs COCTOA-
HYe TOJBKO HECKOJbKHX IIepBBHIX KJjmouel (M TO He NOJHOCTHLIO), a
COCTOsAHKE OCTaJbHBIX OCTaercsa npeknum (puc. 8.23, 6).

HerpynHo poragaTbesi, 4TO KPUTEPHEM LOCTATOUHOM BEJIUMUYUHBI
CHUrHala ABJserca yciaosue U, > Ug. IlosTomy Hanpsxerue Ug,
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Upux 4 A Puc. 8.24. PacueT COCTOSHHA Kiodeit
B [EIOYKe IIpH CHIHaje BHIIe (4) u
| Pe HIoKe (6) mMOpora YyBCTBHTENbHOCTH
| 2R— > |
' \¢
a) | 1" f
| 1 |
| | Pac. 8.25. OneHKa NOMEXOYCTOHYHBOCTH
5% 3 KJIoua
B
I — UBBIX “
E a
|
i c
I dUBl:IX — 1
| | dU,,
|
0 I -
Ul U, U, U U;|E U,
S t—Ll ]
A " C
0 Uz U, Un Uy, UL

COOTBETCTBYIOIlEE TOUKE IepecedeHus OUCCEeKTPHCHI ¢ IepefaTou-
HOHM XapaKTepPHUCTHUKOM, HA3LIBAIOT NOPOZOM UYYECMEUMENbHOCMU
(mepexkaOUeHUs).

Ha neppsiit B3rJIs1f, IOPOT YYBCTBUTENBHOCTHA HEIIOCPEACTBEHHO
OIpeJessaeT NOMEeX0yCTOHYMBOCTD KJIHUYEBOM IeNOUYKH. A HMeH-
HO, eCJI¥ UMIIYJIBC TTOJOKUTENHLHON IOMEeXH YAOBIETBOPSET YCJIO-
suo U, < U;, a UMIOyJIbC OTPUIATENbHON IIOMEXH — YCIOBHIO
U, < (E — Ug), To cocToAnYe IeNoyKH ( 3a UCKJI0OUEHNeM IIePBhIX
HeCKOJIBKHX KJjioueil) He 6ynmer menatsca (puc. 8.25)). Ha camom
Aejle yKasaHHBIE YCJIOBUA HEOOXONUMbI, HO HEJOCTATOUHBI.

HocTaToOuHBIMU YCIOBHUAMHU IIOMEXOYCTOMYMBOCTH (IO IIPHUYHU-
HaM, KOTOpbI€ NOACHEHBI HUXKE) ABJAIOTCHA CIeAyIoIue:

Ul <U, Upy <E-U,.

BX

1 Nmnysaesc OTpHIATENBHONH IOMeXH IeJIecoo6pa3HO OTCUHTBHIBATH OT YCTOHUMBOH
TOYKH OTKPBITOrO KJloda (Touka B Ha puc. 8.1), IOCKOJLKY TaKOH HMIIYJILC CIIO-
cOGCTBYeT BalMpaHHUIO pPaHee OTKPHITOrO KIIoua, SHAYUT, BeJHUUHY U, HYXKHO
CpaBHHBaTh C BeqHunsoit E — Ug, a we ¢ Ug.
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3nece U, u U, — abenuccsl Touek a ¥ b, XxapakTePHBIX TeM, UTO
ANA HEUX MoAyab npoussoguoin dU,  /dU, paseH eguuume. 9ra
IIpoM3BOgHAasA €CTh He UTO MHOe, Kak Juddepenyuanvhulit Koappu-
yuenm ycuaenus xiawoda. Ecan U ;x <U,, To KoapduiueHT ycuie-
Hua K < 1, T. e. BXOZHOI1 CUrHa/l B [ellOYKe He yCHIMBaercd, a
ocnabasaeTcsa, M HET OIACHOCTH JIOKHOTO IepeKJIouenus. Ecau ke
U >U,, T0 K > 1 u «Bepxymka» umnynsca U, —U, ycunusaer-
ca. IIpu Hanmauu o6GpaTHBIX CBA3EH 3TO MOJKET CTaTh NPUYMHON
JIOJKHOTO IlepeKJIoueHus (JIO’KHOTr0 IIOTOMY, YTO caM mo cebe BXoza-
HOM CHUTHaN U:x MeHbIlle IOPOra YyBCTBUTENbHOCTH). AHaANIOrnYHO
0oGCTOUT [EJI0 ¥ C OTPHUIATENbHOH IIOMEXOH.

YuuTsiBasg BCe CKagaHHOE, IIOMEXOYCTOHUMBOCTE KJIOUa OIEeHH-

BawOT BeJIWYHNHaAMH

Uy =Ug; (8.60a)

Uy =—(E -U,). (8.606)

OGe 3sTu BeaWuwHBHI NOKa3aHbl Ha puc. 8.25.

8.8. BucradnjipHble AYEHKH M TPHUITEPHI

IIpocreiimue karOUM, pacCMOTPEeHHBIE B IPEABIAYIIUX pashelax,
COCTaBJISIIOT OCHOBY Bceit nudpoBoii cxeMorexHUKH. OHU ITMPOKO
HUCIOJbL3YIOTCSI KaK CaMOCTOATENBHO (B KauecTBe IIpephIBaTelei
TOKa U Pa3HoOTO PojJa KOMMYTATODORB), TaK U B COCTaBe HEKOTOPhIX
CTaHAAPTHBIX (PYHKIMOHANBLHLIX Y3JIOB, IpeXKJe BCcero — B OucTa-
OUNBHBIX Auedkax. [na 6ucTabuabHBIX sTUeeK XapaKTepPHO UCIIOJIb-
30BaH¥e He TOJBKO NPAMbBIX CBA3eH MEXAY KIuaMHy (KakK B Iocie-
IOBaTENbHOMR [1eNI0YKe), HO U MOJOKUTENbHBIX 00paTHbIX CBA3€IL.

CxeMa M IpHHUUNI AeiicTBuA. B mocienoBaTeNbHOH IIeNIOUKe
Kiaoue (puc. 8.6) KarKaniil KJI0OY
«OKDPY>KeH» KJI0YaMu, HaXONAII-
MHUCs B IPOTHUBOIIOJIOMKHOM COCTOHA-
HUHM. J3HAYUT, B IPOU3BOJBLHOH
nape cMexxHbIX Kaouedt (T, u T,
Ha puc. 8.26) BeIXOgHOE HaIpsKe-
Hue Knwoua T,,., Takoe e, Kak
BXOJHOe Hanpskenue kawoua T,.
ITosToMy, M30JMpPOBAB paccMaTpH-
BaeMyio Ilapy OT NPeABIAYINUX U

Puc. 8.26. Ilpoucxoxaesue
GucrabuanHOM sAUelKH
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NOCJeJYIOIUX 3BeHbEB ILENOUKM M COeguHUB Bhixoh (n + 1)-ro
KJII04Ya CO BXOAOM 71-TO (CM. IITPUXOBYIO JHHUIO Ha puc. 8.26), MbI
He M3MEHUM COCTOAHUA Mapbl. ITO YCTOHYMBOE COCTOSHUE MOJKET
umeTh aBa BapmanTa: T, samepr, T,,, OTKpsIT unu, HaobGopor, T,
oTKpeIT, T',,, 3amepT. Taxme sneKTPOHHEBIE CXeMbi, UMeEIOIIME ABa
PABHOILIEHHBIX BapHaHTa YCTONUMBLIX COCTOSIHUI, HA3BIBAIOT Oucma-
Ounvioimu aveitkamu (BS) unu mpuzzepamul.

Ecnu wuszobpasuts B, orBrexasgcs or ee +E
«IIPOMICXOXKJEHHUA», T. €, B BHUAe CaAMOCTOsITe-
nbHOM cxemsl (puc. 8.27), To 3TOM cxeme, KaK R
BHUAYIM, CBOMCTBEHHBI CMMMETPHYHAsA KOH(pHU-
rypanyis ¥ Hajuu¥e IIePpeKpPecTHHIX (B3aum-
HBIX) O0OpaTHBIX CBA3eil, YCTOHUMBBIE COCTOsI-
Hua Bfl xapaxTepHBI TeMm, UTO OQUH U3 KJIIO-
yed 3aIllepT, a BTOPO¥ OTKPHIT M HACHIIIEH.

T1 T2

HNuaue roeopsi, OucTabuIbHOM AueilKke CBOMCT- T

e 3J1 ecKas U, oKa-

BEHHA EKTpMY adg  acuMMerp IL Puc. 8.27. Bucrabuas-
JKeM, UYTO 3JleKTpudecKas cummerpusi B BA Hast S9eHKa
HEBO3MOYKHA.

HoxkasaTeascTBo TPoBegeM oT npoTuBHoro. Ilyers cxema Bfl HaxozuTea
B CUMMETPUYHOM COCTOAHHY, Korga oba TpaHsucropa (puc. 8. 27) OTKpHI-
TBHI 1 paboTal0T HA PaHUIE AKTUBHOrO pekuma . Hanpskennsa Ha ofoux
KOJIEKTOpax ¥ o6edx 6a3ax OuMHAKOBH ¥ 6am3ky K U’} KOJLIIEKTOPHAIH
TOK NPONOPIIMOHAJEH TOKY 06asbl:

I, = BI,.

ITycTs Temeps B pe3ynbTaTe Hews30eKHBIX (GIIOKTyamuit (BHYTpPeHHUX
WY BHEUIHWX) Hanp#AMKeHUe Ha ofHoIl u3 0as, HanpuMep Ha 0ase Tpausu-
cropa T1, usmeHunoch Ha Manyio BeauduHy AUy;. Torga TOKM H3MeHSIOT-
cd clIeAyOIUM o0pasoM:

+ Al = AUg, /R
J
-4

Al =BAI,.

BX?

? Crtporo roBopsi, TepMHUHEL «TpHurrep» (ari. trigger) m «bucrabuiapHAs sAueliKa»

; (anrn. flip-flop) — we cunoEMMEL. BucTabUnbHas sruefika cOCTABIIACT JIHIIL OCHOBY

BCAKOT'O TPUITEpa, a TPUITEPH! pasindaloTcs CIocobaMu yinpapieHus GUcTabuIn-

« HOM siueliko¥ (cM. Huke), OQHAKO Ha MpaKTHKE TEPMHH «TPHUIrep» 4acCTO HCIIOJIb-
3yilot ¥ gas Bi.

2 3amneproe cocTosiHME OGOMX TPAHZUCTOPOB HEBO3MOXKHO, TAK KLAK IIPH 3TOM KOJLJIEK-
TODHBIE MOTeHNU Al ObIIH Gbl paBHEL + K, T. €. IpeBbIanu Gpl HAIPSKEHUE OT-
nupasns U . HeBo3MOXHO U HaCHIIEHHOE COCTOAHHE 060MX TPAH3HUCTOPOB, TAK
KAK TOTAa KOJIEKTODHEIE HOTeHXHANS GhLIM 65l MeHbIe U
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3peck R, — BXOJHOe COIPOTHBJIEHHE OTKDBLITOrO TpaH3ucTopa. JacTs
npupamieHusa Al,, oTBerBuTCA B uenb 6assl TpaHsucTopa T2; Torga

Algy =-mAl; Al = BAlg,

rge m < 1. AHaJOrHYHO YacThs npupamjeHud Al , OTBETBUTCA B Lenb 6a3sl
Tpansucropa T1 B Buae AONOJHWTENLHOrO HpHpaieHusa 6a3oBoro Toka:

Al'g; = -mAI, = m*B%AIL,.

Ilpu ob6bIuHBIX 3HAYEHUAX m ~ 0,5 JomonHuTeabHOe mpupamienue Al'y,,
ToayyuBIineecd NpH 00Xoje ey, OyAeT 3HAUNTEIbHO NPEBBIIATH UCXO/-
Hoe nmpupameHue Aly,. Cnefyionjee npupauieHue Al OKasKeTCA BO CTOMb-
KO JKe pas Goasmie Al'g, ¥ T. 4. SHAUUT, PeaKyusl CXembl HQ MareiluLyio uc-
x00nyl0 QuoKmyayulo cocmoum 6 yculeHuu nocredueil.

JlapnHOOGPa3HEII IpolecC HAapacTaHUsi TOKOB B OJHOMH IIOJIOBH-
He Bfl 1 ymeHpIIeHUs1 TOKOB B APYroil NOJOBHHE HA3LIBAIOT pezeHe-
payueii. PereHepanus 3aKaHUWBaeTCd 3aNyupaHUeM OJHOTO M3 KJIIO-
yeil ¥ HachlllleHWeM BTOpOro. B Halllem npumepe IpH IOJOXKUTENIb-
Ho# @mioxkTyanuu AUy, * sanupaercsa Tpausuctop T2, a mpu
OTpHuIlaTeIbHOII — TpaHaucrop T'1.

Ilockonbry 3HaK (PAOKTyanuyu — BeJWYWHA cilydadHas, TO H
pes3yisTaThl JIABMHOOGPA3HOTO IpoIecca (3amupaHue TPAaH3UCTOpa
T2 naun T1) paBHOBepOATHBI. 3HAUUT, npu a"sanuse BA mMoxHO ¢
pPaABHEIM OCHOBAHMEM CUUTATh HCXOLHBIM Ji00oe H3 JBYX BO3MOXK-
HBIX yCTOHYWBBIX COCTOAHUM.

Ilens ynpasnenus 6ucTabuabHOH AUeHKON COCTOUT B TOM, UTO-
OBbI C IOMOIIBIO BHEIITHUX CHTHAJIOB 3aJaBaTh TO AU WHOE U3 ABYX
YCTOUYMBLIX COCTOAHHH.

YcranoBka cocrosaua BA. [{na peanmsanmuy peskuma yCTaHOB-
K¥, NapayielbHO KaKAOMY M3 TPaH3UCTOPOB, BXOAAINMUX B COCTaB
BdA, nogxarouaercs emje oguH TpaH3ucTOpHbIA KAou (T3 unu T4,
puc. 8.28, a). ITH KIIOUXA YIPABIAKTCA BHEITHUM CUTHAJIOM — TO-
KoM 6a3pl, IPMHUMAIOIIMM OJHO M3 ABYX sHaueHwit: I, mau 0.
PYyHKINY YIPABIAOINX KIOUYeH aHaJOTWMYHBI QYHKIUAM METaJl-
JUYEeCKHUX KOHTAKTOB: OHY MOTYT OBITH 60 3aMKHYTHI, 1060 paszo-
MKHYTBI.

IIycte B ucxoguom cocrosuuu BSI tpansucrop T'1 zamepr, T2
OTKPBIT U HachiIeH, a oba xkiawua T3 u T4 saneprei. Ecau ormne-
pers tpanauctop 74 toxom I¢, To cocroanue Bfl He uamenurcs,
TaK Kak HanpskeHue U, , B HICXOAHOM COCTOAHHM yXe Oblao Onua-
KO K HyJ10. Ecu e ornepers Tpansucrop T3, To noresmuan U,
mafaeT ZO HyJIs; BMeCTe C HUM IajaeT OO HYJA INOTeHIuan 6assl
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Puc. 8.28. Cxema (a4) u BpeMeHHBle JuarpamMMsl (6) CHMMETPHYIHOro TpHUITepa ¢
pPa3AeNbHEIMH BXOZ&MH YCTAHOBKH

Usy» a 3naumr, Tpansuctop I'2 sanupaercsa. Ilpu atom Gmaropapsa
pererepanuu TpansucTop T'1 ornupaerca Bo Hachenusi. Ilocie
TOro KaK BOCTUTHYTO HOBOe YCTOHUMBOe COCTOAHME, Kaiou T'3 Tepa-
eT CBOe yIpaBisAioliee HedCTBUE; €ro «pa3MbIKaHME» U «3aMBIKa-
HUe» He MeHAIT noTtennuanos U, u Uy, 6iuskux x Hyao. Irobsl
BepHYTH Bl B ucxopuoe cocrogHMe, HYKHO Telephb OTIepeTh TPaH-
sucrop T4.

Heob6xogumo NOZYEPKHYTH, UYTO 00HO8peMeHHOe nocmynieHue
OMmnupauux uUmMnyabcosé na o6a éxofa 6 danHoil cxeme Hedonyc-
mumo.

HeiicTBUTENBHO, €C/IY OTIHUPAIOIINe CUTHAJBI AEHCTBYIOT OZHO-
BpeMeHHO, TO Ha 0azax o6oux TpaH3uctopoB T'1 u T2 Gyaer HyIe-
BOM moreHnual u 06a 3Ty TpaHaucropa GyayT 3ameprsi. IIo oKoHuUa-
HUY CUTHaJIOB oba TPaH3UCTOpa OTKpoloTcs, T. €. Bl okakercs
BPEMEHHO B CMMETPHYHOM COCTOsIHAM. V3 3TOro COCTOAHU, KaK
nokasaHo Baiiie, Bfl ¢ paBHOIl BEPOATHOCTHIO MOXKET IEpeiTH B
n060e U3 JBYX YCTOMYHBBLIX COCTOIHHI. 3HAUUT, pesyvmam 00Ho-
8pemenHn020 deiicmeus OMnupalowWUx CUZHAA08 OKA3bl6aemcs Heod-
HO3HAYHbIM, YTO HenpueMieMo B UGPOBBIX cxeMaX. PaccMoTpeH-
Helit BapuanTt BfA, pabdoraiomuii B peskuMe pa3fesibHbIX BXOHOB, MO~
nyunsa Hassanume RS-Tpurrepal.

1 BykBa S — BauaJybHad B cJ0Be set (ycTaBOBIeHHe), 6ykBa R — HavaabnHAaA B CJIOBe
reset (mepexiouenue). Creg0BaTeIbHO, CHI'HAJ HA BXOZE S YCTaHABAHBAST HAYANID-
Hoe (McxogHoe) cocTosinke BSl, a curHan Ha BXoae R MEHAET aTo COCTOAHHE.
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Ilepexoxusie mponeccsl. Pasymeerca, nmepexog BfA us ogHoro
YCTOMYMBOTO COCTOAHUA B APYroe NPOUCXOAUT He MTHOBEHHO, IO-
CKOJBKY Ka’KAOMY KJIOUY, BXOZALIEMY B €e COCTaB, CBOHMCTBEHHA
VHEePIYOHHOCT, IIPM M3MeHeHHH TOKOB M HAaNpPAKeHUi.

IlepexoqHBIN TIPOIIECC IPOTEKAET ciaeAyiomum obpasom. Ilycrs B
NCXOOHOM coOcTOAHuMH TpaHsucTop 711 3amepr, a T2 OTKPHIT
(puc. 8.28), u nycts B MOMeHT ¢ = (0 CKauKOM OTHHpaeTrca (40 Ha-
chiIeEuA) yupasaaomuit kiaod T'3. Torga na 1-m aTame nepexog-
HOTO Iporecca IIPOUCXONUT 3almMpaHue TpaHaucropa 12, T. e. pac-
cacbIBaHMe M30LITOYHOrO 3apAfa B ero CJOdAX, a 3areMm ObICTPBIN
claj KO HYJAA KOJJIEKTOPHOro Toka (cM. pasg. 8.3). Hanee, Ha 2-m
3Tane, 3apsskaeTcA BXOAHAasd eMKOCTh Tpauauctopa T1. Korga ma-
npsuxenne Uy, focTuraer sHaueHusA U*, Tpansucrop T1 ornupaer-
cd. Ha 3-m sTame npoucxomuT HapacTanue Toka I, ,; aTOoT 3Tam 3a-
KaHuYpBaeTCA HacsIleHueM TpansucrTopa T'l. Ha 4-M sTame mpouc-
XOQUT HaKOIJIeHHe U306LITOUHOrO 3apAfa B CJOAX HACBII[EHHOTO
Tpau3ucropa (cM. pasg. 8.3).

W3 ckaszanHOTO Clegyer, 4yTo obiee BpemA NEpeKJIIOUeHUsT TPHUT-
repa (f,) CKIazplBaeTCA U3 CIAeNYIOIINX OCHOBHBIX COCTABJAIOIINX:
BpeMeHY DAcCCachIBaHHUA t,, 3afepKKK (PPOHTa t,, AMUTENHHOCTH
¢ponra t; ¥ BpeMEHM HAKOIJIEHHA i,

ty =ty + tap + by + t (8.61)

3naueHus ePeUYNCIeHHBIX COCTABJIAIINX ONPeaesaI0TCA COOT-
BeTCTBYIOIIMMHY BRID&KEHUAMHU B pasgese 8.3.

HanoMu#M, 4TO B CjayHae ZOCTATOUHO KOPOTKHMX BXOZHBIX CHI-
HaJIOB BpeMs HaKOIJIeHHus corsiacHo (8.22) onpegpensaercsa QIUTENb-
HOCTHIO BXOJHOTO curuasia. B npegene, ecau t¥ = tsq, + tq), HaKoI1e-
HU#A 130BITOUHOTO 3apAxa He npoucxogur u t, = 0. Takum o6pasom,
MaKcHMalbHasA pabouast 4acToTa TPUTTEPA ONpefessdeTca BpeMeHeM
IepeKJIIoYeHus OpHu yciaosuu t, = 0:

Fuaxe = (tp + typ t tq;)_l- (8.62)

Hanpumep, ecnu ¢, = 5 HC, t, =3 HC ¥ t, = 2 HC, TO
F = 100 MTI'z.

Makxc

8.9. Tpurrep IImurra

B ocnose Tpurrepa IlIMurra JIeXXKWUT NepeKJoyaTeas TOKa, pac-
cMOTpeHHslt B pasfene 8.5. Ind Toro, urTo6bl NOAUYEPKHYTH 3Ty
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NIpeeMCTBEHHOCTb, B CXeme Tpurrepa
IImurra (puc. 8.29) nepeksaiouarens
TOKa u300pa’keH HeIPePHIBHLIMY JIMHY-
JAMH, a JeNuTeNs Hanpsxenusa R, R, —
mrpuxopsiMu. C aTolt Ke 11e/bI0 IOoTeH-
nuan Uy, obosHauen uepes E, xora B
JaHHOM cjyd4ae BenuuusHa E He TiocTo-
siHHad.

Ins ympolieHus aHaAN3a UAEATU3U- lI,, DRz
pyeMm penutens R,, R,, cumTas, YTO OH
He NMoTpebJIAeT TOKa U TOJBLKO IepejaeT
4acTh HanpsokeHus U, Ha 6a3y TpaH3u-
cropa T2:

Puc. 8.29. Tpurrep IlImurra

E =yUy1, rtaey= Ry/(R; + Ry).

IIycTs B uCXOgHOM cocTOosiHMM TpaHnauctop T'l 3amept, a T'2 or-
KPBIT, HO pafoTaeT B akTHBHOM peKkume. TakoMy COCTOSIHUIO OTBe-
YaloT CHeRyIoINe 3HAUEeHUA IOTEHIUAJIOB:

Uxi = Ex; E =7YEy; Ugs = Ex — IoRy.

AKTuBHBIN pe)kum TpaH3uUCTOpa T2 IopgpasymeBaeT BBITIOJIHE-
Hue ycnosusa U, > E, OTKy/Ja JIeTKO IOJYyYUTE OTPaBHyYeHue Ha Be-
anuuny IR, .

Hcxoanoe cocrosinye COXpPaHAETC JO TeX IOP, IIOKa TPaH3UCTOP
T1 ocTaeTcs 3allepThsiM, T. €. IPU BXOAHBIX HAIIPAKEHUSAX, MEHb-
mux E. O6osnauum uepes U, HaIpsKeHUe OTIIUPAHUS TPAHBHUCTO-
pa T1:

U =E-8=YE, -8, (8.63)

rae 8~ 0,1 B. Ecnin E, = 5B uy=Y%, o U;, ~ 2,4 B.

Ilycre BxogHOM curHan U,, HEMHOTO NIPeBBICHI HallpAXKeHue oT-
IUpaHUA K B pe3yjbTare INOABUJIOCH MaJjioe IpupaInesue Toka Al ;.
Torga noayuaercsa ciegyiollas LErnouYka B3aMMOJEHCTBMIL:

(mocsiegHee PaBEHCTBO NPEeAIIONaraeT, 4TO IPAMOe HalpsKeHue Ha
3MHTTEPHOM Ilepexoje He MeHsieTcs H ocraercs paBHeM U’). Ilox
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JeiicTeueM npupamennsa AU, BO3HHKaeT ZOTIOJIHUTENLHOE HPHUpA-
IIeHye KOJIJIEKTOPHOTO TOKAa:

AI'KI = —SAUa :YSRKAIKI’

rge S —KpyTu3Ha Tpamsucropal.

Ecnu npoussegenue ySR, IpeBbIlIaeT eJUHUIY, TO JONOJHUTE-
JbHOe Ipupamenue Al' ,, nonyuusileecsa nNpu o6xome 3aMKHYTOR
ieny, 6yzeT foabille MCXoAHOTO npupamesus Al . 3HayuT, B cxe-
Me Da3BUBaeTCA pezeHepamueéublit (JIaBUHOOOPA3HEII) mpomecc, B
peayabTare KOTOpOro Tok I, mepexoaut B Tpansucrop I'l, a Tpan-
sucrop T2 sanupaercd.

Hanpsokenue U,,, IPY KOTOPOM IIPOMCXOAUT CKAauKOOGpaszHoe
nepexmouenue Toka I, ua rpansucropa T2 B T1, HassIBaIOT HaAnps-
Jcenuem cpabambul8anus mpuzzepa.

Ilocne cpabareiBaHUsT HOTEHIMANBI B CXemMe HMEIOT BU[:

Uxi = Uko; E =7Uxo; Uxs = Ey,

rge U, — KOJLIeKTOPHBIH NIOTEHIIAJ OTKDPHIBIIIETOCS TPAH3UCTOPA
T1. B sasucumocTH OT napamerpos I, u R ; Tpansucrop T'l mocme
cpabaTeIiBaHUA MOXKeT paboTaTs KaxK B aKTUBHOM DeXK¥Me, TaK U B
pPe’KuMe HachileHUsA. TUIMWUHBIM SIBISETCA aKTHUBHBIN pekumM. B
TaKOM cJlIydae

Uxo = Ex — IgRxa, (8.64)

npuuem U,, > U,, (1mockonsKy moreHmuasn 6assi coxpandeT CBoe
3HaueHue B mpomecce cpadaTbiBaHuA).

YT06b1 BEpHYTH TPUITED B HCXOQHOE COCTOSIHUE, HY’KHO YMEHb-
UIATH BXOZHOM CHUTHAJ JO 3HaueHUd, OGau3Koro K E, nmpu Koropom
HauyWHaeT OTHUpaTbcsd TpaHaucrop 12,

Obosnauum uepes U,, Hanpa)keHHe OTIHPAHUSA TPaH3UCTOPA
T2:

Uy =E+8=yUy + & (8.65)

1 3Hak MHHYC B COOTHOUIeHHH MeXAY npupaigesuamu Al ; u AU, o6bacusaeTcs TeM,
Y70 y n—p—n-TPaH3UCTOPOB TOK BO3PACTaeT NMPHU OMPUUAINEIbHOM TPHPAIIeHHH
IMUTTEPHOrO NoTeHnuamia.
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Ecau momokurs y = 1/2 u U,y = U,, = 2,4 B [cm. (8.63)], To
Ui = 1,3 B.

Kax Tonpko mampmxeHue U,, caenaerca mensine U,,, TpaH3HU-
crop T2 HauyumHAeT OTIHUPATHCA U Pa3BUBAETCsA pereHepaTHBHLIN
porecc, NogoOHBIM ONMCAHHOMY Bhlllle. B pesynbrare TpuUITEep
CKaYKOM BO3BpalllaeTCAd B UCXOAHOE COCTOSAHME, B KOTOPOM TPAH3HU-
crop 7’1 samept, a TpauH3ucTtop 1'2 — OTKPBHIT.

Hanpsiskenue U,,, IpH KOTOPOM IIPOMCXOAHUT CKavyKooGpasHoOe
TepexJIOUeHre ToKa u3 TpaH3ucTopa T'1 B T'2, Ha3sIBAIOT HANpAce-
HUeM OomnycKaHus mpuzzepa.

Ilpenebperas manoil BeTMUMHOH & M yuuTHIBasA paseHcTBo U, =
U,,, HaxonuM u3 (8.65), 4To HaIpA’KeHNe OTIYCKAHUA MeHblIe Ha-
npsoxenusa cpabarmBanus. Takoe COOTHOINIeHWe NPUHIUIINAILHO
ana tpurrepa HImurra.

YJacTo BMeCTO TepMHHOB <«HalpsKenue cpabaTbIBaHUA» U <«Ha-
IpsDKeHNe OTNYCKaHUSA» HCTIONL3YIOT 0osee o0iue TEpMUHBI: NO-
poz cpabamuvl8aHUs U nOPOz OMNYCcKarnuA. B cOOTBETCTBHU € 3TUMH
repmunamu Tpurrep HIMuTra Ha3bIBAI0T HOPOrOBBIM YCTPOHCTBOM.

Boixopmoit curHan B Tpurrepe IIIMuTTa CHUMAIOT ¢ KOJJIEKTODA
rpaHaucTopa T2. IIoCKOABKY STOT KOJJIEKTOP — «CBOOOXHBIN»
(T. e. He cBA3aH C IeNs0 0bpaTHOM CBA3M), a Tpauaucrop T2 pabo-
TaeT B HEHACHIIEHHOM peXXuMe, AJIUTENLHOCTH IIePeXOAHEBIX IIPO-
IIECCOB OKaspIBaeTcs IpejesibHO KOPOTKOM -—— ropas3go MeHbIIeH,
yeM y Bfl. 3To ogHO M3 Ba)KkHBIX NpeuMyIlnecTB Tpurrepa IlIMuTra
nepes APYTUMH TPUTTEpaMMu.

Ha puc. 8.30 nmokasana nepefgaTrounas XapaKkTEepUCTHUKA TPUITe-
pa IlImurra, rae U, = U,,. Kax Buaum, Hanuume ABYX IOpOro-
BbIX HaNpsAKeHUH IIPUBOSUT K IIOABJIEHHI0O HAa XaPaKTePHCTHKeE

UBLIX . UBX Unx (t)
Upn b= = pffm = N = = — =~
o Unx v <
!
| \ : 1
E IR ! ! t
* Lo - > E, Usgux
i !
1 ! e )
L — . - i !
0 U Unx Uy ty ty t

Pnc. 8.30. Ilepegatounas xapakTepd- Puc. 8.31. BpemeHHbIe guarpaMMbl IpH
cTuka Tpurrepa IlImuTTa HCIIONb30BaHUN Tpurrepa IlIMurTa B Ka-
YecTBe AUCKPHMHHATOPA AMILTHTYAL U

GOpMHpOBaTeNIsI HMIIYJIbCOB
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«IIeTJIM THCTepe3uca», IIUPUHA KOTOPOM cocrasiusier U, — U.,.
IIpu nonydyeHHsIX BBILIE 3HaYeHUAX U,, u U, IIHpAHA «IETIH TH-
cTepe3uca» cocTaBiasaeT okomo 1,1 B.

Ha puc. 8.31 unniocrpupyercs TUNUYHEBIN c110c06 HCIOJB30Ba-
nusa tpurrepa HImurra B KauecTBe moporosoro ycrpoiicrsa. Ilpu
IJIaBHOM HapacTanuu U,,, HauMHasg Cc HyJdA, CXeMa HAXOZUTCA B
ucxopaom cocroanuu (T'1 sanepr). Kak Tronsko U,, pocruraer sHa-
gyenus U], , npoucxonuT cpabaTbiBaHue Tpurrepa, Tpansucrop T2
3amupaeTcda ¥ Ha BBIXOZE IOJIY9IaeTCsI IOJIOKUTENbHBIM CKAYOK Ha-
npspkeHnA. Ecau BXOgHOI curHajsl He JOCTHUraeT mnopora cpadarsi-
BaHU#A, TO BHIXOAHOH curzan (ckauok) orcyrcrByer. CiregoBaTesb-
HO, Tpurrep IIMuTTa [I03BOJIAET «COPTHPOBATE» BXOJHBIE CHTHAJBI
10 uX aMIauTygRe: 6onsme U, uiu menbime U,, . YerpoiicTa Tako-
IO POSa HA3LIBAOT amnaumydnvimu graruzamopamu uiu OucKpu-
MuHamopamu (pasauuuTeNaMU).

Ecnu aMnnuTyga BXOAHBIX CUTHAJNIOB 3aBegomo 0oJibille, ueM IO-
por cpabarsiBaHus, To GyHKHUA Tpurrepa IIMuTra MeHseTcsa: OH
TIpeBpalIllaeTcss B TaK HA3BIBAEMBIA (OpMUPOBAMEnb UMNYJALCOS.
Jra pyHKI¥Usa 0O3HAYAET, UTO IIJIABHbIE BXOAHEIE CUTHAJNBI C MEHAI0-
mieficsa aMIJIUTYHON «IIpeBpamjaloTcad» B CTaHZapTHhIe (II0 aMILIH-
TyZe) IPAMOYTroJdbHbIe UMIYJABCH ¢ KOPOTKUMH dpoHTaMu. Takoe
npeobpas3oBaHue 4acTo HeOOXOZUMO Ha NMPaKTHKE.

B sakmroueHue oTMeTHM, YTO NPH JOCTATOYHO GONBINNX BXOX-
HBIX curHanax (U,, > U +) Tpauauctop Tl oxkasslBaeTCs B pexxuMe
HACBIIEHUA. ITO He IPUBOAUT K OTIIHPAHUIO Tpanaucropa 1'2, T. e.
He HapyuaeT paboTy TpHUrrepa, HO COIPOBOXKIAETCs1 pe3KUM Bo3pa-
CTaHMeM BXOAHOIO TOKa TPUITEPa ¥ YXYAIIeHWeM ero GnicTpojeii-
cTBUA (¥3-32 HEOOXOZWMOCTH pPacCachIiBAHHS HAKOILJIEHHOrO u30bI-
TOYHOTO 3apaga).

KouTpoibsHbIe BOIIPOCHI

1. Yem oTauuaroTca mepegaTouHbie XapaKTePUCTUKYU HHBEPTUDPY-
IOIUX U HEMHBEPTUPYIOIIUX 3JeKTPOHHBIX cxem?

2. Yem omnpegeiseTcsi OCTATOYHOe HAaIpsKeHWe IIPOCTEeMIIero
KJII04a Ha 6UnIoIapHOM TpaHsucTtope?

3. ChopmyaupyitTe KpUTePHit HACHIIIEHUA KJII0UA Ha OUIOASIPHOM
TPaH3UCTOpe U JaiiTe oupefesieHue CTEIEHN HACBIIIIEHUsI.

4. Yem MmorxeT O6bITH O6YCIIOBIEHO HEPABHOMEDHOE paclpefesieHue
Toka 6assl B IapasjeIbHO COeAUHEHHBIX KJIIOUEBBIX TPAH3UCTO-
pax? Kak gocruraercs BolpaBHuBaHue 6a30BbIX TOKOB?
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5.

6.

10

11.

12.

13

14

15.

16.

17.

18.

19.

20.

MoskeT J¥ HIPOCTEHINUM KUY HAa OHIONAPHOM TPaH3UCTOpE
OBITE MCIIOJIb30BAH B KAUECTBE YCHAIUATEINA?

Kakumu napameTpaMu OIpefessieTcsi Harpy3ouHas CIOCOD-
HocTb KJjwoua? [louemy Heo6xomum 3amac IO HAUPY30UHOM CHO-
cobnocTu?

Kakumu guHaMuuyecKuMY IlapaMeTpaMy XapaKTepU3yIOTCs Iie-
pexofHbIe IPOIeCcCsl B IpocTeiinnem GUNONAPHOM KIoue?
Kakopo Bauanwue OapbepHOt M AU PYSHOHHON €MKOCTel KOJ-
JIEKTOPHOTO Tlepexoja Ha IIepeXOogHbIe IIPOIIeCCH B IPOCTeHIIeM
OHUIIONAPHOM Kioue?

O6bsaAcHUTe NPUHOUI paboTel KAOYa Ha OMIONAPHOM TPaH3H-
cTope ¢ bapsepom HIoTTKH.

HaiiTe cCpaBEUTEIBbHYI0O XapPaKTEPHUCTHKY IIPOCTeHIIIero KJIOUa
Ha GUNONAPHOM TPaH3UCTOPE ¥ KJioua ¢ 6aprepom IlloTTKH.
Kak ucKouaeTcss HachIlIeHNe TPAH3HCTOPOB B IepeKI0oyaTe e
Toka? Yem 06yCIOBIEHO €T0 BBICOKOE ObicTposeiicTBue?
Onuinure NPUHIOUN HeHCTBUS M OCHOBHBIE XapaKTEPHUCTHKU
MOII-TpaH3uCTOPHOTO KJO4a C PE3NCTUBHON HATPY3KOIL.
ITouemy MII-TpaH3UCTOPHBIM KJIIOY ¢ JUHAMHUYECKOH HArpys-
KO IIpeATIOUTUTENbHee KJI04Ua C PE3UCTUBHON HArpy3Koit?
OrmuuiuTe NIPUHIUI PabOTHE ¥ XapaKTePUCTUKH KJII0Ua HA KOMII-
nemeHTapHsIXx M/II-Tpan3ucropax.

Yem ob6ycnosiena nHepnuoHEocTs MAII-TpaH3UCTOPHBIX KO-
yeii? KakoBa poJib eMKOCTH 3aTBOP-CTOK B NIEePEeXONHEIX IIPOIec-
cax?

Kaxue mapameTpsl XapaKTepH3YIOT IOMEXOYCTONUYMBOCTEL KJIIO-
yeir? [Ipoananuaupyiire npocreinuit Gunonspuseiit 1 MII-rpan-
3UCTOPHBIN KUY C TOUKY 3PEHUS IOMEX0YCTONUNBOCTH.
O0bAcHUTEe NPOUCXOMKLEHYe U NIPUHIUI AeHcTBUA 6UCTabHUIIb-
HOH AYeNKHU.

CKOJIBKO TOCIe0BATE/ILHBIX UHBEPTUPYVIOIIAX KJIOUEBBIX sue-
€K AOJKHO ObITH B KOJBIIEBOM IeNOYKe, 4TOOLI OHA MMeJa JBa
YCTOMYMUBBIX COCTOAHUA?

Kaxk ocymiecTsiaserca ycraHoBKa cocToanus tpurrepa? Cyugecr-
BYIOT JI¥ OTPaHUYEHUA HA KOMOUHAIIMY CUTHAIOB YCTAHOBKHU?
Onumiure NPUHIUI paboTsl ¥ HasdHaueHUe Tpurrepa IImwmrra.
Yro TaKkoe NOopor cpabaThIBAHUA U MOPOT OTHYCKAHMUA?



frousa 9 —
OCHOBbI aHaNnoOroBoN CXeMOTEeXHUKU

9.1. Beenenue

O61ee npeacTaenenue 06 0cOGEHHOCTAX aHANIOTOBBLIX CXeM OBIJIO
JaHo B pasfene 8.2. HoMeHKJIaTypa aHANOTOBBLIX CXeM Becbma 006-
mupHas ¥ pa3HoobpasHas. [0 3apOKAEHUA MHUKPOIJNEKTPOHUKH
TPYAHO OBLIO NPEACTABUTH, UTO B 00,IaCTH AHAJNOTOBEIX CXeM MOXK-
HO HaiiTu HebGOJIbIIOE UMCIIO TUIOBEIX CTPYKTYP, KOTOPEIe, IOJOGHO
KJIOUY U IepeKJIouaTeN 0 TOKa B nUGPOBHIX cXeMaX, IOCHY KN
Obl OCHOBOI /1A BCeX MU DOJNBIMMHCTBA OCTalbHBLIX cxeMm. OgHAaKO
C Pa3BUTVEM MUKPO3JEKTPOHUKY TaK¥e TUIIOBLIe CTPYKTYPHI OblIn
HaiieHnl, ¥ OHM KPaTKO OXapaKTepu30BaHBI B cJleAyIOlIei raase.

Ycunurenu v pasbilie UTPaIY BeAYIIYIO POJb B AHAJIOTOBOM TeX-
HYIKe, BBHIIOJIHSA CAMYIO PACIIPOCTPaHEHHYIO DYHKITHIO — YCHJIeHHe
MOIIHOCTH ¢J1a0bIX CUTHAJNOB. B 310Xy MHKPO3JIEKTPOHMKH 3Ta POJb
cTasna emge 605iee BaXKHOM, IOCKOJIbBKY OCHOBHAS Pa3HOBHIAHOCTH aHa-
soroseix UC — onepamuoHHbIH yCUAUTENb CIOCO0EH BLINIONHATE Ca-
MBble paszHooOpasHble YHKIMY, OTHIOAH HE TOJBKO YCHIMTENbHLIE.
IlosTomy HM)Ke YCHJIHTENSIM yAesleHO IJIaBHOE BHHMAHME.

Yceunureny MOMKHO KaacCU(PUIUPOBATS 110 PA3HBEIM IIPU3HAKAM.
Ilo nonoce (guanas3oHy) yCUJIMBaeMbIX YACTOT PadfMHYalOT WUPOKO-
NOROCHbLE Y YIKONOAOCHbIE (U3Gupamenvhble) yeunurenu. Barkueri-
mle#i Pa3sHOBUAHOCTHIO MIMPOKONOJIOCHBIX YCHJIWTEJeH SIBIAIOTCA
ycunrumenu nocmoAHHOZO0 MOKA, CIOCOOHBIE YCHJIMBATH CHUTHAJBI
CKOJIb YTOZHO HHM3KOM uyacroThl. IIo MoOIHOCTHM pasiawudaioT Malo-
MOIIIHbIe ¥ MOINHBIe ycunuTenu. Oco0eHHOCTHI0O MOIIHLIX YCHUIUTE-
Jlell ABJAIOTCS IOBHIIIIeHHbIe TPeOOBaHUA K K03(hPUIIMeHTy IIOoIes-
HOTO HEeMCTBUs, T.€. MOUJHOCTL BLIXOJHOIO CHUTHAJA JOJKHA OBITH
CcOoM3MepuMa ¢ MOITHOCTRIO, IOTPeGIAEMON OT UCTOUHUKA IUTAHUA.
Ilo HasHaueHWI0 pas3IWyalOT JUHENHBIE, JOorapupMuyecKue, KuP-
(epernupyromue, 3JeKTPOMETPUUECKNEe ¥ APYTHe YCUNUTEIH.

B nuckpeTHOH TpPaH3UCTOPHOI CXE€MOTEXHUKE HINPOKOEe PacIIpo-
CTpaHeHHe uMeJa KilaccuuKalus YCHUJIHUTEJNed II0 THNY CBsa3eil
MEXJy OTHAEeJbHBIMH y3JlaMH. Paznuuaiy eMKOCTHYI0, TpaHchop-
MAaTOPHYIO, raJlbBaHUYECKYIO (HENOoCPeACTBeHHYI0) cBasdu. Hawubo-
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Jlee TIONMYJAPHOH Oblla €MKOCTHAas CBfA3h, C KOTOPOH M HauumHAaIA
usydenue ycuaureneir. OgHako B noaynpoBogHuKOBeix MC, rax
HM3BECTHO, OCYIIeCTBJIeHNe KOHAEHCATOPOB CBA3aHO C TPYAHOCTAMH,
a ocyujecTBleHNe TPaHCHOPMATOPOB — HEBO3MOXKHO. [IosTomy Ha
IepBBIA NJIaH BBIABUHYJIUCH YCHJIMTENN C HEIOCPEACTBEHHOH CBs-
3bI0 KacKajgoB.

Ilockonbky HemocpepgcTBeHHas (GespeaKTWBHAas) CBA3L obecIie-
YyyBaeT ycuJeHue CKOJNbH YrogHO MeJJIeHHLIX CHUTHAJOB, YCHJIUTEIHN
C TAKO¥ CBA3LIO ABJAIOTCH YCUJIUTENAMY IOCTOSIHHOI'O TOKa, KOTO-
phle yiXe YIOMYHAJIUCH BBIIIEe. JTH YCUJIUTEIHN COCTABIAIOT OCHOBY
MHTErpajbHON aHAaJOroBOM TeXHMKIH.

9.2. CocTraBHBIE TPAH3HCTOPSI

Bo muoOrux amanorosrix MC npumensiorcs KoMOUHAuUu U3 He-
CKONMBKUX (0GBIUHO ABYX) TPAH3UCTOPOB, COEJUHEHHBIX MEKAY CO-
00# Tak, YTO MX MOKHO PacCMATpPHUBATh KaK efuHOE IeJioe — Co-
cmasnoit mpansucmop. CocTaBHBIE TPaH3H-
CTOpEI O0JaJaloT TaKUMHM CBOMCTBaMH,
KOTOpbIe TPYJHO MJIY HEBO3MOYKHO IIOJYYHUTH
B TPaH3UCTOpax ¢ OOBIYHON CTPYKTYPOH.

Cpegu cocTaBHBIX TPAH3UCTOPOB HaubGoJIn-
Ilee paclpOCTPaHeHMe MMeeT TaK HashIBae-
Masa napa Japarunezmona (puc. 9.1). Ee rnas-
Hasi OCODEHHOCTHL — WCKIIIOUHUTENBHO 60JIb-
mas BeduuYWHa KOID(DPUIMeHTa yCHUIeHUA |
6a30BOro TOKA. 9é

HeiticTBuTrensno, u3 puc. 9.1 cnepyer: Puc, 9.1
Ilapa Hapaunrrosa

Isy = Iy = (By + 1) Is; I, = ByIg + Balgs.

ITopcraBnsas snadenue Iy, BO BTOPOe PAaBeHCTBO U Hend obe wac-
TH Ha I, oNy1aeM SKBUBAJIEHTHHIN K03 QUIVEHT yCuIeHUA aphl
HapauHrToHa:

B= Bl + Bz + Ble. (9.1&)

Bo Bcex mpaxTH4YecKUX CAy4asX IlepBble JBa UleHa B NpPaBOil
YacTH HECYIeCTBEeHHEI ¥ 9KBHUBaJIeHTHEIN KodhdumuenT ycuaeHusa
MOYKHO 3anucaTh B BHJE

B = B;B,. (9.16)

rp——" w
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Ecnu cocrasnaromue B; m B, umeror spauenus 100—200, To
pacueTHbIN Koabdunuent B cocrasaser (1—4)10%. IIpumepHo Ta-
KuM ke Oyner u guddepeHIaNbHBIN KO3bPHAIUMEHT yCHIeHUA P.

Cnenyer, OgHAKO, MMeTh B BUJY, UTO TPAH3UCTOPH B nape [lap-
JIMHTTOHA paboTaloT IPH CYLIECTBEHHO OTJIHYAIOIINXCS BeJIMUYMHAX
3MHTTEPHBIX TOKOB: 9MUTTEPHHII TOK I , npessimaer Tok I, npu-
MepHO B B, pas. Kosbdunuenr ycunesua B 6unonsapHOro rpaHsu-
CTOpa CHJIBHO 3aBHCHUT OT TOKa sMutrTepa. Ecau Tpansucroper T'1 u
T2 ogHOTHIHBI, YCIOBUAM ONTHMAaJIbHOCTH TOKa AJsA O6OHMX TpaH-
3HCTOPOB YAOBJIETBOPUTH HeBo3MoxkHo. Ha nmpakTuke fnd ycTpane-
HUIS 3TOTO IPOTUBOpEUMsi B KauecTBe TpaH3ucTtopa T2 UCMNOAbL3YIOT
CTPYKTYPY B BUE apajjelbHO BKJIIOUYEHHBIX TPAH3MCTOPOB, OQHO-
THOHBIX ¢ T'1, YMC/I0 KOTOPHIX NpubANsHTEeNsHO paBHO B,. B atom
cayuae Ko3ddumuenTsl yeriaenud T'1 u crpykrypsl T2 paBHbI, T.K.
BCe TPaH3MCTOPHI PaboTaioT NpM OZUMHAKOBBLIX TOKax 3MHUTTepa. B
OHUCKPETHOHN CXeMOTeXHUKe TaKOH NOAXOA HelpueMJieM, OZHAKO B
HHTErpajJbHONR CXeMOTeXHUKe — 3TO THUIOBOII npuem, obecleunBa-
MUY BHIDaBHUBaHYE TOKOB.

Ha puc. 9.2 nokasana cxema erje OAHOTO COCTaBHOT'O TPAH3UCTO-
pa, KOTOPBIA MOXKHO Ha3BATh COCIMAEHLLM DP—N—pP-MPAHIUCTLOPOM.
B nanHOM cayuae peunr HMAeT 0 coegumHe-
HVY ABYX TPaH3WCTOPOB PAa3HOro THIIA:
p—n—p u n—p—n. Hanpaenenua pesyib-
TUPYIOIIUX TOKOB, KAK BUAHO U3 PHUCYH-
Ka, COOTBETCTBYIOT TPaH3UCTODY
p—n—p-tuna. Yrto kacaerca ko3Pdumu-
€HTa YCUJIEHUs, TO OH OIIPEeAEeTCS BbI-
paxkenuem B = B, + B,B,, xoropoe mpaxk-
TUYeCKH COBHAZaeT C BhIPa)KeHUAMH

Pac. 9.2. CocraBroit
p-n—p-TPAHIHCTOD (9.1) mna maprr [lapJavHITOHA.

Wnrerpansuple p—n—p-TPpaH3UCTOPHI
YCTYNaoT n—p—n TPAH3UCTOPaM, B YACTHOCTH, IO KO3bDHUIMEHTY
ycunenus B. B 3ToM oTHOIIeHUY COCTaBHOM p—n—p-TPaH3UCTOP 00-
JlagaeT ABHBIMU IPEeUMYIECTBAMH, TaK KaK ero kKosdhuiuenT ycu-
JIeHUs NpeBHIIaeT KO03DPUIHeHT yCHUJIeHUA Nn—p—n-TPaH3ucTopa,
BXOJAIETO B COCTaB CXeMbl. BrICTpofeiicTBHe COCTABHOTO TPaH3H-
CTOPa TaKoe >Ke, KaK y COCTaBJAIOLIEr0 p—n—p-TPaH3uCTOpa, T. €.
XyXe, 4eM y n—p—n-TPa’H3ucCTopa.
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9.3. Crarnyeckuil peXMM NpocTEeHIIEro yCHJIHTeIR

Ycunurenu o6bIMHO COCTOAT M3 HECKOJIBKUX OHOTHUIIHBIX 3Jie-
MEHTAPHBIX siYeeK, KOTOPEIe Ha3bIBAIOT YCUAUMEAbHbIMU KacKada-
MU (AIH CTYIEHAMU). YCHIWTENbHBIN KacKaj MOJKET COAep KaTh
OR¥H, ABa u OoJiee TpPaH3UCTOPOB, T.e. caM 1o cebe Mo)KeT mpesn-
CTaBJATH ZOCTATOUHO CJOXKHYIO cxemy. OpHako KackKaj, Take
CJIOMKHBIHA, HENb3s Pas3feNuTh Ha OoJiee NMPOCThbIE KOMIIOHEHTHI Ges
YTPATEHI ero cnenudruecKux CBOMCTB. B 3TOM cMbICiIe Kackag U Ha-
3LIBAIOT 3JIEMEHTAPHOM STUEHNKOM yCHIWUTEJ.

Cxema u pekum noKox. IIpocTefiuit yCUIUTE s HOCTOAHHOTO
TOKAa, BHIIIOJIHEHHBIN Ha OJHOM TPaH3HCTOpe, NTOKas3aH Ha puc. 9.3,
a. [l71a Takux ycuauTesNel XapaKTepHO ABYHOJAPHOE HUTAHUE, T.e.
HCIOJIB30BAHNeE JBYX HCTOUHMKOB IUTAHMUA C HANPSXKeHUAMH +E,
u —E, OTHOCHTENEHO 3eMJIH.

ped

BBIX

Puc. 9.3. BapHaHTH YCHJINTEJLHEIX KaCKagoB € ABYIOJADHBIM (a)
1 opHOMOJAPHEIM (6) NuTaHHEeM

B npumnume MOMKHO HCHONB30BATH ¥ ONHONOJAPHOE HUTAHME
(puc. 9.3,6). OgqHaKo B TAKOM BapHAaHTE BO3HHKAIOT cepbe3Hble 3aTPy/He-
HuA. Bo-mepBrix, TpelyeTcs cHeuuaJbHBIA MCTOYHMK cMemleHua K.
Bo-BTOpHIX, HCTOYHUK CHI'HAla He MMeeT 3a3eMJeHHOI TOYKH, YTO UCKJIIO-
YaeT UCHOoJb30BaHMe DOJLIINHCTBA THNHYHLIX HCTOYHHKOB CUIHAJA U Pes-
KO IIOBBIIIAET YPOBEHb NAPA3UTHEIX HABOAOK (HOMEX) HA BXONEe YCHIUTe 4,
Eciu noMeHsSTb MeCTaM¥ HCTOYHMKY CHUTHAJIA ¥ CMEIEeHUs, TO BEICOKHI
ypOBeHb IIOMEX OCTAETCs, a4 Pea/In30BATH CXEMHEBIM IyTeM He3aseMJIeHHBIH
HCTOYHUK CMEUIeHUsa NPaKTHYECKN HEeBO3MOXKHO.
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Ilycre pxopmoit curran U,, paser Hysro. Torga B cxeme mpore-
KaloT NOCMOAHHblLe COCMABAAIOUUE TOKOB, O0YCIOBIEHHBIE HCTOY-
Hukamu E, u E,. PesxuM OoTCyTCTBHA CHUTHajJa IPUHATO Ha3HIBATh
PeNCUMOM NOKOA YCUJIUTEN.

IIpu HanWYWM BXOJHOrO CHUTHANA K IIOCTOAHHBIM COCTaBJAIO-
IIUM J00aBISIOTCS nepementbie COCMABAAIOUUE, TIPOIIOPIUOHAND-
Hble Benuuune U,,. Taxum obpasom, B paboueM pekuMe IIOJHbIE
BeJIMYVHBLI HAIPSOKEHWI ¥ TOKOB MOJKHO 3amucaTb B BHJeE:
U=U°+ AU; TI= I° + AL 3nech BepxHUi uHAEeKC «0» TpHCBOeH
IIOCTOAHHBEIM COCTaBJAIOLIMM, a IlepeMeHHbIe cocTaBidouiue (Ko-
TOphie OOLIYHO MaJbl 110 CPAaBHEHHUIO C IIOCTOAHHBLIMHU) 0003HAUEHEBI
Kak TpupalieHus.

Kaxk yxxe oTmeuanocs B pasgeise 5.6, aHalIu3 NOCTOAHHLIX U Ie-
pPeMeHHBIX COCTaBJSIONIXX MOXXHO NPOBOJMTHL He3aBucumo. Pac-
CMOTPYUM HOCTOAHHBIE COCTABJSIONINE, CBOMCTBEHHBIE PEXKHMY IIO-
KOsI.

ITonmosxum U, = 0 u n306pasuM SKBHBANEHTHYIO CXeMy YCHJIH-

Ry ~ TeJsi TaK, KakK IO0Ka3aHO Ha
_l__EE - - N\ 7o puc. 9.4. 3peck paA TpaH3uUCTOpa

0 U* qrd "T HCIONb30BaHa YIPOIEeHHass MO-

nens Monna—36epca, COOTBETCTBY-
U romas HOPMaAJBHOMY aKTHUBHOMY
S N pexxumy (cp. ¢ puc. 5.13), a B
A - mells 6a3bl 1A OOLIHOCTH BBEJEHO
conporusnenue Ry, OHO BKIOUaeT
B ce6s BHYTpeHHee COIIPOTHBJIE-
HYe 6a3bl ry, a TaK2Ke CONPOTHBIIE-
HHUE MCTOUHUKA CHUTHaxa MUIH IIpe-
OBIOYIETO0 KacKaja.

O6o#igsa BXOAHOM KOHTYP cxemsl Ha puc. 9.4, mosydaem ypasHe-
HHe

2}z, R

Puc. 9.4. OxBUBaJeHTHasd cxema
KacKaja sl IMOCTOAHHBIX
COCTABJAIOIUX

0 * 0
I¢Rs +U + IR, —-E, =0.
IloacraBnan Ig =(1- oc)I;) , JIETKO HalTU TOK SMHUTTepa:

10 E,-U"

s = m- (9.2a)
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IIoTeHnuaa KOJJIEKTOpPA MMeEeT BH[
0 0
Ux =Erc _IK.RK’ (9.206)

rpe I 2 =al ;) .

Benumaunsr 1 ;) 24 US 3ajaoTca 3apaHee. VIX COBOKYIIHOCTE OIIpe-
JeJsieT, KaK TOBOPST, paloyyio moiKy TPaH3UCTOPa B PesKHMe IIo-
kKosa. HanpsrxeHue nutanud £ o6bI9HO TOXKe 3aaHO; TOTAA U3 BHI-
pakenus (9.26) OZHO3HAYHO TIOJNY9aeTcAd HEOOXOZMMOE CONpPOTHUB-
nenve R,.

YTo Kacaerca BenuyuH E, u R, To 06e OHU ZOMKHEI GBITEH fOcTa-
TOYHO OOJBINMUMY C TeM, UYTOObI HeusdbeXkHble M3MEHEHUs apaMmer-
poB o ¥ U™ He OKa3bIBAJIM 3aMETHOTO BIMSHHUS Ha TOK | ;) . Mosxno
CKa3aTk, 4TO BeIbOp sHauenuit £, U R oIpemesseTcs »KelaTeabHOMR
CcTabuABHOCTHIO paboueil TOUKY TPAH3UCTOPA IIPY M3MEHEHUAX TEM-
TepaTypel ¥4 APYTrUX (haKTOPOB.

CompoTtusnenue R, BBIGHpalOT U3 yCJIOBHA

R, >> (1 - &) Rs. (9.3)

Hanpuwmep, ecnu Ry = 2 kOm u a = 0,99 (1.e. B = 100), To co-
nporusnenue R, pomxno ObiTe He Menee 200 Om.

Bribpas compoTusienue R,, Jerko HaiiTm Benuuuny L, wu3
(9.2a). Mo:xeT oxasaThcA, YTO 3HaueHUe E, HeOCTATOYHO BEJIHKO,
4TO6BI B HY’KHOM CTelleHM IPefOTBPATUTh BIuAHMe uaMeHeHuit U”.
Torpa HyXHO yBenuuuTs K, u coorsercTBeHHO R,. OO6nIunO
E,> 2-3 B.

Onddeperunansnble napamerpst. Curaan U, BbI3bIBaeT HM3Me-
HeHus [IOTeHI[AJOB U TOKOB B CXeMe, T.e. «IIOPOXKAAeT» IIepPeMeH-
HbIe cocTaBiaAomue. Arober HAlTH 3TH COCTABJIAIOIINAE, BOCIOIL3Y-
eMcA MaJIOCHUTHANBHOM Mofensio Tpansucropa (puc. 5.16). Orpanu-
YyyBasAChk IOKa O0O6JIacThI0 [OCTATOYHO HU3KUX 4acTOT, OyaeM
CUMTATE O JEMCTBUTENLHOM BeNMYMHOH U mpeHeOpeskeM KOJJIEK-
TOPHOH eMKOCThI0. IIpeHeOperkeM TaK ke COIPOTUBIEHUEM KOJJIeK-
TOPHOTO TIepexofa r,: ero yJeT He BHOCHT CYIeCTBeHHHIX IIONIPABOK
B pesyJbTaThl aHanusa. Torga skBWBajJleHTHasA cxeMa kKackajga Oy-
IeT TaKoil, KaK IIoKasaHO Ha puc. 9.5. 3gech yITeHO BHYTpeHHee
COIIPOTHBJIEHHE MCTOYHWKA CHrHajla R, a BeJMYMHEI TOKOB ¥ Ha-
npsKeHuil 3anucanbl 0e3 3Haka A.

U3 puc. 9.5 cnegyer:

Uy =I(R, +r5) + I (R, +1,).

Bén
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Iloacrapmasa Iy =(1 —a)l,, JerKo HalTHM TOK 3MHTTepa:

U

I, = BX .
° +r, +(@—a)R, +715) 9.4

YuursiBaa yciaosue (9.3), MoK-
HO 6e3 GOJBINOI MOTPEIIHOCTH IHO-
noxuts I, = U, /R,. 3naa Tox I,
JIETKO ONIpPeHeJIuTh BCe ZPYTHe TOKU
¥ HANPAXKEHUsI B CXeMe.

Koabdumuentsr (pazmepHbie u
Gespa3MepHbI€), CBS3LIBAIOIIME IIe-
PeMeHHbBIe COCTABJAIOIIVIE MEXAY
coboii ¥ ¢ BXOOHBIM CHI'HAJOM, Ha-

Pac. 9.5. MaJjocHrHanbHasi 9KBHBAa-
JIeHTHasl cXeMa KacKaja B oGJacT

HUBKUX 4aCTOT 3BIBAIOT OUQPPEPeHUUANbHUIMU Na
pamempamu yCUIUTENA.
I'naBHBIT U3 3TUX IapaMeTPOB — KO3PQPUUUEHM YCUNLEHUS —

onpenesiaeTCA KaK OTHOIIIeHME BpIXOAHOI'O 1 BXOAHOTO CUTHAJIOB:
K = Uspx/Usx-

BrIxogHBIM CHTrHAJIOM INPHUHATO CUUTAThL IEPEMEHHYIO COCTaBJA-

IOINYIO KOJJIEKTOpHOro Hanpsskenua AU, (rmoatomy Ha puc. 9.3 1o-
o

TeHIHal KoJjaeKkTopa 3anucan Kak U, + U, . ). Y3 puc. 9.5 cueny-

er: U, . =—ol, R, Ilogcrasnaa Tok I, u3 (9.4) u gena obe uactu
Ha U,,, Haxonum KoadduIueHT ycmleHua B o0meM Bupje:
K=- il :
R, +1r, +Q —a)(R, +15) (9.5a)

IIpenebperaa cormacuo (9.3) gByMdA TOCJAEHUMY UJeHAMH B
3HaMeHarese, I0Jy4YaeM IPOCTOEe BrIpaXKeHWe, BIIOJIHE IIPUTOJHOE
OJ1A BCeX IPaKTHYECKHX PacueToB:

K = — a (Ry/Ry).- (9.56)

3HAK ¢«MHUHYC» CBHUAETENLCTBYET O PAa3JUUUY TOJAPHOCTEH BbI-
XOAHOTO ¥ BXOAHOI'O CHTHAJOB UNu (IIPY CUHYCOUZAJIHHOM CHUTHA-
je) — o casure a3 BRIXOZHOIO ¥ BXOZHOTO CHIHaioB Ha 180°,
W3 Bripaxenuda (9.56) ciaenyeT, uTO compoTuBiaenue R, xena-
TeNBLHO HeslaTh OOJIbINMM, a COnpoTuBieHMe B, mansiM. OgHako B
peajbHOI CxeMe CONpPOTHBIeHUe R, ompegensieTca HalpsaKeHHEM
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nutanua u paboueil Toukoil Tpansucropa [cM. (9.26)], a conpoTus-
nenue R, DOMKHO yAOBIETBOPATHL yciaoBuio crabmiabHocTH (9.3).
IlosToMy mpaxkTuuecKky Ko3(pDUIMUEHT yCUISHUA B pacCcMaTpuBae-
MOM KacKaje He IIpeBnIllIaeT 3HaueHuit 4-5.

Orpa"uyesEHOCTh KO3QPUIMEHTAa YCHIEHUA CTAHOBUTCH OCOOEHHO Oye-
BUHOH, eciy npeoGpasoBars sBripakeHve (9.5a), HojAcTABHB B HEro sHaye-
Hua R, w R, us (9.2). Torga, monaras r, << R,, moayaum:

K = - (E, - U)/(E, - U"). (9.6)

Ilycts, nanpumep, E, = 12B, E, =3B xn U,? = 2 B; npu srom
noaygaerca K ~4,5. Ilone3sno 3ameTuTs, 4TO K03 PHUIIMEHT yCHUIIe-
HYISI He 3aBUCHUT OT paboymx TOKOB U YTO IPY PABEHCTBE HAIpPsKe-
umit nuranua E, w E, on pgenaerca OiM3KHMM K efUHHUIE.

Ecnn ma BpiXofie yCuiuTeNla BKJOYEHA BHEINHAA Harpyska R,
(Ha puc. 9.5 mokasaHa IITPUXOBOH JuHHUE), TO B dopmyaax (9.5)
HY>KHO 3aMeHMTH R, Ha 3KBUBaJleHTHoe conporusienue B, || R, rae
| — cumBOX MapasmenBHOrO COeqUHEHHA.

Crnegyromuit BadKHBIN apaMeTp YCHJIWTENA — 8X00H0€ COnpo
muéaeHue — ONPeReNAeTCA BBIPAKeHHEeM

Ry = Usy /14y,

rge I, — mepeMeHHas cocTaBAIOmasa 6a30BOro TOKA, & HAapPAXKeHUe
U, cunTaeTcd IPHIOXKeHHBIM HelIOCPeACTBeHHO K 6ade. 3HAUHT, IpU
pacueTe BXOZHOTO CONPOTHBJEHWA HY)XHO mojnarats R, = 0.

Ilo oTHOWIEHNIO K MCTOYHUKY CHUTHAja BXOJHOE CONPOTHBIIEHUE
urpaer pojs Harpys3ku. IlosTomy uem OHO GoJIblile, TeMm MEHbIIe Ha-
TPY’>KeH UCTOUHUK CHUTHAJa ¥ TeM Jyullle TepefaeTcs ero Hanpsaxe-
HHe Ha BXOJ KacKaja.

W3 puc. 9.5, nmonaraa R, = 0, monydaem:

Upx = Igrg + I, (R, + 1y).

Ioacrapasaa I, = (B + 1) I u gena obe uactu va I, = I ,, HaXo-
A¥M BXOJHO€ CONPOTHBJeHHE B oblem Bupje:

Ryx =1+ (B + 1) (R, + ). (9.7a)

IlpakTHyecKH CONPOTHUBICHHAMH Iy M I, MOXKHO mnpeHebpeus.
Torpa

Ryx ~ (B + 1) R,. (9.76)
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Hanpumep, ecnu § = 100 u R, = 2 kOm, To R,, =~ 200 xOm.

3aMeTHM, YTO C POCTOM CONPOTHBJeHuA R, BXOJHOE CONPOTHUB-
JieHVe He MOXKeT BO3pacTaTh HEOTPaHUUYEeHHO, KaK claexyeT 13 ¢op-
mya (9.7). O npuumHax OorpaHWYeHus roBopuTcA B pasgene 9.4.

Tperui#l Ba>kHBIH IapamMeTp yCHUJIUTENSI — GbiX00HO€ CONPOMUE-
JleHue — OIpeJesAeTCs BbIPaXKeHUeM

Byx = (Uspdxx/ T spix)xas

rae (U,, . )xx — BRIXOJHOE HAIIpsKeHue IIPHU XOJOCTOM XOfe KacKa-
Ba (T.e. B OTCyTCTBME BHEIIHeH Harpysku R,), a (I,,.,),, — BBIXOA-
HOM TOK NIPU KOPOTKOM 3aMbIKAHWY BBIXOQHBIX 32)KUMOB (MMeeT-
¢A B BUAY KOPOTKOE 3aMBIKaHUEe AJA TepeMEeHHBLIX COCTaBJIAIO-
INX).

BrixogHoe CONPOTHBIIEHVE XapaKTepU3yeT Harpy3ouyHYH CIO-
COOHOCTL KacKajga: ueM OHO MeHbIlle, TeM OOJBLIINI TOK MOXKHO OT-
OupaTh BO BHELIHIOIO Harpy3Ky ¥ TeM MEHbIe MOKeT OBITh BHeI-
Hee COIPOTHUBJIEHUE.

Ilo dusmueckOMy CMBICIAY BBHIXOJHOE COIIPOTHUBJIEHHE CXEMBI —
3T0 pubddepeHInanbHOEe CONPOTHUBIEHHE, KOTOPOE MOYKHO H3Me-
PHUTH CO CTOPOHBI BEIXOAHBIX 3a)KMMOB B OTCYTCTBYE BXOJHOTO CHT-
nHana (U,, = 0) u npu oTK/MI0ueHHOH BHeimHeit Harpy3ke (R, = ©). B
TaKHUX >Ke YCIOBUAX OCYIECTBIAIOT U TEOPETUUECKHUI pacueTr BeJu-
uvHBL R, ..

Ins cxembi, IOKa3aHHOM Ha puc 9.5, HeT Heo0XOZUMOCTH IIPO-
BOZUTH CHenuanbHele pacueTsl. [IOCKONBKY BXOOHAS YaCTh CXEMBI
OTJeNleHa OT BBIXOJa reHepaTOpOM TOKa ¥ IOCKOJLKY 3TOT reHepa-
rop npu U, = 0 GesgeilicTByeT, MOKHO Cpa3y 3alMCaTh:

Rpux = Ry (9.8)

YueT CONPOTHBRJEHUA KOJJIEKTOPHOIrO Iepexoja (T.e. BHYTDeH-
HEr0 CONPOTHBJIEHVA reHepaTopa TOKa) He OKa3blBaeT HUKAaKOIro
TIPAKTUYECKOTO BJIUSHUS Ha INOJY4YEeHHBIN peayJbTar.

Jpeiidp NOCTOAHHBIX COCTABIAKIGHX. B pekxume mokosi (mpu
U, = 0) TOKHu u HanPA’KeHHUA yCHJIUTEA MOTYT MEHATHCH TIOX Jgeii-
CTBYEM M3MEHEHUH TeMIepaTyphl, HaNpAKeHUd NUTAaHUA UIU APY-
rux axropos. [lonygaromueca npu sTom MejeHHbIe HEKOHTPOJIU-
pyeMble NPHUPAIEHUA TOKOB U HANIPsOKEHUH Ha3bIBAaIOT Opeiigom
nOCMOAHHBLX COCMAEAAIOUWUX.
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Ecau BXOZHON CUTHAJ MEHAETCS AOCTATOuHO OsnicTpo (¢ mocTa-
TOYHO BEICOKOM 4acTOTOI), TO OTJAHYHUTE €ro oT Apeida He mpes-
craBasaeT Tpyga. OQHAKO B YCHJIUTENAX IHOCTOAHHOIO TOKa, Xapak-
TepUYIIUXCA MeAJeHHLIMU M3MeHEeHUAMM curxana, gpeid (r.e.
NnapasuTHBIE NpUpPAaIeHusa) B o6IeM Ciyuae HeOTIUYUM OT Ipupa-
IIeHu#, BHI3BAHHBIX IOJE3HBIM cuUrHaloMm. CiegoBaTenbHO, BeJu-
uyuHa gpeiida CTaBUT IIpefesl UyBCTBUTEILHOCTH YCHJINTENA IIOCTO-
SAHHOTO TOKa -— €ro CIOCOOHOCTH YCHUJIWBATHL cJabble CHIHAMBI.

IIoCcKO.IBKY B MHUKPOIJIEKTPOHUKE YCHUJINTENIH TOCTOSIHHOTO TOKAa
3aHMMAIOT Bexylee Mecto, npobiema apeiida npuobperaeT ocobyio
OCTpPOTY.

Iivers B pesyapTaTe HEKOHTPOJIUPYEMBIX IPOIECCOB HOJYUH-
JIUCH HpHpaIZeHUsI HalpIKeHHHE AE, un AE,, a Tak)ke nmapaMeTpoB
rpansucropa AU" u Aa. Torga us (9.26) clenyeT, YTo KOJIEKTOD-
HeI#t moreHnman U 2 HONYYHUT IpupallieHue

AU = AE, + AIR,

[3Hak «maoc» o0BACHAETCA TeM, UTO NpUpamenus AE, u Al 3 R, ne-
3aBHCHMEI — HEKOPPeiUpo8anb. ¥ IOTOMY B XyAIeM CJIyuae MOTYT
cknagsisarsca). IIpupammenue KOJJIEKTOPHOrO TOKA MOYKHO 3amlu-
caTh, yuuThIBam cooTHomenue Iy = oll:

AIY = AaI? + aAll.

Haxonen, npupaleHue 3MATTEPHOTO TOKA MOXKHO HOJIYIUTH U3
(9.2a):

AL° = AE, +AU" + Ao I2 Ry
’ R, +(1-a)Rs

0
IlpousBons nopcranoBku u Aenda AU, Ba koaddumuerT ycune-
Husa B dopme (9.52a), moaydaem HampsDKEHUE, KOTOPOEe Ha3BIBAIOT
npusedennvim Opeiipom
0
AU

Uy = T

IIpuBegenusniii gpeiid yaobeH A OLEHKY MUHUMAaJLHOTO BXOA-
HOTO CWTHAaJja, elfe pas3auuuMmoro Ha GoHe gpeiida.
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Ecnu npesebpeus HeGONMBINOH pa3HUIlel B 3HAMEHATEeNsAX BhIpa-
sxenuit (9.2a) u (9.5a) u nepeiitu orT o K Oosee yRo0HOM BenwumHe
B, To mpuBeJeHHIN Apeiih MOXKHO 3allycaTh B CAEAVIOIIEM BHZeE:

AE, +£9_I£(R3 + Rg)
| K| B B+1

Ugp = AU” +{ AR, + 9.9)

9TO BhIpa’KeHHE I'OBOPUT O TOM, UTO M3 YeThiPeX NPUUMH Apeii-
ba (AB, AE, AE,  u AU™) IpuNHIHUNIHAAILHO HEYCTPAHUMOM ABAAETCA
cocrapaaomaa AU". OcTanbHble MOXKHO B IPHHIIUIE YMEHBIIUTH
CXeMHBIM IIyTeM: CTabuIN3Npysd HANPSKeHUs NUTAHUA U yMEeHb-
masa pabouuit TOK.

Ina xonudecTBeHHON oneHKH Apeitda npumem: B = 100; AB/B = 0,5;
I2=1mA; R, + R, = 3 xOm; E, = 3 B; E_ = 12 B; [K| = 5. Toraa 3-a co-
crasjaalomas apeiiga OygeT uMerh 3HayeHwe 15 mMB. Ilius roro urobsI co-
crapasiomne AE Onlin MeHbIe, Ee00OX0AUMO cTa0NIN3UPOBATL HAIPAXKe-
Hust nuTanusa A0 yposua 0,1 %. YTo KacaeTcst HeyCcTpaHMMOM COCTABIAIO-
et AU", To ee snawenune NpeXXje BCero 3aBHUCHT OT AUANIA30HA WU3MEHEeHU s
TeMmepaTypbl. CUHTAs TeMIepaTyPHYIO YyBCTBUTEIREOCTE € = 1,5 MB/°C u
monarast AT = 100 °C, nony4aem AU" = 150 MB. Kaxk BUAYM, 9T COCTABJIs-
0Hlas caMad 3HaunTenabHas. Taxum o6pasoM, B pacCMOTPEHHOM IpUMepe
[IpUBeAeHHBIA Apei( OrpaHNYMBAET BXOAHbLIE CUIHANBI CHU3Y 3HAYCHUSIMYU
nopagxka 100 mB.

Kackagupopaune. KoabduiueHT ycuieHna npocTeHiero ogHo-
KaCKagHOTO YCHJINTEs OTPaHrYeH 1 OOpIYHO He IPeBRIIIaeT 3HaUe-
Huit 4—5. IIosTOMYy NOJYYUTH HYXKHBIN KO3G(DUIHEHT yCHIeHUdA
(1acTO — HECKOJBKO TBHICAY U JEeCATKOB THICAY) MOYKHO TOJBKO COe-
AUHEeHUEeM HEeCKOJIbKMX YCHUIMWTENbHBIX KacKaJoB B ITOCHEq0BaTelNlhb-
HYIO IIenOouYKy. B Takoil menouke BoIXOAHOe HaIpAKeHUe IPeAbIAY-
1lero Kackaja ABJSETCA BXOAHBIM [JdA ciaefyloliero. PesynsTupy-
(03443 0%4 K03dpPULUeHT ycujaeHud oyner IpOU3BEAEHUEM
K03(ppUIMeHTOB YCHIEeHUA Ka’KJOro Kackajga:

K = Kle...KN (9103)
Uay, B Ciaydae HACHTHYHBIX KacKajos,
K = K,N. (9.106)

3aece N — umciao Kackagos, K, — Ko3bPuIuEHT yCculeHus Of-
HOTO KackKaza.
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IIpomece ob6beauHennss OQUHOYHEIX KACKAJOB B IOCJIEJOBATEIb-
HYIO LIETIOYKY HAa3BIBAIOT KACKAOUDOEBAHUEM.

W3 bopmynsl (9.100) nmerko HaiiTy He0OXOZUMOE KOJIUUECTBO Ka-
CKajoB, ecnu 3ajgaHsl 3HaueHua K u K,:

N = ng/ngl'

ITycTs, Hampumep K = 10 u K, = 4; Torga N = 7. Kax Bugum,
KOJIHMYECTBO KACKaZOB B YCHJIUTENAX TAKOTO THUIA MOKeT ObITh Be-
CbMa 3HAUUTENbHBIM.

IIpu kKackagupOBaHMM IPOCTEHINUX YCHUAUTENEeH BOIHUKAIOT
cnenuduyecKkue npodiembi, KOTOPbIe AOTIOIHUTENLHO OCJOMKHSIOT
nony4ueHue GoapIINX K03(hdUMUEeHTOB yecunenusa. Ha atux npobie-
MaX MbI He OCTAHABJIWBAEMCS, TAK KAK CAMY IPOCTEMIINe YCHINTE-
¥ B MUKPO3JIEKTPOHUKE He IONYJIAPHBI.

9.4. IlepexongHrie Ipoueccsl B IpocTeiinreM
yCHINTeIe

BHelnHe TpaH3UCTOP B IPOCTEHIIIEM YCUJINTEIE BKIIOUEH TI0 CXe-
Me ¢ obmum smuTrepoM (0I): BXOAHOM curHai mojaercs Ha 6asy,
BHIXONHOM CHUMAaETCA ¢ KojneKTopa. OgHaKo no cywecmey mpau-
3ucmop pabomaem no cxeme ¢ oGueit 6a3oil (OB), mockoabKy U B
pe’kuMe TOKOdA, ¥ IPH HAJWUUY CHUTHajIa 3aJaHHOI BeJIMYUHON
OKa3bIiBaeTca He TOK 6asbl, a TOK amurrepa. [{ia mepemeHnHoOit co-
CTaBJAIONIEH 3TOT BbLIBOA CJHeAyeT U3 BbIparkeHus (9.4) ¢ yuerom
ycaosus (9.3).

3HauuT, NojaBaA Ha BXoj ycuiauTensa curman U,, crynenuaToit
(opmMBI, MBI TEM CaMBIM 3ajaeM CTYHNEHBbKY 3MHUTTEPHOTO TOKa Al,.
IIpu 3TOM IepexOxHbIe XAPAKTEPUCTUKM KOJIEKTOPHOTO TOKa U
KOJIIEKTOPHOTO HAaIPAXKeHUsA OyAyT ONpefenaTsCA NepPexXoqHoR xa-
paKTepucTUKOi Koabduimenta a. C ygeTom BAUAHUS KOJJIEKTOD-
HOY eMKOCTY HY’XHO BMECTO IOCTOAHHOY BPEeMEHM T, IOJb30BATH-
€A 3KBUBAJEHTHOHM IOCTOAHHOH BpemeHH 1., [cm. (5.68)]. Ilox-
craBnsaa wusobpakenume ofs) B (9.56), moayumm wuszobparkenue
Kos(ppunmuenra yeuaenua K(s), Ha OCHOBAaHUM KOTOPOTO Jajiee Jier-
KO HaWTH IEepPeXOZHYI0 U UacTOTHbIE XapaKTepHUCTHKH. Bce OHU B
OTHOCHUTENbHOM MacuiTabe OGyZyT COBHAJATh C XAaPAKTEePHUCTHUKAMU
KoshdumuenTa o, pacCMOTPeHHBIMHU B pasf. 5.7. IlosTomy HeT He-
06X0AMMOCTH NOBTOPATH COOTBETCTBYIOIIVIE (DOPMYJIbI M PHCYHKH.
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BmecTo 9TOTO paccMoTpuM cayuail, KOrja TOK SMUTTEPa HeJIb3A
CUMTaTh 38JaHHBIM, T. €. Korjga caaraemoe (1 — a) (R, + rg) B 3Hame-
Harelne (9.5a) cpaBHUMO C JBYMA IEPBLIMHY CIaraeMbIMHU. JTOT CJIY-
yay He XapaKTepeH AJis INPOCTEeHINero KacKaha, HO Ba)keH B MeTO-
OVYEeCKOM OTHOIIIEHWY KaK OCHOBA AJIsA aHaJIM3a APYTHUX BapHAHTOB
yCUJIHUTeNeH.

IlocTosmHas BpemeHH B 00-
JIACTH BBICOKMX YaCTOT. JKBUBa-
JICHTHasA CXeMa yCHJIUTeNs: B 006-
JIaCTH BBICOKHX 4YacToOT (MaJbIX
BpeMeH) mokasaxa Ha puc. 9.6.
Konnexropuyio emkocts C, He
OyaeM yuUHTHIBATL OTHAEJNILHO: ee
BJUSIHYUE OTPAa3uM, KaK ¥ B pasf.
Puc. 9.6. MajocureajibHas OKBHBaJeH- 5.7, C IOMOIIBIO 9KBUBAJIEHTHOMN

THas cXeMa KacKaja B o6yacTu BEICO- nOCTOHHHOf/‘I BpeMeHH
KHX YacToT

Taoe = Ta T CylRy. (9.11)

Ona xosbduumueHTa o IIPUMEM IIpOcTeiiillee H300pasKeHUe
(5.50) u mogcTaBuM ero B BoIpakenue (9.5a). YMHOMKasA YHCIATEb
¥ 3HaMeHaTeJr Ha ABy4leH 1 + ST, ¥ IPUBOAs 3HaMEHaTelb K
dopme A (1 + sa), MOXKHO 3amnucaTh usobparkenune KospduirrenTa
yCHJIeHusl KacKaja B CHeAVIOIIEM BUAe:

K(s) = K/(1 + st,). (9.12)

3aech 1, — NOCTOAHHASA BPeMeHM KacKaja B 00/1acTH BBICOKHX
yacToT (Masbix BpeMeH). Ee jsierko mpepcraBuTh B Takoit dopme:

Ty = Toee/(1 —ay,), (9.13)
rge Y, — Ko3dduIMeHT ToKopaclpejelleHusaA BO BXOZHOM IeNu:
Yo = (Br+ 16)/(Ry + ry + Ry + 15). (9.14)

KosbbunuenT y, xapakTepusyeT joiai0 Toka ol,, xoTOpas OT-
BETBJIAETCA U3 MCTOUHNKA TOKa B IIeIlb 3MUTTEPa B IPOIecce Hapac-
Tanua Kospduimenta o (B mepBuiA momenT o = 0).

Ecnu R, + ry << R, + r,, KaK [0 CHX TNIOp CYHUTAJIOCE, TO ¥, = 0.
IJTO 3HAYHT, YTO OTBETBJIEHHA TOKa O, B Ilells 3MUTTEpa NpaKTHye-
CKY He IIPOMCXOAUT: NIOYTH BeCh TOK of, MOCTynaeT B HUBKOOMHYIO
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mens 0aspl. COOTBETCTBEHHO MCXOAHAA CTYIIEHBKA IMUTTEPHOTO
Toka I (0) ocraeTca HeM3MeHHOM M IEepPEXOAHbIH IpoIlecc PasBUBa-
eTcs ¢ IIOCTOSHHON BPeMeHH T, =T, . 00 3ToM roBopusuocs B Haua-
Jle pasgena.

3ameTHOe BO3pacCTaHHWe BEJIMYMHLI T, IO CPAaBHEHUIO C T, Ha-
CTyIaeT JUIL NPY CPABHUMBIX 3HAUEHUAX COINPOTUBJICHUI B 9MHUT-
TepHO# ¥ Gasopo# nmensax. B npegene, ecnu R, + ry >> R, + r,, Ko-
addunuent y, 6au3ok k egunumne. Torga NocToAHHAA BPeMeHH T,
JenaeTcsa paBHOW T, /(1 — ), a 3TO eCTh 3KBHBaJIeHTHAasA TOCTOSIH-
Hada BpemeHu cxeMsr 09 [em. (5.69)]:

Toe =T+ (P +1) CyRy. (9.15)

Takas TpaHcdopManuA IOCTOAHHON BPeMeHH T, BIIOJIHE eCTeCT-
BeHHA, IIOCKOJBKY YCHIOBHE v, = 1 O3HauaeT, 4TO BeCk TOK ol upaeT
B IleIb 3MHUTTEPa, & CJeJOBaTeIsHO, TOK 6a3bl OCTAeTCs HEeUu3MeH-
HbIM — 3aJaHHBIM. [Ipu 3TOM TpaH3HCTOp CIAEAYET CUMUTATH BKJIIO-
yeHHBIM TI0 cxeme 03, a TaKOMY BKJIOYEHHIO, KaK M3BECTHO, CBOII-
CTBeHHa TIOCTOSIHHaA BPEMEHH T,,.

3aMeTHM, YTO IOCTOSIHHYI0 BPEMEHH T, MOXHO GBLIO C caMoro Hagajia
BBEIPA3UTh Uepes T,,. JJa aToro gocraTouso B popmyse (9.13) saMeHUTs O
Ha B/(B +1) ¥ YMHOXKHTS YHCIUTENs ¥ 3HaMesatens Ha [ +1. Ilocie age-
MeHTapHBIX npeobpasoBanuil, yuursBag (5.57), monyuum:

Tn = Toe/(l + BY6)' (9.16)

31eck Y5 — K02QQPUIMEHT TOKOpacHpeJeIeH! A, XapaKTepU3yIOMUM oT-
BeTBJeHuNe Toka ol, B 0asoByl0 mEenkb:

R, +r, 9.17)

=1y = .
Yo Yo R,+r,+R.+r;

C ypesnudenneM Koa(p(PUINeHTa Y5 NOCTOAHHAA BPEMEHY T, yMeHblIaeT-
¢4 U B Ipejeie, OIPK Y5 = 1, JOCTUraeT MAaKCUMAaJIbHOTO 3HAUCHHA T, .

W3 Bcero Cka3aHHOTO CIEAYET, UTO Obicmpodeiicmeue ycuaumenn-
HO020 Kackada nogwviutaemcsa (T.e. IOCTOAHHASA BPeMeHHU T, CTAHOBUT-
Cs1 MEHbIIIE) NPU YCA08UU KAK MONCHO MEHbULEZO0 CONPOMUBAEHUS 6
6a3080% uenu u KaK MOMCHO GObULEZ0 — 6 3IMUMMEPHOL. 3HAUHUT,
YyeM MEHbIlle CONPOTHUBJIEHVE MCTOYHUKA CHUTHAJNA, TeM Bbille ObiCT-
POAENCTBYE YCHUIUTEN.

Ilepexoxupie ¥ YacTOTHBIC XapAKTePUCTHKHN. Y MHOMasa u300pa-
skeHue koadpdunuenra yeunenua (9.12) na U, monydaem usobpa-
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JKeHUe BEIXOZHOro Hampskenus. OpUTHHAIOM 3TOT0 M300paskeHusa
OyZeT nepexopHasi XapaKTepuCTHKA

t/‘rB

Upx(?) = KUgy(1 — e_ ) (9.18)

OHa MoKasana Ha puc 9.7 B AByX BapuaHTax: IPH HAU3KOOMHOM HC-
TOYHHMKE CHUTHala, Korga (GaKTHUYeCKYW 3ajaH TOK 3MUTTepa, T.e.
Y, =0 UM 1, =1y, (PHC. 9.7, @), U TIPH BBHICOKOOMHOM HCTOYHUKE
CHrHala, Korja 3ajas Tok 6assl, T.e. v, ~lu 1, ~ 1, (puc. 9.7, 0).
I/ HaTJIAZHOCTY YCTAHOBUBIIVECHA 3HAUEHUSI TOKOB M BLIXOZHOTO
HaIpsKeHuA TNPUHATHI OQUHAKOBBIMM, Ipuuem Ha puc. 9.7, 6
IITPUXaM¥ BOCHPOU3BEefeHbI KPUBBIE, COOTBETCTBYIOIIME 3aMaHHO-
My TOKy amurrepa (puc. 9.7, a).

U Usx U Uiy

BX l'— V4 BX I__';____‘

ta b [ 1O 28
1| Taoe Ll o\l— <
al, ade 15, Bls

t
Is s
15(0>”\ R
/ t t
td’ tc tt})

—
A '} J
t To t
Unux T KU 0’1KU3X U, € KU,
a0e 0,9KU Tu0e \_ <
a) )
Puc. 9.7. IlepexozHble Ipomecchl B KacKazae
a — IOpH sSaZaHHOM TOKe oMHTTEepa, 6 — IpH 3afaHHOM TOKe 0ashl

Ilo okoOHuUaHMK BXOJHOTO CHUTHaJa HampsbkeHue U, . Iajgaer ;o
HYJA ¢ TOH ke IIOCTOAHHOI BpeMeHH t1,. IlosTomMy gnurensHOCTH
¢dbpoHTa U cpe3a paBHEI APYT APYTry. OTCUUTHIBAA 3TH ZJIUTENLHOCTH
mexgy ypossamu 0,1 u 0,9 or ycranosBusmieroca ssauenus KU,
TIOJIydaem:

tp=1t.=2,21,. (9.19)
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Ilyers 14, =5 HeuY, = 0,4; TOrRA T, B8 HC M £}, = ¢, ~ 17,5 He.
YacmomHuvie xaparkmepucmurky Ko3dGdUOUEHTa yCHUJIEHHus IIO-
JIYJal0TCA MIyTeM 3aMeHbI OIlepaTopa s Ha jo B u3obpakennu (9.12):

K

N, T .

1+j0/0, (920
rge o, = 1/1, — rpasuYHas yraosad 4acToTa Kos(dunuenTa ycu-
nenus Ha ypoBue 0,7 (unu 3 aBb).

Mogyns u dasza xoMmIIekcHoro kosddumuenrta ycuienus K
TIPEACTaBASAIOT CO00HM COOTBETCTBEHHO aMILIUTYAHO-YACTOTHYIO H
(az30-4acTOTHYI0 XapPaKTEePUCTHKM:

—— K .
K(w) = W (9.21a)
o(w) = —arctg(w/o,) . (9.216)

dopma 3TUX XapaKTepHUCTHUK TaKasd »Ke, KaK y KospduIueHTa o
(cMm. puc. 5.21).

IlycTs, Kak u B IpefpiAyIIeM IpuMepe, T, = 9 HcH Yy, = 0,4.
Torpa f, = (1/2n) w, = 20 MIn.

Oco60 ciegyeT OCTAaHOBUTHCA HA BXOAHOM 0a3oBOM TOKe, KOTO-
PBI OIlpefessieT BXOLHOe COIIPOTHUBJIEHHME yCHIHuTeasi. B ImepBnIit
MOMEHT IOCJje IOJauM BXOZHOTO CHUTHAja, Korga i, = 0, Tok 6a3sl
paBeH TOKy amuTTepa (puc. 9.7, a):

15(0) = Is'

Tox I,(0) B 3 + 1 pas npesrlmaer ycTaHOBHBIIeecd 3Hauenue. Co-
OTBETCTBEHHO HayaJbHOE 3HAUEeHWE BXOJHOTO COIPOTUBJICHUA B
B +1 pas meHbIme ycTaHoBHBIIeroca 3Hauenusa (9.7). B panwmeir-
urem 6as30BBIM TOK cnagaeT, a BXOZHOE COIPOTHUBIIEHME BO3pacTaeT
BIJIOTH 0 YCTaHOBMBINMXCA 3HaueHui#l. OQHAKO, MOCKOJLKY yCTa-
HOBHBIIIeecd 3HaueHUWe Toka 0a3sl B  pas MeHbIle, YeM TOKa KOJ-
JIEKTOpa, IHTEJHHOCTH IEPEeXOZHOTO IIPOIECCa OKAa3LIBAETCHA BO
CTOIBKO Ke pa3 GoJblle, T.e. IPUMEPHO {,.

B zakiouyeHme 3aMeTHM, YTO C YUeTOM COIPOTHUBJIEHHUSA BHEI-
Heif Harpy3ku R, B BEID@XKEHUAX [JIA IOCTOAHHLIX BPEMEHH T,,, U
T,, BMECTO CONPOTHBJeHUA K, MOJKHA CTOATh MeHbIIAsA BeJUUKNHA
R, | R,
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9.5. Ilpocreitmue ycunaureau Ha MJAII-trpan3ucropax

Hcnons3yioTea gBa CXeMHBIX BapuaHTa TaKUX yCHJIHUTENeH — ¢
PEe3HUCTUBHOM U ¢ JUHAMWYECKOHN Harpyskoit (puc. 9.8). B ycunu-
TenbHbIX Kackagax MIII-tpanaucTopsr Bcerga paboraioT Ha IOJ0-
rgx yJacTKaxXx XapaKTepuCTHUK, TAe KPYyTHU3HA ¥ KO3GPHUIUEeHT
YCHUJIeHUs TPAH3UCTOPa MMeIOT MaKCHUMAaJpbHble 3HAYEeHU.

Puc. 9.8. Ycunurenrusle Kackagel Ha MAII-TpamsucTopax:
a — ¢ pe3UCTUBHOH HarpysKoH; 6 — ¢ ZWHAMHYECKOH HarpysKo#

YcumTellb ¢ PE3SHCTHBHOM Harpyskou. B ycumurtene c pesu-
CTHBHOI Harpyskoit (puc. 9.8, a) pe’kum HOKOA XapaKTepuayercs
CJIeAYIOINVMY INOTEHIMAIaMU:

U, =—Ey (9.222)

U, =E, - I R,. (9.226)

Iusa Toro uTob6pi TPAH3UCTODP OBLI OTKPBLIT, HAIPSKEHUE Ufﬂ
HOJKHO IPEeBHIIIATH IIOPOTOBOE HANpPAXKEeHWE; 3HAYWUT, B JAHHOMU
cXeMe HOJKHO BBINONHATHCA yciaosue E > U,. Ilorenmman Ug
yao0HO pAejiaTh PABHBIM HYJ0. JTO 00Jerdyaer KacKajupOBaHUeE
yCHUIHUTENeH: MOXKHO HEIIOCPEJACTBEHHO COeQHUHATH CTOK IPERBIAY-
IIero Kackaja ¢ 3aTBOPOM CJIERYIOIIero.

Tox mnoxosa 13 JIETKO 3amlucaTh, IOACTaBIAA U;)n =U:? —Ug B
dbopmyny (4.8):

1Y = 1/2 b(E, - Uy (9.23)

0 .
Orcioga, 3agaBadck TOKOM I, Jlerko HaiiTu HeobxoxuMoe 3HaUE-
Hue E .
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Ecnu HanpsbkeHus nuraHusa n E, c'raﬁmmanponanm, TO
Apeid IMOCTOAHHBIX COCTABJIAIOIINX I u U 0o6ycnopneH B NEPBYIO
ouepenb gpeiibom napamerpos U, u b. Karc H3BeCcTHO, (cM. ¢. 112),
CYIeCTByeT KPUTHUUEeCKOe 3HaYeHHe ToKa I, NpY KOTOPOM TeMIe-
paTypHBIH gpeitd MuUHUMAaJeH (B Y3KOM ZUala3oHe TeMIEepaTyp OH
61m3ok K Hya10). Ilpu Tokax, GONBIIMX KPUTUYECKOrO, TeMIiepa-
TYpPHBIH KO3(hIHUITUEeHT TOKA IIOJOXKUTENbHBINA, a IPY TOKaX, MeHb-
ITAX KPUTHUYECKOr0, — OTPUIATEJbHBIH.

Ilepeiinem K omeHke kKoaddu-
MeHTa ycuiaeHusa. Ecaum mojo-
KUTh guddepeHialbHOE CONPO-
THUBJIEHUE CTOKa Ha TNOJIOTOM yua-
CTKe 0eCKOHEYHO 0onbITUM
(r, = ©), TO U3 MaJOCUTHANTBHOH
3KBUBAJICHTHON CXeMbl Ha pHC.
9.9 cnepyer: I, = SU,, u, caeno-
BaTeJIbHO, Prc. 9.9. OxBuBaJeHTHaA cXema CTO-

KOBOH IEIIH YCHIHTEJbHOI'0O KacKaja

Uspix = — IcBe = — SR Upy.
Toraga xKosdpdumuenT ycuieHusi 6yaer uUMeTh BHUA:
K =U,.x/Upx = — SR,. (9.24)

Ecnu ke cCOnpoTHUBIIeHHE r, MMEET KOHEUHYIO BeJNYHHY, CpaB-
HUMYIO ¢ R, To nonusli Tok SU,, pacnpenensaerca MeXXAy BETBAMH
R, u r,. Ilpm 3TOM TOK CTOKa OKa3bIBaeTCs PaBHBIM

I, = SUpr, /(re + R).
CooTrsercTBeHHO
Upx = — IR, =~ S (r, ” R;) Ugy-

Torga xKosdduIMEeHT YCUIeHUA MOYKHO 3aNHCaTh B CIAeRYIOLIEM
obmiem Buze:

. u
1+r./R, (9.25)

rae 4 = Sr, — cOGCTBEeHHBIA KO3DDUINEHT YCUIeHNA TPAaH3UCTOpa
fcm. (4.18) U cHOCKy Ha c. 110].

12—3423
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W3 soipavkenus (9.25) BuAHO, UTO MaKCUMaJAbHbIN K03 DHUIIHEHT
YCUJIEeHUA |K‘ = | moJiy4aeTcd HpH ycaosuu R, >> r,. Ha npakTure
3TO YCJIOBHE HEBBINOJHVMO; IoJydaercsa 6GoJbIIOe NajeHye Hanps-
sxenns I 3 R, u cooTBeTcTBeHHO Tpebyercs 60npIoe HATIpAXKeHNe IH-
ranua E, [cm. (9.226)]. ITosTomy o6rruno R, < (0,2-0,3) r, u coor-
sercrBenHO K| < 0,2 p. IIpu aToM, Kak JIeTKO OKa3aTh, MOMKHO IOJIb-
3oBarbca dopmymnoir (9.24).

YcunuTtelb ¢ AUHAMHYECKOH Harpyskoii, B ycunurene ¢ guna-
Mu4ecKod Harpyskoit (puc. 9.8, 6) Harpysounslil Tpanauctop 1'2
paGoraeT Ha IOJOroM VYacTKe XapakTepucTHk. IlosTomy ero co-
NIPOTHUBJIEHNE MajbIM CHIHajJaM MOMKHO HaiTu, JuddepeHmupyd
TOK I, o nanpsxenuo U, B bopmyne (8.47). Yuurnisaa (4.19a),
TIoJIy4aem:

R, =dU,p/dl s = 1/Ss, (9.26)

rae S, — KpyTH3Ha TpaHsucTopa 1'2. BHyTpeHHEe CONPOTHBIEHHE
T,o TIPH 3TOM cuuTaeTcAa 6eCKOHEYHO GOJLIINM; eT0 yIeT OOBITHO He
CYIECTBEH.

Bamensaa B BuipaxxeHuu (9.25) comporusnenue R, na 1/S,, Ko-
sdduIUeHT 1 Ha |, U NOACTaBAAA r, = W;/S,, monyuyaem:

I = W Y
13(82/S;) +1 Sy

(mepaBerncTBo 1,(S,/S,) >> 1 obocHOBaHO HMKe).
ITockoAbKy TOKHM 0060MX TPAHB3MCTOPOB OAVHAKOBLI, OTHOIIIEHWE
S,/S, cormacuo (4.196) sanumerca clegyrmomuM 0bpaszom:

Bsegem kostdunuent B, koTophiit ¢ yaeroM (4.7) xapaKkTepusy-
€T TeOMETPHI0 TPaH3UCTOPOB:

_b 2L
by Zy/Ly (9.27a)
IIpy OgVHAKOBBIX AJMHAX KaHANOB

B =2Z1/Zs (9.276)
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Torpa kosddHUIIMEeHT yCHJIeHUA MOXXKHO 3aIyCaThb B BHUAE
K = - B. (9.28)

CrnepoBaTesbHO, KO3 @uUyUeRMm YCULEHUA onpedensemcs paime
pamu KGHAA08 Y AKMUEHO20 U HAZPY3IOUHOZ0 MPAHIUCMOPOS,
Ipe’KAe BCETO, — OTHOLICHWEM ITHPUH KaHanos. OTHomenue Z,/7Z,
TpyAHO caenats 6onee 50—100, mosTomy K03dIHUIMEHT yCHIeHUs,
Kak TPaBujo, COCTABIAET BCET0 HECKONBKO €NUHMUIIL.

3ameTHM, YTO KO3(P(PUIMEHT yCHIeHUA CBA3AH C Pe)KUMOM IO-
KOs1 ycunurend. [leificTBUTeIsHO, IIpHPaBHUBAA APYT APYry TOKH
000MX TPaH3UCTOPOB ¥ HCIONL3YA Koabdumuent B, Jerko nomuy-
YHUTH COOTHOIIEHYE

0

UHZ_UO_ —
Yoz Vo _ /5 = |k

U, -U,

sul

0 0 0
ITogcraBum cioga 3Havenua U, = E uU_, =E, -U, , xoTo-

pbie oueBUAHEI U3 puc. 9.8, 6. Torga cBA3b MeXKAY KO3DDUITUEHTOM

YCUJIEHUA ¥ PEXKMMOM IIOKOS MOJMKHO IIPeJCTaBUTH B BHUJE:

Ec _(Ug +UO)

Z 0, =|K]. (9.29)

9To BhIpa’KeHUe u 1Mo (hopme, U TIO CYIIECTBY aHAJOI'MYHO BhIpa-
skenuio (9.6) gna ycunurens Ha OUNIONSPHBLIX TpaH3ucropax. ficHo,
YTO HampskeHHe E  MOMKHO GITH CYIECTBEHHO MeHbIIe K ; OOHAKO
OHO JOJDKHO 3aMeTHO IpeBbilaTh U, Bo n3berxanue HeCTaGMIBLHOCTH.

Ilepexomusie npoueccsl. B ycunurenax na M/II-rparsucropax
TlepeXOoHEIe TIPOIeCCHl CBsI3aHbI C Iepe3apsigoM IIapasuTHOA eMKO-
cta C,, MOAKIIOUEHHOM K CTOKY aKTHBHOIO TPRH3HCTOPA (IOKa3aHa
IITPUXOBOI nuHMeil Ha puc. 9.8). CTpykTypa 3TOil eMKOCTH Ta ke,
uyro u B MIII-TpaHaucTopHbIx kKaOuax [cm. (8.52)].

IIycTe HA BXOJ YCHIHUTEN:A NOLAH CTyNeHuYarbiit curHaia. Ilpm
3TOM TOK CTOKa M3MEHHUTCA NMPaKTUYECKY MTHOBEHHO (C OUeHb Ma-
JIOH IOCTOAHHOH BPEeMEHHU Tg), & HalpsykeHHe Ha CTOKe OyneT Me-
HATHCSI 9KCIOHEHIUAILHO, C IIOCTOAHHOA BPEeMEHH T,.

OmnepartopHoe uzobparkeHue K03hPUINEHTa YCUJIEHUA HeTPYAHO
nonyuute u3 (9.24), samenaa E, NOJHBIM COIPOTHBJIEHHUEM

1
Z.= R, .
. [ =

c
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Ilocne snmeMeHTapHBIX mpeoOpasoBanuMili KoaddHUIMeHT yCHIIe-
HYA NPUBOLUTCA K BUAY

K

K(s) = ITS;C— > (9.30)

rpe 1, = C R,. B cnygae quHaMuvecKkoit Harpysku noja K, noHuMa-
eTcs AuddepeHITAIbLHOe CONpoTHBIeHue 1/S, (9.26).

Hsobpaxxenuio {9.30) cooTBercTByeT npocTeifiasn 3KCIIOHEH -
anpHas GYHKIUA, KOTOpas He pa3 Berpevalach Bhillle [CM., HAIpH-
mep, (9.18)]. Jaurensuoctu PpoHTa ¥ cpesa OIpeleNsfoTCs BhIpa-
)kegvem Tyna (9.19).

KoMniekcHBIN KO3 PUIIMEHT yCUIeHUA TaKKe UMeeT TPagUIl-
OHHVIO CTPYKTYpY, BeITekawiuyw ud (9.30):

- E
1+]w/a)c’ (9.31)

rae o, = /1.
IlycTs, nanpumep, R, = 20 kOm, C, = 3 nd; Torga 1, = 60 Hc,
ty= 130 e ¥ f, = 1,2 MTI'm,.
dddext Muinepa. dror apdekT yromuHajicsa B pasg. 8.3 B cBA3M
C IOCTOAHHOM BpeMeHU KOJIJIEKTOPHOM €MKOCTH ¥ B pasj. 8.6 B cBA3K
CcO CTPYKTypoir cyMmapHoit emxoctu MIIII-Tpansucropa (8.52).
CymnocTe adderTra Mungepa COCTOUT B TOM, YTO 3KBUBAJIEHT-
Hasd BXOAHAA NPOBOLSHMMOCTE aKTHUBHOTI'O UeTHLIPEXINOJIOCHUKA, 00y-
CJIOBJIEHHAsA O0OpaTHOI CBs3BIO, OTAUUAETCA OT peajbHOM IPOBOAY-
MOCTH, BKJIIOUEHHOI B mens oOpaTHOI CBA3H.
PaccMorpuMm KOHKpETHYIO cxe-
my (puc. 9.10, a), B KoTOpOit MeXx-
Iy BBIXOZOM (CTOKOM) M BXOJOM
(3aTBOPOM) HMeeTCs KOMILIeKCHaA
nposoguMocTs Y. Ilomagum Ha
Yaxs BXOJi TI€PEeMeHHYI0O COCTaBJAIO-
myo Hanpsixenua U. Torga nHa
BHIXOJE€ IOJYYUTCSA HaIpsOKeHUe

a) ) KU, rpe K — xosddunuenT ycu-
Puc. 9.10. 3ddert Muinepa: JIeHnd.
a — cxeMa C peaJbHOH IIPOBOSMMO- Taxum obpas3om, pasHOCTEH IIO-

CTBIO; 6 — CXeMa C 3KBHBaJeHTHOH TeHIIHAJIOB Ha IIPOBOOANMOCTHU Y
IIPOBOZUMOCTEIO COCTABHT
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U-KU=U( - K).
STa Pa3HOCTH NOTEHIMAaJIOB BbLISOBET IIPOTEKaHNE TOKa
I=UQ1-KY.

IlockonsKy TOK OTOMpaeTcd OT MCTOYHMKA BXOZHOIO CHrHaja,
orHomenue I/U ecTs aKgusarenmuas 6xodnas npogsodumocms Y
(puc. 9.10, 6). Ee snauenue Y, =7 (1 - K).

B paccmaTrpuBaeMoil cxeMe M B GOJBINWHCTBE APYrUX CAyYaen
koaddunueHT yculenus orpunarensHeiit. Torga ygobuee mcmosn-

30BaTh 3aIuCh:
Yo = (lKl +1)Y.

Kak pugum, npu yCcaoOBuu |K| > 1 sxBUBaJIEHTHAs IPOBOZUMOCTE
MOXKeT HaMHOTO IIPEBBIMIATH PEaJIbHYIO.

Ha npakTuke IPpOBOZUMOCTS Y Uallle BCEro MpeAcTaBisieT coboit
eMKOCTb ( B JAHHOM cJyuae 3T0 eMKOcTs C_ ). [loaTomy 0b6sruno adh-
ekt Muniepa acconuupyerca ¢ KOKYIUMCA YBeJHYeHueM BXO[-
HO¥ eMKOCTH:

Cows = (K| + 1) C (9.32)

[B bopmyne (8.52) Benuumna |[K| + 1 6sL1a obosnauena uepes K.
Opuako, ecnu Ko3dPUIMEHT YCHUIIEHUS CXeMbl IOJOKUTENEH, HO
MeHbllle eJUHUNBI (HanpuMep y TIOBTOpHUTeNasd, ¢M. pash. 9.7), To
3KBUBAJICHTHAA BXOJHAs EMKOCTh OIpejesdaeTCA BeJIUYHAHOHN
(1 — K) C u oxa3sblBaeTCAd 3HAUUTENBHO MeHbIlle peaJbHOM eMKOCTH
MeXXJy BXOZOM M BBIXOZOM.

IloguepkueMm, uTo 3pdexT Musnnepa umeer obiee 3HaUCHUE: OH
He OTrpaHUYeH OFHOKACKAAHBIMY CXEeMaM¥ ¥ THUIIOM aKTHBHBIX IIPH-
Oopos.

9.6. IuddepennuaigbHple YCHINTETU

Cxema puddepennumansHoro ycuauredss (V) mnokaszana Ha
puc. 9.11. O cocTouT U3 JOBYX OZUHAKOBBIX (CHMMETPHUHBLIX)
ey, Kajoe U3 KOTOPHIX COAEP KUT TPAHBUCTOP M pe3ucrop. B
o01ieit 3MUTTEPHOR IelN AeHCTBYeT HCTOYHUK TOKa . BrIXxogHBIM
HanpakeHueM SBJIAETCA PA3HOCTh KOJIJIEKTOPHLIX IOTEHIHAJIOB, a
BXOAHBLIM — PAas3HOCTb 0a30BbIX NOTEHIAAJOB.
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B menom crpykrypa IV Takas ke, Kak y IepeKJIOUarels TOKa
(cm. puc. 8.13), HO peskum paboThI APYIOi: HY OJUH M3 TPAH3UCTO-
POB He 3amepT, o6a 0HU paboTalOT B aKTUBHOM perkume. Mcmoneao-
BaHMe MCTOUHMKa TokKa I, obecmeumBaer crabuibHOCT: paboueit
TOYKH — TOKOB Ia0 ¥ HaIpAXKeHHH US.

Ilpuamuu geitcrsuda. B ocuose 1Y JekuT upeansHasdg CHMMeET-
pus o60ouX ero Iued, T.e. UASHTUYHOCTH NapaMeTPOB TPAH3UCTOPOB
T1, T2 u paBeHcTBO conpoTusieHuil R,,, R,,. Ilpu sTom B oTCyTCT-
BYe CHTHAJIA TOKU U KOJJIEKTOPHbIe
IoTeHIUansl O6yayT OAMHAKOBHI, a
BBIXOJHOE Hampskenue OyzeT pas-
HO HyNI0. B cuny cuMmerpuu HyJe-
Boe 3Hauenme U, = coxpaHdeTca
IpY OSHOBPEMEHHOM ¥ OAUMHAKOBOM
H3MeHeHUH TOKOB B ofoux mjeuax,
KaKuMu 6bl IPpUYWHAMH TaKoe H3-
MeHeHUe HU BbI3biBasock. Cnenosa-
TEeJbHO, 8 udeanvnom [V dpeild évi
X00H020 HANpANEHUA omcymcemay-
em, XOTA B KaKAOM W3 IIJIeY OH
MOJKeT ObITb CPaBHUTENBHO 060JIb-

Prc. 9.11. OuddepesguanbHbIi IIIUM.
yCHIIUTE]ID Tloganum mHa 6asbi OZMHAKOBEIE
Hanpaxernua (AUg =AUg). Tarue
CUTH&JIBI Ha3piBawoT cuHdasueiMu. Ilog geiicTBueM crHMba3HBIX CHUT-
HaJIOB TOTEHI[HAaJ 3MHUTTEPOB M3MEHUTCS Ha TaKYIO K€ BEJVUUHY,
kak u moreHnuansl 6as: AU, = AU, (IIOCKONBEKY HaIPsAXKeHHSA Ha
SMWTTEPHEIX Tepexofax U’ MOKHO cuMTaTh HeM3MeHHbMH). Ecau
HCTOYHUK ToKa I, ngeaneHsiit (T. e. B, = ©), To npupamenue AU, He
BBIBOBET M3MeHeHus TOKOB B BeTBax [1Y. Konnekropusie nmorenmnua-
JIl HE M3MEHSITCA ¥ BbIXOZHOE HaIPAXKeHHe OCTAHETCA DPaBHBLIM
mymo. Ecnu e R, # o, TO noABUTCA Npupainenue Toka Al,;, HO OHO
TIOPOBHY paclpenesuTCa MesKAy obermu BeTBAMHU 1Y ¥ KOJJIEKTOp-
Hble TIOTEHIUAJIEI H3MEHSTCH OgUHaK0oBO. COOTBETCTBEHHO U B 3TOM
cayuae U, = 0. 3uauur, 6 udearvnom [JY cun@asnbie CuzHaLbL He

82UAIOM HA 6blX00HOe HanpajiceHue.

Temeps nopgaguM Ha 6asbl HAIPAXKEHUS PABHON BEJWUYWHBI, HO
IIPOTHBOMOIOXHEIX 3HAKOB (AUg; = — AUg,). Takue curnans: Hassl-
BaIOT Oudpepenyuanrcubimu. VIx pa3zHocTs, IO ONpPefe/IeHUI0, ABJIA-
eTcs BXOAHBIM cursamom IV:
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UBX = AU61 - L\Uﬁz.

B cuny cummerpun curgan U, NoJe IUTCA IOPOBHY MEXAY 000-
UMY 3MHUTTEPHBIMH IIepeXoaMu: Ha OJHOM U3 HUX Hanpsxenue U~
yBenuunred Ha % U, a Ha APYTrOM yMEHBIIUTCA Ha TY JKe BeJUUH-
Hy. CooTBeTCTBEHHO TIPUpPAINEHUA TOKOB U KOJJIEKTOPHBIX IIOTEH-
nuaop B medax Y OyayT oAMHAKOBRIMY 110 BeJIHNYUHE, HO PA3HO-
ro 3Haxa. B pesyibTaTe NOABUTCI BRIXOLHOE HANIPAKEHUE

Ugiix = AUy — AUy

Kak Bugum, udeanvnwviii Y peazupyem moavko na dudgepen-
YUGAbHBLL CUZHAL, OTCIONAa — Ha3BaHue 3TOTO THUIA YCHUJIUTEel.

ITockonsry pAuddepeHOUANBLHBIN CHTHAN JAeJUTCA IIOPOBHY
MEXAY 3MUTTEDHBIMHM IepeXxofamul, TOTeHIMaJl CpegHeHl TOUKH,
T.e. NOTEeHIUAJ 3MUTTEpPOB, OCTaeTcA Hem3MeHHuIM. ClexoBarelinb-
HO, npu anaau3e Ou@pepenyyuaibHbLX CUZHAN06 MONHO CLUMAMDb
nomenyuan U, 3afaHHBIM, @ MOYKY O 3a3eMAEHHOL O3 nepemen
HbLX COCMABAANOULUX.

Jlro6yio romOunamnuio Haupaxenuit AUy, u AUy, MOXHO IIpej-
CTaBUTH B BUAE CyMMbI CHUH(Mpa3HOI u guddepeHuanibHoil COCTaB-
aaromux (puc. 9.12, a):

AUst = Upx e+ % Unx o5 (9.33a)

AUgy = Ugyx ¢ — % Upx 2 (9.336)

YobcTBO TAKOTO IpPEeACTaBJIEHUS — B TOM, UTO HAEMCTBHE KaX-
JOHM 3 COCTaBJIAIOIIUX MOYKHO aHAJIU3UPOBATHL PasnesbHO.

Cundasnaa u puddepeHIUaNbHAA COCTABAAIOIINE BXOZHOTO
curtfana corsacHo (9.33) Brlpa’kaioTcs CIEAYIOIUM 06pas3oM:

Usx ¢ = % (8Usy + AUs2); (9.34a)
UBX I = AU61 - AU62. (9.346)

BrixogHoe HanpsKeHMe TOXKEe MOMKHO IIPEJCTaBUTL KaK CyMMY
cuHpasHoit u guddepeHUaANBHON cocTaBaAOmuX (puc. 9.12, 6):

Usiix ¢ = }é (AUK]. + AUxs); (9.35a)

UBLxxn = AUy — AUy, (9.350)
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Bl B2 B2 B2
a)
1 1
2V 2V
- re
AUﬁl AUSZ Unxc
K1 K2
0)
e e
AU, AU,
up

Puc. 9.12, Curdasnbie u guddepeHINaNpHEbE COCTABISIONINE BXoaHOTO (@) U
BBIXOIHOTO () CUTrHAJIOB

rae AU, — npupamenua Komrem'opnmx TIOTEHI[MaJIOB OTHOCUTENb-
HO TIOTeHIIuajla IMOKOs U Ha puc. 9.11 guddepennuansHeie co-
crapiasiomue U, U Umx x BamucaHbl 6e3 MHIEeKCa «X».

Baxxnyio pose B pabore 1Y urpaer nocrosncTso Toka I,. Ecau
HCTOUHMK TOKA MAeasbHbIH (T.e. R, = =, cm. puc. 9.11) ro curdas-
HasdA COCTABJIAIONIAs CUTHAJA BLI3LIBAET TOJIBKO INPUDPAIEHVE 3MUT-
reproro norennuana: AU, = AUy = U, .. Toxu B mneuax u KOJJeK-
TOPHBIE TIOTEHI[HAJIbI OCTAIOTCA HeU3MEHHBIMI.

Ecinu 'ke UCTOYHUK TOKa HE HAeaseH, T.e. ¥MeeT KOHEUHOEe CO-
nporusnenue R, To npupamenue AU, BBI3bIBaeT NpUpAlleHNe TOKA
Al,= AU, / R,. BTo TIpupalleHve JeJUTCA MeXXJy o60uMU IeyaMu
[Y ¥ BEI3BIBAET NPHPAIIEHHUA KOJJIEKTOPHEIX TMOTeHIHAN0B AU | 1
AU,,. B ToM ciyuae, KOrja NJeYu HMASHTHYHBI, 3TH IpHUpAaIeHUA
ogunakoBhl: AU, ; = AU,,; Toraa na Bsixoge cornacuo (9.35) nony-
yaeTrcsi TOJBKO cuH(pasHaA cocTaBisiolnas. B ToMm ciayuae, Korga
IJIeYy HEeWAeHTWYHbI, NPUPAINEHus KOJJIEKTODHBIX TOTEHINAJIOB
HeopguHaKoBel: AU, # AU ,; TOTAa Ha BEIXOAe HapAAy C cHH(DasHOi
noayyaercda napasurHasa guddepeHIyalbHasdA COCTABJAIOLIALA.

ITockonrky B upeamsHom HY cundasHbpiil curHal Ha BXOoAe He
AOJI)KEeH BbI3BIBATH CHUH(MA3HOro M TeM Gojee aubbepeHImaTIbLHOTO
curHaja Ha BbIXOf4e, K BHYTPEHHEMY COIPOTHUBJIEHUIO HCTOYHHUKA
TOKa TIPEALABJAIOT CaMbie BBICOKVE TPeOOBaHUS.
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Tot ¢raxT, uTo pabora [V srKgeTcd Ha MASHTHYHOCTH €ro Iied, 00b-
fACHAET NONYJAPHOCTb 3TUX ycujauTenel (M OCHOBAHHBIX HAa HUX CXeM) B
mukpoagextponuke. Tonsko 8 UC, rae sgeMeHTBI PACHOJIOMKEHEI JPYr OT
ApPyra Ha pacCTOSHUAX JecATKOB MUKPOMETDOB, MOKHO ofecrneduTs HMjeH-
THYHOCTh HAPaMETPOB, TeMHepaTypHBIX Koa(duuueHTOB M T.I1. Kpome
TOro, B MUKPO2JEKTPOHHKE HE KPHTHUYHO KOJUYECTBO 3JEMEHTOB, CIocod-
CTBYIOIMX HNOBBLIIIEHHI0O KadecTBa CXEMBbI.

Kosdpuuuenrsr ycmiaenusa. B peansrom 1Y, B KoTropoMm oba
ne4Ya HeMAeHTUYHBI. 4 UCTOUYHHUK TOKA MMeeT KOHeYHOe COIIPOTHB-
JIeHue, UME0T MeCTO BJAMsAHVE CUH(bA3HONU COCTABMNSIONIEeH BXOLHO-
ro curHaja Ha auddepeHIUaTbHYI0 COCTaBAAIOIIYIO BLIXOJHOTO
cursgana m siauseue guddepeHuanbHO COCTABMAIONIEH BXOJHOTO
cCUrHana Ha CUH(A3HYIO COCTABJIANIINYIO0 BHIXOZHOTO CHUTHAJA.

B obmeMm ciydae coOOTHOLIeHHE MeXAYy cuHbasHsIMu u gudde-
PEeHIIMATILHBIMY COCTABJIAIOIIMMHY MOJKHO 3alMCaTh C IOMOIILIO
ABYX YPaBHEHU:

N

Usuix ¢ = KeeUsx ¢ + KeqUsx 5 (9.36a)
UBBIX a= KJICUBX et KJmUBx nr (9366)

3nech xoabduiuenTsl K apiasaioTesa KodaddunyueHTaMy Tepejayin
COOTBETCTBYIOIIIUX COCTABJAIONIMX CO BXOAa Ha BeIXoh. B upeans-
HoM 1Y B3aumubie koappuumentst K, u K, paBHBI HyJIIO.

Paccmorpum rnapuenii napamerp NV — koagduyuenm ycune-
Hus Ju@@epenyuanvhoi cocmagasoueil K . Ero 1acro nassiaior
NIPOCTO KoadPuuuenmom ycurenus u obosnauaior uepes K.

Kak y)xe mopguepkuBasocs B IpedbIAyIieM pasjele, MOTEeHINAN
3MUTTepa Npy¥ nojgaue AuddepeHnaIbHOT0 CUTHATIA OCTAETCH He-
U3MEHHBIM, 2 3HAYUT, JJId IIePeMEHHBIX COCTABIAIOIIVX €ro CIeay-
eT CUMTaTh PAaBHHIM HyMI0. IfoaToMy K03 UIINEHT yCUNeHua KasK-
Joro IJIeua MOXXHO NOJTy4uTh U3 (9.5a), nonaraa R, = 0. Ilockous-
Ky B Ka)KJOM ILIeue ycunusaerca curdHan % U, ., a Ha BuIXogme
yCHUJIeHHEBIe CUTHAMBI CKJIAABIBAOTCH, KoaddunuenTt ycunenus OV
paBeH Ko3(pHUIMEHTY YCHUJEHUA OTAEJIBHOrO ILjIeua.

Ilonaraa R, = 0 B Berpaskenuu (9.5a), momyuaem:

_ oR,
r, +(@ -a)R, +r5)

(9.37a)

OueBugHO, YTO Ko3thduuueHT ycunesua [y sHauuTeIbHO 60JE-
Iie, 4YeM y IPOCTeilllero ycunureisi. PadHuIa MOXKET COCTAaBJIATH
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JdecaTku pas. ClegoBaTeNbHO, IMOMYUMO OTCYTCTBHA (MM TOPasgo
MeHbuiero) gpeita, YV ceoiicmeen zopazdo Gonvuiuil Koa@puuu-
eHm YCuneHus, 4TO SBJAETCS €ro BTOPLIM BaOKHBIM IIPEHMMYIECT-
BOM.

B cnyuae HU3KOOMHBIX MCTOUHUKOB cUrHana (R, mexee 1 kKOm) 1
HeGonbIux paboumx TOKOB (MeHee 1 MA) BTOPBHIM CJaraeMbiM B
sgamenarene (9.37a) Mo:xHO npenebpeus; TOrga

K = — a (R/s). (9.376)

Ilogcrasnaa crona snauenue R, u3 (9.26) u sHauenue r, = @p/l ;)
u3 (5.43), nonyuaeM Ko3d(PUIMEHT yCUIeHUA B CiaefymoInei ¢dop-
Me:

K=~ (Ee—U)/or (9.38)

IIycrs, manpumep, E, = 12 B u U,? = 2 B, Torga K = — 400.
Kak BupgumM, kosphumuenr ycunesus NV, kak u y npocredmunx
ycunuTeneil, cBA3aH ¢ HANpIXKeHUEM NUTAHUA U KOJJIEKTOPHBIM
HanpshKeHMeM B pekume mokos [cp. ¢ (9.6) u (9.29)]. Opuaxo
3HaMeHaTeNab B BeipaskeHuu (9.38) umeeT Takoe maloe 3HaUeHUe,
KOTOpOe HEeZOCTHIKMMO B IPOCTeHINMUX YCHJIUTENAX 1O coobpake-
HuAM crabunpHocTH. Kak u B APYrux pacCMOTDPEHHBIX CXeMaX.
Ko3(dduIMeHT yecuaeHusa (IpX 3aJaHHOM U}?) He 3aBuUCHUT OT pabo-
yero Toka. OT TeMIeparypsi OH 3aBHCHUT HEIIOCPEACTBEHHO uepes
BEJIMYUHY Q.

Koagpuyuenm ycunenus cun@asnoiL cocmagaiaoujeli coraacHo
(9.36) onpepgessieTca Kak

U UxxA=0

CnepoparensHo, Ha puc. 9.11 Hy)KHO MBICJIEHHO COeqUHUTHL 00e
6asst u nmogares Ha Hux curaan U, .. Honaraa U * = const, nmony4a-
em AU, = U,, .. Ilpu s3ToM, ecnu CONPOTHBJIEHHE UCTOYHUKA TOKA
paBHO R, Tok I, namMensaerca Ha peauuuny Aly= U, /R, a Konaek-
TOpHble NOTeHIMaNsl — Ha BenmuwHy —a(ly Al )R, . Toraa

K..=—- (aR)/2R,. (9.39)

O6eruno R /R, < 1, a suauwr, u K, < 1.
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Kosgpguyuenm K, coriacuo (9.36) xapakrepusyeT BIUAHUE
AuddepeHIIIanbHON COCTABIAIONIEH CHUrHajJa Ha cuHGa3HYI CO-
CTABJSAIONIYIO BHIXOJHOTO HAIIPAKEHW:

U

BBIX C

U U!xc=0'

BX [

Kep =

ITockoapKy guddepeHnyalIbHBIl CUTHAJ pacipejeaseTca Mexay o6ou-
MM SMHUTTEDHBIMHM HepeXoJaMM HOPOBHY, IJIABHOM IpMUYMHON M3MeHeHHMA
CPEJHEero KOJIEKTOPHOrO NOTEHUANA ABIAETCA HEUAEHTHUYHOCTE K03 du-
LYeHTOB ycuyieHnA maed. [1o3ToMy MOMKHO CUMTATH

K, = AK,

ca
rae AK = K; — K,. YMHOXKHUM ¥ HOAEJTUM NPABYIO YACTh HA CPeAHMI Koad-
(GQUIIUEeHT yCUJIeHUA

K =L (K, + K,).

Haiee, cauras, 4yTO IMIaBHOH NPUUYNHOI HEMAEHTUIHOCTH KoadhdUIeH-
TOB yCHJIeHUA ABAAETCA pasamdue conporunienuii R, , nmonroxum AK/K =
AR, /R,. Torga

K. = K(AR,/R)). (9.40)

Hanpumep, ecin AR, /R, = 0,02, 1o K, = 0,02 K. 3naunr, usmenenue
NOCMOAHHOUL cocmasaalujell KOAJIEKMOPHbLX nomeHyuanos nod deiicmeu
en JupPepenyuanvrozo cuznanra 6 OecAmrKu pa3 menbule 6bix00HOZO HaG
npANEHUA.

Koappuuuent nogasaeHna cuHpasHoi cocrasiamowei. Koad-
dunuent K, cornacuo (9.36) xapakrepusyer BauAHue CHHDAZHOK
COCTaBJIAIOIE}l BXOZHOIO CHrHaja Ha guddepeHnuanbHyI0 COCTaB-
JIAIOIIYIO BHIXCAHOrO CUTHANA. 9TO BIUAHUE BECbMa CYII[eCTBEHHO,
Tak Kak ciaaraemoe K, U, . Heornmummo or cnaraemoro K, U, .,
T.e. PABHOCHJIBHO JIOXKHOMY cHUTrHaly. IIoCKOIBKY Ha NpakTHKe CO-
crapasaomad U, . MOXKeT B THICAYX Da3 MPeBhIIIaTh COCTABJIAIO-
myio Uy, ,, To 3Hauenue K JOKHO OnITh MeHbIe K 1 Ha HECKOJIb-
KO nopaakoe. CooTHOoUIeHNe MOAyJIei 9TUX NBYX BEJUYUH IIPUHATO
XapaKTepHu30BaTh KodPPuuyuenmom nodasrenus CuH@GA3HoOU Co-
cmaeaaoweil, BRIpaXKeHHBIM B jgermubenax!:

K
K,=201g |- (9.41)

ne

1 Anranfickuii repmus. Common Mode Rejection Ratio (CMRR). OdpunuasisHoe o6o-
3HaveHUe 3TOro Koadpdunuenra. K, , o, (KosddunuenT ocnabnenns cuadasHoi co-
crapistionieit).
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Hanpumep, ecnn |K, /K, | = 10%, 1o K, = 80 aB.

PacnpocTpaHeHHBIM THIIOM CHH()A3HON COCTABJAIOIEIH ABJAIOT-
cs1 pa3nuyHble (BHYTpeHHVE UM BHEIIHUE) IOMEXH ¥ HABOAKH, Jeii-
CTBYIOI[Me OJHOBpeMeHHO Ha oba Bxoga. [loaToMy yeeruuenue Ko-
apduuyuenma K — 00un us 21a6HbLX nymeil nOGbIULEHUSA TLOMEXO-
ycmoiiwusocmu Y.

Ona oumeHku KoshdunUeHTa NOJABJEHUA IPEAIOJIOKHUM, HUTO
CONPOTHBJIEHYE HCTOUHMKA TOKAa, KaK M Bslllle, paBHO R, a HenjeH-
TUYHOCTE TIed 1Y omnpegensieTcss COOTHOIMIEHUAMU

oy =a +A0; oy =a —Ag;
Ry1 = R + ARy; Rys= R, — AR,

rge o ¥ R, — cpepHMe 3HaueHHA.

Kax yxxe oTmeuanocs, npupalenue Toka I moa geficTsineM CHH-
tasnoro curuana cocrasnser U, ./R,. IlycTs 310 Ipupalenue pac-
npejenseTca IOPOBHY MEXKIy SMUTTepHbIMH Iepexopamu. Torga
M3MEeHEHUA KOJIJIEKTODHBIX NOTEeHIMAJI0B MOYKHO 3aIIUCaTh CIeAYIo-

myM o6pas3oMm:

AUyy = = 0q(Usx o/2R;)Ry1;
AUy = — O‘z(UBx c/ZRi)sz'

IIpupapHUBas pasHOCTH 3TUX NPHUPAIEHUH IIEPBOMY CJIaraemo-
My B nipaBoit yactu (9.3606) 1 moacTaBaAA NpUBeJeHHbBIE BHIIIE 3HA-
YeHUs 04, Oy R, u R,,, HETPYZHO 3aIlmcaThb

R
Kp=—a—= %+ARK
R | a R

1 K

Kosbdunuent nosgapnenus B NTUHeNHOI (He JorapudMuaueckoir)
dopme Haligem, nogenus kosdhunueHTt ycunenunda K an Ha xKo3ddu-
nueHT K .. Mcnoassysa (9.370), npeacTaBuM K03 PUIMEHT IOAAB-
JleHUd B cJaefyioinei obigeit dopme:

K, =12 (9.42)
dr,

3necs 6 — Koa@puyuenm acummempuu IV, T.e. cymmMa OTHOCH-
TeJpHBIX pa3bpocoB mapaMeTpoB B ero Ijledax:

Szé_g-{—_A_‘R._K__
a R

K
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B cayuae HeOGXOQUMOCTH 3Ty CYMMY MOKHO AOIOJHUTH pas3bpo-
COM [JPYrux IapaMeTPOB TPaH3HUCTOPOB.

IIpu BeIiBoge BhIpaskeHud (9.42) sHaku npupameruil Ao u AR, OnLin
II0JI0KUTENABHBIMH, TAK KaK CYUTagoch, uto R, > R,, u 0, > o,. CooTBer-
CTBEHHO K03(h(QHUIWEeHT acHMMeTPHu OKasajucA apudMeTHuecKoll CyMMOil
OTHOCHTEIBHEIX npupainesuit. Ha mpakTuke o6a nmpupaijeHua He3aBHCH-
MBI ¥ HEKOHTPOJHDPYEMEI, T.e. MOI'YT UMeTh Da3Hble BeJIWYWHEI ¥ 3HAKH.
OpreHTHDyACh HAa HAUXyALIWE ciayuail, Ko3QPUIUEHT aCHMMeTpHH pac-
CUMTBIBAIOT KAK CYMMy MOAYJIel MaKCHMaJIbHO BO3MOMKHBIX MK Hanbosee
BepPOATHHIX OTHOCUTENBHBIX npupamenwii. [Ipu atom B peansHoM IV ko-
apunyesT § MoKeT OBITH MeHbINe, a KoadpdunuerT K, 60/bIIe paCYeTHO-
ro 3HaYeHH.

WHTerpansHbie /1Y, B CBA3M ¢ MEHBIITUM KO3 GDHUIIMEHTOM acuM-
meTpuH, obGecmeunBaioT Oojiee BLICOKME KO3(p(UIMEHTHI HOLABJIE-
HudA, ueM [V, BHIIIOJNHEHHbIE HA AUCKPETHHIX TPaH3UCTOPax.

W3 BupackeHus (9.42) ciaexyer BasKHBIN BRIBOA: KO3@Quuuenm
nodagnenus HaxXo0umMcs 6 nPamoll 3a6UCUMOCMU OM CONPOmMué.ie-
Husa ucmouHuka moxa R,. CriegosaTenbHO, 3TO CONPOTHBICHUE HLOJ-
JKHO ObITh Kax MOXKHO OGoibime. IIpocreiinnyme — pe3uCTOPHBIE HC-
TouHNKY ToKa (cM. puc. 9.15) B IV HenpurogHsi.

Bxoaxoe conpoTuBiIeHMNe. PaznuuaoT BXOZHBIE COIPOTUBJICHUA
OV nna gubdepeHnmansHON U CHH(DA3HON COCTABAAIOIINX CUTHA-
Jla. OTH COIPOTHBJIEHUA CYIIECTBEHHO PAa3JMYHBI.

Ona guddepeHaNbHOM COCTABIAONISH BXOLHOE COIIPOTUBJIE-
Hye PAaBHO YABOEHHOMY BXOJHOMY COIIPOTHBJIEHUIO KaKIOH IOJO-
suHb [1V. Mcmonassya seipaskernue (9.7a) npu R, = 0, nonydaem:

Ryx n=2[(B+ 1) (r; + 16)]- (9.43)
ITycrs, Hampumep, B = 100, r, = 25 Om u ry; = 150 OM; Toraa
B, =535 KOM. COHpOTHBJIeHHe r, o6paTHO NPONOPLIMOHATLEHO

TOKY IOKOA I » - 1Lo9TOMY ISl yBeNIMdUeHUs BXOJHOTO CONPOTHBIIE-
HUA I[eIeco00pa3Ho HCNoab30BaTh Y B pe)kuMe MaJlbIX TOKOB — B
MUKpopekuMe., Kpome Toro, menecoo0pa3Ho MCIOIb30BaTh TPAH3H-
CTOPBI C BEICOKMMHU 3H&‘IEHHHMH B, nanpumep, naps JapauHrToHa
(cm. pasg. 9.2). Tak, ecnu I = 50 MmxA u § = 2000, To r, = 0,5
kOm u R, , ~ 2 MOm.

Onsa curdasnoil cocTaBagoIeit BXOJHOEe CONPOTHUBJIEHUE OIIpe-
JeJsAeTcs CONpPOTHUBJIEHHMEM HCTOYHHUKA Toxa R,. Ilonaraa AU,

U,y -» IOTyUaeM Opupamienue Toxka Al = /R COOTBeTCTBeHHO

BX C BXC
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_1 _1
Al, = s aly u Alg = 5 (1 - 0)Al,. Jena U, . Ha 2AI; n mepexofa or
koabdHumUenTa o K [, HaxoguM cuH(pa3HOEe BXOJHOE COIIPOTHRJE-
HUe:

Byxe=(B+ 1) R, (9.44)

Ilockonsky R, >> r,, CONpoTHBJIeHue R, . HaMHOTO IIPEeBHILIaeT
R

BX 1°

JunHamMuyeckuit Ananasod. [log AMHAMUYECKUM ZUANIa30HOM IIO-
HUMAaeTCs BhIPaKEeHHOE B ferubesax OTHOIIIeHVE MaKCUMANILHOTO U
MHUHUMAaJIbHOTO BXOZHBIX CHUTHaJoB. MWHUMaJbHBIA CUTHAX Orpa-
HUYMBaeTCA COOCTBEHHLIMY IITyMaMH, & MaKCHUMAaJbHBIH — HeIu-
HEMHBIMY HCKa)KeHUAMH, T.e. HCKa)KeHMAMH (DOPMEI CHTHAajIa.
IIpu6au>KkeHHO MOYKHO OIEHHTh MaKCUMAaJbHO JOIYCTUMbBIN CHI-
HaJI, IONbH3YACh KPUTEPUAMH OTCEUKY WY HACBII[EHUs TPaH3UCTO-
pa.

IIycTe B pesxume IOKOA US =L E,. Ilpun nonoxxkureasHoi mo-
JIIPHOCTY BXOAHOTO CHMTHana moTeHnuan U, yMmMeHbIIaeTCA BILJIOTH
0 O (rmocie uero HacTynaeT HaCHIIEHYE TPAH3UCTOPA), a IPpH OTPH-
IIaTeJbHON IOJAPHOCTH — YBEJIWYMBaeTCA BIJIOTe Ao K, (mocie
Yero HaCTymnaeT 3anupaHue Tpansucropa). Takum obpasom, B o6oux
caydasx MaxcumanbHoe npupamtenue AU, cocrapnser %E, . Hena
3Ty BeJIMUMHY Ha Koaddunuent ycuaenus B dopme (9.38), noayua-
€M MaKCHUMaJbHO AONYCTUMBIA BXOZHON CUTHAJ:

Usx make = Q- (9.45)

IIpaKkTHuecKH CHUTHaJBI BeJIMUYMHON @, HeIpHeMJIeMBl, TaK KaK
TIpH 3TOM Ha Kpadx AUala3oHa CYIIeCTBEHHO MEHseTCA TOK IMUT-
Tepa, 4 BMecTe C HUM CONIPOTHUBJIEHHE I, U KO3(PhHUIMEHT yCUIeHud.
B pesynbTare BOBHUKAIOT OOJbIINE HeIMHEeIHbIe HCKaXKeHUA. Ymo
6bl UCKAJCEHUA CUZHAAQ OblAU HeGelUKU, amnaumydvl CuzHaros
donxcnvt nexcamv 6 npedenax 0,5 ¢p.

CundasHpie CUTHAIBI MOTYT UMETEL TOpPa3fo 0obIiniue 3HaUYEeHUs,
uyeM AubddepeHnNANBHEIE, TIOCKONBKY Koshdumuent K, 3HauuTe-
JBbHO MeHblle, yem K . 3anuineM COOTHOLIEHHE MEXAY IOTeHIHa-
JoM KoOJJIeKTopa M cHH(a3HBIM CHUrHAJIOM, IoJaras Ug =WE.:

Ug = }éEK + KooUsy c-
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Ilopcrapnsasa B neBylo uacts U, = U,, . (YCiI0BHe HAcBIIIEHUS)
unu U, = E, (yclnoBue OTCeUKH), IIO1VIaeM COOTBETCTBEHHO MAKCH-
MaJIbHbIE TOJIOMKUTENbHBIN M OTPHIATEIbHBIN CUH(a3HbIE CUTHAIBI:

U;xcmaxc = EK/(]' - KOC); (9463)
UB_XCM&}CO = EK/ZKGC’ (9466)

rae K, < 0 [cm. (9.39)]. ITockonsky 06sruno |K, | < 1, nerxo sugers,
yTO CUH(a3HbIe BXOAHBIE CHUTHAJILI MOTYT COCTABJISTE HECKOJBKO
BOJBT, BIUIOTH /IO HanpsyxeHuit, 6imuskux K E,.

TouHoCTHRIE TapaMeTphl. K TounocTHBIM napamerpam Y oTHO-
CATCA MapasUTHLIE HATIPSKEHUs ¥ TOKH, KOTOPhIe MMEHT MECTO B
pesKuMe IIOKOs, HO OKa3pIBalOT BIWAHHWE Ha BHIXOQHOM CHUTHAN B
nporecce yCHJIEHUs TepeMeHHON COCTaBIIAIOINe.

Heusbe)xnas acmMMeTpud IUIed B pealdbHbix [V siBasercs mpu-
YMHOHM TOro, YTO B pe)kuMe IIOKOA Ha BHIXOJE MMeeTCA KOHeyHas
pasHocTs — paszbanaHc noreHuanos: U 21 - ng . Takomy pasbanan-
Cy COOTBETCTBYET Ha BXOJe HEKOTOPHINl MHUMBIHN AuddepeHInalin-
HbIf CHUTHAJ

Uew = Upy ~Ugz)/K, (9.47)

KOTODBIN HA3LIBAIOT HANpAXCeHuem cmewenus Hyas. ITobsl ycTpa-
HUTH pa3basaHC BRIXOAHBIX NOTEHIVIAJOB, HY>KHO HOAATH HA BXOJ
muddepeHMaabHBIN cUTHAT BennunHo#t U, Ho 06paTHOro 3HaKAa.

Hanpsa)keHume CMeEIeHUsI COCTOUT U3 HECKOJBKHX CJlaraeMblX,
KaKJ0e M3 KOTOPHIX 3aBHUCHUT OT pasddpoca COOTBETCTBYIOIIUX BeJH-
YUVH: 3MHTTEPHBIX TOKOB I, KOJJIEKTOPHEIX CONpPOTHBIeHUM R, 1 Ap.

Pasbpoc aMHuUTTEPHBIX TOKOB (IIPH OJMHAKOBBLIX HAIIPAYKEHUIX
U,) obycnosnen pa36pocoM TeNJIOBLIX TOKOB B 3MHUTTEPHBIX IIepexo-
pax [cm. (5.386)]: B Tpamaucrope ¢ MEHBIINM TOKOM I, Oymer me-
Hbine ¥ ToK I,. [lna Toro, 4TOOBI BLIPOBHSATL 3MUTTEPHBIE TOKH, Ha
Bxog IV ciepyeT NOZaTh «BHPaBHUBAKINUIY gubdepeHIIualbHbIH
cursan U, ;. 9TOT CHUTHAJ JOJKEeH HMETh TAKYIO IOJAPHOCTE U Ta-
KYI0 BeJIWUUHY, 4T0Onl Hanpskenue U, B TPaH3UCTOPE C MEHBIITUM
TokoM I, YBEJHWUMJIOCH, a B TPaH3uUCTOpe ¢ GonpmmuM ToKOM I,
YMEHBUINJIOCE ¥ YTOOBI IIPHU 3TOM 3MUTTEPHBIE TOKH CTAJX OLUHA-
KOBBIMH:

Ual — (J3 + %UCMI = (pTlIl (13/1301);
Usa = U, = HUqa = ¢pln (I5/1599)-
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BrruuTass BTOpoe paBeHCTBO M3 IIEPBOI'O, IOJydYaeM:
Uem1 = @rIn (I502/1501)- (9.48)

Hanpumep, ecau TeIoBble TOKH pasauuaiorcsa Ha 20%, To
U, =5 MB.

BTopas no Ba)XKHOCTH COCTaBJAIOIIAA HANPAXKEHUA CMeIleHUus
obyciosnena pasbpocom conporusnenuit R,. IlycTs TOkH B myeuax
onuHAKOBHL. Torga pasHOCTH KOJJIEKTOPHLIX IOTEHIIUAJIOB B PEXKH-
Me TIOKOSI COCTABHT:

y o _
U, —Ugs =0olpAR,.

Hensa sty pasHocTs Ha Koadbdumuent ycuneHus (9.376) u mox-
crasasa r, = op(%I,), moNydaem BTOPYI COCTAaBIAIONLYI0 HATIPA-
JKeHUsA CMelleHUA B BHJeE:

Uemz = 2 ¢7p(AR,/Ry). (9.49)

Hamnpuwmep, npu AR /R, = 0,02 monyuaem U, ~1 mB. Mens-
Illee 3HAYEHHE STOH COCTABJAIONIEH IO CPaBHEHUIO ¢ IIePBOR [cM.
npumep K (9.48)] tTunvuno gna H¥Y. pyrue cocrasiasiomve, CBA-
3anHble ¢ pazbpocom koshdUIHEHTa o, CONPOTHUBIEHHUA I, U T.I.,
elje MeHee CYIIeCTBeHHBI.

Heobxogumo MMeTh B BULY, UTO HAIpPAXKeHHUE CMeI[eHUA 3aBH-
CHT OT TeMIIepaTyphi. ITa 3aBUCUMOCTb XapPaKTepU3yeTca TeMnepa-
TYPHO#l YyBCTBUTENBLHOCTLIO £, KOTOpas OOLIYHO H3MepAETCA B
MmkB/°C.

HOna raasHOil cocraBiAiomiedl HanpmkeHus cmemenua U,
obGycioBneHHO# pasfanaHCcOM 3MUTTEPHBIX TOKOB, TeMIepPaTypPHYIO
YyBCTBUTEILHOCTH MOYCHO OIEHHTH KaK PasHOCThH TeMIlepaTypHBIX
YyBCTBHTeNbHOCTEH nHanpskeHu#t U ; u U , IpU BHIPOBHEHHBIX
9MUTTEpPHBIX TOKax. V3BeCTHO, uUTO TeMIepaTypHas YyBCTBUTEJ]b-
HOCh IpY 3aJaHHOM TOKe IIpOIOpHUOHANbHA Pa3HOCTH BEIWYHH
IIVPUHEI 3alIPeIeHHON 30HEBI ¥ IIPSIMOTO CMeIeHuA ¥ 00paTHo NIpo-
nopuuoHaapHa Temneparype. OTKyAa HeTPYLHO IOJYYHUTH:

ey =& — 8 = Ueni/T. (9.50)

Hanpuwmep, eciu U, =5 MBu T =300 K, to gy ~17 mxB/°C.
M3 (9.50) BugnHO, uTO TeMIepaTypHas 4YyBCTBUTEJIBHOCTB £
YMeHpLIAETCA BMECTe C yMEeHbIIeHHWeM HAIIPs)KeHUA CMeIeHud.
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Opnaxo npu U,,; < 1 MB Takas nponopuyoOHaJIBHOCTE HAPYIIaeT-
¢d, TaK KaK IJIABHOM COCTaBJAIONIECH HAaNPsKeHUA CMEIeHUs CTa-
HoBUTCA BenwuuHa U,,,, 00ycioBneHHaAa pa3basaHCOM COTIDOTHB-
nennit R, [cm. (9.49)]. TemneparypHasa UyBCTBUTeJIHOCTE HaIlpd-
smenua U,,, oOIpejensaeTca TeMmMIepaTyPHBIM KodbdunueHTOM
COIIpOTHBJIEHMUII R,, T.e. 3aBHCHT OT THIIA U CTPYKTYPHI PE3HCTOPOB.

IToMuMo HauansHOro pasbajaHca KOJNJIEKTOPHBIX IOTEHIIUAJIOB,
MMeeT MeCTO TaK)ke HauaJbHBLIY pasbananc BXOZHBIX (0a30BBIX) TO-
k0B Al . OTOT mapamMeTp HA3LIBAIOT MOKOM CMEU,eHUA UK IIPOCTO
pasHocmbvio 6X00HbBLX TMOKO8.

B wupeanpuom Y TOKM B 000ouMX ILTeYax OJUHAKOBEI, T.e.
Al = 0. B peansaoM /¥ 3Ty Pa3HOCTL MOYKHO 3aIlMCAThb B BHJe
Ial _ 132 ~I31 _132

A= B 1 By +1 B, By
1 2 1 2

Hcnonssya Haunbonee HebnaronpusaTHele cooTHOmeru (I ; > I,
¥ B; < By), HETPYAHO HOJYYHUTH:

—ﬂ)_ AI3 +é§

BX B I—‘ B ’ (9.51)

<]

rge I, 1 B — cpepuue snauenus (I, = } I;). Kak Bugum, TOk cMe-
IMeHusA yMeHbllaeTcsa ¢ yMeHbileHueM pabodero toxa [V u c yse-
auueHueM KosddumuenTa ycuiaeHusa B.

3HauuMocTe napaMeTpa Al COCTOUT B TOM, YTO TOK CMeIeHHUA,
IporeKas uepe3 COIPOTHUBJIEeHUE HCTOUHUKA AuddepeHIHANLHOTO
curnana R, ,, faeT Ha HeM HajeHue Hanpskenua Al R, . 9To Ha-
OpAXKeHNEe DPAaBHOCUIBLHO HAINPSIKEHUIC CMEIIeHHd, T.e. JIOKHOMY
curnany. Hanpuwmep, ecnm Al = 20 HA u R, | = 100 xOm, TO
Al R, , = 2 MB.

Bakuyio pons B [V urpaer eue ofUH TOYHOCTHOH ITapamMeTrp —
cpedruil 6x00HOU MOK:

IBX cp }/2 (161 + 162)'

IIlpx OIleHKe 3TOr0 IapaMeTpa MOYKXHO HCIIOJNb30BAThH CpeJHHUE
3sHaueHud 6a30BBIX TOKOB I5 = Igy = I /B. Torma

Iy op = Io/2B. (9.52)

Ilytu gns ymenblueRua Toka I Te JKe, 4TO M s Al .

BX Cp
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W3 cpaBrerus (9.51) u (9.52) ciaeayer, YTO TOK CMEIeHHAA 3HA-
YUTENBHO MEHbIIEe CPeZHEero TokKa (00bIYHO Ha IOPALOK).

3HauuMOCTh TOKa I, ., COCTOMT B TOM, 4TO OH, IPOTEKad Yepes
CONPOTHBJICHHE HCTOYHUKA CHMH(pa3HOro cursana B ., faeT Ha HeM
TajeHye HaIps KeHUs, paBHOCUMIBHOe cuH(pa3HoMy curHany. Byay-
494 YMHOKeH Ha Ko3pduuueHT K ., 3TOT CUTHA BhI3HIBAET HA Bbl-
XoJe Havda/JbHBIN pasdbajaHC NOTEHIIHAJIOB,

W cpemguwuit BXOZHOM TOK, ¥ pa3HOCTb BXOAHbLIX TOKOB 34BYCHT OT
TeMHnepaTypsl, T.e. XapaKTepHU3YIOTCA CBOMMY TeMIepaTypPHLIMYU
yyBcTBUTeNbHOCTAMU. VI3 Bhiparkenwuit (9.51) u (9.52) acwHo, uTO 3TH
TeMIlepaTypHble UyBCTBUTEJIbLHOCTY CBSI3aHLI IIPEXKJe BCEro C 3aBH-
cumocTsi0 B (T'). TemmnepaTypubie UyBCTBUTEIBHOCTH TOKOBEIX Ilapa-
METPOB IIPOIIOPIMOHANBHEI CAMUM IIapaMeTpaM, TaK YTO yMeHbIIe-
Hue IOCJeJHUX BjieueT 3a co60it NOBhINIeHYEe TEMIIEpPaTyPHOI CcTabu-
JILHOCTH,

Ilepexoxuble mpouecchl. XapaKTep NePeXOJHBLIX IIPOIECCOB B
OV rakoit ke, Kak B npocTenineM Kackage (puc. 9.7). Ocraerca B
CHje ¥ aHaJHu3, BHINOJHEHHBIN B pasfgeie 9.4. OgHaKO KOJauMUecT-
BeHHpIE IlapaMeTpel — IOCTOAHHAs BpPEMEHU U AJIUTEJIbHOCTh
(poHTa — OKa3LIBAIOTCI XY’Ke, Uem B IIpocTeiueM Kackape.

3anumiem NOCTOAHHYIO BpemeHH T, B dopme (9.16):

TB = Toe (1 + BYG) (9.53)

B sripakenum (9.17) ana xoshdummenta ToOKopacnpeneneHus
Y¢ moaxoxkum B, = 0; Torga

Yo = To/(rs + By + Ig). (9.54)

Kax BupuM, IpH IpouuX PaBHBIX YCIOBUAX KO3(DOIUOUEHT y4 B
[ meHbIlle, 4YeM B IpOCTeiillleM yCHIXTeNe, & ClIeJOBaTeNrHO, I10-
CcTOsiHHasA BpemeHu T, Gombimme. Hampumep, ecau r, = 25 Om,
rs= 150 Om, p = 100 u R, = 1 kO™ u ecu B mpocTeiilieM KacKage
R, = 2 xOm, To GbicTpogeiicTeue 1Y okaseiBaerca B 20 pas Hibke,
4YeM y NIpOCTeHIIero Kackaja.

Ecnu ymensimaTs pabounii TOK, TO COTIPOTHBJIEHUE I, COTJIACHO
(5.43) BospacTaer u BMecTe ¢ HUM BoapacraeT KoadduiuenT yq. B
npefelie, IPK Yg = 1, mocTOosAAHHaA BpeMeHH T, 6yzeT B 3 + 1 pas me-
HpIIE T,,, T.e. IPeBpallaeTCa B 3KBUBAJICHTHYIO IOCTOAHHYIO Bpe-
MEeHH T, [cM. (9.11)]. OmHako 3TO OTHIONL He O3HAUAET CYIECT-
BEeHHOTO W3MEHeHUdA ObICTPOAEeHCTBUs, IOCKOJIbKY C YMEHbIIeHIEeM
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ToKa corsacHo (9.26) foMKHO yBeINUNBAaTLCA CONPOTUBIEHNe R, a
OHO oIpeZessieT BENUYUHY Ty, -

PeanpHbill 0yTh 414 NOBHINeHUA OBICTPOAEHCTBUA — TOT, KOTO-
phIit 6b11 chopmynupopan B pasgeine 9.4: yMeHbIIIeHUE COIPOTHEB-
JIeHuA MCTOUYHHUKA CHUTHAaNa ¥, B IIePBYIO ouepelb, yJIydYlleHUe Bbi-
COKOYACTOTHBIX IIapaMeTpOB TPaH3HCTOpaA.

OuddepeHunanbubiii ycnaureas Ha M II-rpansncropax. Cxe-

Ma npocreiimero MIII-rparzucTop- +E,
moro 1Y mokasaHa Ha puc. 9.13. [
Ilnewamu srtoro ¥V cayskar mpo- T2 (T4]
cTefiinye KacKaghbl ¢ JUHAMUYECKOM Ua Ues
o UBHX T3
Harpysko# (cm. puc. 9.8, 6). T L9
IMockoasky quddepennuaabHbIi Iu. @ -

34
U,
curnall U,, AeNuTCs MOPOBHY MeX- s ;
AY y4acTKaMH 3aTBOP—HCTOK AKTHB-
AU,y Iol G) R
HbIx TpansucTopoB (T'1 u T'3), mox- :
HO CUUTAaTh, YTO KO3(ppHUIMEHT yCcH- +

nenusa JV Takoit e, KaKk y
OTHENBHOTO IIeua:

<

Puc. 9.13. quddepeEnualpHbIi
yeunuteas Ha MIII Tpansucropax

K =-81/S,=+B, (9.55)

rae napamerp B = b,/b, XapaKkTepuayeT reOMeTPHIO TPAH3HCTOPOB
T1 u T2 [cm. (9.27)]. Kak u B ipocTeiimem Kackazge, KoabdumuesT
YCHUJIeHHUA OTPaHMYeH ¥ OOBLIYHO He IIpPeBhINIaeT 3HaUeHUi 57, uro
HaMHOro MeHblle, dYem y Ounonapusix V.

Kosdhdumuent ycuaenus cuHbasHON COCTABIAOINEH ONpefe M
C IIOMOIIBIO CAeRYIOIIUX COOTHouteHut, CuHba3HBIA CUTHAJ BHI3HI-
BaeT IpUPAIeHUs HANDsXKeHUA Ha oblem MCTOKe M HA y4acTKax
3aTBOop—HUCTOK (puc. 9.13):

Ugg ¢ = AUy + AUy;

Hampskenye AU, BrIspIBaeT IpHpaleHue TOKa [ :

Al = SAU,y,
a4 HanpsaXxeHue AUH —— NIpHpalniesue ToOKa IOZ
2 Alg = AUn =Unxc —AUBH‘
. R R

13 1
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IIpupamenue Al, pacnpefensaercsa IOPOBHY MeXAY 00eMIMH BeT-
pamu [Y; cnegosarensno, Al = ¥ Al,. 113 sToro paBeHCTBa, NOJ-
CTaBisAA TIPUBEJEHHEIE BBIIIe 3HAUYEHUS TOKOB, IIONYydaeM:

AU,y = Ugx o/(2SR, + 1). (9.56)

Yuuoxaa AU,, Ha K u penda na U,, ., Haxogum KosdbunueHT
ycunesus cUH(MA3IHONH COCTaBIAIONIE:

Ko, = K/(2SR, + 1). (9.57)

Ouerupno, uro KoadpdunuedT K, meHsire, ueM K (0651400 B ge-
CATKY pa3) U COCTABAAET JOJU ENUHUIIEHL.

Kosdbdumuenrt ycunenusa K ae» JIEMKAINNI B OCHOBE KO3 dunuen-
Ta mojaBjieHuA CHH(Mpa3HOH COCTaBRJIAIOIIEH, NIOJyYaeTcA CaeLyIo-
mum obpasom. Iycrs nneun [V HecumMeTpuuHsl, Tak 4To K # K4
(urpexcsl oTHocATcA K Tpanaucropam I'1 u T3). Torga guddepen-
IUaJBHBIA BBIXOZHOMN CHUTHAJ, OOYCJIOBJEHHBIM CHH(PA3ZHBIM BXOJI-
HBIM CHTHAJIOM, MOKHO 3aI¥caTh B BUME:

UBX C

U =(K; — K3) AU, = (Ky — K3) —=>~—,
BLIX 1 ( 1 3) 3n ( 1 3) 2SR1+1
rae gna AU, wcmonb3osaHo Bsipaskenue (9.56),
Ilonaras K; = K + AK u K5 = K — AK (rae K — cpeguee 3Haye-
aue) u geaa U Ha U, ., momywaem:

BBIX J
K,. = 2AK/(2SR, + 1). (9.58)
Kospdunuent nogasnenus Haiigem, nogenus K Ha K. 3anu-
mieM ero B obme#t dopme, amansoruuHoi (9.42):
K, = (2SR, + 1)/28. (9.59)

3necs 8 — kK03hDHULMMEHT aCUMMETPHUH, KOTOPLIH B TaHHOM CIY-
Yyae uMeeT BHU[

8= AK/K.

Hicnoasaya (9.55), MOYKHO IIPeACTaBUTE KO3b(PHUIUEHT § B BUAE
CYyMMbI OTHOCHUTENLHBIX pa3bpocoB [cMm. 3ameuanua k (9.42)].

W3 BeipaskeHUs (9.59) ACHO, YTO OCHOBHBIMY IYTAMH AJSA YBe-
nuuenua K ABJISAOTCA yBeNWUYeHHE KPYTH3HEI aKTHBHBIX TPaH3H-
CTOPOB ¥ CONPOTWBJIEHUA UCTOUYHUKA TOKa. Eenm, Hanpumep, S = 1
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MA/B, R,= 0,1 MOm u 6= 0,04, To K, = 2500 (t.e. oxoso 70 gb).
OO0bIYHO 3TOT NIapaMeTp MeHbINe, YeM y OmmonsapHsix V.

BxopHble conpoTusienus (Kak aid guddepeHnualbHOro, Tak u
OA cUH(A3HOrO CUIHAJOB) MOXKHO CYHMTATh IPAKTHUUeCKH OecKo-
HEUYHO GONBIIMMY: OOLIYHO OHM cocraBisaior 1010-10'2 Om. Coort-
BETCTBEHHO IpeHebperkMMO Masbl BXOZHBIe TOKU. OTCIOfa clegyer,
uto maxue napamemput Y, Kax mox cmewenus (Pa3sHOCTb BXOA-
HBIX TOKOB), cpedHuUil 6x00H0L MoK u ux memnepamypubviii dpeid
He AEAAIOMCA 0ZPAHUNUEAIOWUMU PAKMOPAMU NPU UCTONLI0EAHUL
MOII mpansucmopnotx Y.

Ecnu y 6unonapuasix Y riaasHas cOCTaBJIAOIAd HaNIPAXKeHUA
U,, obycioenena pasbpocoM TemnJOBBEIX TOKOB 3MHTTepa (CM.
pasz. 9.6), To y MIAII-rpansucropHeix [V riaasHas coCTaBIAOIAA
obycioBneHa pa3bpocoM TIOPOTOBHIX HANPSKEHUHR ¥ yAedbHBIX
KPYTH3H aKTUBHBLIX TPAaH3WCTOPOB, T.e. IIapaMeTPOB, 3aBUCAINUX
He TOJLKO OT F'eOMETPHH U 3/JeKTPODM3NUECKHUX CBOMCTB KPUCTAJ-
J1a, HO ¥ OT COCTOSAHHUA €ro NOoBepXHOCTH. Kak M3BECTHO, COCTOARME
IIOBEPXHOCTY TPyJHEe KOHTPOJIWPOBAThH, YeM CBOMCTBa obbeMa M
TeOMeTpHIO. IloaTomy snauenua U, , monydarorca Goabille, YeM y
ounonapHsix V.

Ilepexopubie xapaxrepuctuxku MJII-rpansucroprsix Y Taxkue
JKe, KaKk y NPOCTeHIINX KacKajgos, obpasyromux niaeuu Y. Coor-
BETCTBYIOIME BhIpayKeHus1 OblIu IIpuBeJeHbI B pasp. 9.5.

9.7. OMmurTepHBIEe NMOBTOPHTENH

IloBTOPUTENAMY NIPUHATO Ha3bIBATH YCUIUTENN ¢ KOoabhdHUIeH-
TOM YCHJIeHH:d, OJMM3KUM K eJUHUIle, HEe MEHSIOIUe NOJIPHOCTH
BXOJHOTO CUTHAaJNa U 06JaJaioIue NOBLIIIEHHEIM BXOAHBIM ¥ IIOHU-
JKeHHBIM BBIXOAHBLIM COIPOTHUBJIEHUAMY (IO CPaBHEHUIO C IIPOCTeH-
IIAMHA yCHUJIUTENbHLIMHA KacKagamu).

Knaccuueckasa cxeMa aMummepH0ozo noémopumens IOKazaHa Ha
puc. 9.14, a, a ero majJocUrHaJbHas 3KBUBAJEHTHAdA CXxeMa — Ha
puc. 9.14, 6. Jlerko 3aMeTUTb, YTO 3MUTTEPHBIH IIOBTOPUTENH OT-
JIMYAEeTCA OT IPOCTEHINero ycuanuTens (cM. puc. 9.3, a) ToIsKo TeM,
YTO BLIXOJHOE HAIPAKeHHNEe CHHMAETCHA He C KOJJIEKTOpa, a ¢ 3MUT-
Tepa ¥ YTO B LN KOJJIEKTODa OTCYTCTBYyeT pe3ucrop R,.

Kosgopunuenr uepemauym. M3 puc. 9.14, a BupHO, uTO eciu
R,=0m U” = const, To BXOgHOI CHTHAI IIOIHOCTHIO TTepeaeTCa Ha



374 Tnasa 9, OcHOBBI aHaNOroBOH CXeMOTEXHHKH

Puc. 9.14. IIpuapunuancuas (@) ¥ MaJOCHTHaJIbHASA 3KBUBaJIeHTHaA (6) cXeMEL
9MUTTEPHOTO MOBTOPHUTEN

Beixom: U, = U, u K = 1. C yueTom conpoTusienuii R, ry u r, u3
puc. 9.14, 6 noayuaeM COOTHOIIIEHUE:

Upux = Upx — Ig (rg + B;) — L1,

rae Uy, = LR, n Iy = (1 — o)l,.
U3 3T0or0 coOTHOUIEHUA JeTKOo HaiiTH BeMuuuHy [, a 3aTeM BbI-
pasuTs U, uepes U, . B pesynerare Kosdhdunuent nepegayu mo-
BTOPUTEJISI 3alullleTcad B ClegyiomieM obijeM Bufge:
K = R,
R, +r, +(1-a)irs + R,)

(9.60)

Hanpumep, ectu B, = 0; R, = 5 xOm, r, = 25 Om; ry = 150 Om n
f =100, To K = 0,995. Ecnu R, = 2 xOm, TO KOaddunuesT nepeaa-
Yy HeCKOJbKO ymenbimaercd: K =~ 0,991.

Ilpu mopkIIOUeHNM BHEIIHETO HAarpy30YHOIO COIPOTHBIEHHA R
(na puc. 9.14 nokasa”o IITPUXOBOH AUHUENH) KO3 IULIMEHT nepe-
Jayy JOIOJHUTENHHO YMEHbIAeTC s, IIOCKOJIbKY CONPOTUBIeHE R,
samenserca Ha R, || R,.

W3 (9.60) sBugHO, uTO K03 MUIUEHT Iepegady IOBTOPUTENs II0-
JIOXKUTENbHEIH, T.e. NOGMOPUMENb He MeHAem NOAIPHOCIU CUZHEA
aQ, WA, B CJAyYae CHHYCOUAJbHLIX CHUTHAJOB, HE MEHAEM UX
@a3et (KOHEUHO, NPY AOCTATOYHO HUBKWUX UACTOTAX).

HecmoTpa Ha eguHMYHBIN KO3GMUIMEHT Nepemauyy HalpsKe-
HHUA, IOBTOPUTE]b OTHOCUTCA K KJACCYy yCHJIUTes e, MOCKOAbKY OH
YCHJIMBAET TOK. JTO SICHO M3 TOrO, UTO MEXKJAY BBIXOZHBIM (3MUT-
TEePHBIM) ¥ BXOZHBIM (0a30BbIM) TOKAMHU CYIIeCTBYET XOPOIIO U3BeE-
cTHoe cooTHoimeHue: I, = (§ + 1)I,, rme B >> 1.

3
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BxogHoe compormBienue. BxogHoe conporuBiienye NOBTOpPHTE-
11, n3obpakeHHOro Ha puc. 9.14, onpenenserca TeMu ke hopmy-
namu (9.7), 4To U ANA HmpocTeiiiero ycunureis. B obiem cnyuae

Ry =B+ 1) (B, + 1) + 15, (9.61a)

a B 4aCTHOM CJIy4uae, KOTAa CONPOTHUBJIEHUAMY I, ¥ I'y MOYKHO IIpe-
Hebpeusb,

Ry = (B + R, (9.616)

C y4eToM BHEIITHErO Harpy304YHOTO CONPOTHBJIEHUA BXOJHOE CO-
NIPOTHBJIEHVE YMEHBIIAETCH.

B ornuume oT yCHUIWTENRHOTO KacKaja comnpoTuBieHue R,, a
BMeCTe ¢ HUM ¥ BXOJHOe COIIPOTHBJIEHVE IOBTOPUTENA, MOYKHO yVBe-
JIMYUBaTE, IPAaKTUYECKH He M3MeHAA Kosddunyenra nepegauu [cp.
(9.5a) u (9.60)]. OnHaro c pocrom R, He06XOQMMO yBeIUUUBaTh Ha-
TpsiKeHNe NuTaHuA E| ¢ TeM, 4TOGBI COXPaHUTH >KeJlaTeIbHOE 3HA-
YyeHue TOKa Iokosd [ 2 [cm. (9.2a)]. IIosTOMYy Taxoil yTh MOBLILIE-
HUA BXOAHOI'O COIPOTHBJIeHHUA orpanuveH. Ha mpakTuke maasa mo-
BbilieHNsA R, HCHONs3yioT aAu00 MCTOUHHMK TOKA B SMHUTTEPHOMH
menu, aub0 COCTAaBHOM TPaH3HCTOP.

Puc. 9.15 IloBTopuTesH C HOBBHIIIEHHBIM BXOJHBIM CONPOTHBJICHHEM 4 — C Ha
Irpyakoil B BHAE HCTOYHHKA TOK4, 6 — ¢ HCIOJb3ORaHHMeM maphl [apiuBrtona

Ha puc. 9.15, ¢ mokaszaHa cxeMa IIOBTOPUTENA, B KOTOPOi pe3u-
¢Top R, 3aMeHeH Ha UCTOYHUK TOKa I. EC/IM HCTOYHYK TOKa MAealb-
HBI (R, = ®), To cornacHo (9.61) monyuaerca R,, = . Ha camom xe
Ielle BXOLHOe CONPOTHBJIEHYEe MMeeT KOHeuHoe 3HaueHue, 00yCJoB-
JIeHHOe CONPOTHBJIEHHEeM KOJIJIEKTOPHOro nepexona (Ha puc. 9.15, a
NOKa3aHO IITPUXOBOM jauHUeN). [0 CUX IOp 3TO CONPOTUBJIEHHE HE
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VYHUTHIBAJNIOCH, TAK KaK B O0LIYHLIX YCHJIUTEJNAX €ro poJb He CYILeCT-
peHHa. OZHAKO B JAaHHOM cJIyuae, KOrga Lellb 3IMUTTepa «00opBaHa»
OIS IepeMeHHBIX COCTaBAAIIIUX TOKa (IIOCKOJBKY TOK 3MHUTTepa
JKEeCTKO 3aJaH), COIPOTUBJIEHNE I, ABJAETCA eAUHCTBEHHBIM 3JIeMEeH-
TOM, Yepe3 KOTOPbIi MOXKeT IPOoTeKaTh BXOAHOU TOK. CiegoBaTesns-
HO, MAKCUMQJbHOE 3HAYeHUe 6X00H020 CONPOMUBAEHUA NOBMOpU-
meas (U M000r0 APyroro yCUIUTENS)

Ryy maxe = Tx- (9.62)

Ilpu Toxe I, = 1 MA 3Hauenus r, cocrapisaioT 2—3 MOm. C ymens-
IlIeHWeM TOKa CONPOTHBJIeHMe I, BospacraeT [cm. (5.44)], HO mpenen
CTAaBUTCA TIOBEPXHOCTHHEIMH yTE€UKaM¥ KOJIJIEKTOPHOIO Ilepexopa.

TIpu KOHeyHOM CONPOTHBJIEHWH MCTOYHHMKA TOKa R, BXOZHOE CO-
IPOTHUBJIEHUE IOBTOPUTeNA OyfAeT meHsine r,. Ero MoXXHo omeHHTH
Kay TapaJijleJibHOe COeguHeHue BenuuuH r, u (f + 1)R,.

Ha puc 9.15,6 nokasaH IOBTOPHUTENbH, BHEIIOJHEHHBIN Ha Iape
Napauurtona (cMm. puc. 9.1, a). Kak u3pecTHo, COCTAaBHOMY TPaH3HU-
CTOPY CBOMCTBEHHBI BecbMa OoJpllye 3HaueHUA KO03(hGHUIIMEHTa
yeunenusa: B = BB, [em. (9.1)]. Tlosromy cormacuo (9.61) B nosTo-
putese 1o cxeMe JlapJMHITOHA Jie2K0 NOAYwUMb 601bUL0E 8X00HOE
conpomueénenue npu CPAEHUMeNbHO Malom conpomuéreruu R,
Hanpuwmep, ecnu R, = 2 xOm u = 2000, To pacueTHOe 3HaueHUE
R, ~4 MOwm. PeansHoe 3Hauenue R,,, Kak U B npeablaymeil cxeme,
OrpaHU4eHO compoTusieHueM r, [cm. (9.62)].

BrixonHoe conmpoTuBiaeHue. BrIXx0gHOe CONPOTHUB/IeHNE IOBTOPH-
TeJA MOXKHO HaiiTu ¥3 ofIero onpefeeH¥si, IPUBEJEHHOTO B
pasa. 9.3. Ilomoxkmm cHauwana R, = o (puc. 9.14), Torga

(Usux)xx = KUsy,

rge K — xoadpdpunuent ycunenus (9.60). 3arem momoxkum B = 0,
T.e. 3akopoTuM comnporusiaeHue R,. Torma

U

Tspixdxs = ~E

r, +( -a)R, +714)

[cM., manpumep, (9.4)]. dens HanpsokeHHe XOJOCTOTO X0Za Ha TOK
KOPOTKOTO 3aMbIKAHuUs ¥ INOACTABMAA 3HaueHue K, HeTPYyAHO NpeA-
CTaBHTL BBIXOJHOE COIIPOTUBJIEHHE B CIERYyIOIleM BHIe:

R,,x = R, " [r, + (1 — a) (R, + 76)]. (9.63a)
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Bremnuaa cocrasiAonaa B, o6bIYHO MaI0 cylnecTBeHHa. Tak-
JKe MaJo CYIIleCTBeHHa U cocTasaawmasn ( 1 — a) ry 10 cpaBHeHHIO
¢ r,. IloaToMy B peanbHBIX CXeMaxX IOBTOPHTeNe MOXKHO IOJb30-
BaTbCA YIPOLIEHHBIM BLIDKeHUEM

1

Rppx =15 + ‘B—ﬁRr- (9.636)

Kax BuguMm, B o01miem ciyuae BHIXOZHOE CONIPOTUBJIEHHE 3aBUCUT
OT COIPOTHUBJIEHUA MCTOUYHUKA BXOAHOTO curHana. OZHaKO HpH HO-
CTATOYHO OONBINMX 3HaueHUAX [ (Hampumep, IPH HUCIOJIL30BAHHY
napr! JapauHrrona) BTOpeIM ciaraemsiMm B (9.636) MOKHO mpene-
6peun. Torga BHIXOAHOE CONIPOTHUBJIEHUE MUHUMAJLHO U OIpeleIs-
eTCs1 TOJNLKO CONpPOTHBJIEHMEM 3MHUTTEDHOIO Ilepexoja:

Rypix sus = To- (9.64)

Jlerko sameTuTh, YTO OTHOIIIEHYE BXOJHOTO ¥ BEIXOZHOTO COIPO-
THBJIEHUH Yy HOBTOPUTENA HECPaBHEHHO BOMbIme, YeM Yy IpOoCTeilie-
TO YCWJINTEJIHLHOTO Kackaga u y Y, y KOTOPEIX 3TO OTHOIIEHUE He
npeBbimaeT BeauduHe! § + 1. OTHOIIeHNe MaKCUMAaIbHOTO BXOJHO-
ro conporusienua (9.62) xk munuManpHOMY BBIXOAZHOMY (9.64) co-
crasider r,/r, (06s14no G6ostee 50000). OTo OTHOINIeHNe HE 3aBUCHUT
oT pabouero TOKa, MOCKOJILKY ¥ I'y, U I, 00paTHO IPOIOPLUUOHATE-
HBI TOKY.

B cBasu ¢ 6onbiium pas3jauyuueM BXOJHOTO M BBIXOJHOTO COIPO-
THUBJIEHUH IIOBTOPUTEJb MIXPOKO
HCIOJIB3YIOT B KauecTse Oygep-
H020 Kackada — Tak Has3biBae-
MO0 mpaHncgopmamopa conpo-
mugnenuii. Idra GQYHKOUA I0-

BTOPUTEJIA HPOUJLIIOCTPUPOBAHA
ma puc. 9.16. Puc. 9.16. Tlosropurens B KadecTbe
GydepHoro rackaja

IIycTs MMeloTCSH MCTOYHUK CHT-
Hana E; ¢ conporusienueM R, u Harpyska ¢ CompoTuBjeHueM R, npudem
R, >> R,. Toraa, moJK/I109as HArpy3Ky HeNOCPEACTBEHHO K HCTOYHUKY E,
HOJAYyYXMM O4YeHh Majbifi KoadduiueHT Hepefayy HAUPAYKEHU:

U'BBIX — RH << 1 .

E, R.+R,

r
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Ecau oxe Mexkay ucTouHuKoM E | ¥ Harpy3skoi BKII04UTE OyQepHsIil IOBTO-
purtens (puc. 9.16) ¥ ecau IPY 3TOM BHIIOJHAIOTCA XapaKTePHBIE JJIS I110-
BTOpPHUTENA CooTHomeHud R, >> R u R, << R,, To Koa(ppuueHT mepe-
nagy HanpsidKeHus OyneT 6au30K K eguHune. TakuM o6pasoM, MCHOJIB30-
BaH¥e IOBTODHTENsI IIO3BOJSET KAk Onl WCKYCCTBEHHO YMEHBLIIUTH
CONPOTHBJICHME MCTOYHMKA CHCHANA WY yBeIWYUTH CONPOTHBJIEHHE Ha-
rPpY3KH, OTKY/JAa ¥ TepMHUH — «Tpanc()opMaTOP COMPOTHUBJIEHUM».

B yacrHocTH, Mcnosb3ysi 6ydepHbie TOBTOPUTEH, MOXKHO YMEHb-
IINUTE CONPOTHBIeHue R, Ha Bxoge AuddepeHNaIsHOT0 YCHINTENA
¥ TeM CaMbIM IOBBICUTH ero OwmicTpopeiictBue (cm. pasg. 9.6). By-
(depHBIe MOBTOPUTEIN HAXOAAT TaK)Ke ITUMPOKOe IPUMEHEHYE B CIY-
yae eMKOCTHON Harpysku (kKabenw, AJIUHHBIE NPOBOJA, pa3BUTasA
ceTb MmeTanueckoit pazsogku B YIC)., Ha gocraTouno BhICOKHX uac-
TOTaX CONPOTHBJIEHHNE TAKOH Harpy3KM OKa3bIBaeTCA MaJlbIM, U ee
HeIOCPe/CTBeHHOe NOAKII0YeHe K BHICOKOOMHOMY MICTOUHHKY CHI-
Hajla IPUBOAUT K CHIDKeHNI0 KoabhdumuesTa nepefaus, Kaxk NoKasa-
HO BblmIe. DydepHbIil TOBTOPUTENSH MO3BOJIAET YIVUIINTE ITepefauy
CUT'HAJIa HA BBICOKHX YacTOTaX M PACHIUMPHTH IOJIOCY YCUINBAEMBIX
YacToT.

Ilepexomusie mpomecchl. JKBUBAJEGHTHAs CcXeMa AJd aHaAM3a
IepexoAHBIX [IPOoIeCcCoB II0Ka3ana Ha puc. 9.17. ®opManbHeIil ana-
JIN3 3TOH CXeMbI HECJOXKeH, HO

)a[s NPUBOZUT K TPOMOBAKUM H
(8 MAaJI0 HAIIAJHBIM BbIDaKeHU-
1) am. IlosTomy moiesHee pac-
lA CMOTpeTs OCOBEeHHOCTH Iepe-

_gﬂ"-» XOZHOrO IIpollecca M IIPHBECTH
R, i puOINKeHHbie pacueTHsIe

'l'ca dbopmynei. IlpenebpexkeM cHa-

yana eMKocTamu C, u C, ¥ 10-
Puc. 9.17. OxpUBaJeHTHas cXeMa IOBTo- NaAHMM HA BXOJ CTYHeHuYaThIi
pHTeas Aasd obnactu MaJIblX BpEMEH CUTHAaJI UBx' HOCKOHLKY B nep_
Bbi MOMEHT KOJIJIEKTOPHBIA
TOK He MeHsAeTcs (T.e. reHepaTrop ToKa 0eafeiicTByeT), cxema IIpe-
BpaimaeTcsa B IIACCUBHYIO Pe3UCTOpHYIO mernouky. Orciona ciaegyer,
YTO mepBOe BpeMd IIOC/e NOZauyl CUrHajla yCHJIeHVe MOIIHOCTH OT-
CYTCTBYeT.
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HauansHbie 3HaUeHUS TOKOB M BHIXOAHOI'C HAIPAMKEHUA MMEIOT
BUA:

U
I,4(0) = Is(0) = I(0) = = ;
Bx( ) 5(0) o(0) R[‘ Y+, +R3 (9.65a)
Uaix(0) = I(O)R, = U, R,
BRie ° ° BXR, +rs +r, + R, ’ (9.656)

CooTBeTCTBeHHO HadaNpHbIN KO3GDHUIVEHT Nepegayuu
K@) = R,/(B, + r, + 15 + Ry). (9.66)

B manwmeftimem, mox meficteuem ckauka I (0), Tok KonmekTopa
HauWHaeT BoapacraTb. Ilpupamenusa Toka I, pacHpefeATCA
Me)KAY 3MHUTTEPHOM 1 0a30B0oil menamMu 00paTHO NPONOPIIMOHATLHO
UX CONIPOTUBJIEHUSIM.

Ecnu compoTupieHMe WMCTOUHWKA CHUTHaJNa [JOCTAaTOYHO MAaJo
(B, <<R,), To mpupameHus Al OpaKTH4YeCKH MNOJHOCTbIO HAYT B
0a3oBy10 mens. IIpu 3TOM TOK 3MHUTTepa, & 3HAUUT, ¥ BHIXOJHOE Ha-
NpsAXKEeHHe MOYTH He MEHAITCA ¥ OCTATCs ONHU3KMMU K Hauallb-
HpIM 3HAUYEeHUAM (CM. CILIOIIHBIE NTUHUY Ha puc. 9.18, a). Coorser-
CTBEHHO AJIUTENBHOCTh (PPOHTA f;, OTCUMTAHHAs Ha YPOBHAX
0,1-0,9 oT ycTaHOBUBIIETOCS 3HAUYEHUs, OKA3LIBAETCA PaBHOM
HYJII0, T.e. GPOHT GOPMUDPYETCA MIHOBEHHO. YITO KacaeTca KOJJIeK-
TOpHOH 1 6a30BOl IIellell, TO B HUX IIePEXOJHbIe IIPOIIECCHI BhIpaske-
HpI ZIOCTATOYHO APKO: TOK KOJJIEKTOPA BO3PACTAET OT HyJA O yCTa-
HOBUBIIEroca 3HauyeHuA ol,, a Tok 6a3sl NmajgaeT OT HAYATILHOTO
sgauenud I, go (1 — a)l,. Kak Buaum, oTHOIenue TOKOB I, u I, BO3-
pacraer, T.e. yepe3 HEKOTOPOe BpeMs INOBTOPUTENb HAUWHAET yCH-
JIMBATH MOIIHOCTH. IIOCKOJBKY 3MHUTTEPHBIH TOK OCTaeTcsA IOYTH
TOCTOAHHBIM, KOJJIEKTOPHBIN 1 Oa30BLII TOKHM MEHAIOTCA C IIOCTO-
AHHOH BpEMeHH T, .

Ecnu ycnosue R, << R, He BBHITIOJIHAETCH, TO NI€PEXOAHBIH IPO-
Iecc IIpeTepIeBaeT HEeKOTOPbie U3MEHeHUA (CM. IITPUXOBLIE KDH-
Brie Ha puc. 9.18, a). A ©MeHHO, HaUaIbHBIe CKAUKY 3MUTTEPHOTO
TOKa ¥ BEIXOJHOrO HANPsIKEHUs YMEHLIIAIOTCs, a NOCIeAyIoIue
IIpHpAaIleHus KOJNJIEeKTOPHOTO TOKa OTBETBISIOTCA HE TOJLKO B
mens 6assl, HO B 3HAYUTEJLHOM Mepe U B Iens amurrepa. Coorser-
CTBEeHHO TOK I, 1 Hampsoxenue U, 3aMeTHO BO3pPacTalOT BO BpeMs
IIepexXoqHOro Ipolilecca. B sToMm ciaydae, Kak BUAHO U3 PHCYHKA,
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ANATENHHOCTh PPOHTA £y, MMeeT KOHeUHOe 3HaUeHMe. ITocTosrnasa
BpPeMeHH, C KOTOPOH MEHSIOTCA KOJJIEKTOPHBIA TOK ¥ APyrue BeJu-
YHHBI, ONpeAeasieTca BoipakenueM (9.13). Ogmaxo B HeM cienyeT
3aMEeHWTh BeJIMYUHY T, Ha T, NMOCKOJBKY B Hauale aHAJIM3a MBI
npeHebpernn emkocTeio C,. Taxum obGpasom,

T, =T, —ay,). (9.67)
O06sryHO BeMMYMHA T, He mpessimaer (2-5) 1.
U i Unx
UBX = ( UBX UBX
t
l.’)
t
Te P
o /<1:B al,
t
6> Ipx N
~ (1—@)13;
t t t
— — Tec A
- Ta
Usux [~ 0,9 Usux Unmx 1 \I' \/\ (1-a) Ia
0]ty t Ty t
_"—tqﬂ -/_ —r —— w——a -
IC
Umﬂx\' Te 0, 9 UBL‘X BBIX
t
[::¥] t
tq:l
a) 0)

Puc. 9.18. IIepexoausle mpomecchl B IoBTopHTese Ges yuera (a) H ¢ yuerom (6)
KOJUJIEKTOPHOH eMKOCTH

Teneps yurem emkocTs C,, HO CHauana nojoxkum 1, = 0, T.e.
npeHefpe’keM MHEPIMOHHOCTHIO IporeccoB B 6asze. Torga mpu mo-
CTYIJIGHUH CTYIEeHYaTOro BXOLHOIO CHTHaJla BXOLHOM TOK B Iep-
BBIM MOMEHT TIOJIHOCTHIO IPOTEKAET Yepe3 eMKOCTh, & TOKY TPaH3H-
CTOpa ¥ BRIXOZHOE HANpsKeHVe He MeHAwTcA. [1o Mepe 3apsaga eMm-
KOCTH TOKHM TPaH3UCTOpPAa ¥ BHIXOJHOEe HAIpsDKeHHEe IIJIaBHO
BO3pPaCTaOT 40 YCTAHOBUBIIMXCA 3HAUEHWIH (CM. CILJIOIIHBIE KPH-
BbIe Ha puc. 9.18, 6).
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IlocToAHHASL BpeMEeHY 3TOTO IIePeXOfHOTO IIPOLECCa OIpeeIsieT-
¢ emMKocTelo C, M IIYHTHPYIOINNMHE €e COINPOTHBIEHUAMH (CM.
puc. 9.17):

1o = Cl(Br + 16) | (R, + 1)1 (9.68)

DpOHTEI IMIIYJIbCOB OYAyT 3KCIIOHEHIUAIbHBIMH; UX JJIUTENb-
HocTh Ha yposHe 0,1-0,9 or yecTanoBHBIIEroCcsa 3HAYEHUA COCTABUT;

ty = 2,21,. (9.69)

TunuuyHeIMY 3HAUEHUAMH TIOCTOAHHON BPEMEHH SBIAIOTCA
1, =0,5—1 HC. B cnyuae upeanpHoro ucrounuka curuana (R, = 0)
TOCTOAHHAsI BpeMeHY IIPaKTHUYeCKH COBIajaeT C IOCTOSHHOM Bpe-
meRH 6a3sr (5.67): 1, = C,re. 3HAaUEeHUA 3TOH BENMUMHLI JIeXKAT B
npegenax 0,1-0,2 nc u meHee,

Havanbusiil «nuk» BxogHoro toka (puc. 9.18, 6) HaMHOTro npeBHIIIAET
yCTaHOBUBIIeecAd 3HaYeHWe Toka 6assi. JleHcTBUTENLHO, B IEPBBIH MOMEHT
HanpsykeHue Ha emxocTu C, He MeHsdeTcsl, a 3HAYUT, HAYAJIbHBIA BXOZHOH
TOK OINpeAesaeTca BXOZHBIM HAaNpSKEeHWeM ¥ CONPOTHBJeHWEeM B IeHu
0assl:

I,.0)=U,/(R, + rg).

Hanpuwmep, ecsin U, = 0,1 Bu R+ r; =1 kOm, 10 I, (0) = 0,1 MA, Tor-
Ja Kak B ycrapoBuBlIeMca pexkume, npu R, = 100 xOm, noaydaem
I, =1mMxkA — gsunauvenwne, B 100 pas meHsInee.

Ilokaskem Temeps, uTo popmyraa (9.69) npurogua ansa npubau-
3UTENHHOM OIEHKY JJIUTEJIbHOCTH QPOHTA C YIEeTOM 000MX MHEPIH-
OHHBIX (PAKTOPOB: KOJIJIEKTOPHOM €MKOCTH ¥ BPpeMEHH IIPoJeTa Ho-
cureneit B Gasze. [{nAa aTOro paccmMoTpuM ABa KpaiHUX CJy4as:
T, >21, u 1,< 0,51,. IlepBrlil 13 HUX XapaKkTePeH AJA CPaBHUTE-
JIbHO BBICOKOOMHBIX, & BTOPOH — [JIA CPABHUTEIbHO HU3KOOMHBEIX
UCTOUHHKOB CHUTHaja.

B nepBom ciyuae IOCTOAHHAasA BpPeMEeHH T, MaJjo CyLleCTBeHHA.
CrnenoBaresibHO, IEPEXOAHBIM IIPOIECC XaPAKTEPH3YeTCA IOCTOMH-
HOl BpeMeHM T., a AJHTEIHHOCTH (ppoHTa — dopmynoit (9.69).

Bo Bropom ciyuae IepeXOAHEIN IpoIecc OKasdpiBaeTcad «KoMOu-
HUPOBaHHbIM». [leiICTBUTENLHO, B 3TOM caydae TOKU I u I, Hapac-
TAIOT C HIOCTOSHHOI BpeMeHH T,, T.e. ObicTpee, dem TOK I, KOTO-
PbI# HapacTaeT C TOCTOSHHOH BpeMeHH t1,. IlosToMy MokHO cum-
Tark, 4TO Ha IepBoM JdTame Toku Ig H I, BMecTe [JOCTHTaioT
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MaKcuMaJbHoro 3Hauenus (9.65a), a Ha BTOpoMm srame TOK I, OT-
BETBNAACH B HUBKOOMHYIO ILIells 0a3bl, yMeHblaeT 0a30BEHIH TOK A0
yCTaHOBUBIIErocsa 3HaueHusi. TOK aMUTTepa, a 3HAYHUT, ¥ BHIXOJHOE
HanpsKeHue, Ha BTOPOM 3Talle NMoUTH He MeHAIoTcA. COOTBeTCTBEH-~
HO AJIUTENbHOCTL (DPOHTA ONpefAessieTcd AJIUTENBHOCTHIO IIEePBOTO
aramna, T.e. popmynoit (9.69).

B npomeskyTouHOM Clydae (T, = T,) IePEXOAHBIH IpOIECC OKa-
3piBaerca Oosiee CJIOXKHBIM, HO pacueThi NOATBEP)KAAIOT, UTO U B
aTom caydae dopmyna (9.69) gaer npuemiyemble pe3yJbTaThI.

EMKOCT® Harpy3kH, ecI¥ OHa JOCTAaTOYHO MaJia, a UMEeHHO, eCliu
C,R, < 1,, MOKHO CUHTATh IOJKJIOUEHHOH MIapa/selbHO KOJLIEK-
TOPHO# emkoctu. Torga gnuTensHOCTH (GPOHTa U Cpe3a COOTBETCT-
BeHHO BoapacraroT. Eciu ke HarpyszouHas €MKOCTH BeJHKa, TO
IJIATENIHHOCTH (PPOHTA M Cpe3a MOTYT OKa3aThCs PasHLIMU (CM,
HIDKe).

BiokupoBka noBropuTeind. Cnenubuyueckuil mepexogHbIil IPo-
Ilecc MMeeT MeCTO B IIOBTOpUTEJNe IIPHU JOCTATOUYHO BOJBIION HAIPY-
3ouyHo¥ emkocTu C (puc. 9.17). B mepBrIit MOMEHT NOCJIE IOCTYII-

o JIeHUA CTYIEeHYaTOro BXOZHOTO
Us=0g¢ t { CHrHA/Na HalpsDKEHWE Ha eMKO-
U* cru C, He MeHAeTcd, a 3HAYMUT,
=7 B He MeHsieTCa ¢ IOTeHIHal
v < amuTrepa. IlosTomy, ecam cur-
\ ° U Han U,, ¥MeeT OTPHLIATELHYIO
~E ~3<-[_ TOJIAPHOCTH U NIPEBLIIITIAET BEJIH-~
R,C, t N = yuny U” (puc. 9.19), To Hampsa-
A JKeHue Ha 3MUTTEPHOM Iepexo-
e CTaHOBUTCsA OOpaTHBHIM ¥
Puc. 9.19. Ilepexoguslii mpomecc TPAHBUCTODP 3aIMpPAETCA.
B IOBTOpHTeJNe NpH GOJbIIOH

HArpY3OUEOH eMKOCTH ITocse sToro emrocTs C, pas-
psidKaeTcs uepes CONPOTUBIEHVE
R_ ¢ GoJpIION HOCTOAHHONE Bpe-
mernu C R.. TpaH3ucTop CHOBa OTKDHIBA€TCA TOJABKO TOTAA, KOrja
HaIpsKeHMe 0a3a—3MHUTTEp JOCTUTaeT 3HaueHUA U~ (MOMEHT t; Ha
puc. 9.19). Onucannoe apiaeHue (T.e. BpeMeHHOe 3allpaHye TPaH-
3UCTOpPa TIpH GOJMBINUX OTPUIATENbHBIX CHUTHAJNaX) MOJYYHJO Ha-

3BaHUe OJ0KUPOBKU nosmopumens.

Kak m3BecTHO, AJlA 3amupaHusd KPeMHUEBBIX TPAH3UCTOPOB 00-
paTHOe cMellleHHe Ha 3MUTTEPHOM Ilepexoje He o06s13aTeNbHO: HO-
CTATOYHO, uTOOBI IMpAMOe cMerneHue 6biio Ha 0,1-0,2 B mensbime
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penuunsgsl U”. IlosToMy sABieHENe GIOKMPOBKY MOYKET HMETh MECTO
oake TIPH MalbIX OTpHIlaTelpHbIX curHaizax 0,2-0,3 B.

B pesyneTaTe OJIOKMPOBKM IJIHUTEJIBHOCTH Cpe3a IIPEBBHIIIAET
OnuTeNbHOCT: (ponTa. IlociegHasa mo-npexkHeMYy OIpenelseTcA
dopmyoit (9.69). YUTo KacaeTca gAUTENHHOCTH Cpe3a, TO ee JIETKO
Ha#TH U3 BRIPAYKEHUA, OINUCHIBAIOIIErO IPOIeCC pa3pAaa Harpy3ou-
HOM eMKOCTH uepe3 colpoTuBieHue R, (puc. 9.19):

u,(t) =-U"e s ~E,(1-efx),

rme 1, = C.R,. IlogcraBaaa B nesylo dacTs U, = — U,, — U” (ycio-
BH€ OTHHpaHUA SMHUTTEPHOrO Iepexoja B MOMEHT #;, CM.
puc. 9.19), monyuaem:
-1
U

to=1,In1-——= |
¢~ Ty £ U (9.70)

Hanpumep, ecma 1, =40me, E, = 2B u U,, = 0,5 B, To
t, =~ 24 uc. Ilonydennoe 3HaueHHe f, HAMHOrO GOJbIlle TUIHMYHEIX
BHaAUEHHH 1.

CiegyeT MORUYEPKHYTH, YTO OJOKHMPOBKA IIOBTOPHUTENA M Pa3JH-
une i, ¥ t, IOAPa3yMeBaloT CTYNEeHYaThIH XapaKkTep CUrHaIOB. B
TIPOTHBHOM CJIyuae eMKOCTs C yCIieBaeT «OTCIeRUTh» BXOAHOH OT-
pUIlaTeabHbIN cCUTrHaN U OJIOKMPOBKa He MMeeT mecTa. Kpurepmem

6JIOKI/IPOBKI/I MOXKeT CHYXXHUTb HEPaBeHCTBO
tc BX < rﬁcn’

roe t, ,, — BPeMs HapacTaHWA Cpe3a BXOJHOTO MMIIYJbCA.

Cxembl capura ypoBHs. B MHOrOKacKagHBIX YCUJIUTENAX Ha
0asy KasKJoro CJIeAYIOIero KacKaja IOCTyIaeT He TOJBKO I0Je3-
HBIA CUTHAJ, HO ¥ IIOCTOSIHHAA COCTABIMAIOIIAA HAINPSYKEHU C KOJI-
JIeKTOpa NpeAsIAyIIero kackajga. Takum o6paszom, NOCTOAHHAS CO-
CTaBAAIOMAA «HAKAIJIMBaeTCA», BO3pacTaeT OoT KacKaja K KackKa-
Iy, 4YTO BEI3BIBAET OIIpefesieHHbie 3aTPYyAHEHUs Tpu pa3paboTke
TIOCJIeAHUX — BBLIXOLHBLIX KacKagoB. II03aToMy uacTo BO3HUKAET 3a-
Aaua YCTPAHUTEL IIOCTOAHHYIO COCTABIAIONIYIO HA BXO/J€ OYepegHOro
KacKaja, HO IO BO3MOXKHOCTH 0e3 M3MEeHEHWIl IepefaTs IepeMeH-
HYI0 COCTaBIAIOIIYI0 — CUTrHaJ. IMeHHO Takylo 3a1a4yy ¥ PeIaioT
TaKk Ha3bIBaeMeie CXeMbl cO6U2a YPOBHA.
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IIpocTeiiiieit cxemoit cABUra YPOBHA SBJIAETCA dIMUTTEPHBIH IIO-
BTOpHUTENb. JeficTBUTENHLHO, ¥ HETO YPOBEHb BHEIXOJHOIO (aMuUTTED-
HOr0) IOTeHIMAJNIa HU)Ke YPOBHA 6a30BOro moTeHmuana Ha BeJIudH-
Hy U”, a curnan nepegaerca ¢ xosddumuentom K ~ 1.

OMUTTEPHBIH IOBTOPUTE]L JEKHUT B OCHOBe Apyrux, Ooiee
CJIO}KHBIX cxeM ciaBura yposHsa. Hanmpumep, ecau Hy’KHO IIOHU3UTH
yPOBeHEL BXOJHOTO CHTHANa Ha Beamumuy 2U”, TO MOKHO JIH60 HC-
IONB30BaTh IOBTOPHUTENL IO CXeMe
Hapausrrona (cMm. puc. 9.15, 6), 1u6o
BKJIOYHUTE B 3MHUTTEPHYIO LIeNlbs IIPO-
CTeHINero TIOBTOPHUTENA IIPAMOCME-
IIeHHbIH auox (cM. HIKe).

HWHorma TpebyeTcst CMECTUTHL ypoO-
BeHbL Ha BeNWYUHY, He KpaTHyo U~,
Hanpumep, #Ha 2,5 B. Torga ucnosnesy-
eTcs1 yHUBepcajlbHAA CXeMa CABUTA
ypOBHsI, noKadaHHas Ha puc. 9.20. B
obmeM ciyuae B TaKOH CXeMe MOXKET
ObITh He OQUH, a I HOCJIEeJOBATEILHO
BKJIIOUeHHbIX auonoB. CooTHormenue

Puc. 9.20. Cxema MEXAY BXOAHBIMHA U BBIXOAHBIMU
CABHra YPOBHA YPOBHAMY HMMeEeT BHU[:
Uy - Uy =(n+ DU* + IR, (9.71)

Bapsupya suaueHud n, I, u R;, MoxHO obecrieunTs 10005t cABHT
yposHus. Tak, ecu »xenarensHbiil caBur cocrasider Uy — U, = 2,5 B,
TO HYXCHO BbIGpars n = 2; Torga (n + DU =2,1Bu I,R, = 0,4 B;
npu Toke I, = 1 MA nosyuaem HeobXoauMoe 3HauUeHHNE CONPOTHUBIIE-
Hua R, = 400 Om.

Kosddunuenr nepemaum nepeMeHHOI COCTaBJIAIOIICH B cxeMme
Ha puc. 9.20 3aBuCHUT B IIEPBYIO 0OYePeAb OT BHYTPEHHETO CONPOTHB-
JIeHVs HMCTOUHHMKa Toka. Ecam B, = «, To K = 1 He3zaBuCHUMO OT
CTPYKTYPbI 3MHUTTEPHOHK u 0a30BoH 1eneil. Ecau ke cOnpoTusieHue
R, mmeer KOHEUHOE 3HAUYEHHME, €r0 ClefyeT MOACTABUTE BMecTO B, B
dopmyay (9.60). Kpome Toro, B 3Toit hopmMyJsie Hy>KHO 3aMEHUTH CO-
mporusaenue r, Ha (n + 1)r, + R;. Toraa

K = E,
R, +(n+1)r, + Ry + (1 —a)(rs + R,)

(9.72)
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Kax npaguno, conporusienue R, nesxut B npegenax or 100 xOm
¥ BBILllEe, A JPyrue CONPOTHUBJIEHUs B 3HameHarene (9.72) He npeBoI-
maiw0T 1-2 kOM. ITosTomy K0o3(pdHUIMEeHT Iepefauyy CUTHAa OKasbl-
BaeTcd BechbMa O/MM3KUM K epuHUNe. IIpy Haquyuy CONPOTUBIIEHUS
Harpysku R, HeoGxogumo B popmyie (9.72) samenuTs R, Ha MeHb-
yl0 Beawduny B, I R_. Torpa xosdduiuenT nepegauy COOTBETCT-
BEeHHO YMEHBIITUTCH.

9.8. Kacrkoxn

Ilom xacKoZOM IIOHMMAaETCs CXeMa, B KOTOPOH JBa TPaH3UCTOpa
COeUHEeHHl HOCJeA0BATENILHO, TAK YTO Uepe3 HUX IPOTEKAeT OUH
¥ TOT ke ToK (pmc. 9.21). Taroe coeguHeHMe MOXKHO paccMaTpu-
BaTh KaK OgHO mefnoe (CM. IITPUXOBYIO JIWHHUIO), T.e. KAK BapHAHT
cocTagHOTO TpaH3ucrTopa. KosthdunuenT nepegauu o B TAKOM CO-
CTABHOM TPaH3UCTOpE JIEFKO HAWTH U3 CJAEAYIOIHUX OYeBHIAHBIX CO-
OTHOINEHWI:

Io = aglsy = aglyy = aglayIy).
Hena I, na I ;, nonyuaem:
o= Qa;0,.

3HauuTr, Ko03dGPHUIMEHT Iepemadyu
9MHUTTEPHOTO TOKA IIPY KACKOJHOM CO-
eJVUHEeHUY HEeHaMHOTO OTJIMuaeTcA OT
KoaddprnuenTa nepefavu B 0JHOM (aK-
TuBHOM) Tpamsucrope 7T1. Orcrooga
SICHO, YTO ¥ KO3((DUIMEeHT yCHJIeHUA
HaIpsDKeHUs1 B KacKOZHOM cxeme Oy-
JeT MPaKTH4YeCKHd TAKUM >XKe, KaK U B
npocreiiiiieM ycunurenae [cm. (9.56)]:

K = -a;04(R:/R;).

He paBas seiurpsima mno kosddu-
IUEeHTy yculeHusa (a Taxk’ke IO BXOJA-
HOMY ¥ BbIXOHOMY COIDPOTHUBJIEHU-
AM), KackKoj, OJHaKO, yMMeeT BasKHOe
IPEeHMYILECTBO IO CPAaBHEHHIO C IIPOCTEHMINNM YCHUJIHUTENEeM. OJTO
IIPEUMYIIIECTBO COCTOHUT B OMCYMCMEUU C8A3U MexH Ty MmOUKOL 8bi-

Puc. 9.21. Kackog

13-—3423
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xoda (xonnexrop K,) u moukoii 6xoda (6asa B,), Torga Kax B mpo-
cTefillleM yCHMJIWTEJNEe BLIXOAHAs M BXOAHAs TOUKY CBSI3AHBHI depes
emrkocTe C, m conporusnernue r,. Takaa o6paTHas cBA3bL B paAfe
CIy4aeB OCJOXHseT pabory ycuauresneii. B uacTHocTy, OHA IPUBO-
OUT K yBeJIWIEHUIO BXOZHOH eMKOCTH Kackaja (sdhdext Muniepa,
cM. pasdfh. 9.5). IIpu vanuuuy MHAYKTUBHOM COCTABJSIOLIEH B CO-
IPOTUBJEHNM HAarpy3KY TaKad CBsI3b MOXKET HPHBECTH K CaMOBO3-
OY>KIeHHUIO YCHJINTENA, T.e. IpPeBpallleHNI0 ero B regeparopl.

IIpuuuHOil, O KOTOPOIl BBIXOJ M BXOJ B KacKOJe pPa36A3GHbL
IPYr OT Apyra, sIBJAAETCA TO, YTO IPOMEXYyTOYHAA TOUKA CXEeMbl
(6asa B,) HaxOAWUTCA N0/, HEM3MEHHBIM IOTeHIMaNoM E. Benuuuny
E MoskHO cumTaTh Hamps»KeHueM NuTaHus AJs TpaHsuctopa T1. B
TaKOM CJiyuae Harpy3Ko#l 5TOTO TPaH3HCTODa SIBIAETCS BechbMa Ma-
JIoe CONPOTHUBIIEHVE 3MUTTEPHOIO Ilepexofa I,,. 3JHAUUT, TPaH3H-
crop 7'l paboraeT ImpakTHUeCKH B pesKUMe KOPOTKOTO 3aMBIKaHUA
KOJUJIEKTOPHOM 1enti. COOTBETCTBEHHO ero K03(P(hUIMeHT yCuleHus
61130k K HyJsH0, 3(hdeKT Musiepa oTCYyTCTByeT ¥ BXOAHaA eMKOCTh
paBHa NpoxoAHOil emxoctu C ;.

BrixopgHoe HampsrkeHVe KaCKOAA BhI3BIBAET NIPOTeKaHWE TOKa
uepes eMKoCThb C,,. OHAKO 5TOT TOK 3aMbIKAETCA ¢«HA 3eMJII0» 4e-
pe3 MCTOUHUK MOCTOAHHOrO cMeleHuA E U He nomagaeT B KOjJeK-
TOPHYIO Llens TpaH3ucTopa T'1. IlosToMy MeXOy BHIXOAOM M BXO-
OM KacCKOJa OTCYTCTBYeT obpaTHasA CBA3b, & 3HAUUT, ONaCHOCTH ca-
MOBO3GYKAeHUA (CM. 3aMeyaHUs BHIIIE) YCTpaHAETCA HIH IO
KpailHeil Mepe CyIleCTBEHHO yMmeHbIllaeTcd. Bnarogapa Taxkoi oco-
0eHHOCTH KAacKOj HaXOQUT INVPOKOe IpuMeHeHUe B DPE30HAHCHBIX
(KOHTYDHBIX) YCHIUTENIX.

9.9. Brixomnple KackKagbl

3agaua BLHIXOAHBIX KacKagoB — ofecreuuTh 3afaHHyI0 (zocra-
TOYHO DOJILIIYIO) MOIJHOCTS ¥, 3HAYUT, — JOCTATOYHO OOJbINIMEe Ha-
OPSKEHUA U TOKY B Harpyake. KosdbdumuenT ycunennsa Hanpske-
HUSI ABAAETCA AJA BHIXOZHBIX KAacKaj0B BTOPOCTEIEHHBIM IIapa-
merpoM. Ha mepBuIil INTaH BBIABUIAIOTCS TaKue IIapaMeTphi, Kak

1 MagyxTHRHas COCTaBASIOINAs Hen3berkHa, KOrga B KauecTBe HArpy3KH HCIOJIb3Y-
107TCs1 KoJie6aTesbHbIe KOHTYDHI, YTO XapaKTepHO AJj1st H36HpaTeIbHBIX — DE30HAHC-
HbIX ycunurteseii IlosToMy B pesoHaHCHBIX Kackagax IpoGiema pa3ssasKu BBIXOAa
H BXOAA CTOHUT OcoGEHHO OCTpPO



9.9. BrIxoansIe KacKaZbl 387

Ko3gpuyuenm noresnozo deiicmeus (n) u KoapPuyuenm Heruneil
Hbux uckaxcenuit (K, ).

BoIxoagHple KacKagbl OOLIYHO IIOTPeOJISIIOT OCHOBHYIO 4YacTh
MOIIIHOCTH YCHJIATEJA; II03TOMY BBICOKHIT K. . A. o3HauaeT 3ddex-
THBHOE HMCIIOJb30BAHME MCTOUHUKA IMUTAHUA. ITO 0COGEHHO BAYKHO
B HMHTerpajbHbBIX CXeMaX, B KOTODHIX MOIIHOCTH, pacceuBaeMas
KPHCTANIOM, OrpaHMYeHa. UTo KacaeTcs KoadhdunueHTa HeIUHeH-
HbIX UCKa’KeH!H, TO OH XapaKTepeH AJsA BLIXOJHLIX KaCKaZoB IO-
TOMY, YTO IOJYUEeHHEe 3aJaHHOM AOCTATOYHO OOJBINON MOIIHOCTH
IIPH BHICOKOM K.I.J. Heu30e)KHO CBsI3AaHO C MCIOJIb30BAHUEM TaKHUX
TOKOB ¥ HANPAKeHU#, aMIIUTYLbI KOTOPLIX CPaBHMMBI CO 3HAYe-
HUSIMY TIOCTOAHHBIX COCTABJIAIOIIUX.

IIapameTpb! BBIXOAHBIX KacKamoB., KoshdumueHT I0JI€3HOTO
JeHCTBYUA ONpeneNsieTcs: KaK OTHOLIEHNE MOIIHOCTH BbIXOQHOTO CHUTI-
Hajlla K MOIJHOCTH, OTOMpaeMoOil OT MCTOUYHWKA ITMTAHUI:

,n — }éUBbIXm IBBIXm
EIcp ’ (9.73)
ae I mo Upux m — @MIUIATYABI BBIXOJHBIX BEJIHYHH.

TIocKOBpKY K.I.[4. 3aBHCHUT OT BBIXOQHON MOIIHOCTH, IPHUHSITO
TIOHUMAaTh NOX K.II.J. er0o MaKCUMaJpHOEe 3HaUeHUe, COOTBETCTBYIO-
Ijee MaKCHMAaJIbHON BEIXOJHOM MOIIHOCTH.

Kosdpumuent HelMMHEHHBIX MCKAXKeHUH XapaKTepHU3yeT OTJH-
yye (pOpPMsI BLIXOZHOTO CUTHaja oT (GOpMEl BXOZHOr0. JTO OTJINYUE
00yCJIOBJIEHO HEJMHEeNHOCTHIO NTepefaTOuHOM XapaKTepPUCTUKY Kac-
raga (puc. 8.1). Henuneiinble MCKaXXeHUA XapaKTepHEI IIOABJIEHH-
eM B BBIXOJHOM CHI'Hajlé HOBBIX T'apPMOHHK, OTCYTCTBYIOIHX BO
BXomHoM curaaiae. IlosToMy HeJuHeHHble HCKaKeHUs IIPHUHSITO
OLIEHMBATE, 3a/aBasi Ha BXOJe YCUJIUTEJs1 YMCTO CHHYCOUZANbHBLIA
CUTHAJ ¥ BLIUUCAAA (MK U3MepAdA) FaDMOHUKHY, MOSIBUBIINAECT HA
BBIXOJZE.

OHepreTHuecKoOil XapaKTEPUCTHKON HeJNVWHEeHHBIX HCKaKeHHUH
CNYKUAT OTHOIIEHHe CYMMAapHOM MOLIHOCTH BBICIINX TapMOHUK,
HaumHadA co 2-#, K MOIIHOCTH ]-iI rapMOHUKH, YACTOTA KOTOPO
PaBHa YacTOTe BXOJHOTO CHUTrHAaJa.

KoaddummenToM HeMuMHENHBIX HUCKAXKEHUH IPUHATO Ha3LIBATH
KOpeHb KBaJAPAaTHHIA #3 OTHOINEHWS CYMMAapHOM MOIIHOCTH BBI-
CITYX TAapMOHUK Ha BHIXOJE YCUJIUTENA K MOIIHOCTH I-if rapMoOHH-
Ku. Ecau compoTuBieHue HAarpy3KW OZUHAKOBO IJIsA BCEX rapMo-
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HHAK, TO MOIHOCTH IPOIOPIIMOHANBHEI KBAafpaTaM TOKOB HUJIX Ha-
npssxkeanit. Torga kKosdduIMeHT HeJWHeHHBIX HUCKa)KeHHU
3amnuineTcAd B OJHOHM W3 CHEVIOIIUX ABYX dopm:

Ju1z o |su?
Kpgy=+2=1_"" (9.74)
I Uy

rge m —— HOMEp TapMOHHIKHY, HadYuHad co 2-OH.

Honycrumoe sHavyenue Koapdunuenra K, , AMKTYeTCS KOHKDPET-
HbIME TpebOBaHMAMY K TOH WM HHOIH anmaparype. Hampumep,
IIPY BOCIIPOM3BEJeHHM 3BYKa jKeJaTelasHO umers K, . < 2-3%. B
V3MEepHUTeNsHBIX yCTpOHCTBax 3HaueHuda K, | AOMKHEI ObITh Cylle-
CTBEHHO MEHBIIIE.

Ananutuyeckaa OIeHKa HeJMUHeHHBIX HCKa)KeHHH BO3MOYKHA
TOJILKO TOTJa, KOTja IepefaTovHas XapaKTepUCTHKA 3aqaHa B BUAe
MareMaTuuecKod dyukmun. Yame xospbuLUEeHT HeIUHEHHBIX HC-
Ka)KeHUi# omeHuBalOT rpaduuecku (II0 M3BeCTHOI IlepelaTOYHOU
XapaKTepHUCTUKE) MU IKCIEPUMEHTANIHHO (C MCIONB30BAHUEM CIIe-
OYaNbHBIX U3MEPHUTEJIbHBIX IPUGOPOB).

Knacest ycurenns. B 3aBuCHMOCTH OT TOro, KaK PacHoIOXKeHa
Ha TepefaTOYHOM XapaxkTepHucTHKe mcxogHas pabouas Touka (TOu-
Ka TOKO0s:A), PasiiuyaloT HeCKOJNBKO KJaacco8 ycuaenus: A, B, AB u
Ap. IJTH KJacchl PpAa3MuYalTCsa MaKCHUMAaJbHBIMH 3HAYEHUAMU
K.I.J. ¥ BeIHYWHAMH HeJUHEHHBIX HCKaKeHWH.

Kanacc A xapakrepeH TeMm, UYTO pabouad TOUKa B pe)KUMe IOKOS
pacmosoKeHa B CepefVHe KBasMJIMHENHOIO y4HaCTKa IepeJaTOUYHOM
xapakrepucTuxu (puc. 9.22). OueBugHO, YTO HeJMUHEHHBIe MCKaXe-
HUA B 9TOM Cjaydae OyAyT MUHUMAJIBHBIMY, TaK Kak 00e IOMyBOJIHBI
BXOJZHOTQ CHTHAJIa YKJIAALIBAIOTCA B Ipefesbl KBa3UINHENHOTO yua-
cTka. Yro KacaeTcss MakCHUMAaJbHOrO K.I.J., TO OH IIOJNY4YaeTcsd M3
dopmyasnr (9.73), eciu nOACTABUTEH B Hee MaKCUMaJbHble 3HAUYCHUA
aMnauTy[ HAIpsDKeHVA M TOKa, COOTBETCTBYIOLIVIe IDaHHUIIAM KBa-
3UJIWHEWHOTO yYacTKa:

= . = JO — .
UBbem - }é Ex’ Inmxm =J"= Icps
TOorza

N = 1/4 (T.e. 25 %). (9.75)
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IIpn ucnosnb3oBaHMM TpaHCGOPMATOPHOI CBA3M TPAH3MCTOPA C Ha-
rpysKoil MaKCHUMaJbHBIH K.IL.J. yABauBaerca: 1, = 50 %. Opxnaxo B UH-
TerpajbHBIX CXeMaX MCIOJb30BaHMe TPaHC(QOPMATOPOB (B KAayeCcTBe Ha-
BECHEBIX KOMIIOHEHTOB) HeKeJaTeNbHO.

UBHX UBHX”! IBLIX
| - Unnix
|
|
E, | ;
|
|
| — —
+ 0
! 0 ? Unx
s

a)

Pac. 9.22. PexxuM kiacca A. Pacuer BHXOZHBIX HampsskeHMs (@) m Tora (6).

Knacc B xapakTepeH TeM, 4To pabodad TOUKA B pexHMe IOKOA
pacnosioykeHa Ha rpaHHIe KBasuMJIMHEHHOro yJacTKa, & HMeHHO, Ha
TOH, KOTOpas COOTBETCTBYeT 3allepTOMY COCTOAHWIO TPAaH3UCTOpa
(puc. 9.23). AcHO, YTO B 3TOM cJiy4ae YCHJIMBAIOTCA TOJBKO II0JIO-
JKUTeNbHble IIONYBOJHEI BXORZHOTO curHana. lloaromy BEIXogHOE
Hanps)keHVe OKa3bIBaeTCsd CYIIeCTBeHHO HeCHHYCOMAAJILHBIM, T.e.
COLepKHUT GOJIbIIIOe YKCJIO BHICINMX IAaPDMOHUK. AHaJu3 IIOKa3biBa-
eT, 4TO K03(PUINeHT HeJUHEeHHbIX MCKaXXeHUH B Kiacce B Hesa-

Usax I U " ] S-
— i
L Upnix —-/— .n )

[\
Al

Puc. 9.23. Peskum xiacca B. PacueT BLIXOAHBIX Hamnpsi>keHHS (@) ¥ Toka (6).
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BHCHMO OT aMILIUTYObI CUTHA/a cocTapjsaeT okoso 70 %, uro, Ko-
He4YHO, Hempuemyaemo. IlosToMy B TakoM mpocreHiiieM BapHaHTe
KJjacc B sHe mcnoiansyercs.

Insa xnacca B xapakTepHa Tak Ha3biBaeMas G6YyxXmaxKmHas cxe-
Ma, COCTOAIIAs U3 ABYX YCHUIUTENeH, OQUH M3 KOTOPHIX YCUIUBAET
IOJIOXKHUTENBHYI0 IOJYBOJHY CUTHaNa, a JPyroil — OTPULIATENb-
Hy!0. B Harpyske 8T¥ IOJIyBOJHLI CKJIAALIBAIOTCA ¥ 00pasyioT moJ-
HY1I0 cuaycouny (puc. 9.24). Yrobbl YCHIUTH OTpULIATENbLHEIE IOV~
BOJIHBI, HY>KHO JU00 BKJIIOYUTHL Ha BXof ycuiauread 2 ¢basouHsepc-
HbIA sjeMeHT (HampuMmep, TpaHchopmaTop), nubo HCIIONL30OBATE B
ycunuresle 2 TPaH3WUCTOP APYroro THINla IIPOBOZMMOCTH (p—n—p).
IIpumeps1 peanmusamyuy JBYXTAaKTHOM CXeMbl IpHMBeZeHBI HUJKE.

+E, Kosdbdunuenr nonesmoro gercr-

Upx I, y BUA ABYXTAKTHOII cxeMel Kiacca B
lbOD' l AN MOXKHO OILIeHUTH, MCXOAA M3 TOTO,

1 t YTO MOIJHOCThL, pacceuBaeMas B

Brox| u ] - Ka)KA0# U3 ee TIOJOBHH, OJWHAKO-
o—4 N Buxon " Ba. CiemoBaTeabHO, OCTATOYHO
‘% PacCUMTaTh MOLIHOCTh B TeUeHUe

2 R, opsoro moaymepuopa. [js 3Toro B

lllqu dopmyny (9.73) Hy»KHO OACTABHTE

"2 Upx m = Ex (cm. puc. 9.23, a),

~Ey E=E, ul,=(2/n)],, , (cpeauee

Prc. 9.24. Tipusnun geficrsus  SHAUEHHE CHHYCOHMJANBHOTO TOKA
ABYXTAKTHOTO yCUJIHTENS 3a IOJOBHMHY II€pHOJa, CM. pHC.

9.23, 6). Torma MaxkCHUMaJbHBIR
K.II.A. IPHHUMAaeT cleayloigee 3HadYeHue:

Ny = /4 (.e. 78%). (9.76)

3uauur, ecny, HalpuUMep, YCHUJIUTE b BHINIOJHEH Ha Kpucralie,
cnocobHOM pacceaTs moinHocTh 300 mBTr, TO B Harpyske MOXXHO
BBIJENHUTEL I0JE3HYI0 MOIIHOCTH Gomee 1 Br.

Ilox xnaccom AB NOH¥MMAIOT INPOMEXYTOUHBIH CHy4all MeKAy
Kaaccamu A u B: ucxopnasa paGouas TOUKa JIEXKUT He Ha IDaAHUIE
OTCEUKH, a B O0JIaCTH NPAMBIX CMEIeHUH 3MUTTePHOIO Iepexoja,
HO IIpY TOKAaX, 3HAYHUTEJHHO MEHbBINUX, ueM B Kiacce A (Ipumep
OymeT IpuUBelJeH HUXe).

CxeMsbI BRIXOOHBIX KacKanos. B MUKpPO3IeKTpOHUKe Kjaacc A He
HCIIOJIBL3YEeTCsI M3-3a HU3KOro K.m.n. Hawmbosee monyasapHBI OBYX-
TaKTHBIE YCHAUTENH KJaccos B u AB.
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Ha puc. 9.25,a nokasaHa mnpocreiiiiasd ABYXTAaKTHAA CcXeMa
KJacca B, BrITIOJIHEHHasa Ha KOMIIEMeHTapHEIX TpaH3ucTopax. Ha-
rpyska BKJIOYeHA B SMUTTEPHYIO Ilellb TPaH3NUCTOPOB; CIeJOBaTeNb-
HO, OHH paboTaloT B pe’KHUMe IOBTODUTeJNeil HampsKeHus. Y Ccuie-
HHe MOIIJHOCTH OOYCJIOBJI€HO YCHJIeHUEM TOKa.

+E

£ Ial I‘

BBIX

a) 0)

Puc. 9.25. Cxema (a) u nepezaTouHble XapakTepucTHkH (6) ABYXTaKTHOrO
YCHINTENsl KJaacca B Ha KOMIIEMEHTapHMX TPaH3HCTOpax

B pexxuMe nokosa ob6a TpaH3UCTOpPA 3amepThl, HOCKOJLKY HaIpsi-
JKeHHMdA Ha SMHUTTEPHBIX IepeXojax paBHBI HYJNIO. Bo BpeMs moso-
JKUTEJBbHO II0JIYBOJHEI BXOAHOI'O CUTHAJA OTKPAIT N—p—n-TPaH3H-
crop T'1, TOK depes HATDY3KY IPOTEKAaeT IO LITPUXOBOI cTpeinke I.
Bo BpeMs oTpHIATENBHOH HOJYBOJIHBLI OTKPBIT p—Nn—pP-TPAaH3UCTOD
T2 ¥ TOK mpoTeKaeT IO IITPuUXoBoi crTpenke 2. Takum obGpasom,
BHIXOJHOH CHUTHAJ ABYNOAAPHBHIHM, KaK U BXogHoil. Kosddpunuenr
yCHUJIeHUA MOIIHOCTH GJIM30K K OTHOIIIEHUIO SMUTTEPHOrO ¥ 6a30B0-
ro ToxkoB, T.e. K B + 1.

K cokanenuio, TakoH HPOCTON cXeMe CBOHCTBEeHHH! CPaBHUTENb-
HO Gosblline HeMMHeHHEIe UCKaKeHusaA. X IpuyuHAa CBs3aHa ¢ Ha-
JIAYMeM <«IATKH» Ha BXogHo# BAX KpeMHWEBHIX TPaH3UCTODPOB.
DopMy BBIXOZHOT'O CHTHAJIA JIETKO IOJyYUTH IpadHUUecKH C IIOMO-
LMIbI0 TAK HASBIBAEMEIX COBMEULEHHbIX nepefamounbix xapaxKmepu
cmuk (puc. 9.25, 6). Ha stux xapakTepucTukax Kpusas I cooTBeT-
creyer Tpansuctopy T'1l, a kpusas 2 — rtpansucropy T72. Kak su-
OUM, JIATEILHOCTH HOJIOKHUTEILHON M OTPHUIaTeNbHOH IOJYBOJH
Ha BBIXOAEe MeHbIIE IIONYIIEePHOAad, ¥ 3TH IOJYBOJHBI OTHEJCHBI
APYT OT Opyra HebONBINMMH TOPH3OHTAILHBIMH Yy4UacTKaMu (He
YCHIMBAeMble YaCTH NOJYCHUHYCOUJ, 3aimuTpuxosBaHbl). OueBupHO,
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4T0 Takue MCKa'keHusa OyAyT OcoOGeHHO CYIIeCTBeHHEB! DY MaJbIX
BXOZHBIX CHTHAJaX C aMITUTYAOM, CPaBHMMOIA ¢ HampskeHueM U~.

Ina ycTpaHeHVs OTMEYeHHOTO HEeJOCTATKA YCUINUTENb HeCKOJb-
KO YCJOKHAIOT, BBOJAA pasgeibHbie (MHAUBUAYANbHBIE) CMeIlleHUA
Ha 0assl TPaH3UCTOPOB C IIOMOIIBIO CXEMEI CABWUTa YPOBHA
(puc. 9.26, a). CoeMel[eHHEIEe XapaKTEePUCTUKY AJS 3TOr0 BapuaH-
Ta moKasaHH Ha puc. 9.26, 6. B faHHOM ciy4yae MCHONB3yeTCS pe-

KuM Kjaacca AB.

Ial 1

ur -
I BBIX

1] 0 t
T

— Unx
= | Lx UL
2 ‘5*

132

)

Puc. 9.26. Cxema (a) M mepefaTOYHbIe XapaKTEPHCTHKH (6) ABYXTAKTHOIC
yewinTtenas knacca AB Ha KOMINIeMeHTapHBIX TPaH3HCTOPax

IlockoNbKy mapaMeTphl MHTerpajdbHBIX n—p—n- U p—~n—p-TpaH-
3MCTOPOB 3HAUUTEJNBHO Pa3jIMvyalOTCA, B KayeCTBe TpaH3ucTopa 72

Puc. 9.27. [ByXTaxkTHBIH
ycuianTenab Kiaacca AB Ha
TPaH3HUCTOPaxX OZHOTO THIA

Ha puc. 9.25 1 9.26 yacTo HCHOJB3YIOT
cocTaBHOM p—n—p-rpaHsucrop (puc. 9.2).
310 cr10coBCTBYET CUMMETPHM BLIXOJHOTO
KacKafla M YMeHbLIeHHI0 HeJHHEeHHBIX
HCKa’KeHUH.

Ecny mo temM uam MHBIM IpUYMHAM
BBIXOJHOM KacKaja HY>KHO CTPOMTH Ha Ofi-
HOTUNHHIX (HEe KOMILJIEMEHTAPDHBIX) TPaH-
3UCTOpax, ¢XeMa KaCcKaJa BBITJIASUT MHa-
ye (puc. 9.27). 3necs Tpamsucrop T1 or-
KPBIT B TedeHUe 000MX IOJNyIllepuogoB. B
pe’KUMe IIOKOA TOK [ 31 ¥ COIPOTHBIIEHUE
R, BribuparoTca TaK, YTOOBL! IOTEHIINAJ
KOJLIeKTOopa Ugl Opln paBeH HyJo. Ilpu
atoM guog J u tpansuctop I'2 3amepTsl;
TOK B Harpyske OTCYTCTByeT.
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Bo Bpemsi mono)kuTeNBHONR IOJYBOJHBEI BXOZHOTO CHUTHAJa IIO-
TeHnuan U, nagaer, oTKpLIBaeTca Au0J [, u dYepe3 HarpyskKy npo-
TeKaeT TOK IO INITPUXOBO¥ crpenke I. Tpausucrop T2 ocraercsa 3a-
IepThIM, TaK KaK NpAMoe HampsskeHwe U’ Ha guofe co3jgaeT Ha
SMUTTEPHOM Ilepexofe obpaTHOe cMeleHUe (CM. 3HAKHU «+» # «—»
Ge3 ckoGok). Bo Bpems oTpHIaTEbHOMN IONYBOIHEI moTeRnuan U, 4
TIOBBINIAETCA, OTIHUPAeTCs TpaH3ucTop T2, ¥ TOK yepe3d HarpyskKy
IIpoTeKaeT o IITPuxoBOi cTpenke 2. I[Ipu aTom awox sameprT, Tak
KaK IpAMoe HaupsxeHue U  Ha 3MHTTEDHOM Ilepexoje CO3JaeT Ha
guoge obparHoe cMeleHMe (CM. 3HaKM «+» M «—» B CKOGKax).

Hna Toro utobs1 oTKpLICA Avox /] (ooXKUTeNbHAS TI0JIyBOJIHA)
uiu tpaHsucrop T2 (oTpuiaTeqbHas NOJYyBONHa), moreHmuman U,
IOJDKEeH M3MeHHThCA Ha Bequuuay £U” 1mo cpaBHeHMIO ¢ IIOTeHIua-
JIOM NOKOsA. 3Ha4YWUT, MUHUMAJIBbHAA aMIJIUTyfa BXOAHOrO CHTIHAJIA,
Ha KOTOPYI0O pearnpyeTr NAHHBINA YCHJINTENb, COCTABJIAET

U*/K,

rge K — xoappunuenTt ycunenus Kackajga Ha TpaHsucrope T'l. Ko-
3¢ PULIHUEeHT yCuIeHNA MOXKeET OBITh JOCTATOYHO GOJIBINUM, IIO3TOMY
O6GBIYHO HET HeOOXOOUMOCTH MCIIONb30BaTh Kiaacc AB, T.e. BBOgUTE
JOIOJIHWTEJIbHBIE CMeIeHMA NOogOOHO TOMYy, Kak 3To OBLIO Ha
puc. 9.26.

OueBuAHO, UTO HOJIYROJIHBI HAIPAXKEHUA Ha Harpyske OyAyT
OZUHAKOBEIMY TOJBKO B TOM CjIy4ae, eciu OyAyT OQUHAKOBLIMU KO-
3 duIMeHTH yCUIeHUA IOJOMXKUTENLHOI0 U OTPUIATEJLHOT'O BXOM-
Horo curHaja. [Ipy moaoxuTeIHbHOM CUTHAJEe KO3dhdHUIUeHT yCue-
Hua K* nponopnuoHaneH conmpoTHB/eHHI0 R,, KOTOpPoe B 3TOM IIO-
Jyuepnofe ABAAETCA KOJJISKTOPHOK Harpyskoi Tpansucropa T1.
IIpu orpunarensHOM cUrHajte Kospdunuent ycuneHusa K- nponop-
IMOHAJICH conpoTusaeHn0 R, (TpaHsucTop T2 B 3TOM noJynepuosge
BBITIOJNHsET QYHKUHUIO SMUTTEPHOTO nosTopuTe). CiaenosareabHo,
paBeHcTeo K+ = K~ tpeGyer BRImONHeHuA paBeHcTBa R, = R,.

HepocraTkoM CxeMBI ABJdeTCA TO, UTO U3MeHeHUe COIIPOTHBJIE-
HuA R, cONPOBOKAaeTCA H3MeHEeHHEM aMIUIMTYABI OTPUIIATEIbHOH
IOJIYBOJIHBI BBIXOZHOTO HamlpfkKeHVs (KOrjga TOK HarpyskH IpoTe-
KaeT IIo cTpeske 1), IOCKOJbKY IIPH 3TOM HU3MeHsETCsS KOa(pPuiu-
entr ycunenus Kt. YroOsr u3bexaTh 3TOro HEAOCTATKA, CXEMY HYX-
HO JONIOJHUTH Gy(epHHIM HOBTOPUTEJIEM.
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9.10. Cratuan3aTopsbl HAIPSIKeHUT

CrabunusaTopsl HANIPSUKEeHUA HEOOXOOUMEI IIpEeXXae Bcero B Ka-
yecTBe UCTOUHUKOB nuraHusa MC. IIpumepoM MOTYT CHY>KUTH YCH-
JIUTENY IOCTOSHHOFO TOKA, B KOTODPBIX, IIpY IUTaHUU OT HecTabu-
NW3UPOBAHHBIX MCTOYHUKOB, CYIECTBEHHOe 3HaueHue npuobperaer
OR¥H W3 KOMIOHeHTOB papeitda (cM. pasza. 9.3). Kpome Toro, mpo-
creitine cTabMIn3aToOphl HANPAXKEHUWs IIMPOKO HCHOJB3YIOTCA B
KavecTBe MCTOYHMKOB CMelleHVsA BO MHOTMX aHAJIOTOBHIX CXeMaX,
B TOM YHCJe B ONEPAIMOHHBIX YCHUJIUTENAX.

Ilapamerpsl crabumusaTopos. Ha ckeserHO cxeme (puc. 9.28)
BesuunHa U; — HecTaOUIM3UpOBaHHOEe (BXOAHOE), a BeJMYMHA
U, — crabunusupoBanHOe (BBIXORHOe) HanpsxxeHwme; [; u I, —
BXOAHOM M BRIXOZHOM TOKM crabuiausaropa; R, = U,/I, — compo-
THUBJIEHVIE HATPY3KH.

I I, KoneuHo, BEIXOQHOE HaIpsKe-
:’ et 0 Hue crabuamsaropa He MOXKeT OBITH
U, U, R, abcomorHO crabuasusim. IIpupame-
- - HuA AU, Malsl (T.e. JeXKaT B JOIyC-
TUMBIX IIpefesax), HO BCe >Ke 3aBU-
Pac. 9.28. CrenerHass cxeMa CAT OT NPHMpPAINeHUH BXOJHOTO Ha-
cTabHAN3aTOpa HanpsLKeHHSa OpA»KeHNsdaA H  BBIXOOQHOTO TOKal.
IlosToMy 3amuilieM OTHOCHUTEJLHYIO
HecTabUIBHOCTH BHIXOAHOTO HANIPSIXKEHUs B BUe CyMMbI ABYX cJa-
raeMsIx:

AU, AUy .\ AUj
u, U, U’

9.77)

rfe neppoe ciaraeMoe 00yCJOBJIEHO HecTaOMIbHOCTLI0 BXOZHOTO
HaIPsXKEeHUA, & BTOPOe — HEeCTabuAbHOCTLIO BHIXOQHOTO TOKA.
CocraBiAioniue OTHOCUTENBHOII HeCTaOWMJIHHOCTH IPUHATO BEHI-
paskaTh uepe3 ABa OCHOBHBIX IlapaMeTpa CTa0MIU3aTOPOB — K0IPH-
Quyuenm cmabunusayuu u 6btxo0HOe conpomusﬂeuuezz

1 IIomuMO aTHX 3aBHCHMOCTeH, HMeeT MeCTO TeMIIepATYpPHHBIH K BpeMeHHOH Apeid
BBIXOJHOTO HaIIPSAKeHNsd, aHaJIOTHYHEBIN Apeidy B YCHAHTENAX IOCTOSHHOIO TOKA
(cm. paszg. 9.3). IToT THI HeCTaGHJILHOCTH AaJjee He pACCMATPHBAETCH.

2 3max muHYC B npaBoit yactu (9.786) o3Hauaer, YTO yBeJUUYEHHE BBIXOZHOTO TOKA
(AI,>0) conposoxgaercd ymeHbIIeHHEM BhIXOZHOI0 Hanpsxenua (AU,< 0).
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AUy 1 AU,

U, K. U, (9.78a)
AU, Al
=-R,,, —Z%.

7, ix 77 (9.786)

W3 peiparkenus (9.78a) caegyer, uro kKosthdunuert crabuansa-
MU OIpefesseTca CIeAYIOUM o0paszoM:

_U; AU,
eT 79 avr
U, AU, (9.79)
(upu 5ToM TOK [, cCUMTaeTCA MOCTOAHHEBIM). UTO KacaeTcs BEIXOJXHO-
I'0 CONPOTHBJIEHUA, TO OHO ONpefesieTca OOIuM BRIpakeHueM (CM.
pasg. 9.3):

By = (Upn)xx/ Upsixdxs: (9.80)

IIpu ucnonssopanuu (9.80) Hy)KHO TpeacTaBUTh CcTabUIM3aTOD
MAaJIOCHTHANBHOM 3KBHUBaJEHTHOM cxemoH. flcHO, UTO KauecTBO cTa-
funu3aTopa TeM BHIIie, ueM Gosbine Ko3ddunyent crabunusanuu
¥ UYeM MeHbllle BLIXOZHOE COIIPOTHUBJIEHUE.

Auopuste crabuiamsartopsl. IIpoereiiimasa cxema ZUOLHOTO CTa-
0uniusaTopa C HCHOJb30BAHHMEM MCTOUYHMKA TOKA ¥ KPEeMHUEBOTO
cTabuauTpoHa MoKasaHa Ha puc. 9.29, a. Ha puc. 9.29, 6 nmokasa-
Ha MaJIoCUTHa/JbHaA 9KBUBaJIeHTHas1 cxema. M3 pucyHka ciaenyer,
YTO BRIXOJAHOE HANPAXKeHUE OIpefelaeTca HOMUHAJIbLHBIM Hanp:d-
xenuem crabunurpona: Uy = U,. O6sruno U, > 5-6 B npu naBun-
HoM mpoGoe u U, = 2-5 B mnpu TyHHenbHOM mpoGoe (cM.
pa3xg. 3.2).

Puc. 9.29. Ouonaslii cTaGUIN3ATOD C HCMOJIb30OBaHHEM CTa0MIHTDOHA
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Ilockoneky TOK I, 3ajaH, yBeJIMueHHNe BBEIXOJHOTO TOKA COIPO-
BOXKJAaeTCA YMEHbIIEHNeM TOKa Auoja. IIpy KOpOTKOM 3aMbIKaHUU
BBIXOAHBIX 3aKUMOB (R, = 0) nonyuaem: I, = 0, T.e. AUOAHBIA CTa-
6unusaTop «He GOMTCA» KOPOTKUX 3aMBIKAHUI Ha BBIXOAe. ITa
0COOGEHHOCT: CBOMCTBEHHA BCeM CTa0MIM3aTropaM napaniefvHozo
muna, y KOTODPHIX PeryJupyIOLIUil 3JIeMeHT BKJIOUeH IapaljieIbHO
Harpyske.

BrixogHOe COmpOTUBIeHWe ZUOAHOrO cTabunamsaTopa COrJacHO
(9.80) pasnO

Ryux = I'y " R; = ry. (9.81)

3unavenue r, o6pr4HO cocrasisger 10-20 OM npu HOMHHAIBHOM
ToKe 5—10 MA ¥ HeCKOJLKO BO3pacTaeT C yMEHBIIEHHEM TOKa.

Kosddunuent crabunusanuy B caydae HLeaJbHOTO MCTOUHHKA
ToKa (R, = ) oxaswiBaeTcA 0eCKOHEeUHO GONBIIMM, IOCKONBKY B
3TOM cJlydae M3MEHEeHHUA BXOJHOTo HampskeHHs AU, HM B KaKoH
CTeIleHM He IlepefaloTca Ha BhIXoh. Ilpm koHeuHOM 3HaueHmMH R,
npupamerusa AU, u AU, cBAsaHbI K03¢hGUIIMeHTOM IIepeJain pesu-
CTMBHOIO JeJuTeNsd Hanpsaskenua (puc. 9.29, 6):

r T,
AUy = AU, —5— ~ AU, &
R, +1, R;

ITopcrasnas ornomenune AU,/AU, B Bripaxkerue (9.79), noayua-
eM
_U; R,

Kop = .
=T, T (9.82)

Hanpuwmep, ecim Uy/U, = 0,8; R, = 50 xOm u r, = 10 Om, TO
K_. = 4000.

Taxoe sHaueHUe KO3()(PULIMeHTa CTACUIV3AIUY BIIOJIHE IIpHeMJIe-
MO B OosbIIMHCTBe caydaeB. I'1aBHyI0 ke IpobieMy Ipeacrasiser
CpaBHUTENLHO 0OJIBINIOEe BHEIXORHOE COIPOTHBJIEHWE CTAGHIN3ATODA.

BMmecto crabunurpona (r.e. gumoga, paboTaioliero B peKuMe
npo00s) MOKHO HMCIIOJNL30BATh AUOL, paboTalomuii B peskuMe IpA-
moro Toka (puc. 9.30). B sTroM ciaydae BLIXOQHOE HATIpsAKEHHE
U, = U*, a BLIXOAHOE CONPOTHBIEHUE

Ryx = Iy = ((PT/IA) + rg, (9.83)
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The mepBoe cjaraemMoe ecTh gudde-
peHIalbHOEe COIPOTHBJIEHUE Iepe-
Xoja, a BTOpoe — COIPOTHBJEHYE
f6asoBoro cijosa. C pocToM Toka Ha-
TPy3K¥ TOK I, yMeHbIUAercs ¥ BhHI-
XOJHOE COIIPOTHBJEHUE CYyLieCTBEH-
HO Boa3pacTaeT. MuHMMAalIbHOE 3Ha- Puc. 9.30. Juoxemit crabunusaTop
yenue R, ., COOTBETCTBYET PEXUMY ¢ HCHONb3OBAHHEM IPAMOTO
xosocroro xoxa (I, = 0), HO B JI0- BKJIOREHAS AHOAA
0oM ciydae OHO OIPaHMYEHO 3Haue-
HUeM rg (06bIuHO He MeHee 2—5 Om).

Kosddunuent crabunusamuy MIOAYUYuUM, HoacTapisaa B (9.82)
BeqwumuHy I, u3 (9.83) u U, = U™

*

K =U__1_2_1__
AT (9.84)

Hanpuwmep, ectu R, = 50 xOm, I, = 1 MA, rs=50mu U, = 5B, T0
K, ~220 u R, = 30 Om.

IIo cpaBHEHUIO C TIapamMeTpaM¥ NpPeAbIAYINeil cXeMbl BHIXOJHOE
CONPOTHUBJEHYE NONYINJIOoCch B 3 pasa Oosbime, a KodhPUMUEHT cTa-
6unusamuu B 20 pa3 MeHbIIe.

B ob0enx pacCMOTPEHHBIX CXeMax BMECTO
VCTOYHHKA TOKA MOXXHO HCHOJB30BATh PE3U-
CTOpP, KOTODHIM HA3BIBAIOT  OAAIACTMHbIM
(puc. 9.31). BrixogHoe compoTuBJIeHUE B 3TOM
BApHAHTe INPAKTHYECKU He OTIUYAETCA OT
NpeLIAYINTX, HO Ko3ddumment crabmimusa-
uuy uMeeT csowo crnenuduky. Ona obyciosie-
Ha TeM, UTO B JAHHOM CJIy4Yae BXOJHOE ¥ BbI-
XOZHOE HANPSKeHHe CBA3aHbi APYT C ADYTOM:

Ul = Uz + IlRO'

Puc. 9.31. Xuoauni
crabunusarop ¢ GalNacTHBIM
pe3nucTopoM

IToacrasiasaa aro sHaueHue U, B (9.82) u samenaa R, Ha R, noryyaem:
Us Ry

K, =_—2 "0
“  Uy+LiRy 1y

(9.85a)

Kax BUAuM, C yBeJWdYeHueM CONpPoTHBIeHuA R, KoadduumeHT cradu-
NU3AUYKA JAHHOH CXeMBI, B OTJNY¥E OT NPeAbIAVINUX, CTPEMHUTCA K Ipe-
JeJbHOH BeauuuHe:

Ko vare = Un/Ii7,e (9.856)
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Ilycts snauenusa U, u r, Takue Ke, KaK ¥ B peAbigyuieM npumepe (0,7
B u 30 Om), u nyets I; = 2 MA. Torga K, ,ac 12, T.e. HeCpaBHEHHO Me-
Hbllle, YeM IIPW HCIIOJb30BAHHK HCTOYHHUKA TOKA.

TemneparypHas 4yBCTBUTEAbHOCTH BHIXOJHOTO HANPIKEHHUS Y
OUONHBIX CTabHIM3AaTOPOB ONpeJeNsieTCsa TeMIepaTypHOil YyBCTBH-
TeJILHOCTBIO AUOZOB. KoMOMHUDPYs cTabUIUTPOHEBI, paboTailiue B
peskume JaBuHHOrO npobos (v xoropsix TKH > 0) ¢ guogamu, pa-
Gorarorumu pu npsimoMm cmemeHuu (y koropeix THH < 0), moxk-
HO 0feclHeYuTs TeMIePaTypPHYIO 4yBCTBUTENbHOCTL A0 0,01% /°C n
MeHee.

TpansucTropHsie cTadmianzaTopsl. IIpurnunuansHas cxema Ipo-
CTeIero TPaH3UCTOPHOTO CTabUIM3aTOPa HAIPAXKEHHA INOKazaHa
Ha puc. 9.32, a, a ero MaJoCUTHaJNbHAaA 3KBHBAJEHTHAA cXeMa —
Ha puc. 9.32, 6. CrabuiusaTop uMeeT CTPYKTYPY 3MHUTTEPHOTO IIO-
BTOpHTeJIsA: HATPY3Ka BKJIOUEHA B I[eNlb 3MUTTepa, a Ha 6asy Bmec-
TO IePEeMEHHOTO CUTHAJIa IOAAHO ITOCTOAHHOE OLOPHOE HANPAJeHUe
U,y HCTOUHVMKOM OIIODHOTO HANpPSXKeHHMA OOBIYHO CIYXKHUT ZHUOA-
HBI cTabuimusaTop.

Puc. 9.32. Ilpunnunuansyas (@) ¥ sKsuBajieHTHaA (6) cxeMbl TPaH3HCTOPHOI'O
cTabUaH3aTOpa Ha OCHOBE 3MUTTEPHOrO IOBTODHTEJ

W3 pucynka caeayer: Uy, = U — U*, T.e. BHIXOQHOE HAIpPKe-
HYe OIpejesdeTCcA 3HaYeHUEM OINOPHOro HalpsiKeHHd.

Ecnn npenebpeus 6a30BBIM TOKOM, TO BXOZHOI U BBIXOJHOM TOKH
IpPaKTHYeCKH oguHaKoBh: I, = [,. CiegoBarensHo, yBeIuIeHUE TOKA
HArpys3KH BJIeueT TaKoe JKe yBeJuueHHe KOJIJIEKTOPHOTO TOKa U TeM
CaMbBIM — MOIIIHOCTH, paccemBaeMoit B Tpauaucrope. OueBUAHO, UTO
KOPOTKOe 3aMpIKaHVe Ha BbIXOJAE HeJOIYyCTHMO, TaK KaK IPUBOJUT
K Ieperpyske TPaH3HUCTOpPA. JTOT BBIBOJ OTHOCHTCS KO BceM cTabu-
JIM3aTOpaM N0Ced08amensHoz0 MUna, y KOTOPHIX PeryJupyIOIInil
3JIeMEHT BKJIIOYEH IIOCJIeNOBATENbHO C Harpyskoi. Bo maberxanue
TIeperpy3Ky MOIHbIE CTabMIM3aTOPsI IMOCJIEJOBATENBHOTO THIA
cHAOIKAIOT CIleIUAaIbHOM CHCTEMOI 3allluThl.
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Brixoanoe compoTuBJeHMe JaHHOro crabuamsaropa Takoe ke,
KaK y 9MHUTTEPHOrO IIOBTOPUTENA. ¥ YUTHIBAA, YTO POJbL COIPOTHB-
neHus R, wrpaer Masoe CONPOTHBJIEHHME ONODHOTO 3JIeMEHTa I,
MOYKHO IIPMHATL BhipakeHue (9.64):

Ryyx = 75 (9.86)

OTcrona ciegyeT, YTO BBIXOZHOE COIPOTHUBJIEHNE PACTET C YMEHb-
IIeHueM TOKAa M II0 Mepe NPpUBIIKEeHUA K PEe)KUMY XOJOCTOTr0 X0Za
MOJKET JOCTHUraTh HeIlpHeMJIeMbIX 3HadyeHUi. YTOObI CraaguTh 3a-
BHCHMOCTL BBIXOJHOI'O COIPOTHBJIEHVA OT TOKA HAUPY3KH, MOXKHO
BKJIIOUHUTEH NIapajiebHO Harpys3ke (40 BBIXOLHBLIX 3a’KHMMOB) IOCTO-
SHHBIM IOYHT. OTOT IIYHT OOECIHEeYUT HEKOTOPHIA OCTATOUHBIM
3MHTTEPHBIN TOK Aa)ke TIpH XojocToMm xope (T.e. mpum I, = 0).

Ecnu nmpemebpeus CONPOTHUBIIEHVEM KOJJIEKTOPHOTO Iepexofa,
T.e. IOJIOXUTH I, = %, TO npupamenus AU, ne 6yayT NIpoHuKATE B
0a30ByI0 ¥ 9MUTTEpPHYIO IeIX TPAH3HUCTOPA, IMOCKOJBLKY B KOJIJIEK-
TOPHOI IIeNTY HaXOZUTCH UAeaIbHbIN UCTOYHUK ToKa (puc. 9.32, 6).
B sToM cayuae K, = .

C yueToM conpoTuBIeHUA I, IPHUPAIEHYe BLIXOLHOTO HaNpsKe-
Hua AU, B sapucumocty OoT AU, MOKHO 3ammcarh B BHAE CIEAYIO-
IUX cooTHomrenwuit (puc. 9.32, 6):

R
AUz =AU6:'—L=AU6:;
H +r3
+
AUg =AU, —6 " Ton Ay, T6 *Tou
Tk +r6 + Ton 4

rae B IPaBBIX YaCTSIX CTOAT KO3(hGUIMEHTHI Ilepefaynd COOTBETCT-
BYIOIIIUX PE3UCTHUBHBLIX AeNuTeleil HalpssKeHUA.

Ilopcrasnaa oraomenue AU,/AU, B (9.79), monyuaem xosbdu-
IHUEeHT cTabuausanuu:

U T
Kp=22_Tx
cr U, rg + o (9.87)

Ilycrs, manpumep, U,/U; = 0,8; r, = 250 xOm; ry = 150 Owm;
Ton = 20 Om. Torpa K = 1200.

1 Hcrousuk ToKa oAl, cunTaerca GesgefcTsylomum (OTCYTCTBYIOINHMM), TaK Kak
npupawjese Al, 3aBeOMO o4eHb MaJo (mocKoabKy U, =~ const)
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Taxum obpasom, npocmoit 0GHOMPAHIUCMOPHYBLL CMAGUAUIAMOD
obecnexusaem G0CMaMOUHO 8bICOKULL KOIPPuyuenm cmaburu3ayuy,
HO He nozgorfem KapouHaabHO Peulltmb npobaemy YMeHbULeHUA 6bl
x00H020 conpomuéaenus. CoBpeMeHHOe pellleHue 3TOH IpobseMsl ¢
HCIIOJIL30BAHYEM OIIEPAIIMIOHHOT0 VCUIINTEN PacCMOTPero B ri. 10.

9.11. CraéuanzaTopsl TOKa

Briue He pas uCHOABL30BANNCH UCTOUYHHUKY TOKA B BUJE YCJIOB-
HBIX 3JIeMeHTOB 3JieKTpuuecKux nemneit, CrabunmuszaTopsl TOKa, pac-
cMaTpuBaeMbie B JaHHOM pasjelie, IPeACTABIAIOT co0oil peansHoe
CXeMHOe BOIIJIOI€HVE TaKUX HCTOYHHKOB.

3agaua cTabHMIM3aTOPOB TOKa — IOAAEP’KUBATH HEM3MeHHBIM
BBIXOAHOM TOK [, IpM n3MeHeHUSAX Harpysku R, ¥ BXOZHOrO (IHTa-
romiero) Hanpmkenua U, (puc. 9.33). B panpHe#meM HanpasKeHue
Ha crabunusupymolieM sneMeHTe o6os3Hauaerca uepes U,.

IIapameTrpst crabnimsatopos. VgeansHeli cTabuIu3aTop TOKA
uMeeT F'OPU3OHTANBHYIO BOJLT-aMIIEPHYIO XapaKTEPUCTUKY, ITOKA-
3aHHYI0 Ha puc. 9.34 mTpuxoBoit nuHuei I. XapakTepUCTUKH pe-
aJNpHBIX CTabuIN3aTOpoB (KpuBas 2) OTAUYAIOTCS OT HUAealbHOM
OrpaHVYeHHbIM pabouyuM yUaCTKOM ¥ KOHEUHBIM AubdepeHmuais-
HBIM COIpOTHBJIeHHeM R, Ha paGouem yuacTke. Kak npasuio, co-
nporusieHue R, 3apucuT OT Hanpskenua U . OgHaxo yuer Taxoi
HeJMHeHHOCTH He onpapjAaH Ha IpakTuke. IlosTomy nox R, Bcerga
NOHUMAIT HEKOTOPYI0 YCpPeJHEHHYIO BENUUUHY.

Pabouwuit yuac1i0K OrpaHMyeH TOUKaM¥ @ U b, B KOTODBLIX HACTY-
IaeT 3aMeTHOe yMeHmIIeHHWe CONPOTHBIeHHA R. ¥V OGUIONAPHBIX
TPAHB3UCTOPOB TOUKA 4 COOTBETCTBYET IIEPEXOAY B PE)KUM HAChIIe-
HuA, a y MIII-Tpan3ucTOpoR — Ha KPYTOH yUaCTOK XapaKTepUCTH-
ku. Touxa b y o60uX THIOB TPaH3UCTOPOB COOTBETCTBYET Hadaly
npobos.

[ SRS

U,

T

-
2
B
=
-

Pac. 9.33 Cxesernas cxema Puc. 9.34. BonpT-ammepHas
crabunusaTopa TOKa XapakTepHCTHKa crabuiusatopa TOKa
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Hanpssxenune U, . B TOUKe @ €CTs TO MUHUMAaJAbHOE HaNpsiKe-
HUe Ha CTabuIu3upYIOIEM 3JIeMEeHTe, IIPY KOTOPOM OH eIlle BhITIOJI-
HseT cBou pyHKuuu. ¥ OUIONAPHBIX n—p—n-TPaH3UCTOPOB MUHH-
ManbHOe HaNpAXKeHUe MOXXHO cuuTarh pasHeiM 0,2 B qna sriaioye-
nua 00 u —-0,5 B gna sxmouenus OB (cum. puc. 5.14, a u 5.15, a).
Y MHOII-Tpan3ucTOpOB MHUHHMAa/IbHOE HanpAXKeHHe OJH3KO K Ha-
NpsvKeHuIo Hachimerua U, (cMm. puc. 4.7, a). Ilocnegunee, B 3aBu-
CHUMOCTHY OT TOKa ¥ YJAeJbHOH KpPYTHU3HBI TPAH3UCTOPA, JEKUT B
npeaesiax OT JOJeH BOJbTA A0 HECKOJIBKUX BOJLT.

B GoabmiuHCTBE 3JIeKTPOHHBIX CX€M Harpyska cTabuamsaTopos
TOKa HeJuHelHa. 17 HeJIMHEWHBIX 3JIEMEHTOB COIIPOTHUBJIEHHE AB-
JAeTCA JHIIbL YCJAOBHBIM CHMBOJIOM, 0003HAUAIONIAM OTHOIIEHUE
HaUpsKeHuA K TOKY. IlosToMy HenWHeHHYI0 BEIXOAHYIO IIells y00-
Hee XapaKTepu30BaThk He CONPOTUBIeHUeM R, a BBIXOZHBIM HANpA-
sxenuem U, npu 3ajlaHHOM TOKe.

HomuHanbHbIM PpeXKUMOM CTa0MIN3aTOPa TOKA ABIACTCI PEKUM
KOpOTKOro 3amsiKanud, korga U, = 0. Ilpu asrom, Kak BUAHO u3
puc. 9.33, Ha cTaOUIM3UPYIOLIEM JJIEMEHTE NaJaeT MAaKCUMAaIbHOE
HanpsxeHue, paBHoe Hanpsxenuio U,. Pasymeerca, HanpsikeHue
U, HOMKHO JIeXkaTs B Ipejenax pabouero yuacrka (puc. 9.34).

TOK KOpPOTKOTO 3aMbIKAHUSA CUUTAETCA HOMHUHAJBHBIM TOKOM
cTabuiinsaTopa. ITOT TOK CKJIaApiBaerca U3 Toka I, m Tora U,/R,,
06yC/IOBJIEHHOTO KOHEYHHIM COIIPOTHBJIEHVWEM CTa0HIM3UPYIOLIEro
snemenTa (cM. puc. 9.33). Bo Bcex peansHBIX cTabuam3aropax BTO-
pas COCTaBJAOINasl NPeHeOpe)KuMO Masia, TaK YTO HOMHMHAJbLHBIA
BBIXO/HOI TOK [, CUMTAIOT PABHBIM TOKY HAEANTBHOTO CTabHIN3UpY-
oIero aemenTa Ig.

B pexume, OTJIWYHOM OT KOPOTKOrO 3aMBIKAHHUA, HA BbIXOJe
cTabunuaaTopa UMeeTCsa KOHeuHOe Hanpsikenue U,. Yem oHo 6onb-
Ile, Tem MeHbIle Hanpsmrenue U, Ha cTabHMIN3HPYIOIEM BJIeMeHTe.
MaxkcumMaabHOE HANpsA’KEeHVe Ha HArpy3Ke COOTBETCTBYeT 3Hade-
Huio U, .

Benwuwmnst Iy, U; u U, B 006l1iem clyuae HEKOPPEJIHPOBAHEI, T.e.
MEHAIOTCA He3aBUCKHMO ADPYT OT Apyra. IlosTomy s HaumXyAIIero
cjyyas NpHpalleHre BHIXOZHOTO TOKAa sABJAETCA apu(pMeTHUecKOoi
cyMMOil Tpex npupamneHuir (puc. 9.33):

sty = a1y A0, 802

12 Rl

14—3423
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Hensa neByio uacTe Ha TOK [,, a mpaByio — Ha OGIM3KHil K Hemy
TOK [;, 3aIlMIleM OTHOCHTEeNbHYI0 HecTabHIbHOCT: B BHAE

IZ IO Ei Ei
3necy E, = [ R, — sKBUBa/IeHTHOe HAIIPSAKEHHUeE, ONpejesaroee

KayecTBO CTabMAM3anyy MO BRIXOAHOMY ¥ BXOJHOMY HAIIPSIKEHU-
am. Hem Gonpire 3Hauenue E,, Tem Bbillle KauecTBO CTabHIH3a-
A,

Ha npakTuxe poss CTaOHIU3UPYIOIIUX 3JI€MEHTOB BBINOJHAIOT
TpaH3uCTOPLI. B cayuae GUNONAPHBIX TPAaH3UCTOPOB, BKIIOYEHHBIX
no cxeme OB, Toxk I, ABNAETCA KOJLISKTOPHHIM TOKOM, & COTIDOTHB-
JneHHe R, — cOIpOTHBIeHNEM KOJJIeKTOpHOrO nepexoaa r,. Kak us-
BecTHO [cm. (5.44)], conpoTuBnenue r, 06paTHO IPOHOPIMOHAILHO
ToKy I, . IloaToMy uX mpom3Besienye, T.e. HalpsyKeHue K, He 3apH-
CUT OT TOKa M MOXKeT PacCMaTpHBATHCSA KaK IapaMeTp TPaH3UCTO-
pa. Tunuugele 3HaueHWs 3TOrO mapameTpa cocrasianT 2-3 kB.
HOns prawouyenus 03, Ipy KOTOPOM COIIPOTHBIIEHUE r,: =r.(1-o),
3HaueHud E, B JecATKH pa3 MeHbIIe.

B cayugae MJII-TpansucTopoB IpouaBejeHue I, COrjaacHO
(4.20) To'ke aBnaerca napaMerpom. Tunwunsle sHauenua E, co-
crasasior 200-500 B.

Bo MHOrumx cxeMax B KadecTBe CTa0MIMSUPYIOLIETO BJIEMEHTa HCIOJb-
3y10T O0EIKHOBeHHBIH pesucTtop (cM. puc. 8.15). I[Ipn aHamuse sToro Bapu-
anTa HyXHo Ha puc. 9.33 monoxkuts I, = 0. Torga

I, = (U, - Uy)/R,.

1 Toro urofer cTabMIN3UPOBAHHEIN TOK ¢j1abo 3aBUCes OT BHIXOJHOTO
HanpsKeHusd, JOJ'KHO BHINONHATHECA yciaoBme U,<<U,;; mnpu 3TOM
I, ~U,/R,.

OTsocuTenbHaA HecTabWAbHOCTH Ho anajgoruu c¢ (9.88) umeer Bua:

A, _ AU, AU,
IZ Ul Ul '

3HaueHye NHTAOMEro HanpsyxkeHus U, oGelYHO He npeseimaer 10-15 B,
T.e. OHO HECDABHEHHO MeHbIIle KBUBAJEHTHOrO Hanpstkesud L, y Hejn-
HeliHbIX cTabuansupyoinux aaemMenTos [cm. (9.88)]. CoorsercTsenHO nmpu
NPOYKX PABHEIX yCJAOBHAX HecTabunbHOCTE TOKA Gyaer BoO MHOro pas 6oJib-
mre.
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Ipocreiimue crabmanszaropsl. Ha puc. 9.35, a moxasas tumno-
BOI1 BapuaHT cTabuinsaTopa TOKa, B KOTOpoM E, — MCTOYHHK CTa-
OUIN3UPOBAHHOIO Hampsa)keHHsaA. B JaHHOM cJyuae TaKOH HCTOY-
HYK BBIIOJIHEH Ha CTa0MIUTpOHE, MUTaeMOM ueped fanacTHoOe Co-
nporusienue (puc. 9.31).

Puc. 9.35. Ilpuanunuancsas (¢) ¥ sKBUBaJIeHTHaA (6) cxeMul mpocTteiilIero
crabHUau3aTopa TOKa Ha N—p—R-TPaH3ZHCTOpE

Ha puc. 9.35, 6 nokaszana 3KBUBajIeHTHas cXeMa CTabUIM3aTO-
pa, rae BuIXOAHAA Iemns obBeleHa »KUpHbIMU JunHuamu. O6o3naue-
HUsI OCHOBHBLIX BEJIHUYHWH Te ’Ke, uTO ¥ Ha puc. 9.33; smement H
CHMBOJIM3UPYeT HeJNHeHHyI0 Harpysky. CpaBHMBas BHIXOZHYIO
mens Ha puc. 9.35, 6 co cxemoil Ha puc. 9.33, nmomyuaem:

E, -U"
Io=al, = a—2—yj 9.89
2 R, ( a)
R, = ry; (9.890)
U, = E. + E, — E,. (9.895)

Us suipackenuit (9.89) MOKHO cleslaTh CJeAYIOIINE BbIBOABI.

CrabunusuposanHslit TOK I, 3agaerca mensio E;, R,. Crabuns-
HOCTH TOKA OIpeJeNsieTCs B IIEPBYIO OuePeAsr CTaGUIbHOCTHIO BEJIH-
uuy E, u U". B 4aCTHOCTH, €CI¥ TeMIIePaTypHbie UyBCTBUTEILHO-
CTH 3THX BeJIMYUH MMEIOT PasHble 3HAKH, TO TeMIIePATYPHAA UYBCT-
BHTEJIBHOCTh TOKa OyJgeT MpesplIllaTh KAKAYIO M3 HUX.

BryTpeHHee conpoTHBJIeHHMe R, BOo3pacTaeT ¢ yMeHBIIEHHEM
Toxa [cm. (5.44)]. 3nauenne R, npusegensoe B (9.896), coorsercT-
ByeT abCOMIOTHO HeM3MEHHOMY TOKY 3MHTTepa. B peairHbIX Ciyda-
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AX, KOTJa CONPOTHBJIEHHe R, UMeeT KOHEUHYIO BeJMUMHY, IIpHpa-
meHue Al, pacnipefenseTcsa MeXKAy 3MHUTTeDPHOM m 6a3oBoit memns-
MH. B oMUTTEpPHOMH IlellM MOJydYaeTcs IpHUpalleHue TOKa

A, = Y3AI2’

rae KoadduIuenT v, onpefeaserca dopmyoit (9.14). Poas compo-
THBIeHuA R B JAHHOM Clydae MrpaeT COIPOTHEJEHHE OIODHOTO
anemeHnra [J ua puc. 9.35, a. Takum o6pa3oM, NpupaigeHye BHIXOX-
HOrO TOKa CKJambIBaeTCA M3 ABYX COCTABJISAIONIUX:

Alg = AUy /1y + oy ,Al,.

OTcrofa JIerKO II0JIy4YaeTcs BhIXOAHOE COIIPOTHBJIEHHE B 00Iem
Bume:

R, = AU2/AIy = ri(1 — ay,). (9.90)

MaxkcumaJbHOe BLIXOAHOE HaNpsDKeHUe B JaHHOM cXeme MOMKeT
OpiTs GuSKUM K Beamuwmue U, [cM. (9.898)], mockonbKy Tpan3u-
CTOp COXPaHseT yCHIUTE bHbIe CBOHCTBA BILIOTE o 3Hauenuit U g,
O/IM3KHUX K HYJIO.

HecrabuneHocTs TOKa I, MOXXHO OIEHHTE IO obmeit (popmyie
(9.88), ucnonnsdya Beipaskenusa (9.89).

Ecnu Harpy3ka IPUCOEAUHIAETC He K NOJIOXKUTENIsHOMY, & K OT-
pUIIaTeILHOMY MCTOUHMKY NUTAHUA UM <K 3eMJe», TO cTabuansa-
TOpP CTPOHUTCSA Ha OCHOBe p—n—p-Tpansucropa (puc. 9.36, a). 9ra
cxXeMa aHAJIOTHMYHA NIPeABLIAYINEH ¥ XapaKTepHU3yeTCs TEMM Ke BbI-
Pa’KeHUsIMU.

Puc. 9.36. IIpocreiimne cTaGurn3aTopel TOKA HA p—n—p-TPaH3HCTODE:
a — OCHOBHOH BapuaHT, 0§ — BapuaHT ¢ 3a3eMJeHHo# Gasoit
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Ha mpaxkTuxe BcTpeuaerca BapuaHT crabuiamsaropa, HOKasaH-
HBI# Ha puc. 9.36, 6. JTOT BapHaHT XapaKTepeH OJHONOJAPHBIM
IUATAHVEM ¥ HYJEBLIM IIOTEHI[HANIOM §a3sI (C TOUHOCTHIO 40 HeGOJb-
Ioro nameHua HanpaxkeHuda I r;). B pesyibrare IOTeHIIMAT KOJ-
JIEKTOPa OKa3bIBAETCA IIOJIOOKHUTEIbHBIM OTHOCHUTENBHO 0asmi, T.e.
KOJIJIEKTODHBIM IIepexon CMellleH B NpaAMOM HanpaejaesHuu. llpu
aToM HOopManLHO TPAH3UCTOP paboTaeT B pesKUMe ABOMHOM MHIKEK-
nuu. OgHaKO, KaK M3BECTHO, HeGOJNbIINE NIPsSIMbIE CMEIeHusd KOJI-
JIeKTOPHOTO Tepexoga (Mensime, ueM U~ — 0,1 B) ne npusogsarT K 3a-
METHOMY YMEHBIIIeHUIO KOJJIeKTopHOro Toka. Ciegosarensno, B 006-
JIacTH HOCTATOYHO MAaJbIX BLIXOAHBIX HANIPAXKeHUU (JecsaTble JOJIH
BOJMBTA) AAaHHBIH crabunamsarop paboTaeT HOPMAaJBHO.

Orpaxarenu Toxa. IIlupoxoe pacmpocTpaHeHue B aHAJOTOBBIX
MHTErpaJbHBIX CXeMax HOJyduus CTabuaumsaTop TOKa, M3BECTHBIM

IO Ha3BaHMEM «TOKOBOE 3epKalio» +E,
wi ompaxcamenv mokxa (puc. 9.37).
Jlerko ycTaHOBUTH (HOpMAaIbHOE CXOZ- R, V 1 Vz

CTBO MEXAOY cxeMoi oTpaxaTeJjid TOKa

N . I
¥ CXeMOH IpocTeilnero crabuamaaro- 52 -
pa: BMecTo crabuaurpona (puc. 9.35, .
us lux
@) B JAHHOM CJIyYae UCIOIL3YIOTCH pe- 2

E, T1

3HCTO R ¥  IpAMOCMEIeHHBII
P 1 P o Rl ilal Rz ‘132

p—n-mepexon; poJjs NOCJHEJHEr0 urpaer

Tpaus3ucTop T'1, BKJIIOUeHHBIH MO AU-

opguoit cxeme BK—3. Taxas Tpanchop-

Manua UCTOuHuKa E, npuBoauT K 1mo-

BBILIEHUIO T'MGKOCTH CXEMEI M YJYUYIIeHUWI0 PAfa IapaMeTpPOB.
W3 puc. 9.37 ciregyeT paBeHCTBO

-E

3

Prc. 9.37. OrpaxkaTtens TOKa

Uy + I, Ry = U, + I,R,. (9.91)

Ha sTom paBeHCTBe OCHOBBIBaeTCsi paboTa oTpaskaTesia TOKA.

Omuueckue ciaaraemeie B (9.91) oObIuHO He HpeBHIIAIOT 3HAUE-
Huit U, [I03TOMY, B 3aBHCUMOCTH OT PabOuYMX TOKOB, COIPOTHUBJIE-
HuA Ry u R, nexxar B mpegenax oT coTeH oM go 10-20 xOwm.

IIpene6peskeM BJ1A IPOCTOTEI MABIM TOKOM Igy; Torma I, =1, u
I,, = I,. KpoMe TOTO, IIPEAIIONOMHM, UTO CONPOTHBJICHUA R, u R,
ORUHaKOBEI, a Tpauaucropst 71 u T2 upentuuns (8 UC ugentnu-
HOCTh TPAHB3UCTOPOB JIETKO obecreumBaercs Omarogaps OGIH3KOMY
PacmosIOKeHHUI0 3JeMEeHTOB Ha OJZHOM Kpucraniae). Ilpum raxux
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YCIOBHUAX cJIaraeMblie B JIEBOH M NIpaBOH yacTAX paBeHcTBa (9.91)
6yayT oAuMHAKOBBI, OTKyAa ciaemyer: I, = I,.

3HauMT, B PACCMOTPEHHOM BapHaHTE CX€MhI BBIXOZHOH TOK I,
TIOBTOPAET MK OTPaXkaeT BXOAHOH TOK Iy, OTKy/Ja U Ha3BaHHe «OT-
pakaTesb» TOKA.

BxopgHoil Tok cormacuo puc, 9.37 BhIpa’kaerca CAeAyIONIAM 00-
pasom:

Iy = (Ex — Eo)/Ry.

Ecnu E, >> E;, To ToK I; onmpegeiien BHeIIHUMH NapameTrpamu E,
u R,. Bo MHOrux ciayuasax Tok I, IoCTymaeT OT Tex MM MHHIX Kac-
KaJ0B, BXOAAINUX B COCTaB CJIOXXHOTO yCTPOMCTBa, a 3HAYHUT, MO-
JKeT CUUTATHCS BEJIMYVHOW 3aJaHHOM.

Ecnu conporusnenus R, ¥ R, caenaTs HeOANHAKOBLIMHM, TO HEO-
AUHaKOBBIMHU OyAyT ¥ 3MHTTepHbIE TOKH. [IOCKONbKY HanpsakeHUe
U, c1ab0 3aBUCHT OT TOKa, byeM mo-pexxHeMy cuuTats U; = U, .
Torga n3 (9.91) caegyer:

Iy = I1(R;/Ry). (9.92)

Kax Bugum, TOK I, MOXKeT «OTpaxaTk» TOK I, KaK B «yBeJIHueH-
HOM», TaK U B «yMeHbIIEeHHOM» MaciuTalbe, B 3aBUCHUMOCTH OT COOT-
HOIMIEHUA CONIPOTHUBJIEHHUHA. JTOT MaciuTab 0O6bIYHO HE IIPEBHILIAET
HECKOJbKHUX EQUHUI[, B IPOTHUBHOM CIydYae DEe3UCTOP C GONbIITuM
HOMHHAJIOM 3aHUMAaeT CJIUIIKOM 3HAYUTEIbHYIO ILIOIIaiAb.

Hz (9.92) cneayer, uTo 8utxo0nvim moxom I, moxcno ynpas-
AAMb, MEHAA BXOLHOH TOK I, Tem mau MHEIM cnocobom. Takasa Bo3-
MOXXHOCThL — OJHO M3 IIPOsBJIEeHWI M'MOKOCTH OTPa’KaTelsi TOKa.

Vuer Toka Ig, IPUBOJUT K TOMY, YTO IMHUTTEDHEIE TOKK He TOYHO PaB-
Hbl Tokam I, u I,. A umeHHo,

Iy =1, — I Iy =1y + I
IIpu sTom B BeIpakenue (9.92) Hy?KHO BHECTH COOTBETCTBYIOIKE IOIPAB-

ku. IIpu Goabmux sHawenuax B, korma I, << I,,, Takve NONpaBKH HecCy-
HI€CTBEHHEI.

Heobxoqumo nmoguepkHyTH, 4TO B BhipaskeHue (9.92) He BxogAT
Hu HanpshkeHue U”, Hu KosbdunuenT yeunerus B. 9To sHaguT, 4TO
paboTra orpaskaTeNd TOKa B IePBOM IPUOJIMIKEeHUH He 3aBUCHUT OT U3-
MeHeHUs 3TUX IIapaMeTpPOB, T.e. IpPe’kie BCero — OT M3MeHEeHUH
Temneparypsi. Ha camoM fesie Takasi 3aBHCUMOCTh (XOTA ¥ BecbMa
caabast) mMeeT MeCcTO, IIOCKOJIBKY KoaddunuenT B He Boiiger B BHI-
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paskeHue (9 92) IIpY yuere TOKa I,, a HanpsDKeHHe U” — npu yuere
pasuocTu U; — -U, 9, ODYCJIOBJIEHHON Pa3/JININeM 9MUTTEDHBIX TOKOB.

Yrober obecmeuuTs 0cob0 Masible BLIXOJZHbIE TOKM (HAIpUMeD,
npu pabotre [IY B MHKpOpe)KHMe) COIPOTHBJIeHHe R; fenarT pas-
HBIM Hynio. 14 Takoro BapuaHTa oTpajkarensa Toka (puc. 9.38, a)
dopmyna (9.92) Henenc'rnnfrenbna, TaKk KaK IpeHeOperaTs pasauyu-
€M HaIpsKeHuH Ul*n U2 B 3TOM cJy4ae Henb3da. Bocmoneayemca
Ons Hanpsa:xkeHudt U; u U2 BeipaskeHueM (5.386). Torma us (9.91)
npu R; = 0 HeTPyAHO TIONYYIMTH CAEAYIONIYI0 TPAHCIIEHAEHTHYIO 3a-
BUCHMOCTb MEXKAY BBIXOZHBIM M BXOJQHBIM TOKaMM:

Iy = (o7 /Ro)In(Iy/I5). (9.93a)
_ +E, _ n +EK -
Ro[r]V* Bk Rof]l’* Bk
162 162

T2 T2
|__’: uy Uz"j [—’:Tl
T1 U*
Ry

a) o)

Pac. 9.38. BapuauTe oTpakaTesell TOKa:
a — OAHOPe3HCTOPHLIH; 6 — Ge3pe3HCTOPHBIH
Bonee HarnagHoi sBIAETCA AaNNIPOKCHUMAIIVA, BbhIpaskKarolas
CBfA3b TOKOB B ABHOM BHJeE:

Qr
Iy~ || — ;. (9.936)
R,

Kax BuguM, B JaHHOII CXeMe 3aBHCUMOCTb TOKa I, oT I, 3HauH-
TensHO caabee, uem B IpeAbIAYIEH, T.e. YIpaBIeHUE BHIXOZHBIM
TOKOM 3aTPyAHHUTENHHO.

Bripaskenus (9.93) jJerko ucnonn3oBaTs AJIa pacyeTa Heobxonu-
MOTO conpoTusieHusa R,, eClIH 3a/[aThCA sKeJlaTeIbHpIMI 3HAYSHUA-
mu TokoB. Ilycrs, nanpumep, I; = 0,5 MA u I, = 10 MKA; Torga us
(9.93a) caepyer: R, ~ 10 KOM. Ilpu sTOM majeHue HaIpPAKEHUSA

*
I,R, (r.e. pasnocte U; — Uz) cocraBuT okogo 100 mB.
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U3 sripaskennii (9.93) BuaHO, 9¥TO 3aBUCHMOCTS OTHOIIEHUA TO-
KoB oT ko3ddunueHTa B mo-npesxxHeMy OTCYTCTBYeT, HO UMEET Mec-
TO HEIOCPeACTBEHHAA 3aBHCHMOCTE TOKa I, OT TeMIepaTypsl Uepes
TeMIIepaTyPHEII NOTeHIHNANT Pp. 1A yMeHbIIIeHNA 3TOK 3aBUCHMO-
CTH JKeJlaTeJbHO, YTOOLI pe3ucTop R, MMeJ TaKoil Ke TeMIleparyp-
HBIA K0a(pdULeHT, Kak ¥ ¢y, a uMeHHOo 0,33 %/ °C. Takue 3naue-
Husa TKC nerko obecmeunTs B MHTErpajlbHBIX Pe3HCTOPax.

Eure ogun BapuaHT oTpaskaresa Toka (puc. 9.38, 6) xapakrepeH
OTCYTCTBUEM PE3UCTOPOB, T.e, MUHUMAABHOU NJOIaALI0 HA KpHC-
ranne. Oguako ecau I; # I,, To OAMH 13 TPAH3UCTOPOB IPUXOAUTCA
JeslaTs ¢ 6oJIbIeil IJIoIIaAbI0, ¥ TOIEA 3KOHOMMA IO CPaBHEHHUIO C
Pe3UCTOPHBIM BapUaHTOM B 3HAUYMTEJbHOH Mepe yTpauuBaeTcs.

Ilonaraa R, = Ry, = 0 B Beipaxkenuun (9.91) u noxcrapnas sHaue-
HUA U; u U; u3 (5.380), nerxo ybequrhbCsi, YTO OTHOIIEHUE TOKOB
I,/1, mponOpHMOHANBHO OTHOINEHHIO TeIJIOBBIX TOKOB I 4,/1 ;.
Tensnossie TOKY IIPY IPOYUX PABHALIX YCIOBHAX IIPONOPIIMOHANEHBI
NJIOIMagAM IepeXOoJOB. B MHTerpaJbHBIX CXeMaX «Ipouve paBHbIE
ycnoBusa» (T.e. HUAEHTUYHOCTH 3JEeKTPOPUINYECKUX INIapaMeTpoB)
obecreunBaIOTCs GIM3KUM PaCIOIOXKeHYEM TPAH3UCTOPOB. Y UHTHI-
Bad BCe CKasaHHOe, MOYKHO 3amucars AJj1s cXxeMsi Ha puc. 9.38, 6:

Iy = I,(S2/81), (9.94)

rge S; u S, —IUIOIaAY 3MHUTTEPHBIX IIEPEXOJ0B.

B pannom BapumaHTe, KaK u B ocHOBHOM (pmc. 9.37), Bnuanue
u3MeHenuit Koshdunuenta B u manpmxenua U™ B nepom npubiu-
JKeHUH OTCYTCTBYeT. B HeGONMBINIOH CTelleHY TAaKOe BJIUSHYVE MMeeT
MeCTO, ec/IM y4ecTs TOK Ig,, O YeM ropopuioch Bhime. Yem Goubire
II0Ians S,, a BHAUUT U TOK | 9> TeM 6OJInIlle 6a30BBIIl TOK U TeM
6osbile IIOTPEIIHOCTh DY MCIOJL30BaHuY BhIpadkenuda (9.94). Ha
TIpaKTHUKEe OTHOLIEHYe TOKOB U IJIoIageil peako NpeBrilllaeT HeCKo-
JILKO eAVHHUI ¥ TOTJa NOTPELIHOCTE JIeXKUT B npefeaax a0 2—5 %.

B saxjiouenme OTMETHM, YTO BEIXOZHOE CONpOTHBJIeHUE R, B OT-
pakaTesle TOKa MOXXeT 3aMEeTHO OTJIHYaThCA OT CONPOTHBJIEHUA Ty,
KOTOpoe OBlLIO HPHUHATO AJs1 IpocTeiimrero crabuiusaropa [cM.
(9.896)]. Hesno B TOM, uTO y IpocTeiilnero crabuam3aTopa COIpO-
THUBJIEHYEe 3MUTTEPHOI I[eIN Bcerga HaMHoro bosbiie, yuem 6a30BOM,
TIOCKOJIBKY B 3MUTTEPHYIO II€Ib BKJIIOUEHO JOCTATOYHO GOJIbIIIOE CO-
npotusnenue R,. IlosTomy Ko3ppuiueHT TOKOpacnpesneieHu y, B
dbopmyne (9.90) ob6sruno me mpesnimmraer 0,1-0,2. B orpakarensax
TOKa COIIPOTHBJIEHUS 3MUTTEPHOIt U 0a30BOI Ileneil TpaH3UCTOpa
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T2 MOTYT HaXOZUTHCS B Pa3HBIX OTHOIIEHUSX, B YACTHOCTH, MOYKET
MMeTh MeCTO HepPaBeHCTBO Ry > R,. B rakoMm ciyduae BrIXOgHOE CO-
npoTHuBJIeHUe TpaH3uctopa T2, a 3HaYUT, U BHyTPeHHee CONIPOTUB-
JIeHHe OTpakaTeJA TOKa CJeAyeT pacCUMThIBaTh N0 GopMyie
(9.90).

Hanpuwmep, B cxeme Ha puc. 9.38, 6 nojg R; ciegyeT NOHUMATh COIPO-
THBJIEHHE I',;, 4 nox R, — conmporusnenue r,,. O6a ony corsacuo (5.43) o6-
PATHO NPONOPHZOHAJIBHBI COOTBETCTBYIOIIVM SMHTTEPHBIM TOKAM, NpAaK-
TuyeckM — TokaM I, u I,. ITosToMy, ecinu AJid NMPOCTOTHI MOJOXKATE O = 1
u gy = 0, TO BHYyTPeHHee conpoTunienye (9.90) mocie npocTeIx mpeobpaso-
Bapuil NpWHEMaeT BUA:

s

Ro~—%
1+ 12/11

Kax BuguM, ¢ pocToM oTHomeHua I,/I, conmporusienue R, cymecrBeHHO
yMeHbIIaeTcAa. OTOT BBIBOK HOCHT OOHIWIT XapakTtep.

KoHTpOJBbHBIE BOMPOCHI

1. OnuniuTre Ipu3HaKH, 110 KOTOPBLIM MOTIYT OBITH KJIACCUDHAIUPO-
BaHBI 3JIEKTPOHHbIE YCUIUTEIH.

2. Yrto Taxoe cocTaBHOM Tpau3ucTop? ONHUIIATE NPUHITUI AEICT-
BYA U XapaKTepUCTUKY Napsl [lapaunrrona.

3. Onuumure NPUHIUI AeHCTBUA ¥ XapAKTepPHUCTHKH COCTABHOMN
TPaH3UCTOPHOM CTPYKTYDPHI Ha TPAaH3UCTOPAaX PA3HOH IPOBOLY-
MOCTH.

4. Kakue mapaMeTpsl OIpeAesaioT pabouyio TOUKY IPOCTEHRIero
YCUJIUTENHHOTO KacKaja Ha GunonsapHoM Tpaunsucrope?

5. [lepeuncaure puddepeHnuaNbHbIe NapaMeTPhl yCUINTENA.
Kak npakTuvyecKky u3MepAOTCA 3TH NapaMeTphI?

6. IIpu xaxoM yCNOBMH TIpH pacuere K03h( UIIMEHTa yCHIeHHA
TIPOCTEHIIIEr0 YCUIUTENBHOIO KacKaja MOYKHO IpeHeOpeys co-
TIPOTUBJIEHUEM reHepaTopa ¥ ConpoTuBleHueM 6a3bl TPaH3UCTO-
pa?

7. Yem omnpegeisieTcsi BbIXOAHOE CONPOTHEBJIEHHE IIPOCTEMINero
YCHIUTENBHOTO KacKaja B 06J1aCcT HUSKUX 4acToT?

8. Uem ompefensieTcs MOCTOsIHHAA BPEMEHH IIEPeXOJHOTO IIpoIec-
ca IMpPOoCTeNIero yCuauTeNA B 00J1aCTH BLICOKUX YacToT?
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9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

OnumyTre BPUHIUN ZeHCTBUA U XaPaKTePUCTUKH IPOCTEHIIINX
yCUIUTEeNbHBIX KackagoB Ha MIII-Tpan3ucTopax.

Kaxumu mapamerpaM¥ XapaKTepu3yeTcsa pealbHBIH Audde-
pennuanbHbIi yeunureds? YTo Takoe cundasunasa u guddepeH-
OuafbHasA COCTABJAIOINE BXOAHOTO curHaia?

Yem 00ycoBieH 00see BEICOKUM K03 DUAIMEHT YCUIeHUA qUp-
(epeHIMaNbHOr0 YCUIUTEIA 110 CPABHEHHUIO C IPOCTENIIINM YCH-
NIUTeNLHLIM KacKkagom?

OnuitiuTe NPpUHOUI AEHCTBUA ¥ XapPAKTEPUCTUKY 3MUTTEPHOTO
nopropurensi. OT KakMXx apaMeTpoB 3aBUCUT KO3 hUIMEHT Ne-
penayu 3MUTTEPHOT'O HOBTOPUTENsA?

Odna xakux 1eseil MCIONbL3YIOTCA 3MUTTEPHbIE IIOBTOPUTENH,
KaK COOTHOCSTCA X BXOJHOE ¥ BHIXOJHOE COIIPOTUBJIEHUA?
Onuiure 0co06EHHOCTH IIEPEXOJHOTO IIPOIECCa B 3MHUTTEPHOM
MOBTOPHTENIE IIPY CKAaYKO0Opa3HOM YBENINYEeHNH ¥ YMEeHbIIEHNH
BXOJHOTO CUTrHAJA.

Kak peanmsyioTcs cxeMbl CABUTAa YPOBHEH B MHOTOKaCKAaZHBIX
yeunurenax?

Yro Taxoe xKackon? s MUEUMHU3AIUX KaKoTo 3(MdeKTa UCII0b-
3yeTca gJaHHas CTPYKTypa?

OnuuinTe CXeMbl, IPUHIAI JeHCTBUA, PE>KVMLI M OCHOBHBIE Xa-
PaKTepUCTHUKM BLIXOJHBIX YCHUIUTEIHHBIX KaCKaAOB.

Kakumu mapameTpaMy XapaKTepHU3YIOTCs cTabuiam3aTopsl Ha-
npsoxenusi? YUto Takoe crabmiau3aTopsl HmapalfielIbHOTO M IIO-
cJIeJOBaTeNBHOTO THna?

KakumMu mnapameTpaMy XapaKTepU3VIOTCA CTabuIM3aTOpPBI
roka? OnuimuTe CXeMbl ¥ IPUHIIUN JeHCTBYS IPOCTEHIITNX CTa-
OMIH3aTOPOB.

OnuiuTe NpUHOUT PaboTH ¥ XapaKTEPUCTUKH « TOKOBOTO 3ep-
Kana» Ha OGunmonsapHeix u MJIII-rpansucropax. Hia kakux ne-
Jieil MCIIOIL3YIOTCA TaKye KacKaabt?



Tnasa 10
NHTerpanbHble cxembl

10.1. Beenenne

B npeasigymiux riaapax MBI NOAPOOHO NMO3HAKOMMJINUCH ¢ HU3uU-
YeCKHMMH, KOHCTPYKTHBHO-TEXHOJOTMYECKVMH ¥ CXEMOTeXHHUUe-
CK¥MHY OCHOBaMY MHKPO3JIEKTPOHUKU. B JaHHOI 3aKIIOYUTEILHOM
riage paccmoTpum npumeps npocreiiimux UC 1 HeKoTOprie IIPob-
JeMBbl, CBsABaHHBIe C UX pa3paboTKOii.

IlepBsivu, nosisupimumucsa B 1960 r., 6swim mpocreitimue udpo-
Beie YIC, BhIno/HeHHsIe Ha OUIOJAPHBIX TpaH3uUCTOpaxX. B cepemuHe
60-x rogoB HauaIockr paspuTue aHajdoropeix HMIC ma OunoasipHsix
rpansucropax u mudpoBeix YIC na MJII-tpansucropax. Ilepsas mo-
noBuHa 70-X rogoB 03HAMEHOBAJIACH NOSIBJIEHUEM HEKOTOPHLIX HOBHIX,
crnermuUYHBIX AJA MHUKPO3JNEKTPOHUKY CXEMHBIX pelneHui (mpubo-
PHL C 3apAOOBOM CBs3bIO, CXeMbl C MHKEKIIMOHHLIM ITUTAHUEM U AP.),
Pe3KHM BO3PACTAHUEM CTEIeHY HHTETPaIlu¥l, a TAK)Ke YCTaHOBJIEHHU-
eM CBOEro poja <«AWHAMHUYECKOTO DaBHOBECHUs» MEXKAY OCHOBHBIMU
knaccamu MC — ounonapHemMu u MIII-Tpan3ucTOpHBIMY, HOJIYIIPO-
BOAHYKOBBIMHM ¥ TUODPUAHBIMY, — KOTOpbIE [0 3TOTO HEPEJKO pac-
CMaTpHBaJuChk KaK ajbTepHaTusHue. 80-e u Havano 90-x roxos xa-
PaKTepHHI TJIABHBIM 06paszomM AalbHEHMITUM POCTOM CTeIIeHM MHTerpa-
nuy u npeppatenueM YIC, 1o clI0/KHOCTH BHIIONHAEMbIX GYHKIUIH, B
KDPYIHbIE anmaparypHble yauasl. CylecTBeHHOe Da3BUTHE MOJIYUIIA
anasoro-nuppossie YIC, coBmernatornye GyHKIUY IpeobpazoBanud u
00paborky OU(POBLIX ¥ AHAJONOBBIX CHUTHAJIOB.

ITogpo6Hoe onmcanue coppeMeHHbIX Gonbmux MC — ux CTpPyk-
TYyPHl, NPUHIUIOB IIOCTPOCHHUs, HOMEHKJATyphl, Ha3HaUeHU:A
U T.I. — B PaMKax JaHHON KHUTY He TOJBKO HEBO3MOJXXHO, HO H
HerrenecooOpasHo. IlosTomy HIKe AaeTca IpeAcTaBlieHUe JUITL 06
9JIEMeHTAPHBIX «KHPIHUYUKAaX», U3 KOTOPBIX CKJANBIBAIOTCA COBpe-
MenHble nudpoprie UC 1 KOTOpbIe BO MHOTOM OIIPERENIsIIOT UX Ka-
yecTBo. YTo Kacaerca aHanoroBeix MC, To ux ocobGenHocTH Jyuiire
BCEro XapaKTepHu3yIOTCA Ha IPUMepe ONepPAIMOHHOTO YCVINTENA.,
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10.2. Jlornyeckue 3JJeMeHTHI Ha OUIIOJISAPHBIX
TPaH3HCTOpPaX

Jdozuveckumu anemenmamy UIHA A0ZULeCKUMU BeHMUNLAMU Ha-
3BIBAIOT 9JICKTPOHHLIE CXEMEI, BHINIOJMHAIOIYE IPOCTeHINe JOoTIde-
ckue omepamnuu. [Ipekje ueM paccMaTpUBATh CXEeMHBIE BapUaHTHI
JIOTHYEeCKHUX 3JIeMeHTOB, OCTAHOBUMCSA Ha GYHKIUAX, KOTOPBIe OHU
BBITIOJHAIOT.

Jlornueckne ¢pynxuun. Jlormdeckme PyHKIUM M JOTHUECKHUE
omepanuy Hajg HAMHU — IpegMeT a.zebper Aozuku unu Gymesoit ai-
rebpnl. B ocHOBe anreGpeI JOrMKY JIeXKAT JIOTMYECKUE BEJIUUYUHBI,
KoTopsie OyaeM obosHauaTh A, B, C u T.1. Jloruueckaa BeamymHa
XapakTepu3yeT ABa B3aMMOUCKJIOUAIONIWe INOHATHUA: €CTh U HEeT,
YepHOE ¥ HeuepHOe, BKJIIUYEHO ¥ BHIKJOYeHO u T.11, Ecau oguo us
3HauYeHU JIOTUYECKOM BelIWUYMHLI 0003HaueHO uepe3 A, TO BTOpOe
obosxauaoT depes A (He A).

s omepanuit ¢ JIOTHMUECKUMY BeJIWUMHaAMU YyAOOHO MCHIOJIB3O-
BaTh ABOWYHBIH Kog, mojaras A = 1, A=0 unu, naobopor, 4 = 0,
A =1, IIpu 3TOM OfHA U Ta Ke CXeMa MO eT BLITIOJNHATH KaK JIOTH-
YecKue, TaK ¥ apudMeTHUecKue omepamuy (B JBOMYHOMN CHCTEMe
CUUCJIeHN).

Ecau nomsaTtue «He A» obGosHauuTh ocoboit Gyksoil, manpumep B, To
CBsi3b MEMKAYy SHaueHuaAMYU B u A OymeT uMeTh BUI:

B = A. (10.1)

9To — mnpocTedlaa Jorudeckasa GyHKIKUA, KOTOPYIO HA3BIBAIOT OMpPU
yanuem, uneepcuell wiau Qyniyueit HE. Cxemy, o6ecneduBaonlyio BBIIOI-
HeHWe TaKkol QyHKIUHK, HasbiBaT uHBepTopoM miau cxemoyt HE, Ee ycios-
Hoe ofo3HauyeH#e nokasano Ha puc. 10.1, a. PyHKIUsS HHBEPCHH XapaKTe-
pusyeTca KpyKKOM Ha BEIXOQHOHW CTOPOHe NPAMOYrOJBHUKA.

B=A C=A+B C=A B C=A+B
i
1
6) 8)
Pac. 10.1 OGosHauyeHHUs JIOTHYECKHX 3JIEMEHTOB.

a — HE, 6 — WIH, 6 — U, z — WIN-HE, ¢ — H-HE

DYHKUMUS OTPUIAHUA ABJAsieTcA PyHKIMEH OQHOro apryMeHTa (OQHOM Ie-
pemenHoit). IIpuBeseM mpuMepHl JOrg4YecKuX (QyHKUWH ABYX apryMeHTOB.
Jozuneckoe croxenue, U3BIOHKIEA Mau GyHKnua WJIN:

C=A+ B. (10.2)
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9ra QyHKINA oupefensaeTca ciaeqyomuM obpasom: C =1, ecin A = 1 ninm
B=1unumuA=1,un B = 1. O6osnauenne cxemul NJIM nokasaxno ma
puc. 10.1, 6.

Jlozuweckoe ymuoxenue, KOHBIOHKINA Wik QyHKuua M:

C = AB. (10.3)

OTa GyHKUUA oIpefeaseTca caegyonum obpasom: C = 1, ToasKo ecau

onqHoBpeMeHHO M A = 1, u B = 1. Obosuauesue cxemul VI nokasaHo Ha
puc. 10.1, s.

Coueranue ¢gyuxunu WJIWU ¢ unasepcmeit (pme. 10.1, 2) npusoauT
komOuunupoBasHo# Qyrkyuu HIAH-HE:

C=A+B (10.4)

AmnajyioruuHo, coderanue gyaxkuun U ¢ nasepcueit (puc. 10.1, §) npu-
BOAUT K KoMOwumpoBaHHON Pynrxyuu H-HE:

C = AB. (10.5)

@yuxnwu WJIH-HE n I-HE — camble pacnipocTpaHeHHbIe, TAK KAK Ha
UX OCHOBE MOKHO peajau3oBaTh JMI00yI0 APYTYIO JIOTHMYECKY0 (PYHKIIHIO.
Pasymeercs, KOJUYECTBO APIYMEHTOB, 4 3HAYMT, ¥ KOJUYECTBO BXOLOB ¥
COOTBETCTBYIOIIMX CXeM MOXKeT OBIThb DABHO TPeM, 4eThIpeM u DoJree.

B cxemax, peasu3yOIUX JorudecKkue QyHKIUY, T. €. B JOTHUE-
CKHX 3JIeMEHTaX, JIOTUYeCKYe HYJIW ¥ eJUHUILI OOLIYHO IIpeJCTaB-
JleHbl Pa3HBIMM 3HAUCHUAMHY HAIPAKEeHUs1: HANPSOKeHVWeM WU
yposnem nyas U m HanmpsykeHuneM WU yposhem edunuuywve Ul

Ecau ypoBens equHUIbI 60NbINe YPOBHA HyJisd, TOBOPAT, UTO CXe-
Ma paboTaeT B «IIOJIOKUTENHLHOH JIOTUKE», B IPOTUBHOM CJIy4ae OHA
paboTraeT B «OTpUIlaTeNbHOMN Joruke». Hmkakoit nmpuHIMINaILHOMN
Pa3HHUILI MEXKAY TIOJOKUTENHHON U OTPUIlATENBHOHN JIOTMKAaM¥ HeT.
Bomnee Toro, kak Oyger mMOKa3aHO HIDKE, OAHA M Ta JKe CXeMa MOYKeT
paboraTe M B TOH, ¥ B APYyroi jgoruke. B pansueitinem O6ygem cuu-
TaTh JIOTMKY IOJIOXKUTEIbHOM, YTO COOTBETCTBYET €e NPaKTUYECKOH
PacIIpoCTPaHEeHHOCTH.

PasnocTs ypoBHEH efUHULLI ¥ HYJIsT HA3BIBAIOT JIOZUYECKUM N
penadon:

U, =U! - U°. (10.6)

EcrecTBeHHO, UTO JIOTHYECKHIL TTepenaj JoKeH ObITh ZOCTaTOY-
HO GOJILINTNM, YTOOBI ¢eQUHUIBI» U «HYJH» YETKO OTJHUYAIHUCH APYT
OT APYra ¥ YTOOBI CAyYaiiHbie IOMeXH He «IPeBpalain» OquH ypo-
BeHb B APYroM.
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Humeepanvhvie snozuxeckue saemenmst (WUJID) cocraBasioT
OCHOBY HJIY, KaK TOBODAT, dAemenmuyio 6asy 6oinee caoxkubix MC
¥ anmaparypsi B menaoMm. IIpu atom napamerps: MJIO okaswiBaioT
HEMOCPEeACTBEHHOe BJIWAHWE Ha TapaMeTphl Y3JI0B ¥ CyDbcucreMm.
Wnaue rosops, eeibop Tuna YJID B sHauuTesHON Mepe IpPeRoIpe-
JeNseT KadeCTBeHHEBIE IOKAa3aTeNu aNllapaTypsl.

Cxemuple BapuanTsl NJID NpUHATO HA3LIBATE MPAHIUCTMOPHBIMU
nozukamu u obosHauats 6ykBamu TJI ¢ HeKOTOPHIMY HONIOJIHEHHU-
MH, XapaKTepU3VIOUIUMU CHenuduKy TOr0 HJIM HMHOTO BapHAaHTa.
Opuako Takasi cucTema O0O3HAUEHWIT BHIAEDPKHUBAETCS HE CTPOTrO.

PesncropHo-TpaH3ucTtopHas jJoruka (PTJI). B ocrose NJID aTo-
ro TUNa JEXUT NapajljieJibHOe COoefuHEeHHe OOBIUHBIX TPaH3UCTOD-
HBIX KJIIOUEH ¥ HCIOJb30BaHUE O6Iieit KOJNJNEeKTOPHOH HArPy3KH.
InemeHT PTJI nokasan na puc. 10.2 coomHBIMYA JUHUAAMIH.
HITpuxXoBsIMY JIMHUAMY IHOKA3aHbI TPAH3UCTOPHI, BXOJAINE B CO-
CTaB APYTUX aHAJOTWYHBIX JIOTHYEeCKUX 3JeMeHTOB. llpepsinymiue
NJI9, npeacrapinennsie Tpausducropamu 1'3 u T4, yIpaBiadiOoT KO-
yamu T1 u T2, a tpausucrop T'5 npeAcTaBiaseT NOCHEAYIOIINE JIO-
ruyecKve 3JeMeHTHI, SIBJIAIONINECs: Harpy3Kod AJs JaHHOTO.

Puc. 10.2. Jlorudeckuit anement PTJI

HeTpyauo ybequTscsa, UTO B NOJOKUTENBHOMR JIOTUKE CXeMa BbI-
nonuser dyarnuio UJIN-HE. eficreuTensHo, ecnu Ha ob6a Bxoga
A u B nojan HU3KUH YDPOBEHB Ul ~ 0, To oba TpaH3HCTOpa 3amep-
Tbl, TOK TeueT uepe3 pesucrop R, B 6a3y T'5 u Ha Brxofe MJIO mo-
JydaeTcs HaIpAMKeHUe

Ul = E, — Is R,. (10.7a)
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Ecnu >xe Ha oguOM u3 BxozoB WJID fmeiicTByeT BHICOKUI YPOBEHb
Ul = U*, To cooTBeTCTBYIOmMII TPaH3UCTOP OTKPHIT, a IIPH AOCTA-
TOYHO 60MBIIOM TOKe Ga3bl — HachIeH. Torga Ha seixoxe UJID mo-
JlydaeM HUBKUH ypOBeHb, PABHBIM OCTATOUHOMY HAIIPAKEHUIO:

U = U (10.76)

Takoit )xe ypoBeHb NOJIyyaeTCA NPH OTIHPAHUY OGOMX TpaH3HU-
cropoB. Taxum obpasom, ymosiersopsaerca popmyna (10.4).

B orpunaresnbHoit Joruke (U° = U*; U= U,.,) cxema BoinoaHAeT QyHK-
nuio U-HE: Bricokwuii ypoBesp Ha Beixoge (U") mosiyuyaerca TOJBKO HpH
yCJIOBMY, 4YTO 00a TPAH3UCTOpA 3aNepThl, T.e. HA 00a BXOAA HOCTYHUIM
HU3KUe YPOBHU (Ul). H3menenue xaparxmepa sbinoiniemoll GyHKYuY npu
3amere NOOHCUMENLbHOL JIOZUKY HG OMPUYaMeabhylo (U Haobopom ) A6A4
emcsa o6wum ceoiicmeom HJII, n Mul He GyAeM B JaabHeHIIeM HLIIOCTPHU-
POBAThH ero QId KasKAoH CXeMEL.

YuursiBasd NIpuBeJeHHbIC BbIIe 3HAYEHUA JIOTUUECKUX YPOBHEIN,
MOJKHO 3amucars JIOrHuecKuit nepemnag auas cxemel PTJI B Bupe:

U.TI = EK e I5R5 - Uoc’x" (10.8)

Cnegyer ormeTuTsh, uTO JoruMueckas pyHkimua B PTJI-amemente
BBITIOJIHSIETCS «II0 BBIXOAY», T.e. CHauaja OCYIECTBJIAETCS HHBEP-
CHsA BXOZHBIX CHTHAJIOB Ha OOBIYHBIX TPaH3UCTOPHBIX KJOYaX, 3a-
TeM Ha HarPy304YHOM pe3ucTope R, peain3yeTcs JoOrnuecKada GyHK-
nusa Y. B rakoit uHTepIperanuu Joruyeckad GyHKIHUS ZaHHOTO
anemenTa C=A-B. JlagHad B3amuce OSKBHUBAJeHTHA (YHKIUH
C = A + B, xoTopas 00bIYHO ¥ UCHOJL3YeTCA A ONUCAHUSI JIOTHYE-
ckoit byuknuu PTJI-anemenra.

Cxemsr PTJI ucnons3oBanuck Ha NePBOM 3Talle Pa3BUTUSA MHK-
posnekTpoHuKu., OgHako B moiayupoBOgHMKOBEIX MC ¢ BuiCOKOH
CTeIleHbI0 MHTETpaIly OHU OKAa3aJIUCh HENEePCIIeKTUBHBIMI B CBA3K
¢ 0OonbIIUM KOJHUYECTBOM pEe3UCTOPOB, 3aHUMAIOIIUX OOJLIIYIO
IIoIIagb, ¥ HU3KUM OLICTPOAEICTBUEM.

Tpansucropuo-rpansucropHas jgoruka (TTJI). Cxemsl snemen-
top TTJI nokasaus: Ha puc. 10.3. B Hux moruueckas pyHKIHA OCY-
LeCTB/IAeTCA MHOTOIMHTTEDPHBIM TpaH3ucTopom T’y (puc. 10.3, a)
uau Tpansucropamu Ty; u Ty, (puc. 10.3, 6), a rpansucrop T'1 Bei-
NOJHAET (PYHKIMIO MHBEPCHU.

B coBpeMeHHBIX MHTErpaJbHBIX CXeMax HCIOJL3YIOT 00a BapHaH-
Ta BXOAHBIX Kackamos (puc. 10.3, u u 6). TTJI-anemenT ¢ pasgens-
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o

a)

Puc. 10.3. Jlornueckue anementsl TTJI: a — Hcnoas3yiomui BXOgHOH MHOTOOIMHT-
TepHBIH TPaHBUCTOD; 6 — MCIIOJIB3YIONINH pasAesbHEIE BXOAHBIE TPAH3HCTOPHI

HBIMH BXOJHBIMY TPAHSHUCTOPAMHU, XOTA U 3aHHMaeT OOJIBLIYIO ILIO-
magb, HO TIO3BOJIsieT UCKJIOUWUTSH DAZX HexkeslareldsHsIX 3ddexToB,
CBOMCTBEHHEIX MHOTOSMMTTEPHBLIM TPaH3UCTOpPaM, a Takke obecIie-
yuBaeT OONMBINYI0O THOKOCTH IPH HIPOEKTHPOBAHUHM TOIOJIOTHH 3Jle-
MeHTa.

s onucanus paborst TTJI-aneMenTa BOCIIONBE3yeMCA CXeMOM C
pasaenpHBIMH BXOOHbIMH Tpamsucropamu (puc. 10.3, 6).

PabGora snemeHTa ¢ BXOZHBIM MHOTO3MWUTTEPHHIM TPaH3UCTOPOM
MOXKeT ObITh ONMCAaHA B TePMUHAX, YYUTHIBAIOIWX, YTO MHOTO-
3MhTTepHaﬂ TPaH3UCTOPHAA CTPYKTypa IOJy4YeHa B Ppe3yJbTare
o6beguHeHUs 6a3 M KOJJIEKTOPOB HECKOJNBLKUX OJHOTHUIIHEIX TPaH-
3UCTOPOB.

IIycTs B UCXOLHOM COCTOAHWM HANpPsOKeHUA Ha JIOTHMYECKUX
BXoAax paBHbI Hylio: U, = Ug = U = 0. Torga sMuTTEphl TPaH3H-
cropos Ty; u Ty, HaxoATca TOA HyJNeBhIM HAIPA'KEHUEM, HX
3MUTTEPHBIE TlepeXoasl CMeIe bl IpAMo U Tok I, = (E, — U”)R0 o-
POBHY pacmpenensieTca Mekay 6asamMu TpaH3uCTOPOB. Bxopmbie
TPaHBHUCTOPHI M pesucrop R, paboraioT B cocroanuu Uy, = Ug = 0
KaK OOBIYHBIA TPAH3MCTOPHBIM KJIOY C «OTOPBAHHBIMY» KOJIJIEKTO-
poM (R, = ). Beixognoe HalpsikeHHe KJI0Ua ONpejeNsaercs u3
(8.2) npu ycnosuu I, = O:

1
U, =¢pIn1+—
9 Qr B]

910 HampsKeHYe He npepsimaet (2—3) ¢p, ¥ YYUTHIBAA, YTO OHO
TIPUJIOMKEHO K 3IMHUTTEPHOMY IePeXOAy BBIXOGHOTO TPaH3MUCTODa,
TpaH3ucTop T'1 Hage)XHO 3amepr.
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Korga tpamsucrop T'1 3amepT, BEIXOAHOE HAIPAXKEHHUE HMeeT
MaKCHMAJIbHYI0 BEJIMUNHY, PABHYIO HANPAXKEHHI0 nurapus. Ode-
BHAHO, YTO 3TO €CTh YPOBEHb JIOTMUECKOH eJuHHUIBI, T. €.

Ul = E,.

IlycTs Temeps Ha Bxon A mogano manpsokenue U, TlockoJabKy
HaIpAXKeHVe Ha BTOPOM BXOJ€ OCTAJOCh PaBHBIM HYJIO, TPAH3HU-
crop T, mO-IpesKHEMY OTKPBIT, a 3HAUWT, HaNpAKeHue Ha base
tTpansucropa T'l1 no-npexkmemy 6aumsko k Hymwo. Tpansucrop T,
0Ka3aJICA BKJIOUEHHLIM B MHBEPCHOM aKTUBHOM Pe)Kume ( K IMHT-
Tepy IPUJIOKEHO HampsmkeHue Ul, 61makoe K E,, KolIeKTOp nox
NOTEeHIANIOM, OIM3KUM K HYJI0, a 6a3a noj NOTeHIIHAJIOM IPAMO-
CMEIeHHOr0 3MUTTEPHOTO nepexona U’ TpaH3UCTOpa Ty1). Moxkno
IIOKa3aTk, 4TO TaKOe BKIIOuenue T, npuBoguT K Heboneinomy [Ha
(1-2)or] BOBpacTaEu0 HampssKeHUa Ha Gaze T'1.

Hukarkux gpyrux maMeHeHUI B cXxeMe He ITPOVICXOJUT U HA BBI-
X0Je Ho-mpeykHeMy uMeeM ypoBeHb E . To xe camoe Gypger, ecnu
nofate Hanpspkenue Ul ma Bxon B.

Ecnu sxe mogaTh Hanpsskenue Ul Ha 06a JOrHuecKuxX BXOJAA, TO
oba tpamaucropa Ty; u T, OKa3EIBAIOTCA B MHBEPCHOM aKTHBHOM
peskume u TOK I, ycunennsiit B (B; +1) pas, BTexaer B 6a3y TpaH-
gucropa T'1. Ilpu 3TOM TpPaH3UCTOP OTIHPAETCs, NOTEHINAN 0as3nl
mesaeTcsa paBHBIM U, a TOTEHIIMAN KOJJIeKTopa (IpH YCIOBUM Ha-
CBIIIIEHNA) paBHBIM U ... 9TO 3HAUeHHUe eCTh yPOBeHb JIOTHUECKOI0
HYNs, T.e.

U=U,,~0,1B.

Taxum o6paszom, YpOBeHbL BBEIXOZHOTO HANPAKEHUS MEHAETCH C
U go UY Tonbko mpu nocTymieHus ypoBHs U Ha Bce BXogsl. 3Ha-
4uT, cxema TTJI B monokuTEIbHON JIOTMKE BHINOJHSAET (QYHKIHUIO
H-HE. 310 eme ogna BaKHAaA OCOOEHHOCTH JAHHOM CXeMbI II0 CPaB-
HEHWIO C paHee PacCMOTPEHHBIMY, KOTOPbIe BHINOJHSLINA GyHKIVIO
WJIN-HE. Oguako B oTpunareibHoi noruke cxeMa TTJI Toske Bol-
nonauaer ¢yuxknuio NJIN-HE.

Cnenyer momuepKHyTh, uTo cxeme TTJI croitcTBen 6osbInoil Jio-
TUYeCKUH Tepenarn, IpUYeM B peaIbHOH HeNnoukKe, rae Kaxxaeiii NJID
CBA3aH C NPeAbIAYIIAM ¥ IOCHeAYIOMMM, OH OYAeT TaKuM Xke, KaK y
H30JIMPOBAaHHOU cXeMpl. [[JIA JIOTMYECKOro mepenajga IoJaydaem:

Uy =E;— Uoc'r ~ Ey.
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Yeunenue Tora I, B (B; +1) pas (cM. Brille) ABiAETCA OOHOI U3
npobmem TTJI-amemeHTOB, Tak Kak npupamiesue Toka Al =B, I,
OPHMBOAUT K 3HAYUTENLHOMY BO3PACTAaHWIO BXOAHOTO TOKA IIpHU
yposue U! ma Bxoge. ITostomy mpu paspaborke TTJI-anemenToB
CTPEMATCSA MaKCHMAJNbHO CHU3HUTHh MHBEPCHBINA K03)GIULMEHT yCH-
JIEHUs TPAH3UCTOPOB BXogHOro Kackaga (B; < 0,01). HauGomnee ac-
(peKTHBHO TaKoe CHIDKEHHME JOCTUTraeTcd IyTeM IIyHTUPOBAHUA
KOJIJIEKTOPHBIX Tepexonoe aumomamu IMorTku (cm. paszy. 8.4).

Ha puc. 10.4, a noxasaH IPoCTOil UHBEPTOD, OCYILECTBJISHHBIN C
TIOMOIIBI0 OGHO3MHUTTEPHOTO TPAH3UCTOPA, a Ha puc. 10.4, 6 — cxe-
ma WJIM-HE, ocyiiecTBieHHas ¢ HOMOINLI0 ABYX IlapajelbHO
BKJIIOUeHHBIX MHBEPTOPOB. JTH IIPUMEPEI UITIOCTPUPYIOT r'IOKOCTh
¥ YHHBEpPCAJbHOCTL OCHOBHOM cxembl TTJI.

Pac. 10.4. BapuasTtel Hcnoabs3oBasus cxemsl TTJL:
a — uHBepTop; 6 — cxema WJIM-HE

OpHuM #3 CYIIeCTBEHHBIX HEJOCTATKOB IPOCTEHINeH CXeMbI
TTJI, nokasannoit Ha puc. 10.3, aABasieTca ee Malass HATPy304YHasA
CHOCOOHOCTE: TP IOAKJIIOUEHUY HeCKOJNBKIX Harpy30K Bo3pacTaeT
cyMMapHasi HArpys3ouYHas eMKOCTh
(rIoxaszaHa IITPUXOBOM JHUHHEH) U IO-
croaHHas Bpemenu CR,, ¢ Koropoi
Ta eMKOCTh 3apskaercsa. [Qns Toro
4yTOOBI YCKOPHUTH 3apsa] eMKOCTH M IO-
BBICUTE HArPY30YHYI0 CHOCOGHOCTH
WMJI3, BMeCcTO IPOCTOr0 HHBEPTOPA, CO-
CTOAIIETO U3 OJHOT'O TPAH3UCTOpa, UC-
NOJIb3yeTCA CJOKHBIA HHBEPTOpP, CO-
CTOAINUHA U3 TPeX TPAH3UCTOPOB ¥ TU-
oga (puc. 10.5). Taryio cxemy
npuaaTo obosnauary Kaxk TTJI-3.

Prc. 10.5. Jlorudeckuii aneMenT
TTJI co CNOKHBIM HHBEPTODOM
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B ciokHOM wmHBepTOpe TpaHsucTopel T1 w T3 BKJIIOYEHBI IO CXeMme
Hapauarrona (cM. puc. 9.1.); mosToMy X MOXKHO PacCMaTPHBATL Kak
OJHO IIejI0e; OHY BMecTe 3anupaioTcd ¥ BMecTe oTnupaorca. Hamuuwue pe-
sucTopa R, He NPHHIUNINAJBHO: YePe3 Hero oTBEeTBJAETCA YacTh Toka I,
YTO NO3BOAAET yMEHBIINTD TOK Iy, & 3HAYNUT, CTENeHb HACHIIIeHMA TDaH-
sucropa T3. CoBokymnHocTh TpaH3ucTopoB T2 1 T'3 MOKHO paccMaTpPUBaTh
KAK BapWaHT ABYXTAKTHOIO BRIXOZHOro kackaga (cm. puc. 9.25), B KoTo-
PoM TpaHsucTophl pafoTailoT mooyepexHo: T2 sapakaer xoxzeHcarop C
(tox I,), a T3 ee paspaxaer (tox I,). Hduox J obecneunBaer sanmpanue
rpansucTopa T2 npu oTKpeITOM M HackmennoM T3, a pesucrop R; orpanu-
YUBAeT TOK BO BPeMs T€X WHTEpPBaaoB, Korza T2 oTkpeiBaeTcd, a T3 eme
He samneped.

Ha cveny nepBuunsiM snemenTam TTJI, onucaHHBIM Bbillle, B
konire 70-x rogos npuinau TTJI-mukpocxemsr ¢ guogamu IllorTKu
(TTJIII). IIpu stom pumoasr IHorrku ([III) mcnons3oBanmchs Kax
I MUHVMHBANVY HaKOIUIEHUA 3apsaja B HACHIIEHHBRIX TPaH3U-
CTOpax, TaK ¥ B KaueCTBe <«yCKOPAIOINMX» €MKOCTeH B KJIOUEBHIX
anemeHTax. Oxua us passopuguocteit TTJIIII-s1eMeHTOR UCIIONL3Y-
eT Marpuuy auogoB IIIOTTKM BMECTO MHOTO3MHTTEPHOTO TPaH3H-
cropa.

B menom, passurue TTJI-31eMeHTOB Onpeessiyioch COBEPIICHCTBOBAHU-
eM IIPOIIeCCOB WX W3roTOBJeHUA. BHeApPEHWe H30MJIAHAPDHOH TeXHOJIOrMu
IIPYUBEN0 K NoABJeHU10 HoBbIX BapnanToB TTJIIH-sneMeHTOB, IOMYYHBIINX
yeaosHble gaspaHuAa FAST, AS u ALS. FAST — »T0 HavaabHbIie OYKBBI
caos Fairchild Advanced Shottky TTL. Coxkpamenwe AS npoucxXoguT oT
cinoB Advanced (¢ onepexennem) u Shottky, a 6yxksa L. B mnaumenosanun
ALS obGosnauaer cjaoBo Low (Huskuii), T. e. 9TO MaJOMOILHBIH BAPHAHT
MHKpocXeM Tuna AS.

HuTerpansuaa mHKeknuoHHAs sornka (M2JI). Cxemsr M2JI, mo-
SIBUBINMIECSH IO3JHee APYIHX, HE MMEIOT aHAJOIOB B TUCKPETHBIX
TPaH3UCTOPHEIX CXemax, T. €. cnenmudUYHbBl UMEHHO AJia UHTerpa-
JbHOro ucnogaenus. OGHAKO IO CYIECTBY OHM ABJSAIOTCS ellle Of-
Hoil, naubosee coBepieHHOI Mmoguduranueir cxemsl PTJI. Umeer
CMBICJI IIOSCHUTEL 9Ty IPEeMCTBEHHOCTh, TAK KaK BHEIIHE CXEeMbI
HI2]] BBHITTIAAAT HECKOJBKO HeOOBIYHO M HENOCPEeACTBeHHO HE acco-
nuupyloTes co cxemamu PTJIL.

B cxemax H2JI yAANSI0T (3aK0payNBalOT) Pe3UCTOPHl B 0A30BBIX IEeNax
¥ 3aMEeHSIIOT pe3UcTOpsl R, reHepaTopaMi NOCTOAHHOIO ToKa [ * (cM. pue.
10.6, a u 10.2). Takada 3aMeHa He BAWAeT HAa NpWHNuN xeficrsua WJIO.
IIpeumyinecTBa, cBA3aHHEIE C 3aMEHOM Pe3UCTOPA HA I'eHEepaTop TOKA, BHI-
sicHATCA No3hHee. A ceifuac POpPMaJbLHO NEePEeMECTHM BCE PeHePATOPhl TOKA

o d
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«BIIpaBO» — K HasaM Harpys3ouHBIX TpaH3McTOpPOB (cM. puc. 10.6, 6). Oue-
BHHO, UTO 3TO HUKAK HE NOBAHMAeT Ha pabory cxemel. HakoHel, nepex.io-
Y¥M BepXHHE 3aKWMEBI FeHEpPaTOPOB TOKa ¢ WHHBL +E, Ha «3eMIAHYIO»
muHy (puc. 10.6, g). CorsracHo Teopun meneii, Takoe NepexJIOYeHNe He OT-
pasuTcA HA peKyuMe TPAH3UCTOPOB, MOCKOJBKY TOK reHepaTopa ToOKa He 3a-
BHCHT OT HAJINYMNA WIN OTCYTCTBUA NMOCHEeJOBATEJAbHO BKINUEHHBIX HCTOY-
HUKOB 3.4.C. (B JAaHHOM clydae HCTOYHMKa K ).

Kax sugum, xapaxmephoii ocobernnocmyio cxem H?JI aersemces
unduseudyanvroe numarue 6a3vt Kax G020 MPaH3UCOPA OM «CE0e-
20» zenepamopa moka. acTo aT¥ reHeparophl AJIA IIPOCTOTHI OIIyC-
KaioT, ¥ TOIJA CXeMa HIPUHUMAaeT HECKOJIbKO CTPaHHBIA BHJ,
(puc. 10.6, 2): B Hell Kak OBl OTCYTCTBYIOT MCTOUHUKY ITUTAHUA.

+E
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Puc. 10.6. IIpoucxoxpaerHe jorudeckoro saeMenta W-JI: @ — sameHa pesmcropa
resepaTopom ToKa B cxeme PTJI; 6 — mepemeumieHHe reHepaTOpoB TOKa B 6a30-
Bble RemH CJAEAYIOUHMX JOIHYeCKHX JJIEMEHTOB; 6 — BKJIOUEHHe IMeHeparopa
TOKa Mexay 6asoil M obuiell «3emuAHOM» mHMHOMH;, 2 — cxeMa HJI (remepaTophl
TOKa He 00603Ha4YeHbI)

WupuBujyanbHble IreHepaTOpPhl TOKA OCYIIECTBJSIIOTCA C IOMO-
b0 pP—Nn—p-TPaH3UCTOPOB, BKJIOUEeHHBIX IHo cxeme OB
(puc. 10.7, a). Taxoii BapuaHT uspecTeH u3 pasg. 9.11 (cm.
puc. 9.36, 6). Kak 6bL10 moOKasaHO, B TAaKOM BapHUaHTe CXeMbl
p—-n—p-rpas3ucTop dopmansHO paboTaeT B pelKuMe ZBOWHON WH-
JKeKIuHy (HachIleHus1), IOCKOAbKY IIOTeHKAal KOJIeKTopa 6osbiie
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myada. OnHako, ecinu HanpskeHue U, xoTa 6pI Ha 0,1 B mensbine,
yeM Hanpspkesme U,, TO HH)KeKIWA KOJJIeKTODHOTO Iepexoja
NPAKTHUYECKH OTCYTCTBYET ¥ KOJUJIEKTODHBI TOK OCTaeTCs HEeW3-
MeHHbIM, paBHbiM ol . B cxemax W2JI mensimee 3HaueHue U, 1o
cpaBHeHHUIO ¢ U, ofecnieunBaeTca 6rarofapa MaloMy 3HaueHuio B;
y p—n—p-TPpaH3nucTopa.

W3 puc. 10.7, a BUgHO, 4TO 3MUTTEpPH! U 6a3BI BCEX P—Nn—p-TPaH-
3UCTOPOB OKA3BIBAIOTCS COeUHEHHBIMHU APYT ¢ gpyrom. IloaTomy Bce
p—n—p-TPaH3UCTOPLI MOYKHO 3aMEHHUTH OFHWUM MHOTOKOJIJIEKTOPHBIM
TPaH3KCTOPOM, UTO XapakTepHO #aa cxem H2JI (pumec. 10.7, 6). Xa-
PAaKTEePHO TAKsKe HCIOJb30BAHWE MHOTOKOJLIEKTOPHLIX N—p—N-TPaH-
3UCTODOB.

Puc. 10.7. OcyinecTsiieHHe I'eHePaTOPOB TOKa € IIOMOINBIO MHAUBHAYANLHBIX
Pp—n~-p-TpaH3UCTOPOB (@) M OJHOIO MHOIOKOJJIEKTODHOrO p-n-p-TpaH3uctopa (6)

Bassr Tpansuctopos T2 u T5 na puc. 10.7, 6 ynpasaaioresa ot
PasHBEIX KOJIeKTOpoB Tpansucropa T'1. CregoBarenbHO, 6a3bl «pas-
BA3aHpI» APYr OT ApPYyra, & 3HAYUT, KWCKJIIOYEHa BO3MOXXHOCThH He-
PaBHOMEDHOTO paclpefefieHuA TOKa MeXAy HuMmH. B pesyiabrare,
HCIIOJB30BAHME MHOTOKOJJIEKTOPHBIX JIOTMYECKUX TPaH3UCTOPOB
CYILIECTBEHHO 00/Ier4aeT OCYIIECTBJIEHUE Pa3BEeTBJIEHHBLIX CBA3eH
mexxny WJIO B cmockueix mudpornix HC.

TepMUH <«HH)KEKIIMOHHOE NUTaHWe», NPUHATHIA JJIA JAHHOTO
tTuna WJID, ompasgad Tem, 4TO MUTaoomue Toku I moywaoTcs
OnarogapAd HHXKEKIIMM JAbIDOK uepe3 3MUTTEePHBHIN Imepexof
p—n—p-TpaHsucTopa. IJMHUTTEP, BHIIOJHAKINUWA (GYHKIUIO IIUTAa-
HYs, NPHUHSATO HAa3bIBATh UHJMCeKmMOpom u obozHauaTe OykBoyt M
(puc. 10.7, 6). Ilockonbky Hanpaxenue £, IOAKIIOUEHO HEIOCPEA-
CTBEHHO K HMH)XEKTOPHOMY Ilepexofy, mojayuaem E, = U*. Mainoe
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Hanps'keHWe NHTAHUA — OLHO K3 BaKHBIX IPEUMYILECTB CXeM
H2JI. JIeTKO 3aMeTHTBh, YTO 3TO IPEeUMYIIECTBO €CTh CJAEACTBHE 3a-
MEHBI PE3UCTOPOB I'eHepaTopaMu TOKa.

Kax u3BecTHO, HMOAKIIOUATH HaNps)KeHWEe HENOCPeACTBEHHO K
p—n-nepexony HeXkejaTenbHO, TaK KaK IPU 3TOM TPyzHO obecrie-
yuTh cTabuibHOe 3HaveHwe ToKa. [[oaToMy Ha IpakTUKe HOCIEnO-
BaTeJbHO C HH}KEKTODPOM BKJIIOUAIOT HeOOJbIOe COINPOTHBIIEHNE,
Torpa HanpsKeHHUe NUTAHUA HEeCKOJAbKO IpeBhinaeT U” u coCTas-
nser obsruro 1-1,5 B.

IIpu noruueckom anasiuse cxem M2JI 06BIYHO MOJIB3YIOTCA 3KBH-
BaJIEHTHO cxeMoir Ha puc. 10.6, g, cumrad, uro 6asa TpaH3uCTOPa
aubo 3aMKHyYTa Ha «3ema0» (ecnm B mpepbigyinem HMJIO ogmu m3
TPaHSMCTOPOB HACHIIEH, U = U,.), 1160 «o6opBana» (ecnu B Ipe-
peiaymiem MJID Bece TpansucTops! 3anepTsi, Ul = U™). B nepsoM ciy-
yae JAaHHEIA TPAH3UCTOD 3allepT, a TOK I” IpoTeKaeT uepes TPaH3H-
cTops! mpeasigymero UJID. Bo BTopom ciayuae Tok I MOJHOCTBIO
npoTexkaeT B 0ady JaHHOTO TPaH3WcTOpa M HaceliaeT ero. IlycTs,
Hanpumep, Ha puc. 10.7, 6 naceuner tpausucrop 7'2. Torga B ero
Gase mporexaeT Tok I” oT HikHero Komiekropa T, (Tak Kak TpaH-
suctop T1 3anepr), a B KOLIEKTOpe — TOK I* OT BepXxHero KoJLIeK-
ropa T, (Tax Kak TpausucTop T4 Toske 3amepT; Ha ero Gase ge#cT-
ByeT MaJjioe OCTaTOYHOe HANpssKeHHe HACHIIIEeHHOrO TPaH3HUCTopa
T2). CnegoBarensto, Ig, = I, = I". Ycnosue Hackiuenud (8.4) npu
sToM umeer Bupg BI* > I unm

B=>1.

Kax Bugum, mpe6osanua Kk Kodguyuenmy ycuaeHus 6a306020
moxa munumanrvnvie. OOBIYHO 3TO YCJOBHE BBINOJNHSETCA gakKe B
MUKDPOpekuMe, Ipu Tokax 5—10 mxA. ITo emje ogHO Ba’KHOe IIpeu-
myiectBo cxem M2JI, xoropoe, HapAmy C MAaAsIM HAIPSKeHHEM
TIIATAHUsS, CIOCOOCTBYEeT pPE3KOMY YMEeHbIIeHHI0 IIoTpebiidemoit
mouHoCTH. Jloruueckuil nepenan ans WN2JI oxomno 0,7 B.

OpUruHa/JAbHOCTL CXEMOTeXHHMUYECKOr0 pellleHHd COoueTaeTca B
cxemax M2JI ¢ OpUrMHAIBHOCTHIO TeXHOJOTHYECKOro pernenusa. Ha
puc. 10.8 moxasana crpykrypa M2JI-penTms.

Pons smurrepa, o61iero pis Bcex n—p—n-TpaH3uUCTOPOB, UTPaeT
3NMUTAKCHAIBRHBIN N-C0il BMecTe ¢ n*-NOAJNOXKKOI (rocregHasa B
CYIIHOCTH o0eclieyrnBaeT OMHUYECKHUH KOHTAKT ¢ n-ciaoem). B cxemax
W2JI, Boobmie TroBopsA, HET HEOGXOZUMOCTH W30JMDPOBATE
n—p—n-TPaH3UCTOPHI APYT OT APYTra, TaK KaK 06IIHOCTh 3MUTTEPHO-
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Paspes no jquaun A-A

Prc. 10.8. CrpykTypa u Tomoyorus cxemsl M°JI

ro cJIOA He TOJLKO He IIPOTHBOIOKAa3aHa, HO W Heobxoaumma IO ca-
MOt cTpyKType cxemsl (puc. 10.6 u 10.7).

WHXKeKTOp OCYILECTBJIEH B BUAE JJIHUHHON pP-TOJOCKH, BBINOJ-
HeHHOM Ha arame Oazopoit gubdysuu. Basoit p—n—p-rpa"sucropa
ABJISETCS 3MUTAKCUANBHBIN N-CJ0H, a KoajneKTopaMu — OGa3opbie
p-ciom n—p—n-TpansucropoB. CiegoBaTesbHO, p—n—p-TPaHB3UCTOP
UMeeT FOPHU30HTAJIBHYIO CTPYKTYPY (cM. puc. 7.21) u ogHOPOAHYIO
6asy, T.e. aBageTcsa Oe3xgpeitpoBbIM.

TpaH3uUCTOPBI N—p—n NIPEICTABIAIOT c060ii «obparenHbie» MHO-
TO3MUTTEPHBIE TPAH3UCTODHI.

B saksioueHue IpocyMMupyem npeumyimectsa M2JI: orcyTerBre
UB0MUPYIOIMX KapMaHOB (T.e. 3KOHOMUS ILIOIIAAHN); OTCYTCTBHE
pe3ucTopoB (¥ CBABAHHBIE C 3TUM 3KOHOMUJA ILJIOIIAfH, YMeEHbIIe-
HYe HanpsDKeHUsl NUTAHUA, MOIIHOCTH, BPEeMEHH 3aep)KKH); Ma-
Jad eMKOCTh KOJUIeKTopa (¥3-3a majoil miomazu n'-cioes).

ImurrepHo-ceaszanHada goruxka (ICJI). B ocuose cxembr JCJI
(puc. 10.3) nekuT NmepeKjOYaTeNs TOKA, PACCMOTPEHHBIN B pas-
nene 8.5. Oranume OT HMPOCTOrO NepeKJruaTrelda COCTOUT B TOM,
YTO B OJHO M3 IljleY BKJIOUEHO NapajiebHO HECKOJbKO TPaH3U-
ctopoB (T'1 u T2 na puc. 10.9). 9T TPaH3UCTOPH! PABHONIPABHEL B
TOM CMBICJI€, YTO OTHHpaHHe J6oro u3 HuMx (MJM BCeX BMecTe)
TIPUBOAUT K TePeKJIOUeHHIo Toka I, M3 IpaBoro Ijieda CXeMsl B
nepoe. Ilostomy OCJI, xax u PTJI, sBpimonssier QYHKIIHIO
WJIN-HE.



424 Tnasa 10. HATerpaJgpabie CXeMbl
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Pac. 10.9. JToruueckuit anement I3CJI

Ilosropurenu T4 u T5 cMmelaOT yPOBHU KOJJIEKTOPHBIX HOTEH-
IMaJIOB Ha Beamuuny U”. Kak uspecTHO, 6e3 TAKOTO CMEINEHHUA IIe-
peKoYaTeNy TOKa He MoryT paboraTs coBMecTHO (cm. puc. 8.14,
rae BelUUMHA CMelleHUs obo3HaueHa uepes e). IlogcTapnaa e = U~
B (8.40) u mosarasa 8 = 0,1 B, y6exxgaeMcd, YTO IPY HAJIUYWUH IIO-
propuTesneir menouka JCJI paborocmocobHa.

IIycTs Ha 06a JIOrMYeCKMX BXO4a HMNAAHBI 3aIUpAIOIie HYyJIeBbIe
yposru UY. Torna B coorercTBHE ¢ dyHriueir UJIM-HE nanpsoke-
Hue Ha Brrxoge C GymeT exuHuuHbiM yposHem U, Ero serxo naiitu,
yauTHIBadg, 4To Tpansucropsl I'l u T2 sameptsl, T.e. U = E,. B
ypTasg HaIpsXKeHre Ha 3MUTTepHOM Iepexome T4, momxyuaem:

Ul=E, - U" (10.92)

IIycTs Tenepsr Ha OBMH M3 BXOAOB, HampuMep A, MoJaH OTHHpa-
Iomuil eguHNYHbIM ypoens Ul. Torxa manpsskenue Ha Brixoge C
npumer 3Hauenue UC. IlonoxuM, Kak U B pasfesne 8.5, UTO OTKPHI-
THI# TPAH3WCTOP HAXONUTCA HA IpaHUIle Hacslllenud, T.e. U = Uy,
= U, Buumraa U’ u nopcraBaas (10.9a), momyuaem:

U= E, - 2U". (10.96)

Hcnonrsys Beipaskenua (10.9), Halimem 3HaueHUe JIOIHYECKOr'O
mepenaja:

U, =U*~0,7 B. (10.10)

Kax BuauM, 9T0 3HaueHMe NPAKTHYECKM HE OTAMYAETCS OT 3HAa-
yeHus, cBOMCTBEHHOTO cxeme M2JI.
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Hampsaxenue cmemenua E, BeibupaeTca pPaBHBIM IIOJyCyMMe
yposaeit U® u U}, T. e.

Eo=E-%U". (10.11)

ITpu atom yposru U° u Ul pacnomnosxeHE! CHMMeTPHYHO OTHOCH-
renpHO E| Ha «paccrosHum» % U

PaGouwnit Tok I, oneruBaerca u3 pasenctsa U, ,; = U1, o6ecneun-
BaIOIero IPaHUYHLIA PeXXMM OTKPHITOro Tpausucropa. Ilogcras-
nsd B 370 pasenctso U,y = E, — al R, u sHauenue U! uz (10.9a),
ImoJayyaeM:

aloR, = U*. (10.12)

Comporusnernue R, BrGupaloT u3s ycaopus (8.44), obecneunsaro-
I[er0 MEHUMAalbHOe BpeMsa Hepexmiouenus. OObruHO 3HaueHms R,
nexxar B npegenax 0,5-2 xOwm, a Tok I — B nmpegenax 0,5-2 MA.
IIpu pacuere MOIIIHOCTH HY>KHO, KOHEYHO, VIUTHIBATH ¥ TOKH B I10-
BTODHTEIAX.

HUcnoabsys seipaskennsa (10.96) u (10.11), jserko nokasaTb, 4To B UCXO[-
HOM COCTOSIHHH, KOTJa Ha 060OMX BXOJax saJaH ypoBeHs U°, SMUTTepHble me-
pexoanl TpansucropoB T1 w T2 HaxomATcA HOA HPAMLIM CMeLIeHueM
+}/2U* =0,35B. Takoe cMelleHne MeHblle HANDPAXKEHUs OTHUDAHWA, CO-
craBaanomero oxkoio 0,6 B, mosToMy TpPaHSUCTOPEI NPAKTUYECKH 3AIIEPTHI.
OHaK0O NOMeX0yCcTONIUBOCTE CXEMBbI, OITPEAeIAeMas PA3HOCThIO MeX Ay Ha-
npAKeHHEeM OTHHPAHNA U NPAMbBIM CMeljeHueM, cocTasaget Beero 0,25 B.

Ilnsa noBHIIEHNA TOMEXOYCTONIMBOCTH MOKHO IOMTH HA TO, 4TOOBI OT-
KDPbITHIE TPAH3UCTOPHI pafoTa iy He HA rpaHUNe HACHIIIEHN:d, a B KBasyHa-
CHIIIEHHOM pekuMe, T.e. npu Hebouasmiom (0,2-0,3 B) npamMom cmeriesuy
KOJIEKTOPHOro nepexofsa. MOXKHO TakiKe 3aMEHHTh HOBTopuTeau Oojee
CJIOKHBIMY CXeMaM¥ casura ypoBHA (cM. puc. 9.20). IIpumenenue nocej-
HAX PAaBHOCYIBHO yBENWYeHMI0 HanpsskeHua U . OfHAKO TAKne CXEMBI co-
JEP/KAT JONOIHUTEIbHEIE Pp—N-NEPEXOABI MM PESUCTOPHI, a CAeJOBATENLHO,
3aHUMAalOT OOJBINYIO ILIOINALb.

Ho cux nop Tpausucrop T'3 CUMTaJCsH BCIOMOTATENbLHBIM -—
«XpaHAmUM» TOK I;, KOrja JIOTM4YeCKHe TPAH3HUCTOPBI 3aIlepTsl.
OxHaKO JIeTKO 3aMeTHUTh, YTO OH BMECTe ¢ NOoBTopuTeideM T5 Toxe
BBITIOJIHSAET JIOTHUECKYI0 GYHKIUIO. A UMEHHO, B MCXOZHOM COCTOA-
HuH, Korga U, = Uy = U, tpansuctop T3 OTKPHIT, 8 3HAYUT, Ha
BeIxofe D nonyuaerca Hanpsxerue UC. Eciu XoTa 6bI Ha OZHOM U3
JIOTHYEeCKHX BXOJOB JeiicTByeT Hanpsikenue U!, To Tpansuctop T3
obecToue u, cregosarenbuo, Uy, = Ul. Kak BuAEM, OAHOBPEMEHHO

1A_2471
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¢ byurmueit UJIN-HE, psinonusaemoit na seixoge C, BoINONHSAETCH
dyuruua UJIN va Brixoge D. IlosTomy rosopar, uro cxeme ICJI
cBoiicTBeHHa Qynkyus HJH-HE/HJH.

B zakao4yeHue OTMETHUM, YTO Ha NpakTuke B cxemax ICJI 3azem-
JAIOT He OTPUIIATENbHBIM, a MOJMOXXUTENbHBIN IOJMIOC MCTOYHHUKA
NHATAHUA, TaK YTO BCe paboume noreHmmans Ha puc. 10.3 okassl-
BAIOTCH OTPUIATEJbHBIMHU. Pasymeercs, 3TO He MeHSeT IPUHIUIA
OeHCTBUA CXeMbI ¥ OCHOBHBIX COOTHOILIEHHH, OZHAKO 3azeMJeHue
TIOJIOXKUTENBHON IIUHB IMUTAHUA CYILECTBEHHO YMEHLIIAET BJIUA-
HIe TIPOXOAAIMX 10 Heil ToMeX Ha BelnuuHsl yposHeit U u U1,

10.3. Jlornueckue sxementsl Ha MJIII-rpan3ucropax

B nacrosInee BpeMsa B JIOTHYECKUX CXeMaX HUCIONL3YIOTCH TOJb-
ko MJII-Tpar3ucTopsl ¢ OKMCHBIM gusieKTpukoM SiO,. IlosTomy
Huke paccmarpusaiorea WJID ma MOII-Tpamsucropax. B ocHose
MOII-rpansucroproit goruku (MOIITJI) nexxar MOII-Tpan3ucTop-
Hble KJIIOUH-UHBEPTOPHI, PACCMOTPEHHbIe B pasgeine 8.6.
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Puc. 10.10. Jlormueckue asnemeHThl MOIITJI Ha kmouaX OZHOTO THIIA
MPOBOZMMOCTH ¢ MapayuiedbHEIM (@) M mociegoBaTesbHEbIM (0) BKIIOHUeHHEM
JIOPMYEeCKUX TPaH3HUCTOPOB

MOII-TpansucTopas JOTHKA Ha KJKOYAX OJHOrO THIIA TIPOBOAH-
moctH. Kak u B pasgene 8.6, IOJIOMKKMM B OCHOBY TPAH3UCTOPHI C
HHAYIUPOBAHHBIM N-KaHAMOM (IIOCKOJbKY MM CBOMCTBEHHO IIOJIO-
JKUTENbHOE HAllpAKeHue IUTaHuA, 6osee yao6HOe NIPH aHaIHU3E).

Ananuz MOIl-rpansuctopusix WJID mpoine, ueM GUNIONAPHBIX,
IIOTOMY 4YTO BXOZHBbIE (3aTBOPHLIE) IIE€NM NPAKTUUYECKH He HOTpeb-
aaT Toka. CrefoBarensHO, npu paboTe B menouke omdeavHbie
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HJIIS pynryuonupyom nHezasucumo dpyz om 0pyza VI Ka>KAbIil U3
HUX MOXXHO aHAJM3UpOBaTh, OTBJEKAsCH OT BIUAHUA IpeJbIAYIe-
ro u nocieaytomero MJIJ. B yactHocTH, nozuveckue yposnu U° u
Ul ne sasucam om nazpysku m ocraioTca TAKMMU ke, KaK ¥ IpH
XoJocTOoM xoje. BausaHue nocaenyioniero (marpysounoro) UJIJ ceo-
OUTCA JUIIb K YBEJIWYEHHUIO BBIXOAHOM eMKocTu zammoro HMJID.

Ha pwuc. 10.10 norasansl gBa TUNOBBIX BapuanTa WJIJ, BeIIOJI-
HeHHbIX Ha MOII-TpaH3ucTopax ¢ n-kaHanoM. B oboux BapmanTax
HUCHOJb3yeTCA AUHAMHWYECKasi Harpy3Ka, Tak KaK HCIOJIb30BaHUe
Harpy304YHBIX Pe3UCTOPOB IPUBOAUT K PE3KOMY YBEIMUYEHHUIO HJIO-
mwagu u aumaetr MOIITJI ogHOro u3 ee OCHOBHEIX IIPEUMYIIECTB —
BBICOKOH CTEIIeHW WHTeTrpaIyy.

WJI3, moxazauueiin Ha puc. 10.10, a, IOCTpoeH IO TOMY >Ke
npuHnuny, uro u PTJI (puc. 10.2): noruueckue Tpausucropet T'1 n
T2 praoo4YeHsl napaljejbHO, OTIIMPaHue KayKAOTO U3 HUX IIPHUBO-
OUT K CHVKEHUIO BRIXOZHOTO YPOBHA, T.€, CXeMa BHIIONHAET QYHK-
nuo WJIN-HE,

Jloruueckue ypopEu B MOIITJI coOTBeTCTBYIOT BHIXOAHBIM Ha-
IPAYKEHUAM OTKPBITOTO M 3aneproro kmwoua (puc. 8.17, 6). B or-
KDPBITOM COCTOSHUM OCTaTOUHOE HaIps KeHMEe Ha KJIoue ONHCHIBA-
ercs dpopmynoit (8.49). Ilpu coOTBeTCTBYIOIEI reOMETPHH TPAH3H-
CTOPOB OHO MMEET CTOJb Ke masjoe 3Hauenue (0,05-0,15 B), xax u
B OGUNIOJAPHBIX KJIOYax. [[03TOMy MOXKHO CUUTaTh

U°=U,, ~0,1B. (10.13a)

HanomuuM, 4TOo Majoe OCTATOYHOE HANPsSPKEHUE II0ApasyMeBaeT
KaK MOJKHO MEHBIIYIO IIIMPHHY KaHalla Harpy30YHOTO TPaH3UCTOPa
TI0O CPABHEHUIO C IIMPHUHOM KaHaja aKTHBHOI'O TPaH3UCcTOpa. 3aMe-
TEM Takske, 4To B cxeme MOIITJI ocraTounoe Hanpskenue yObiBa-
€T IIPONOPIUOHAIBHO YHCJIY OTKPLITHIX JIOTHUECKUX TPAH3UCTOPOB,
TaK Kak IapajljlejibHOe COeJUHEHUEe TPaH3UCTOPOB PABHOCHJILHO
YBeNIWYEHHIO yAeNrHON KPYyTH3HEI b; B dopmyne (8.49).

B 3aKkpsiTOM COCTOAHMU KJIOUa BBIXOZHOE HaNpsKeHUe OJIU3KO
K HaIpA)KEHUI0 THUTAHUI:

1
U' ~E,. (10.136)
CoOTBEeTCTBEHHO JIOTHMUYECKHI Iepenaj COCTABJSeT:

Uy,=E;, Uy, ~E, . (10.14)
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O6sruHo Hanpsokenwe nutanuss B MOIITJI Bribupaerca B 3—4
pasa OoJsbille IOPOTOBOro HanpsiKeHus. CllegoBaTejbHO, €CJIH
U, = 1,5-3 B, To noruueckuir nepenazg (5—~10 B) namHOoro mpessl-
IIaeT 3HAUEHHA, cBoficTBeHHBIe cxemam MZJI, DCJI u gaxke TTJI
(npu HanpsiokeHuw nuranua 4-5 B).

Eme oguum pocrounctBom MOIITJI asnsercsa noBmimerHas Io-
MeXOoycTOMuUMBOCTE. B camMoM fese, Ha BXOAe 3allepTOTO TPAH3UCTO-
pa geiicTsyeT ypoBeHs U°. BmauwmT, A/NA OTIMPAHUA TPAaH3UCTOPA
HeobxoauMo HampspkeHue U, — U?, 61u3koe K HOpPOroBOoMy, T. €.
1,5-3 B, Torga xax y O6unoaapseix WJID, paccMOTpeHHBIX BHIIIE,
ono coctasader (1-2)U~, T. e. 0,7-1,4 B.

WNJI9, nokasauusbiii Ha puc. 10.10, 6, xapakTepeH He Napaiieib-
HBIM, a TIOCJIeAOBATeJbHLIM BKJIIOYEHHEM JOMMYeCKUX TPaAH3UCTO-
poB. IloaTomy mpoTeKanye TOKa B IeNH, a 3HAYXAT, ¥ HUBKUA ypo-
BeHb U BEIXOJHOTO HANPA’KEHWs BO3MOYKHBI TOJLKO IIPH OTIIMPA-
HUY BceX (B JAHHOM Ciydae 060UX) JOTHYECKUX TPAH3UCTOPOB. ITO
HMeeT MeCTO IIpH Hojade yposHa U! ma Bce noruueckue sxopsi. Or-
cioga sicHO, uTOo gamHelil MJIO Beimonnser pyuxmuio M-HE.

Vposens U! B naHHOH cxeMe TaKoOil ’Ke, KaK B IpenbIAYILeH, HO
yposens U° 6osibilie — OH IPONOPIMOHAJEH YHCHIY IOCAeZ0BATENb-
HO BKJIOYEHHBIX JIOTHYECKUX TPAH3UCTOPOB M MOJKET COCTABJATH
0,2-0,5 B u 6osee. CooTBETCTBEHHO MeHbIle Oy eT JOruYeCcK il me-
penap. Ilpu nanpsokenusax nutanua 10 B 1 6osee aTOoT HEZOCTATOK
MaJI0 CYIIleCTBeH, OMHAKO B HU3KOBOJBTHLIX CXeMaX C MaJILIMH I0-
POTOBEIMY HaNPAKeHHAMY TIOBLINIEeHHEIH ypoBenb U mpeacTaBis-
eT OIpefesieHHYIO IIpobiemy.

Brictpogeitcreue MOIITJI, kak u nmpocreiiinux MOII-karoueit,
OTrpaHMUYMBaETCHa CKOPOCTHIO Ilepe3apsiga BhixogHoit emkoctu C (Ha
puc. 10.10 moxasana MITPUXOBOI NuHUEI). Beauwunna 3Toi eMKO-
CTH NIPONOPIMOHANBHA KOJUYECTBY HarpysouHmix WMJID, a rawke
3aBUCHAT OT €MKOCTH METaJIJIN3aI[uH.

Hdns1 noBeillleHusA ObICTPOLEHMCTBYA HYKHO yBeJIUUYHBATHL pabo-
yye TOKY TPAaHBUCTOPOB, T.e. UX yAeNbHBIe KPyTusHsl. OgHAKO 3TO
O3HayaeT yBeJAUuYeHWe IIVPHHBI KaHala, T.e. ILIOIIALM, 3aHHUMae-
MOM TpaH3ucTopaMu. Kpome Toro, yeenuuenue pabouux TOKOB CB:A-
3aHO € yBesuueHWeM NoTpebisaeMoil MOIEOCTH, & 3TO — ellle OJHO
NIPEeNATCTBHE Ha IIyTU MOBHIIIEHNA CTelNeHy uHTerpanuu. Ma-3a or-
MedYeHHbIX 3arpyaHeHuit peanbHsie MOIITJI oxaswiBaroTca MeHee
OBICTPOAEHCTBYIOIINMY, UeM OUIOJSpHLBIE,
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MOII-TpaH3ucTOpHAsl JIOTHKa HA KOMIUIEMEHTAPHBIX TpPaH3H-
cropax (KMOII-noruxka nian KMOIITJI). IIpocreitimue KMOII-kr0-
yy OBIIY pacCMOTPeHsI B pasdz. 8.6 (puc. 8.18). FIx ocHOBHOe JOCTO-
MHCTBO COCTOHT B TOM, UTO U3MeHEHVe BHIXOZHOIO HAaIIPs KeHUs He
CBA32HO C M3MEHEeHHeM TOKa: OH ocTaeTcd OMHM3KMM K HYII0. JTO
OPEeVMYIIeCTBO — HHUYTOXKHYIO HOTpebisieMyl0 MOIHOCTHL — CO-
xpausdioT ¥ KMOII noruueckue ajnemeHTsI. [lBa TUIOBBIX BapuaHTa
rakux WJIO nokasanst Ha puc. 10.11. Ilo npunnuny geiicTBus onu
aHaJMOrMYHbl BapMaHTaM, NOKa3aHHRIM Ha puc. 10.10.

Ha puc. 10.11 Bugua 3akoHOMepHOCTH cTPYKTYphl KMOII noru-
YeCKUX 3JIeMEHTOB: NapanlelbHoe coedunenue 00H020 MUna mpa-
3ucmopog conpogoxcdaemcs nocaedogamenvhuim coeduHeHueMm
mpan3ucmopoé dpyzozo muna. BrinonHdeMasa soruueckas QyHK-
¥ OIIpefesisAeTcs BKJIIOYEeHUEeM TPaH3HCTOPOB «HVIKHEr0 3TaKa»
(cp. ¢ puc. 10.10). B paccmaTpupaemoil cxeme — 3TO n-KaHalbHEIE
TpaHaucTopsl. ECIM M3MEHUTH HMOJISAPHOCTH NHUTAIOIIETO HAIpsKe-
HYA, TO B «HIDKHEM 3Ta)Ke» OKKYTCA TPAH3UCTOPSHI C P-KAHAJIOM.

+E

c

1 T4

T2

i
o
+
%
o

oty

'j«nrj T3

o Ok

Puc. 10.11. KMOII jgoruyecKHe 3JIeMeHThI HA KOMIUIEMEHTAPHBIX KJIIOYaX:
a — anement UJIN-HE; 6 — siaement U-HE

IIycre B cxeme Ha puc. 10.11, a Ha o6a noruyecKux BXoja moAa-
ubt ypoBHu U? < U,,. Toraa B n-kananpHeIX TpaHaucropax T1 u T3
KaHaJ OTCYTCTBYeT, T. €. OHU 3allepThl. B p-KaHaNIbHBIX TPAH3HCTO-
pax T2 u T4 o6pa3yioTca KaHalbl, TaK KaK Pa3HOCTH IOTEHI[MAJIOB
U - E, = U,, npessimaeT (10 MOAYJIO) IOPOTOBOE HANPAXKEHHE.
Onnaxo, IMOCKONBKY uepe3 KaHalsl IPOTEKAIOT HUYTOXKHBIE TOKH
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samepTeix Tpan3ucTopoB T'1 u T3, nmagenue HalpsKeHUA Ha KaHa-
Jax ToXKe HOJydaeTcsa HUYTOXKHEIM [cm. (8.516)]. IlosTomy MOkHO
CYHTaTh, YTO BBRIXOZHOE Hanps’KeHHe PaBHO HaNpsKeHHIO IIUTa-
Hus. OTO ¥ eCTh YPOBEHbL €QUHUIIBI:

Ul = E,. (10.15a)

Ecnu nogats Ha BXox A yposens Ul, To B Tpansucrope T'1 o6pa-
3yeTcsa KaHaj, a B Tpanaductope T2 xaHan ucuesaeT, T.e. 3TOT TPaH-
3uCTOp 3anupaeTca. HUYTO)KHBIH OCTATOUHBIE TOK TPaH3UCTOpa
T2, nporekas uepe3 kaHaa T'1, gaeT Ha HeM IPAKTUYECKHU HYJIEBOE
najeHue HapaKeHUA. [I0sToOMy B JaHHOM clydae MOXKHO CUUTATH

U®=0. (10.156)
CoorBeTcTBEHHO JIOTMYECKUH Iepenaj COCTaBJdeT
U,=E.. (10.16)

IloMuMO BBICOKOI 9KOHOMUYHOCTH, JOIOJHUTEIbHLIMY NIPEUMY-
mecTBaMu KMOII-noruku no cpasaenuto ¢ MOIITJI apnatorca ma-
asle pabouue Hanpsaxerud (4o 2U, u meHee) u 6oyee BbricoKoe Obl-
crpogeticteue (cM. Kower pas3g. 8.6). Cxema na puc. 10.11, 6 xa-
paKTepudyeTCsa aHAJOTMYHLBIME  IapamMerpamu. Ke pabora
aHANUBUPYETCs MyTeM TAKUX XK€ PACCY KAeHUN, KAKUMY MbI HOJb-
30BaJINCH BBIIIE.

+E, Eme ofHOIt Pa3sHOBHAHOCTBLIO 3JIEMEH-

T L TOB, BBHINOJHEHHBIX HA KOMILJIEMEHTapPHBIX

" g TPaH3UCTOPaX, ABJAIOTCA KJIIOUU KOMMY-

o 1 Tanuu. [IockogbKY IpY pasMbIKaHUM U 3a-

T2 MbBIKaHUAY Razjana TIOJIEBOTO TPaH3UCTOpa

YIIPaBJISIOIINY CUTHAJI IajJIbBaHUYECKH He

E 1 1 CBA3aH C KOMMYTHUPYEMOH I[eNbI0, TaKoi
&

KJII0Y MOYKeT 3aMbIKaTh M pas3peIBaTh IO-
clefoBaTe IbHBIC 3jIeKTpuueckue menu. Ha
Puc. 10.12. Kmou xommy- PHC: 10.12 mnoxasara THHOBaA CcXema
ramuu Ha kommiemenrap- LMOIL-KaI0ua KOMMyTanuu.
#pix MOTI-TpaB3ucTOpax Kirou umeer Bxox (A) u Beixop (B) cur-
Haja, a Takke BxoJ (E) paspelreHus Ipo-
XOXKJeHUs CUTHaNa (HA3BAHUA «BXOX» U «BBIXOL» YCJIOBHBIE, T.K.
KJII0U CHMMETPUUYEeH OTHOCUTEJIBHO 3THX (YHKIVOHAJIBHBIX BBIBO-
n0B). B ormuume or KMOII-unBepTopa, Ha 3aTBOPHI pP- U N-KaHAajb-
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HOTO TPaH3MCTOPOB KJIIOUA MOJAIOTCS IIPOTUBOIOJOMCHBIE JIOTHYE-
CKMe YypOBHY, TaK UTO 06a TPaH3UCTOPa UM OJHOBPEMEHHO 3aKphI-
TeI (IPY BHICOKOM YPOBHE Ha Bxoge E), My 0JHOBPEMEHHO OTKPBITHI
(npu HUBKOM YpOBHe Ha Bxoje paspeinenuda E). Kanan mposogumo-
CTH B TaKOM KJIIOUe JBYHATIPABJIEHHBIN M MOJKET IIPONYCKATH JIOTH-
4JecK¥e YpoBHH ¢ amIutuTygoi or 0 go + E_. 3a cuer ogHOBpeMeHHO-
ro WCIOJIL30BAHYS B KJIOUE N- ¥ p-KaHaJbHBIX TPAH3UCTOPOB y/aeT-
Cs1 CHU3UTH 3aBUCUMOCTE IOCIEeL0BATEIbHOI0 COIPOTUBIEHUS KJII0Ua
KOMMYTAaIM¥ OT YPOBHS KOMMYTHDYEMOIO CHIrHaJja.

Ouuammnueckas MOII-tpansucropnas Jjoruxa (JMOIITJI). 06-
mad ocobennocts MOII-Tpansucropubix UJIQ — TO, UTO B Ienouke
OHY rajJIbBaHWYEeCKY U3QJUPOBAHBI APYT OT Apyra 6iaarogapsa orpom-
HOMY BXOZHOMY COIIPOTHUBJIEHUIO CO CTOPOHBI 3aTBOPA — IIO3BOJIAET
CcTpouTh 0CcOORIHA Kaace UJID — cxemut dunamuvecxozo muna. IIpo-
HIIIOCTPUPYEM 3Ty BO3ZMOXKHOCTH Ha IIPUMepe CXeMbl, IOKa3aHHOH
Ha puc. 10.10, a.

OTrarouumM 3aTBOp TpaH3wucTropa 1'3 OT IIMHBI NMUTaHUA U Oygem
TIOJ@BaTh Ha HEerO YIPAaBJAIINTe UMIYIbCH ¢ aMIuTygoi U, = E
(puc. 10.13, a). 9Ty UMIYILCHI HA3BIBAIOT MAKMOEbIMU, & PEXKUM
paborer NJID mpu HaJMYWHM TAKTOBBIX HMMIIYJIBCOB — CUHXPOHHbLM
pesxumom. Panee paccmorpenHsie HMJID paboTany B acuHXPOHHOM
peskume, OueBUAHO, YTO B OTCYTCTBHE TAKTOBOTO MMIIYJIbCA, KOTHA
U,, = 0, tparsucrop T3 3anepT He3aBHCHUMO OT COCTOSAHMSA JIOTHYeE-
CK¥X TPaH3UCTOPOB. [Ipy 3TOM MONITHOCTH OT MCTOUHMKA NMUTAHUA He
norpebiseTcs.

Korpga nocrtymaerT TakTOBBIH HMMIYJABC, 3aTBOP HArpy30YHOTO
TPaHBUCTOPa OKAa3bIBaeTCs (PaKTUUEeCKM NPUCOEAVHEHHBIM K IITUHE
NIUTaHUsA, T.e. cCXemMa IpuobpeTaeT TaKyo *ke KOHDUIrypaumuwo, Kak
Ha puc. 10.10, a. 3uauuT, BO BpeMA JeiCTBUA TAKTOBOI'O MMIIY/IbCA
cunxpouHeiit 1JIO paboraer Tak ’ke, KaK aCUHXPOHHBIN, ¥ NOTpPeO-
JIAeT ¥ He NOTPebJsieT MOUTHOCTH B 3aBUCHMOCTH OT COCTOSHUSA
JIOTUYECKUX TPAH3UCTODPOB.

VI3 cka3aHHOTO CJIEAYeT, UTO CUHXPOHHLINA peskum obeclieunBaeT
BBIUTDBINI B HMOTPebIsIeMOil MOIHOCTH. JTOT BBIUTPHIII ONIPEAeIs-
eTCsI CK8AMCHOCMbIO TAKTOBBIX MMIIYJIBCOB, T.€. OTHOLIEHUEM IIepH-
ofa ux nosropenua T K AIUTENbHOCTH MMHyJabCa {,. Yem Gonbime
ckBaskHOCTH T/t ,, TeM OoJbllle BRINIPHIM B MomHOCTH. OpHako
BeIWuMHA f,, OTPaHMYeHa BpPeMeHeM Ilepe3apafa IapasUTHOH eM-
Koctu C, a nepuog T — xejaTeJIbHOM CKOPOCTHIO Nepegauu MHGODP-
maiuu (wacToToit ompoca MJID).
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Ous nocrpoeHms 3nemenTa JMOIITJI npocreitinyio cxemy
(puc. 10.13, a) HyXHO JONOJHUTH KJIOUOM T'5, KOTOpHINA OoTAEndAeT
Beixof marnHoro HJID or Bxopa ciaexymomero (puc. 10.13, 6). Kmou
T'5 BmecTe ¢ koHfeHcaTopamu C, u C, obpasyeT cxemy namaru. Eum-
KOCTH MOTYT OBITH U000 «Iapa3uTHHIMHU» (B CyMMe PaBHLIMYU eMKO-
ctu C ma puc. 10.13, a), 1ubo cenualsHO OCYIIECTBISHHLIMY Ha
xpucraie. Kaou TS5 ynpasideTcsa BCIOMOTaTeIbHBIMH TaKTOBBI-
mu umnynscamu (U7,), CABMHYTHIMM OTHOCHTENBHO OCHOBHBIX
(U,,). Pabora cxeMsl HIAMIOCTPHPYETCS BpeMeHHbIMH AHarpaMMaMu
ma puc. 10.13, s.

IlosokuM AJIsi MPOCTOTHI, YTO HA BXoje B fgelicTByeT HeH3MeH-
HOe 3anupalomee Hanpskenue U, a Ha Bxone A HanpskeHue IpH-
rumaer snauenue Ul unm UC. IlycTs B umcxoaHoMm cocroanuu U, =
Ul, T.e. Tpansucrop T1 orkpruit. Torga B uHTepBase MeXLy TaKTO-
BBIMHM uMIyiabcamu U, Korja Tpamsucrop T3 samepTt, uepes T'1
NIPOTEeKaeT HUUTOMHBIN TOK ¥ Ha BbIXOJe (B TOUKE a) OCTATOUHOE
HaTIpSKeHue IIPaKTHYeCcKH paBHO Hyiao [cM. (8.516)].
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IIpu mocTyneHMM OdepefHOTO TaKTOBOro mmuyiasca U , (mo-
MeHT #;) TpaH3ucTOp I'3 OTKPHIBAETCA U B TOYKE @ YCTAHABIMBAET-
CA OCTATOYHOE HANpsKeHWe, 3aBUCHAIIee OT OTHOINEHUA yZeJIbHBIX
KpPYyTH3H aKTHBHOT'O M HarpysouHoro TpaHsucTopoB [cm (8.49)].
Ecnu pasMepsl TpaH3WCTOPOB CPABHUMEI, 3TO HANIPAXKEHNE MOXKET
ObITh ZOCTATOUHO GONbITUM. II0 OKOHUYAaHMY TAKTOBOIO MMIIYJIbCA
U,, Hanps:kenue U, CHOBa najaeT OO HyJd.

IIpu mOCTYIIEHUH TaKTOBOro umnyiabca U, (MOMEHT t,) ormu-
paerca ko4 I'5. IIpu sTom emkoctu C; u C, 0Ka3BIBAIOTCA COeH-
HeHHBIMY Iapa/jle]IbHO ¥ Ha HUX YCTAaHaBJIUWBaeTCsad OJMHAKOBOE
Hanps)KeHue, B JaHHOM clyiae — paBHoe Hyaio. Ilo okomuaHuu
umnyiasca Uy, kmou T 3anupaerca ¥ eMKOCTs C, coXpaHAaeT HyJe-
BOe HampsXeHHe HeCMOTPA HA TO, YTO B MOMEHT {4 IIDU OUepeJHOM
umnynasce U, vHanpaxenve U, cHOBa BPeMeHHO BO3pacTaerT.

Takum ob6pasom, Ha Bxoxe ciegylomero UJIO (8 Touke 6) yposeHs
U? paBeH HYJIIO HE3aBUCHMO OT OTHOIIEHUA YAeAbHBIX KPYTHU3H b, /b,
B npegpigymeM HJID. 3To 06CTosiTesCTBO II03BOJIAET BHIOUpPATH OT-
Hormenue b,/b; GIM3KUM K €IWHMIE, T.e. YMEHBINATh pa3Mepbl aK-
THBHOTO TPAH3UCTOPa A0 padMepoB Harpy3ouHoro. Tem cambim 0bec-
MeunBaeTCA CYIECTBEHHAas 3KOHOMUSA IIONIIAA¥ HAa KPUCTAJJIE, UTO
ABJAETCS OAHVM M3 BaKHBIX mpemmyinecTs [JMOIITJI.

Cxemnr [JMOIITJI, mocTpoeHHBIE IO OIMCAHHOMY NIPUHIIUITY, Ha-
3bIBAIOT CXeMam# «0e3 OTHOIIeHHsaA», a IIPOCTEeHIIYI0O CXeMy
(puc. 10.13, a), B KOTOpPOIl HOJIKHO BBINOJHATHCA HEPABEHCTBO
b;/bg >> 1, cXemoif «C OTHOILIEHHEM».

Ecnu Ha BXoA A moparh Hampspxenwe U, = U (momenT ty)s TO
rpanzucTop T'1 sanupaercsi, ¥ NpU NOCTYIUIEHUHN OUYEPEJHOTO TaK-
ToBOrO MMIyJbca U, (MOMEHT ;) HanpsKeHue U, nogEUMAaeTCA 0
yposua Ul = E,. OroT yposeHs B panbHeHIlleM COXPaHSETCH, TaK
kak tpauaucrop T'1 ocraercs 3anepTsiM. [Ipu ouepegHOM oTIHpa-
Huu KkIa04a TS (MOMeHT ;) KoufgeHcaTop C, 3apafuTca A0 TaKOTO
YKe HampsAKeHHA! ¥ COXDAHHUT ero Imocje 3amuMpaHusa KJaooua T'5.

W3 npuBeJeHHOTO OIIUCAHUA CIeAYeT, UTO B cXxeMe «be3 OTHoIIe-
Hus» uHbopmanus nepegaercs or oguoro MJIJ k gpyromy ¢ 3amas-
ObIBAHWUEM — CABHUIOM Ha OZWH TaKT (Ha OZWH NepHOJ TaKTOBLIX
HMIIYJILCOB).

1 BooSuie roBops, IpH NOAKJIIOUeHNH emKocTH C, K C,; Hampsi>KeHHe YMEHBLIIAeTCH,
TaK KaK 8apsaj paclpezessieTcs: MexXKAY eMKOCTAMHU. JT0 YMeHbIleHHe He CYINecT-
BeHHO, ecyl C; >> C,.
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10.4. Jloruyeckue 3JeMeHTHI HAa COBMELIEHHBIX OHIIO-
aapubix 1 MOIl-rpamsucropax (BuKMOII)

IIpopgomkuTenbHOe Bpemsi, Ao Hauana 80-x romoB, passuTue
Sunoasapusx ¥ MOII nudpoBsIX MHTErpaJbHBIX CXEM IIJIO ITapaJi-
JIeNbHO M TIPEACTABJSJO [Ba KOHKYPUPYOIIVX HampaBJIeHUWA.
OCHOBHEBEIM JOCTOMHCTBOM OHIOJNAPHBIX CXeM ABJAJNOCHL BHICOKOE
osicrpogeiicreue (TTJIII u 3CJI), a MOIl-cxem — BBICOKaA CTe-
TIeHb WMHTETpalu¥ U HuU3Kag norpebnsemaa moinxocts (KMOIID).
IlosTomy ycunuss pa3paboTYuKOB OMIOMAPHBIX Jornueckux MC
ObINIM HamlpapjieHbl Ha CHIDKeHWE NOTPebiAeMOil MOINHOCTH IIPH
3aJaHHOM ObicTpomeiicTBuH, a paspaborunkor MOII-MIC — na no-
BhillleHKe OBICTPOAENCTBHS C COXpaHeHneM HU3KOro 3HAUeHus IO-
TpebsaeMON MOIIJHOCTH.

Pemenue 3agau, crodmux mepes o6omMK HaIllpaBeHUAMYH, OHU-
nonsapueix 1 MOII-uHTerpanbHbiX cxem, 06110 HAMLEHO IIyTem CHH-
resa u codganua BuKMOII-noruueckoro sneMeHTa. ITOT 1ar ObLI
obecrieueH pa3pabOTKOIl TeXHOJIOrMY, IIO3BOJIAIOIIEH COBMECTHUTH
Ha OfHOM Kpucrajne ounonapusie 1 MOII-TpaH3UCTOpHLIE CTPYK-
TYphI ¢ HEOOXOAUMBIMH 3JEKTPUUYECKUMHY XapPaKTEepPUCTHKAMU.

Ha puc. 10.14 noxasaust BapuanTsl BrnKMOII-norugyeckux
sneMenToB. Iloacuum pab6ory BuKMOII-ioruky Ha IIpuMepe IIpo-
cTOro MHBepTOpa, 3nemeHTa HE (puc. 10.14, a). B crarugeckom
COCTOAHUY 3TOT 3JeMeHT paboraer kak o6pruHsIit KMOII-uusep-

C=AB
CH

i
ol

Pac. 10.14. BuKMOII-noruyeckue 3jaeMeHTHI:
a — uEBeprop, 6 — cxema YI-HE

a) 6
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top (71, T2), y KOTOPOro IOCJAEZOBATENLHO C KAaHAJIOM KaXJOro
U3 TPAH3UCTOPOB BKJIOYEHH De3ucToOpHl R,, R,, compoTupiIeHuA
KOTOPBHIX CPaBHYMBI C CONPOTHUBJIECHUSAMU KAHAJOB COOTBETCTBYIO-
[¥X TPaH3KUCTOPOB B OTKPBLITOM cocToAHMHU. CTaTHyecKue TOKH B
KMOII-naBepTope OTCYTCTBYIOT, Hamps>XeHUA Ha pesucTopax R,
¥ R, paBHEI HyJ10 ¥ OunonspHEIe TpanaucTopsl '3 u T'4, amurrep-
HbIe IePeXOoAbl KOTOPHIX IOACOeAVMHEHHI K 9TUM DEe3ucTOpaM, 3a-
KPBITHL, T.€. OUNONAPHEIEe TPDAH3UCTOPEI B CTATHYECKOM COCTOAHUHA
He BIAUAIT Ha xapakrepucTuxy BuKMOII-senruns.

IIycTe B MCXOQHOM COCTOAHMY Ha BXxoje uHBepropa (puc. 10.14, a)
HUSKUA JIOTMYECKUH YPOBEHb; 3TO COOTBETCTBYET OTKPHITOMY CO-
CTOSIHHUIO p-KaHAJBHOTO TpaH3ucTopa 1'1 u BHICOKOMY YPOBHIO Ha
BBIXOZJEe HMHBepPTOpPAa, T.e. KOHReHcaTop Harpyskm C, sapskeH A0
ypoeHA E_. Ilocie noCTymIeHuWs Ha BXOJ BBHICOKOTO JIOTHYECKOTO
ypoBHA TpaHsuctop T'l sanmupaercd, a T2 oTnupaercsa ¥ HauumHaeT-
ca paspag emrocTu C, uepes TpaHsucTop I'2 Ha mapaiielbHO coe-
AYUHEHHBIE Pe3nCTOp R, ¥ 3MUTTEPHBIH Nepexos GMNOIAPHOTO TPaH-
aucropa T'4. IIporekanue HacT¥ paspsAgHOTO TOKA 4Yepe3 IMUTTEp-
Hbl¥ IepexOj IPUBOAUT K OTKPBIBAHHIO T4 U 3HAUUTENbHOMY
YCKOpPeHHWIO Iiepe3apsfa eMKocTu Harpys3ku. IIporecc mepexiroue-
HUs TPY Iepexoje BXOAHOrO CHUTHANa M3 BHICOKOTQ JIOTHMYECKOTO
YPOBHA B HU3KHUI IPOUCXOAUT aHANOTrUYHO (OTKphiBanue T'3 BbI3hI-
BaeTCs 3apAAHBIM TOKOM, NIPOTEKAIOIUM [0 LENH «HACTOYHUK IIH-
Tauua — T1 — asmurTepuniii nepexon 7'3»).

W3 npuBeeHHOro ONUCAHUA ClIefyeT, YTO HCHOJIb30BaHue GUIIO0-
JIAPHBIX TPAH3UCTOPOB IIO3BOJIAET HEUTPANU30BATH BIUAHNE €MKO-
CTH HArpy3Ku, sBJSIIONIEHCs OHUM U3 OCHOBHBHIX (pAKTOPOB, Orpa-
HuuuBawIiux 6sicrpogeiicrere KMOII-HC.

10.5. Jlorudeckue 3JIeMeHTHI HA ITOJEBBIX
TPAH3UCTOPAX € YIPABIAIIIAM IIepPexXoaoM
merajaia—noiaynposoguaur (MEII)

Cxema soruueckoro snemenra NJIVI-HE na MEII-Tpansucropax
(puc. 10.15) amanoruuyHa cxeme 9JIeMEHTA Ha N-KaHAJBHBIX
MOII-rpansuctopax (cm. puc. 10.10, a). IlonmeBnie TpaH3UCTOpEI
THIIA METAJJI-TIOJYIPOBOAHUK AaHAJOTWYHLI TPAH3UCTOpaM ¢
YIIPABJISIONINM pP—N-II€ePEeX0J0M, PACCMOTPEeHHLIM B pasaene 4.3, HO
oGegHEHHBIH €O HOPMUPYETCs Ha IPAHUIE METANI—TIONYIPOBOL-
HUK (TPaH3UCTOPHI TAKOH CTPYKTYDHI Ha3bIBAIOT N0.2€6bIMU MPAH-
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sucmopamu ¢ 6Gapvepom IITommrxu). B kadecTBe HarpysouHOro
TPaH3UCTOPa HCIONb3yeTCsa HOopMaiabHO OTKpeITeI MEII-rpansu-
CTOD, a B KauecTBe YIIPABAAKIINXX — HOPMAJHHO 3aKPBITHIE C IIOPO-
TOBHIM HaIpsskeHuem okoixo +0,2 B.

Ecnu o6a BXOZHBIX HaIpPsKEeHUS MEHb-
111e Ioporoporo, tpausucropsl 71 u T2 3za-
KpPBITBI, M YPOBeHb BHIXOJHOTO CHIHAaJla
O0/JIM30K K YPOBHIO HaNpA)KeHUA NUTAHUA.
IIpy noaBIeHWM HA OJHOM M3 BXOHOB Ha-

IPsYKeHus BhIIe TIOPOrOBOT'0, COOTBETCTBY-
OIUA KJIIOYEeBOH TPaH3UCTOP OTKpPHIBAeT-
4 [ 71 rTZ Cs1, ¥ BRIXOJ 3JIeMEHTAa IePEeXOfUT K HU3KO-
! MY JIOTHYeCKOMY ypOBHIO. OcCoOeHHOCTHIO

[« SO
B NaHHOTO THIIA JIOTMUYECKHUX 3JI€MEHTOB AB-
1 Jsercd To, uTo TpanamucTopsl I'1 u T2 pabo-

Puc. 10.15. Mormecxyt  TAIOT TPH TPAMOM CMEINEHUN HA YIpaBid-
anement JT—HE 0IEeM Iepexofe MeTaUI—TOJAYIIPOBOJHUK,
Ha MEII-Tpansncropax ~ KOTOpOe aus Gappepa IIoTTKu 06bIuHO He
mpessiraer 0,5 B. JlaHHOe orpamuueHue
OIlpejeisieT HU3KUE 3HAUCHUS HATIPSKEeHUA NUTaHusA (00BIYHO OKO-
a0 0,8 B) u smormueckoro mepenaga (oxoso 0,5 B).
Bricrpogeitcteue MEIL-oruueckoro siemenTa, Kak ¥ IPOCTeii-
mrmx MOII-kirouei, ompefenserca BpeMeHeM Iepe3apsiiKyu Harpy-
3ounoro xomgencaropa. MEII-ioruueckuit sjieMeHT umeeT CyIllecT-
BEHHO 0oJiee BHICOKOE ObICTPOAEMCTBYE IPY OOUHAKOBOI NOTpebide-
MO MOIIHOCTH ¥ JIMHeHMHBIX pasmepax. oOTO OOBsICHsIETCA
MEHBIINMY SHAYEHUAMHM JIOTUUECKOTO Iepemafa U eMKOCTH 3a-
TBOp—HuCTOK. MHTerpansusie cxembl Ha MEII-mormueckux siemeH-
Tax 0OBIYHO M3TOTABJIVBAIOTCA HA HNOJIOKKAX U3 apCeHUAa Tasius
(GaAs). ITogsm>kHOCTE 371eKTPOHOB B Kanane GaAs MEII-Tpanaucro-
pa Brlizie, uem y kpeMuauesoro MIII-tpansucTtopa, uTo obecneunBaer
BO3MOJKHOCTb HCIIOJIL30BAHUS TPAH3UCTOPOB C MEHBIIEH IITUPUHON
KaHajla ¥, COOTBETCTBEHHO, MEHbIIeH eMKOCTBI0 3aTBODP—HCTOK.

10.6. IlapameTpsl JOTHYECKUX 3JIE€MEHTOB

Bce soruueckue 3jieMeHTH XapaKTepPHU3YIOTCA OIpejesIeHHbIM
HabopoM — HOMeHKAAMYPOI TapaMeTpOB, INPHUBOAUMBLIX B CIpa-
BOUHMKAX ¥ APYroi AOKYMEHTamuu. BOJBIIUHCTBO IIapaMeTpoB
uMeeT YeTKoe OpuIHajbHOoe OIpesesieHre, uTo obecrneunBaeT OgHO-
3HAYHOCTh H3MEPHUTENbHBIX METOJUK ¥ BO3MOXXHOCTH CPaBHEHUA
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pasusix TunoB NJID. IlonHas HOMEeHKJIATypa IapaMeTPOB CIUIIKOM
Besuka. [IJIa mepBOro 3HaKOMCTBA PACCMOTPHUM OTPAHUYEHHOE UHC-
JIO ITapaMeTpPOB — TeX, KOTOPhIe HauboJiee CyleCTBeHHBI A1 CPasB-
HUTEJIbHBIX OIEHOK.

Cpedussa cmamuyeckas nompebriemas mowHocme. OHa ompe-
Jenserca cJegyIOIuM o0pasoMm:

0 1
Perarcp = % (Puor + Pror)s (10.17)

rae Px?m u P! — mommocru, norpebasiemsre UJID cOOTBETCTBEHHO
B COCTOAHUH JIOTMUECKOTO HYJs U JIOTHYECKON eZVWHUIIHI.
Onpepgenenue cpegHeil MOIIHOCTH UCXOQUT M3 TOTO, UTO B CJIOMK-
HOI MHOTO3JIeMEHTHOM annapaTrype B cpegHeM nojopuna WJII ua-
XOAUTCA B COCTOSSHHY «1», a NIOJOBHMHA — B COCTOAHHHU «0».
Cpednee epems 3alepxcku pacnpocmpanenus cuenara. Onpepge-
JleHue 3TOrO IapameTpa CieAyloIee:

1,0 0,1
taxper™ Fallaxp + g p)s (10.18)

rae t;;lop u t;)l;lp — BpeMeHa 3a/IeP’KKH MeXAYy (GPOHTaMH BLIXOJHOTO
¥ BXOJHOTO HMIIYJIbCOB IPH BEJIOuYeHMH (Korga U, . MeHseTCA oT
U° no UY) u npu Buixaiouennu (korga U, menserca or Ul go UY).
Bpemena sagep KKy u3MepsioTes 1ubo Ha ypoBre 0,5 oT monHOI am-
IUIMTYABI UMIyJAbca, JU60 Ha ypOBHE IIOPOTa UYBCTBUTEILHOCTH.

IIocKoabKY TEepeXOmHBINH NPOIlecC 3aBHUCUT OT XapaKTepa Ha-
rPy3KH, Bpemsi 3afeP’KKH OIeHHBAIOT IIPU ONpefe/IeHHbIX YCJIOBH-
sAX Ha BBIXOJe, cuuTad uTo gamHbid MJID marpy’ken BXogHOI Ie-
nsi0 Taxkoro ke MJIO.

Cpednas paboma nepexnioienus (Ay). ITOT napaMerp — KOM-
OMHUPOBaHHLIA: OH IIpeAcTaBisieT cobOil mpousBegeHue CpemHei
MOIIIHOCTH, IoTpebiszemoit JID BO BpeMd NepeKJIIOUeHUs, HA CPel-
HIOI0 IPOZOJIKHUTENHHOCTE OTHOTO IIepeKIIouUeHud, T.e. OFHOBDe-
MEHHO XapaKTepusyeT u sKoHomuuHocTb MJIJ, u ero 6eicTpopeiicT-
Bue., B HacTosIee BpeMs1 MMEHHO II0 9TOMY HapaMeTpy IpPOU3BOSAT
TlepBoOUEpesHOe CpaBHeHMe pasdHbix TUNOB MJID 1 ocobeHHO oLeH-
Ky IEepPCHEeKTHUBHOCTH HOBBIX THIIOB.

Cpednas dunamuiecrkas nompebasemas mownocms (P, ) pas-
Ha IPOMB3BeJeHUI0 CpefHelt paboThl IepeKII0YeHNA Ha YacToTy Iepe-
KJIIOYeHUu .

CpeaHsisi NPOAOJKUTEILHOCTh HEPEKJIOUEHN, KAK HPaBUIO, IPONOp-
IWoHaJAbHA eMKocTH Harpysku C,, a cpegHas MOLIHOCTb — KBaJpaTy Ha-
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npsaxenud nuranud E. Torga ana cpegHeit paGoTsl lepPeKJII0OYEeHNS MOYKHO
3amucaTh:

A, - E°C,.

(10.19a)

YuuTsIBasg, YTO eMKOCTh B IePBYIO O4Yepegb NPONOPIVOHAJIbHA IJIOHIa-
A¥ TPAHSKUCTOpA, ¥ CYUTAS A/ HATISJHOCTH KOHGUIrypalwio TpaH3UCTOpa
kBagpaTHoit, nepenuueM (10.19a) B Buge

A, - B’ (10.196)

rge ¢ — JHUHeHHBIE pasMephl TPAH3UCTOPA.

W3 Belpaskenuit (10.19) BuanO, 9TO padoma nepexnioueHus xa-
paxkmepusyem @U3UKO-MEXHOL0ZULECKULL U CXeMOMEeXHUYLEeCKUlL
YpOBeHb UHMEeZPALbHLIX CXeM, TAK Kak IJomans npubopa u pabo-
yee HaIpsKeHWe B KOHEYHOM HUTOTe 3aBHCAT OT Tuna npubopa, ero
CTPYKTYPH, paspernawoilneii cnocobHoctu doronurorpabuu u Zpy-
rux aHaJOrMYHbIX (HaKTOPOB.

IIpu 3aganHOM (PHMBUKO-TEXHOJOTUYECKOM ¥ CXEMOTEXHHYECKOM
YPOBHe, CUMTaA 3aJaHHON BeIUYMHY A, MOXKHO OCYLECTBUTDL Pag-
auuHbie BapuanThl WJIJ, HO onu OygyT XapakTepu3oBaThCA JUOO
OMHOCUMENbHO BbLCOKUM Obicmpodeiicmeuem npu HU3IKOU 3KOHO-
MuyHocmu, 1u6o, HaoGOPOT, 8bLCOKOIL IKOHOMULHOCTMBIO NPU OMHO-
cumeavHO Hu3kom Geiempodeiicméuu. Taxkaa obpaTHas 3aBUCH-
MOCTH XOPOIIIO M3BECTHA M3 IPAKTUKH paszpaboTKy MHTerpalbHbBIX
cxXeM H IpocjaexkuBaerca B Tabm. 10.1.

Tabanua 10.1. OcHoBHbBIe HapaMeTPEl HHTETPAJIBHBIX JOTHYECKHX

3JIEMEHTOB
]

sorwen | by e 2| | Vs B Ko | K
s 5-20 | 50-100 | 0,8-1

reommr | 1720 0 910 | 1050 | 0,5-0,8 | 275 | 10
5C | 2050 | 0,5-2 | 20-50 | 0,2-0,3 | 2-5| 10-20
| utn 0,01—0,1§ 10-100 | 0,2-2 | 0,02-0,05 | 1 | 3-5 |
MOII 1-10 | 20-200 | 50-200 2-3

KMOIT |0,01-0,1! 10-50 | 0,5-5,0 1-2 2-5 | 10-20
BuKMOII | 0,01-0,1| 2-10 | 2-20 1-2 2-5 | 10-100
. MEN | 0,1-0,5 |0,15-0,5| 0,1-0,5 | 0,1-0,2 | 2-5| 2-5
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Kapdunaavuelit npozpecc 6 puiuke, mexHoro2UU U cCxXemomex-
Huke HC doancen conpogoxdamuvca ymenvuienuem pabomet nepe-
KJI0YeHUus. ITOT Te3UC XOPOIIO NOATBEePIKAAETCs U OIBITOM IIOBBI-
IIEeHVA IJOTHOCTY KOMIIOHOBKY 3JIEMEHTOB (UTO IIPUBEJO K CHU-
JKkeHulo paboTel mepexJyrouenus ¢ 50-100 go 0,1-2 nllx), u
paspaborkoit BuKMOIl-noruku (taba. 10.1), u uccaegoBaHuAMU
B 0o0JlacTH NPUHIIMOVAJILHO HOBBLIX 3JIEKTPOHHBIX NPUOOPOB, OT-
JHUYHBIX OT Tpau3ucTopoB. Hampumep, ucnonb3oBaHue TaK Ha3bI-
BaeMoro agdexma Jio3edcona 1nO3BONAET B IPUHLIUIE JOBECTH
paboTy mepexiiouenus no 107* nll> u memee.

Cmamuneckas nomexoycmoitnugocme. ror napamerp U, ., Ipen-
crapisger co0oil MaKCHUMAaJIbHO AONYCTHMOE HaNpsUKeHHe CTaTude-
CKO¥ TIOMeXH, IIpM KOTOPOH eIle He IIPOMCXOJUT M3MEHEHUsI BEIXO[-
HuIXx yposrei WJI3. Ilox craTuueckoil momexoil HOHUMAIOT IapasuT-
HbIE HANPAXKEHUS ¥ TOKH, IAJIUTEIBHOCTH KOTODBHIX 3HAUWTENHHO
Gosbimie BpemeHu mepexirouenusa WJIO u3 ogHOro ycTofUmMBOrO CO-
CTOSHUA B Apyroe. Mexanuam AeHCTBMUA TaKWX IIOMEX U CIOCOD ux
QHAJIWTHYECKOHX OIEHKY GHIMIM pacCMOTpEHHI B pasgene 8.7.

WHorpa moMexoycTONUYMBOCTE OLEHMBAIOT 110 OTHOILIEHUIO K JIO-
rayeckomy Iepenagy B BUAe IapaMerpa

Kier = Uner/Upg, (10.20)

KOTOPbBIT HA3bLIBAIOT KO3((DUIMEHTOM IIOMEXOYCTOMYMBOCTH.

Kosppuyuenm obsedunenusa no eéxody K g — uuCIO JOrHUe-
ckux BxozoB WMJID. VBenumuenme kospopunuenra K , (Hanpumep,
KoamuecTBa TpausucTopoB B PTJI unm xoamuecrBa 3MUTTEPOB B
TTJI) orpanuueHo He TOJHBKO KOHCTPYKTHUBHO-TEXHOJOTHYECKUMHU
daxTOpamMu, HO ¥ B3aMMOJEHNCTBUEM MEXAY BXOJaMH, a TaKyKe yBe-
JUYEeHUEeM BPEeMeHH 3aJeP>XK¥ (IIOCKOJBKY Ka’KIABIM JIOTHMYECKUHH
BXOJ IPUBHOCHUT AONOJHUTENBHYIO €MKOCTbH).

Kos@ppuyuenm passemenenus no evtxody K . — ROIyCTHMOE
YHCA0 HArpy30K, NOAKJIIOUaeMbIX K Beixoay pauxoro WJIS. Ilox
KaXKJoi Harpy3Koil IOHHMaeTca Bxox Takoro ke HJIJ. ¥Vsemuue-
HHue Koa(puumenra K, OrpaHMYEHO pabOYMM TOKOM W19, pas-
6pocoM ImapaMeTpoB, a TaKKe YBeJIUYeHHEeM CyMMapHOI BBIXOLHOM
€MKOCTH ¥ CBA3aHHOTO C HEI0 BPEMEHHU 3aJep KKH.

IIpn HeobxoauMOCTH yBeNHUUTh Koadpunuents: K u K . K
WNJIO (cooTBEeTCTBEHHO Ha BXOAAX WM BBIXOAE) MOOKJIOYAIOT CIe-
nuanbHble OyhepHbie KACKaAbI, KOTODPBIE HA3BIBAIOT PACULUPUMEN-
Mu no 6xody u no 6vtxody.
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Tunuunble mapaMeTpbl OCHOBHBIX coBpeMeHHBIX MJID mpusepe-
Hsi B Taba. 10.1. 9T JaEHBIe HITIOCTPUPYIOT Té OCOGEHHOCTH OTAe-
asHBIX TuUnOB MJIJ, KOoTOphIe OTMeuanyick BBIIlIE B COOTBETCTBYIO-
mux pasfenax. Hanbosree ObICTPORZEHCTBYIOIUMY ABJIAIOTCA Cei-
vyac cxems: MEII, 9CJI u TTJI ¢ Gaprepamu Hlorrxm (TTJIMI),
maubosnee 3KOHOMUYHHIMU — cxembl [IMOII, a oco6emno KMOII u
BuKMOII.

10.7. NHTerpajibHbIe TPUITEPHI

B pasgene 8.8 651710 TOKa3aHO, YTO OCHOBY TPHUITEPOB COCTABIA-
0T KJIIOYM, OXBadeHHbIE HIOJIOXKUTENbHOII obpaTHOil cBaA3bio. M3
puc. 8.28, a BugHO, uTo RS-Tpurrep cocTour us AByX Iap TPaH3u-
cropoB. Of¥uH M3 TPaH3UCTOPOB B Iiape — yIPAaBAAIOINNN, a PyTroi
BXOJUT B IIeTJII0 06paTHOil cBsi3u. Teneps, KOrga Mul 3HAKOMEI C JIO-
rMYecKuMH 3JeMeHTaMH, JIeTKO 3aMeTHTbh, 4YTO KakKhad Iapa B
RS-Tpurrepe nmpeacrasiaser coboil AByXBXomoByio cxemy HUJIN-HE
tuna PTJI.

Briog, KOTOPHIH MBI TOJIBKO YTO CHEIaI¥, HOCHUT OBIUIl XapakK-
Tep: n1000i mpuzzep AGAAEMCA COBOKYNHOCMbIO HECKOALKUX Oonpe-
JesienHbim 06pa3om coeduHeHHbiX nozZuiecKux Iaemenmos. Ilpu
3TOM KOJIMUEeCTBO ucnoab3yeMbix MJIO, a Takske criocobst uX coegu-
HEeHUs MOTYT OBITb Pa3auyHbIMU. COOTBETCTBEHHO Pas3jiuuHBIMY Oy-
AyT ¥ QYHKIMH, BBINOJHAEMBIe Tpurrepamu. llosTomy Hapany c
RS-tpurrepamu cylliecTByeT BechbMa MHOTO APYTUX DPa3HOBUZHO-
creit. YTo Kacaerca Gasuca, T.e. TUNA UCHOAL3yembix MJID, To oT
HETO 3aBUCAT TaK¥e OCHOBHBIE IapaMeTphl, KaK ObICTPOAeiiCcTBUE,
norpebisaemasi MOIHOCTh, HArpy3ouHas CIOCOGHOCTH M Jp.

IlockonsXy NPUHIUNKAANBHBIE CXEMbI, ITapaMeTpPhl ¥ 0COGEHHO-
ctu WJIJ moxgpobHo paccMOTpPeH:I B NPeALIAYINUX pasjenax, HUXKe,
TIPY PacCMOTPeHWYM TPUITEPOB, MbI OrPaHUYMMCH, KaK IPaBuo,
CTPYKTYPHBIMY CXeMam¥, 4YTOOnI He paccerBaTh BHUMAaHMe Ha feTa-
IV IPUHIUIHAIBHBIX CXeM, TeM DoJiee, yTo nociegHue npu 060Jb-
IOM YHCje HUCNOoAb3yeMbIXx MJID MMeEoT ROCTATOUHO CJHOMKHBIA
BHEIIHUN BHA.

RS-rpurrep. Jloruueckasa crpykrypa RS-Tpurrepa, BEIIOJIHEH-
Horo Ha cxemax HWJIM-HE, noxasama nHa puc. 10.16, a. Ha
puc. 10.16, 6 npuBefeHbl ero joruyeckas GopMysa ¥ CHMBOJIHYE-
cxkoe oOosHaueHue. BepxHumu uMHgexkcamu n U n+1 o6o3HaueHB
3HAYEHUd BEAWUYUHBI § O ¥ IOCHe MOCTYIJIEHUA YIPaBJIAIOIIVX
curganos (T.e. B n- u n+1l-m rakrax).
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Kax wussecTHO, YypOBHH 1;___ 1 o
Hanps’KeHU Ha 060HX BbI- Q"'=s+RQ"
XO0Zax TpHUrrepa pasJMIHEL
¥ OJHOBPEMEHHO H3MeHd- sy T Q
I0TCA Ha IPOTHBOIOJIONK- _
Heie. ITosToMy Ha cuMBOJe 1< Q —r _T—'Q
TpUTTepa OOUH U3 BEIXOLOB §____
obo3HaueH yepe3 @, a BTO-

poit uepes @ (haxT MHBep- a) 0)

cuY, KaK OOBIYHO, OTpa)keH  Pmc. 10.16. RS-tpurrep, ¢ocraBieHHBIR
KPY’KKOM Ha CTOpOHe Ipf- U3 ABYX 2JIeMenToB WIHU-HE (a) u ycuos-
MOyroibHUKa). Brxox @ Hoe oGo3HaueHne RS-tpurrepa (6)
CUMUTAETCH 21A6HbIM: 3HAYE-

HEAMH @ XapaKTepHU3YIOT COCTOSIHMeE TpUrrepa B meaom. Tak, ecan
TOBOPAT: «TPHUTTEpP HAXOZUTCA B COCTOSIHHUM ‘1’», TO 3TO 3HAYMHT,
uyTo @ = 1 (cooTBercTBeHHO @ =0).

Jnsa toro wroOBl He NOBTOPATHLCA B JajJbHeHINeM, [MPOBEPHUM JOrMde-
ckyio dopmyny (puec. 10.16, 6):

ectm S=0,R=0,10@"" =0+1.Q"=@q%

et S=0,R=1,10Q"'=0+0.Q"=0;

ecm S=1,R=0,10Q" " =1+1.Q"=1+@q"=1.

Eme ogun BosmoskHbIM Habop (S = 1 u R = 1) pacecMoTPEM 4yTh HO3J-
Hee.

It
]

Ucxops u3 nepeyucIeHHBIX HAOOpOB, cheslaeM CJIEAYIOIIVIH BEI-
BOA: CUTHaJIbI Ha S- ¥ R-pxopax (mof curnajamMy NOHMMAIOTCA 3HA-
yeHUsA «1l») obecneuwusaiom O0OHOSHAXHOE COCMOAHUE Mmpuzzepa.
Curnan S = 1 osumauaer @ = 1; curman R = 1 osmnavaer @ = 0. Ilo
OKOHYAHUY CUTHAJNA IPUHATOE COCTOAHYNE COXPaHAETCs; OHO COXpa-
HJAETCA W IIpU IIOBTOPEHHUH TAKOI'O >Ke CHIrHaja.

Temeps o6paTumca ¥ Habopy S =1 u R = 1. Kakum 65l Hu 651710
IpeAsIAyIllee COCTOSAHYWE TPHUITepa, NpH TakoM Habope BXOJHBIX
CUTHAJIOB YPOBHH Ha 060uX BeIXOAax corjacuo puc. 10.16, a noay-
4yaloTCs OZUHAKOBHIMA: @ =@ =0. V>ke OfHO 3TO OBGCTOSITEILCTBO
TOBOPHUT O HeHOpMAaJbHOCTH curyamuu. OZHAKO IJIaBHOE IPOTHBO-
peure COCTOUT B TOM, UTO II0 OKOHUAHWY CHUTrHaNOB S u R Tpurrep
OKa3bIBAETCHA B HEOIIPeldeJIeHHOM COCTOAHHH: Ha 00eHX mapax BXO-
OB B IepBbIii MOMEHT BeHCTBYIOT HyJeBbie curHaisi. [lox peiicrBu-
eM BHYTPeHHUX (DIIOKTyaryil TPUTTep C PAaBHOM BEPOSATHOCTHLIO MO-
JKeT mepeiiTu B J1060e 13 ABYX YCTONYMBEIX COCTOAHUH @ = 1 uiau
@ = 0. 06 saTom nogpobGHO roBopmaoCh, B pasgeine 8.8. IlosTomy Ha-
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6op S =1, R =1 B faHHOM TPHUITEpE ABJAETCH 3aIPEIIeHHBIM (C
TOUKY 3PEHUs NPaBUILHOCTH ero hyHKIMOHUPOBAHUMA), T.€. OH He
DOJIKeH BCTpeduaThCs IPU MCIOAb30BAHWY TPUITEpA B y3JaxX amla-
paTypsl. Taxkoi 3anpeT NOHATeH U U3 OOIMIUX coOOpaXkeHUi: Helb3sd
OLHOBPEMEHHO IIOJaBaTh Ha TPUITEpP IPOTHUBONOJIOXKHBIE KOMAaHIbI
«YCTAaHOBUTHL eBUHUIY (S)» M «ycTaHOBUTL HyJdb (R)».
Pasymeercsa, RS-Tpurreps: npuxoguTCsi CTPOUTH HE TOJBKO Ha
cxemax WJIN-HE, Ho u Ha cxemax VI-HE (sanpumep, npu UCHoJb-
szopanuu Gasuca TTJI). Ilepexoxm or cxem WJIM-HE k cxemam
HN—-HE ocymiecTBiasgeTca nyTeM 3aMeHbI BCeX BXOAHBIX U BEIXOAHBIX
BenuuvH Ha ux oTpunaHud. Torga RS-rpurrep, BuINOJMHEeHHBIH Ha
cxemax MW-HE, G6yger uMeTb CTPYKTYDY, IIOKa3aHHYIO Ha
puc. 10.17, a. Jloruueckas GopMyna s 3TOI CTPYKTYpPHI OCTaeT-
cd TakoM ske, xak um Ha puc. 10.16, 6. OgHako mO CpaBHeHUIO C
puc. 10.16, a u3aMeHHUNIOCH HOJIOXKeHUE IVIABHOTO BHIXOAa @, a Ha
BXOABI HeoOXOAMMO TOaBaTh MHBEPTUDPOBAHHBLIE 3HAYEHUS BeJIH-
yud S u R. Eciiy uHBepTOp BKJIWOYUTEH B cocTaB cxembt UJIJ, To u3-
MEHUTCA ee CHMBOJ — IIOABUTCS KPY*KOK Ha Bxoge (puc. 10.17, 6).

6)

a)
Puc. 10.17. RS-tpurrep, coctaBiensblii u3 AByx saementoB U-HE: a — cxema,

noxy4eHHasd M3 cxeMul pHc. 10.16, « nyTeM HHBePCHH BXOZHBIX H BBIXOZHBIX
BEJIMYUH; 6 — Ta k€ CXeMa C BHYTPeHHHMMH BXOAHBIMM HHBEpPTOPaMHU

IIpurnunuansHbBIE cXeMbl RS-Tpurrepos, BLINOJNHEHHBIX B 6a3u-
cax KMOII u TTJI, npeacrasnens: Ha puc. 10.18. B nepeo#t cxeme
(puc. 10.18, a) ucnoasayrorca WJID tuna NJIN-HE, u oxa pabora-
eT B HOJIOKUTENbHOH JIoruke, Bo BTopoit (puc. 10.18, 6) ucnoasay-
oTea UJIO tuna U-HE, u ona paboTaeT B OTpHUIIaTeI»HOM JOTHKeE,

RST-rpurrep. Paccmorpennsiit Beiilte RS-Tpurrep oTHocurca K
KJIacCy GCUHXPOHHbLX, ¥ KOTOPHIX M3MEHEHUEe COCTOSHMS IIPOUCXO-
JUT TOTZAA, KOTJ2 MEHSETCs yPOBeHb Ha COOTBETCTBYIOIEM BXOZE.
Bonrmee pacnpocTpaHeHNEe HMEIOT CUHXPOHHbLE MPU2ZEPbl HIH
RST-Tpurrepsl, y KOTOPHIX COCTOAHHE MOMKET MEHATHCSA TOJBKO
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Pac. 10.18. RS-tpurrepsl, BpinossesHble B 6asuce KMOII (a) u TTJI (6)

NP IOCTYIJIEHUH CIIeNUaJbHBIX MAKMOEbLX UMNYALC06 (CM. RIA
cpaBHeHus pa3fh. 10.3). B npomexxyTrax Me)XAy TaKTOBBLIMY UMIIY-
JbCaM¥ M3MEHEeHHsA YPOBHel Ha Bxojax S ¥ R He BBI3LIBAIOT H3Me-
HEHUHA COCTOSAHHUA TPUITEPA, & JIHUIIL «IIPOrPaMMUPYIOT» TO COCTOM-
H¥e, KOTOpOE OH IIPUMET IPY HOCTYILIEHUH OUEepPeJHOTO TAKTOBOTO
HUMIOyJbca.

B oboznauenuu RST-rpurrepa 6yksa T cBsizaHa ¢ TakTOBbIMH
MMIYJABCAMH, HO CaM TaKTOBBIHM BXOJ Ha cxeMmax 0603HaualoT 00wIy-
Ho 6ykBoit C (or anramiickoro clock — Bpemszagaromuit). CTpyk-
Typa, CUMBOJ ¥ BpeMeHHas guarpamma paborst RST-Tpurrepa mo-
KasaHsi Ha puc. 10.19.

o
Q

] T Q [t
~ o ——
—] Q SM 1M r rr—:ﬁt
] 1 t

R = R [ N
o—— R t

a) o) 6)

Pac. 10.19. RST-rpurrep a — CTpyKTypHas cxema, 6 — oGo3HaueHHe,
68 — BpPeMEHHBIe AHArpaMMBbl

Kax BuguM, B OCHOBe CTPYKTYPBI JIEXKHUT H3BECTHHIH YiKe
RST-tpurrep, sBmmonHeHHBI# Ha ocHoBe cxemMm HW-HE (cMm.
puc. 10,17, a). Bxogsr aToro Tpurrepa yrnpasJAiOTCA C NOMOIILIO
eme AByxX cxeM M-HE, kxoropsie mHBEepTUPYIOT ypoBHU S ¥ R npu
HAJIM4Yuy TakToBoro mmnynsca C. B orcyTcTBME TAKTOBOTO MMIYJIb-
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ca, npu C = 0, cxemsr I-HE GeageiicTeyioTr u cocrosinue RST-Tpur-
repa He MeHseTCA. BiusaHMe TAKTOBOrO MMITYJIbCA MOYKHO OXapak-
TEepU30BaTh JOTUUYECKON (HOpMyJIon

Q"™ =C(S + RQ"). (10.21)

T-rpurrep. CTpyKTypa MHTETPaJLHOrO TPUrTepa ¢ ObIuM BXO-
nom (T-tpurrepa), a Takske ero CHMMBOJ ¥ BpeMeHHas guUarpaMma
nokasaHsl Ha puc. 10.20. VI3 pucynka BugHo, uto T-Tpurrep cocro-
ut u3 gByx RST-tpurrepos (M u S) u uHBepTOpa, Uepe3 KOTOpPLI
TIOJAeTCs1 TAKTOBBIN MMIIYJIbLC Ha S-Tpurrep. Tpurrep M HassiBaloT

sedywum, a Tpurrep S — gedombiml,

M S
Q Q ¢
le THEsiT ’ ) ¢ t
c . C A ) =
@[ |- Q, C Q=Sr1 [ !
JRI (r ALJ T QI=BZ [ : I s TN t
1
i Q=R M !
Y Q=8| /.
ity ¢
a) 6) 8)

Puc. 10.20. T-tpurrep: a — CcTpPYKTYpHas cxema; 6 — oGo3HaueHUe;
6 — BpeMeHHbIe AUArpaMMEbI

B unrepBane mMexay TaxkToBbimu umnyiascamu (korga C = 0)
YPOBHH Ha BBIXOJax oDOMX TPHUITepOB OZMHaKOBhL: @ = @;. IlycTs,
Hampumep, @ = @, = 1 (cm. ucxogHoe cocroanue Ha puc. 10.20, 8).
A Toro 4uTo6HI OUEpegHON TAKTOBBLIM HMIIYJIbC M3MEHHJ COCTOM-
HHUe BeAyIero rpurrepa (r.e. obecrieunn snauenue @, = 0), ayxHO
TIpeABapUTENLHO 3aaTh HA €ro BXOJaX COOTBETCTBYIOIHME YPOBHIU:
S;=0uR; = 1. 9Ty DyHKIHUIO BHIIOIHAIT IIepeKpecTHbie 00par-
HbIE CBSI3Y C BHIXOJa BeJOMOI'0O TPUITrepa Ha Bxojx Bexyiero. leitcr-
BHTeNsHO, U3 puc. 10.20, a cregyer: S; =Q =0u R, = @ = 1. Ta-
KuM 00pa3oM, 6 unmepsane mexcly maKmogblmy UMNYibCAMUY 6e-
Oywuit mpuzzep nodzomosien K U3MEHEHUIO C80€Z0 COCMOAHUA, U
3TO COCTOAHYE MEHAETCA IIPH MOCTYILJIEHUH OYePeJHOr0 TAKTOBOIO
uMnyjabca (MomeHT t; Ha puc. 10.20, 8).

YTOo Kacaercs BeJOMOTO TPHUITepa, TO €ro COCTOAHYE BO BpeMms
TAKTOBOrO HMIIYJILCA HE MOYKET H3MEHHUTHCS, IIOCKOJbKY B 3TO

1 CootBeTcTBYIONHE anmIniickue repmunbi: Master (xossun) 1 Slave (pa6).
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BpeMs Ha ero TaKTOBOM BXOJe NeHMCTBYeT 3allpeIaloI[uil CHTHaJ
C =0. CrenoBaTeqbHO, BO BPeMs TAKTOBOTO MMITYJIbCA BHIXOJHBIE
BeMIMUMHH Q 1 Q He MeHAIOTCA, a 3HAYUT, He MEHAIOTCH ¥ BXOLHbIE
Benmuuns: S; u R,. Ilocaennee obcToATenscTBO obecreynBaeT Ha-
Je)KHOe IIePeKJIIoUeHue BeAyIero TpUrrepa.

W3 puc. 10.20, ¢ BUAHO, uUTO IepeKJIIOUYeHe BeYIero TPUrrepa
COIIPOBOXKJaeTCA M3MeHeHueM yposHeit S, u R, Ha BXogax BegoMO-
ro tpurrepa. Ilostomy K KOHUY mMAKMmMO060Z0 UMNYALCA Gedombiil
mpuzzep 0Ka3bl8aemcs nodzomogieHHblM K NePeKIOLEeHUI0 6 H060e
cocmosaHue, COOTBETCTBYIOIee HOBOMY COCTOsIHWMIO Benyiero. Ta-
KOe IIepeKJIOUeHe IPOUCXOZUT 110 OKOHYAHUY TAKTOBOTO UMIIYJIb-
ca, KOrJa Ha TAKTOBOM BXO/le BEJOMOTO TPUI'Tepa BOCCTAHAaBIVNBAET-
ca paspermaromuii curgail C = 1 (momesT ¢, Ha puc. 10.20, s).

Taxum obpaszom B T-Tpurrepe KaXXZbIil TAKTOBLIN MMIIYJIbC Bbi-
3pIBaeT IEepexoj] B HOBOE YCTOMUYMBOE COCTOsIHME, HO C 3amas3jblBa-
HVeM Ha BeJIMYVHY, PAaBHYIO JJWUTEJIbHOCTH TaKTOBOTO MMIIyJbCa.
Jloruueckoe ypaBHenue T-Tpurrepa MOKHO 3alucaTh B BH[E:

Q™ =cQ" +CQ", (10.22)

roe CQ" — 3HauYeHMe BO BpeMs TAKTOBOTO MMIyJabca, a CQ" — mo
€ro OKOHUYaHUMU.

JK-rpurrep. JK-Tpurrepsr (4uTaeTca «MKU-Ka» Tpurrepsi)! as-
JA0TCa Hauboslee yHUBEPCAABLHBIMY: B HUX Bxoasl J u K (1mogobHO
BxozaMm R u S) 3ajaoT KejaTeJlbHOE COCTOSHHE, HO, B OTJIHYUE OT
RS-tpurrepos, gonycrum sabop J = 1, K = 1. Ilo npuanuny geticr-
Bus1 JK-TpuUrrepsl OTHOCATCA K KaTeropuy CHUHXPOHHBIX, T. €. UX
BBIXONHEIE YPOBHHM YCTAaHABJMBAIOTCA TOJNBKO IPH TNOCTYIJIEHUU
TakTOBEIX UMNyJabcoB C. CTpyKTypa, CHMBOJM ¥ BpeMeHHadA LHAa-
rpamma JK-Tpurrepa nmokasansl Ha puc. 10.21.

B ocunose JK-Tpurrepa, Kak BUAUM, JeXKUT CTPyKTypa T-Tpurre-
pa, IMOCTPOEHHOTO 10 MIPUHITUIY «MacTeP—CJA3HE», HO BXoAsI S u R
CBA3aHEBI C BHIXOJaMH I€PeKPECTHRIMY CBA3SAMU He HENIOCpPe[CTBEH-
HO, KaK B T-Tpurrepe, a uepe3 aBe cxeMbl M, Ha oguH U3 BXOJZOB
KOTOpPHIX TIOAAIOTCA yhpaBiasomue yposau J u K. Ilpu Habope
J=1, K = 1 cxembt ¥Vl npeBpamaloTcsa B IIOBTOPUTENHN M YPOB-
Heil, moganHbix Ha Bxongel I u 2. Ilostomy npm Takom Habope

1 Byksa J — HadaJibHas B agIVI. cJIOBe Jump (IPBLKOK, mepebpoc), a 6yksa K — Ha-
YaJpHasA B aHIVI. cJoBe Keep (ZepKaTh, COXPaHATH).
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Puc. 10.21. JK-rpurrep: @ — CTPYKTYpHasi cxema; 6 — obo3HadeHHe;
8 — BpPEeMEHHBIE AHArpPaMMBbI

JK-rpurrep paboraer xaxk T-rpurrep (uHTepBan ¢,—t; Ha

puc. 10.21, g). IIpu ocransHbIX Habopax BenuuuH J u K cxema pa-

Goraer kak RST-Tpurrep (uHTepBan t,—t,), rae yposeHs J ycTaHaB-

auBaeT 3Hauenwe @ = 1, a yposess K — 3Hauenume @ = 0.
Jloruueckoe ypasuenue JK-Tpurrepa mmeer Buz:

Q™ =JQ" + KQ". (10.23)

B uacrHocty, npu J = 1, K = 1 momyuaem Q"*'= @" [peskum
T-rpurrepa, ¢cm. (10.22) mpu C = 1].

10.8. 3anomuHalouue ycrpoiicrsa

B nudposoit annaparype, u npexje scero B 3BM, cucTeMu na-
MATY UM 3alOMHHAaIoIue yerpoiictea (3Y) 3aHuMaioT BadkKHeNIee
mecro. CucTembl IaMsATH AEAATCA Ha SHEWHUe U GHYympeHHue.
Buemunue 3¥ o cuUX IOP peaau3ylOTCsa Ha MarHUTHBIX JIEHTaxX U
MAarUHHTHBIX HJIM ONTHYECKHX aucKax. Buyrpennume 3V (T.e. 3V,
KOHCTPYKTHUBHO 00'begUHEHHbIe ¢ 3JIeKTPOHHBIMY 0/10KaMu) Ha paH-
HUX 3Tanax passutus JBM BrinonHanucs Ha (PeppPUTOBLIX cepaed-
HUKaX ¢ IPAMOYTOJbHOI TleTjell rucrepesuca, a ¢ KoHma 70-x ro-
J0B — B ocHoBHoM Ha HUC.

Bremruue marsuTHbeie 3Y XapakTepHU3YIOTCA HEOIPemesIeHHO
IUIATeNBHBIM cOXpaHeHueM HHGODMaLV¥ TPYU OTCYTCTBUM IIHTA-
HYA, a TaK)Ke NPAaKTHYECKY HeOTrPaHUUeHHOH eMrocmbio (065eMom)
namamu B 6uraxl.

1 Burom HHGOpMAaIHMH HA3BIBAIOT 3HAUYeHUs «0» K «1» B ABOMYHOM cHCTEME CUHC-
JIeHUS
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Buyrpenrue 3V mnpegHasHaueHbI B OCHOBHOM [/ XpaHEHHA
TIPOMEXXYTOUHBIX FAHHBIX B IIPOHecce BBINOMHEHUu:A apudMeTHse-
CKHX WJIM JIOTHMYecKUx omepanuit (onepamuéneie 3Y unu 03Y), a
Tak)Ke AJIs1 XPaHeHUA HeOOJNBLITNX CTAaHZAPTHHIX IIPOIPaMM, HEol-
XOZUMBIX IIPH UCIIOJb30BAHUHU JAHHOTO NU(MPOBOTO YCTPOMCTBA A
pellleHusi TUNOBLIX 3agau (nocmosnHneie 3Y unu I13Y).

Onepamusnvie 3anomunarouiue ycmpoiicmea (03Y) xapaxrep-
HbI BO3MOKHOCTHIO GRLICTPOro ImOIEPeMEHHOTO BBOLA ¥ BhIBOZA (3a-
TIVICY ¥ CUWUTHIBAHUA) MH(POPMAIUY, TPUYEM U JJIA 3allUCH, ¥ JJIA
CUMTBIBAHUA HOCTyNHa miobafd oraenbHas adeiika 03VY. Iloatomy
cunoHuMoM O3V aBiseTcA namame ¢ npousgorbHoil 6bi60pKol (au-
rauiickoe RAM — Random Access Memory).

IHocmosannwsie sanomunarowue ycmpoiicméa (II3Y) B orauuue ot
03V ucnonb3ylOTCA B OCHOBHOM AJA CUUTHLIBAHUSA 3allMCAHHON B
HUX nHpopmanuu. 3aluCh Ke OCYIIecTBIAEeTCsa Jubo «pa3 UM Ha-
BCerga», Jaubo BO BCIAKOM clydae BecbMma peako. IlosTomy aToT
kjaacc 3Y Ha3piBalOT B 3apy0OekHoil jsureparype ROM (Read-Only-
Memory — mnaMsaTs TOJLKO AJIS CUUTHIBAHUA).

Oneparnsusie 3¥. Beakoe O3V cocrouT 13 gBYyX OCHOBHBIX dac-
Tei: HaKonumens U cxem ynpaéilenus Uiu, Kaxk FOBOPAT, nepude-
puu. Hakonurens — 3T0 ocHOBHas uacTs O3V, rage xpanarcsa gaH-
Hble (QBOMuHBIEe KOoAbl). Ilepudepus ke mpegHasHaueHa AJNA BBOJA
U BBIBOJA 3THUX JaHHbBIX. B Hee BxogaT AeinupaTopsl, YCUIUTENH,
PeTuCTpbi, PA3HOT0 POJa KJIUY, KOMMYTATOPHI ¥ APYTHE CXEeMBbI
obmero nasnauenusi. Mot ux He 6ygem paccmarpusaTs. Cocpenoro-
y¥M BHUMAaHUe Ha Haubosee cremuduunoit vactu 03Y — HaKOMHU-
Teje.

Haxonurens cocTouT U3 3anomunarwwux aveex (3f); raxkpgas
U3 HUX XpaHuT ofuH 6ur undopmanuu («0» unu «1»). EcrecTsen-
HO, YTO OCHOBY 351 cocrapisioT bucTabuabHbie AYCHKH, OCHOBHEIM
CBOMCTBOM KOTODHIX SIBJIsIETCA HaJMYMe ABYX YCTOAUMBBIX COCTOS-
Huit @ = 1 naum @ = 0.

Ha puc. 10.22 noka3ana THUIUYHAA MAMPUYHAA OPraHUIAIINSA
03V, rge orgensuaa 35 pacmonoskeHa B y3jaX «pelleTKu», obpa-
30BaHHOMN adpechuimu wunamu X n Y. KonuuecTBo siueek PaBHO
TIIPOU3BEAEHUIO KOJMUYECTBA I'OPU3OHTANbHBIX IIIWH Ha KOJIHYECTBO
BepTHKaAbHBIX (Hanmpumep, 4x4 = 16 aueex). Kasxgas 34 cBaszana
C OZHOI rOPHM3OHTAJHLHOM M OZHOY BEPTHKANBHON aApPeCHBIMH IIIH-
Hamu. IlosTomy, eciiu mOfarTCs HaIpsyKeHUs Ha OIpejelleHHEBIe
TFOPU3OHTANBHYIO ¥ BEPTHKaXRHYIO IIHHLI (Hanpumep, X, u Y,), To
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K nepudepun MOAKJIIOUaeTCA BIOJHe ompegenennas 35 (8 Hamem
npumepe 3§l;,, koropaa Ha pumc. 10.22 samrpuxosaHa). B oty
AvYeiiky (c yHUKaXbHBIM afpecoM X;Y,) MoxkHO 1160 3anucaTh He-
obxogumslit 6uT undopmarnuu («0» mau «1»), nubo cumrars uH-
dbopmaruio U3 gueiiku (B Adelixke 35, samucana «l1»).
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Puc, 10.22. Onepatusnoe 3Y ¢ MaTpUYHOH CTPYKTypoit

W zanuck, ¥ CUUTHIBAHUE OCYIIECTBJSETCA C IOMOIILIO pa3pad-
notx wun PII, u PIJ,, koTOpbIe IOAKIIOYEHs! KO Beem 3. Hu-
AeKCHl pa3psAAHbLIX ITUH B M3BECTHOW Mepe YCIOBHEI: ¥ Ha IINHY
epqunun (PIIL,;) u va muny myneit (PIL;) moryr mogasaTsCa YpOBHH
kax U® tax u UL, JlosTOMy HEzjeKCALHs OTHIONL He IIpeJonpeess-
€T JIOTMYeCKOTO YPOBHA HA TOH WJY HHOH IIXHE, a ABJAETCH JUIIb
yCJIOBHBIM 0003HaueHNEM TOTo, uTo ogxa u3 Hux (PIH,) nogrmioue-
Ha K IJIaBHBIM BHIXOZAaM TPUITepOB &, a APyrasd K uUX «HalapHU-
kam» Q. ITpu 3amMcy BBIXOABI CUWTHIBAHUA OTKIOUAIOTCA, U HA
paspAgHbIe IMUHBI HOTAIT OAuH u3 ABYX HabGopos (01 mau 10), B
3aBUCHMOCTH OT TOTO, KaKoe YuCJIO >KeJjlaTeJbHO XpaHuTs B 35 (Ha
puc. 10.22 B KJIeTKax yKa3aHbl YPOBHY Ha IJIaBHBIX BBHIXOJax fdue-
ex). IIpu cuuTHIBAHUY BXOABI 3alIUCH OTKJIIOYAXOTCA M YPOBHH, Xa-

1 Ha Bxogax U BHIX0ZaX PaspAAHLIX UINH TPEYTroNbHUKAaMI ITOKa3aHbl KOMMYTHDYIO-
IiHe yCTpo#CTBa, KOTODHIe MOAKJIOUAIOT (MM OTKJIOWAIOT) paspAgHbIe HIHHB K
VIPaBJISIOLUM yCcTpoHCcTBaMm (CM. HIXKe).
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paKTepuayolnye cocrosinue 3, mocTynaoT yepes YCHIUTEIHN B CO-
OTBETCTBYIOII[ME BHELIHUE Y3JIbI.

3anoMuHaKOIUEe A4efKHU, UCHONb3yeMbie B HakonuTrejaax 03V,
Ype3BrIYaiiHO pasHOoo6pasHbl. IIpuMephl TAaKUX AYeeK IMOKa3aHHL Ha
puc. 10.23.

-E
(PIII, o PI! \PII, PIII;! :PIIIO +E, PH!
T2 | T4 T3 T4
4
T5 Lo T6 i
T i} T1 T2
i~
T1 T3
A0 ' AT’0
LIE, ‘ LR,
a) 0)
Puc. 10.23. 3anomuHalonne siuefiky omepatusHoro 3V:
a — crarHuecKas Ha ogmotunasix MOII-rpansucropax; 6 — gumEaMutueckas
Ha oxHOTHNHBIX MOII-TpaH3HCTOpax; 6 — CTATHYECKas Ha MHOTOIMHUTTEPHBIX

GHUIIONADHEIX TPaH3UCTOPax

Aveiixa na ogHorunmuelix MOII-TpaH3ucTOpax C p-KaHAJIOM
(puc. 10.23, a) ummeeT KJacCHUUYECKyI0 CTPYKTypy RS-Tpurrepa c
ynpapasomuMy kaodamu 7’5 u 76. 3Ty KI0Yu HOPMAJIbHO 3alep-
I ¥ 351 oTKIIOUeHa OT pas3psafHbIX mIvH. [Ipy NocTymIeHuy OTpH-
I[aTeJbHOTO UMNyAsca —E, Ha agpecHyio muHY Kiaogu T'5 u T'6 or-
IPAIOTCA U MOZKJIIOYAIOT AUeKY K pad3pAgHBIM uHaM. [Ipu sTom
Ha paspAHbIe HIMHAI NOCTYIAT YPOBHHE @ U @, 3amucaHHbIe B sueli-
Ke. B pexxume 3anmcu Ha aApecHyH IIVHY TaK)Xe IIOLAeTCA HM-
nynsc —E,, a Ha paspajHble MINHBI IOJAIOTCA HEOGXOZUMEIe (B3a-
UMHO TPOTHUBOIOJOXKHBIE) YPOBHY, KOTODble NPUBOLAT AUEHKY B
COOTBeTCTBYIOIIEe cocToAHue. Takum o6pasom, UMIYILC Ha ajgpec-
HOH muHe B 000MX peKHMMaX HrpaeT poOJs TAKTOBOTO MMIIYJbCA.

Ha puc. 10.23, 6 nokasana 3§ guHaMuuecKoro rumna, B KOTOpoit
xpaHeHue OGura MHpOPMaIMHU OCyINecTBAAeTcA emKocTamu Cy u C,
(o6bruno 3TO napasurusie emKocTy MOII-Tpansucropos). Meronuka
3aluCHd ¥ CYMTHIBAHWA — Ta JK€, YTO M B IpeApiayuied sueiike.
IlycTe mpu sanucu Ha paspagsslie mugsl PHI, u PHI, nogans: cooT-
BeTcTBeHHO yposHM —E_, u 0. YpoBens —E_ uepes kuou T4 mocry-
IIUT Ha 3aTBOP TpaHaucTtopa T'1, ¥ 3TOT TPaH3UCTOP OYJET OTKPHIT.
Ha zarBop TpausucrTopa T2 moctynut ypoBeHs 0, u 3TOT TpaH3H-
crop Gyaer 3aneprt. Hanpsskenusa Ha eMKOCTAX OyAyT UMETh 3Haue-
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vua Uy, = —E_, U, = 0. Eciu ocTaTouHBI TOK 3anepTOTO TPaH3H-
cropa T'2 gocTaTouHo MaJ, TO eMKOCTh C; OyfieT pa3psasKaTbCa BeCh-
Ma MeZJeHHO M, ClejoBaTelbHO, HanpspkeHua —E, m 0 6yzyr
COXPaHAThCS HA BbIXOJaX AYeHKHU (Ha CTOKaxX) AJIUTEJIBHOE BpeMsd.
3a 3TO BpeMs MOKHO HECKOJbKO DPa3 CUHUTHIBATH MH(OpPMALUIO U3
STUeHKY (XOTs IPH CYUTHIBAHUY €MKOCTH HOIOJHUTENbHO IIyHTH-
pyeTcs IeNsMH CUMTHLIBAHUSA U ee paspAjx yckopsaercs). s Toro
uTOOBI NOAJEPIKUBATL HANPIAXKeHWe Ha eMKOCTH, HeCMOTPsS Ha He-
u36e’KHEBIN ee paspAf, OCYIeCTBIAIOT pezeHepayuio, T.e. IepUOLH-
YeCKU IPOM3BOAAT 3alHCh TOro ke Kopa. Huuamuueckue 351 3ua-
YUTeJbHO 3KOHOMHUHEE CTaTUYEeCKUX, TaK KaK ¥ HUX OTCYTCTBYET
MCTOYHUK NUTAHUS U, CAeJOBaTEJbHO, B PeK¥Me XPaHEeHUA OHY He
TIOTPEONISIOT MOIITHOCTE.

B menom 34 ma MOII-Tpan3ucTopax 3KOHOMHUYHEE M KOMIIAKT-
Hee, yeM 3§ ma GUMNONAPHLIX TPAH3UCTOpPAaX, HO YCTYHNAIOT UM IO
6uicTrpopeticteuoo, IlosTomy, xorsi MOII-rpansucropurie 03V
umeloT 00JbllIee pPaCIpPOCTpaHeHHe, Ba)KHOE MECTO 3aHUMAIOT U
O3V Ha OunonspHeIX TpaHaucropax. Ilpwmep suelKuM Takoro
03V, BINOJHEHHOM HA MHOTOIMHTTEPHBIX TPAH3UCTOpPaX, NOKa-
3aH Ha puc. 10.23, g. [IpuHnunsl 3aNuCH U CUNTHIBAHUA 37J€Ch Ta-
KHe )Ke, KaK ¥ B npegplayiux 3, ecjy He CUUTATH HOJOMKUTENE-
HBIX MOJIAPHOCTEH JIOTMYEeCKHUX YPOBHEH ¥ aZpecHOro (TaKTOBOIO)
HUMIyJabCa.

IIycTts B pexxume xpanenusi Tpansuctop T2 samepr, a T1 Hacwlex,
rorga Ug= U'n Ugs = 0. Ecotn Ha paspAAHEIX IIMHAX 3ajaB HeGoasmIoi
(0,1-0,2 B) «gesxypHBIA» HOTEHIMAI, TO SMUTTEDHBIH HIepPexof 9, Oyaer
IPaKTHYECKH 3aMEPT ¥ Bech TOK OyAeT MPOXOAUTDH dYeped J;;; B TPAH3UCTO-
pe T2 G6yayT samepTsl 06a MUTTEDHBIX HePeXoxa.

IIpu cuuTsIBaHWK, KOrJja Ha aJpecHyI0 LINHY HOKAETCA NOJOXKUTEILHOE
HanpakeHue E,, smurrep J,; sanupaerca u Tox Tpansucropa Tl npoTexa-
er 3 muHy PII,; uepes sMuTTep 9,;, KOTOPHIA OCTAJCA IIOJ HUSKHM HOTEH-
nuagoM; muHa PII, ocraeTcd oGecToueHHOMH.

IIpu sanucy ofHOBpPEMEHHO ¢ aZPEeCHHIM MMHNYJIHCOM HOJAeTCA HAIDI-
sKeHue +E, Ha Ty paspsHyI0 II¥HY, KOTOpad CBA3AHA C TPAH3UCTOPOM,
nojgJaesKaliyM 3anupaHuio. B HalmeM npumepe, eciiu IOJATh HANDAKEHUE
E, na muny PII,, To TpansucTop T2 ocraneTcs: 3anepTeiM U cocToaHue 351
He usMeHuTcd. Ecau ke nogath HanpsaskeHue K, Ha muny PII,, To oka-
JKyTcA 3anepTuIMu 06a aMuTTepa TpaHsucTtopa I'l. Torga TOk moTedeT ge-
pea 6a3y TpaHaucTopa 1’2 B 9MUTTED Oy3, KOTOPHIH HAXOAUTCA NOJ HUSKUM
noreHnuasom mussl PIH;. IIpu aTom Tpamsuctop T2 oTKpoercd, T. e. co-
croaHwe 351 mamenuTca Ha obpaTHoe.
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B HoMenxJgaTypy napaMmeTpoB mHTerpadbHbuix O3V Bxogar cie-
AVIOI[Yie OCHOBHBIE BEJIMYUHEI.

Hugopmayuonrnas emxocms O3Y B 6burax — mapaMeTp, Xapak-
TepU3YIOIIUI CTelleHb MHTETpalju¥l 3JIeMEeHTOB Ha KpHCcTajlle.

Voenvnas mownocme O3Y, 1. e. ob1ias MOIHOCTh, ITOTpebisae-
Mas B pe)KuMe XPaHeHusd, OTHeceHHas K 1 6ury.

Munumanvhuil nepuod obpawjenus (Tog, yyy) — MUHUMATBHO
OONYCTUMEIH HMHTEpBal MeXKAY HadaJoM OJHOTO IMKJIA CUUTHIBA-
HHUA ¥ HauajaoM Broporo. Benwuuna, obparsas T g, .y HadbIBaeT-
csi makcumanbhoil yacmomoit o6pawenua. Ilpu sanucu oba aTu na-
paMeTpa MOTYT ObITH HECKOJBLKO MHBIMY.

Voenvnas cmoumocme oguHoro 6ura mabopmanyu, T. e. obras
CTOMMOCTE KPHCTAJNa, MOJeJleHHas Ha WHMDOPMALVOHHYIO eM-
KOCTb. JTOT IapaMeTp — OJUH M3 PEIIalolUX IPY CPaBHUTENIbHBIX
OLleHKAaX.

MOII-rpansucropusie O3Y B Ie0oM NPEBHIMIAIOT (UIOMAPHBIE
1o nHGOPMALMIOHHON eMKOCTH, YAEJIbHOH MOINHOCTH U yAeIbHOH
CTOMMOCTH, HO 3HAUUTEJNLHO YCTYHaioT Io OvicTpogeitcTeuio. Oco-
6oe mecTo cpenu 6GumnoaspHbix O3V 3anumanT cxemel B Oasuce
V12JI, xoTOpBIE 110 eMKOCTH M YAE/JIbHOI MOIHOCTH IPUGIMIKAIOTCS
K MOII-TpanauctopusiM. Cpenu mociefHUX MUHUMAaIbHAHA yAeNb-
Has MOIHOCTE cBoiicTBenna KMOII-cxemam, a MUHMMaIbHAas CTOH-
MocTs — AuHamuueckum tunaMm O3Y. Cpexu GUIONAPHBIX Pa3HO-
BHHOCTEH MaKCHMaJIbpHBIM ObICTpOAeiicTBUeM xapakTepHbl O3V B
6asuce ICJIL.

ITocrosauusie 3amoMmuHaromue yerpoiicrsa (II3Y). Kak yxke or-
Meyajoch, 9TOT TUI 3¥Y XapaKTepeH TeM, YTO 3aluch wHpopManuu
npousBoguTCA U600 «pa3 ¥ HaBcergar, Jubo mpejcTaBaAeT coboi
crnenyajabHyo, PeKo npumMeHsdeMyw omnepamuio. Ilosromy ucnons-
sopanue II3Y cocrouT B CcuMThIBAaHUM MHpoOpManyu.

TunuuHasa cxema JUOLHOTO
II3Y mnokasama ma puc. 10. 24.
CrpykTypa CXeMmbl y>Ke H3BECT- N 4 Aoont
Hasd — MaTpUuHasi, CTpOKHu obpa-

PII, | PHIL, | PIIT, | PHI,

+
4
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Bxop 5‘ . 2& ~ ~ 0100
3yIoTCS aAPeCHBIMM IIMHaMH, a °0oo1|£§ | am,| 1 7
cToNbIBl — paspagabiMu. Kak- 55 ] 3 B 3o
Zasa ajpecHad INWHA XPaHHT g Al ]
ompegesnenusiii kox: 0011, 0100 B} ‘413 N

0 01 BuIxog
U T. 4., KaK NIOKa3aHo Ha PUCYH-

Ke. 3anuce KOZA (B IPUHIUNE — Puc, 10.24. JuogHoe mocTosHEOe 3V
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OZHOKpAaTHasA) OCYILIECTBIAETCA C IOMOINBIO JHUOZOB, KOTODhIE
TIPUCOEAUHEHBI MEXKIY aAPeCHBIMH IIIUHAMY ¥ TEeMYU Pa3pPAZHBIMHA
HIMHaM¥, Ha KOTOpLIX (IIPHM CUMTHIBAHUYK) AOJNKHA OLITH JIOTHue-
cras 1.

IIycTs pemudpaTop agpeca BeIGpas agpecuyio muny Alll, (3rak
«+» ga puc. 10.24). Torga HanpsakeHue ¢ 3TOM aAPECHOH IMIMHBI
mocTynaeT Ha pasdpagHyio mmuy PHI,, a Ha paspaAHBIX IIMHAaX
PHI,, PII, n PUI; nanpakenue 6ygeT paBHO HYJIO. 3HAYHUT, IPH
napajjieTbHOM CUWTHIBAHVM HMHGODMALVHM CO BCeX UeThIPeX pas-
pPAAHBIX ITUH NoayuuM Kox (caoBo) 0100, sanucanHsbiil B BHIOpaH-
HOH CTpOKe.

IIpu nIpoeKTUpPOBaHUY MHTerpaabHbix MaTpur II3Y Hemenecoob-
pasHo pasMelaTs AHOAHI Cpasdy B TeX y3Jjax, I'ie ouu obpasyror He-
obxoguMsble Koabl. HoMeHKIaTypa MaTpHIL ¢ Pa3HBIMHU BapuaHTaMU
KOJOBBIX Ha0OPOB OKAa3sIBaeTCA CAUINKOM IIIAPOKOI, & THPAXK Kadk-
[OTO BAPUAHTA — CJUIIKOM MaJbIM, He ONPaBAAHHBIM C 3KOHOMU-~
YeCcKOH TOUYKY 3peHusd. [[03TOMY AMOZBI M3TrOTAaBINBAIOT BO BCEX V3~
Jlax MATPHUIBl ¥ B TAKOM OZHOPOAHOM BUAE MATPHUILY NOCTABJISIOT
3axkasuuky. Kakgpiil 3akasuuk cam 3anuceiBaeT B I3V Hy)xHble
emy Kogbl. [/ 3TOTO OH (C IIOMOIIBIO CIIENUaIbLHBIX YCTPOMCTR) ne
pexcuzaem BBIBOOBI — TIEPeMBIUKH TEX SUOAOB, KOTOPbIE HAaXOLsT-
CA B MECTax PacIoJIOKeHUs Jorudyeckux HyJeil. Takue guopsl ¢ ne-
peropesmIuMy BbIBOZAMM IOKasdanbi Ha puc. 10.24 mTpuxoBniMu
nuauamu. Ilepe)xuranvie BbIBOJOB OCYIIECTBJISAETCA WHAVBUAYALb-
HO, IyTeM IPOIYCKaHWA Hepe3 COOTBETCTBYIOILUI AUOH 0O0JIBIIIOro
TOKa, Ha KOTOPBIN AU0A (B HOPMAaJbHOM PeK¥UMe) He PaCCUUTAaH.

UcnonszoBanue MOII-TpaH3uCTOPOB OTKDPBHIBAET LONOJHUTEIIb-
Hble BO3MOYKHOCTH npu ucnosab3oBaHuu [I3Y. Bo-nepsrix, 3amuch
uHpOPMALY MOXKET OCYIeCTBIATHLCA He NepeskKUraHueM BLIBOJOB,
a Oosiee «TOHKHMM» crnocobom. Opnopopnas wmarpuma II3Y (c
MOII-rpan3ucTopaMu BO BCeX y3Jax) IOCTABJAETCH 3aKa3UUKy B
Buge «noaybabpukarar: 6e3 meTanaumsanyy 3aTBOPOB. 3aKa3uHK
caM OCyIlleCcTBJAET nocjegHolo doronurorpaduro. IIpu aTom oH uc-
TIOJIB3yeT TaKoil doTomabloH, KOTOPRIM obeclieunBaeT MeTaJJIN3a-
IIUIO 3aTBOPOB TOJIBKO ¥ T€X TPAH3UCTOPOB, KOTOPBIE JOJKHBI Ilepe-
JaBaTh «1» Ha padpsAAHYIO IIMHY. ¥ OCTaJIbHBLIX TPAH3HCTOPOB 3a-
TBOpHI He OYAyT IpUCOeMHEHBHI K aJpPEeCHBIM IIIWHAM ¥ 3TH
TPaH3UCTOPHI OyayT Ge3neiicTBOBATS.

Bo-BTopsix, ucnoaszosanne MOII-Tpan3ucTOpoB MO3BOJISIET OCY-
IIIeCTBUTH TAK Ha3bIBaeMrie NOJYNOCMOsSHHbIE I npozpammupye-
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mote TI3Y (ux oGosmauaror IITI3V), B KOTOPHIX MOYXHO BpeMA OT
BpeMEeHM MEHsATH 3alUCaHHYI0 uHbopmanuio. Takas BOSMOXKHOCTH
OYeHb IIOJIE3HA AJIA 3aKa3uyuKa, XOTHA ee peajusalnusd U CBia3aHa C
HEKOTOPHIMHM TEeXHUYeCKUMHU TpygHOcTamMu. OOmasa upes, Jjexka-
mas B ocuose IITI3Y, cocrour B ToM, 4TObHI OGpAMUMO MEHAMb NO-
pozogoe nanpsicenue MOII-mpansucmopa.

Yupasnenue NMOporoBbIM HAIPsKEHUEM HOCTHUraeTca B HACTOA-
mjee BpeMs AByMsi criocoGamu. O6a OHM OCHOBaHBLI Ha BBeJEHHUH JO-
TIOJIHUTEeJBHBIX 3apsioB B AuajeKTpuK. Ilepssiit cioco6 cocTouT B
ucnonszosanuu MHOII-Tpan3ucTopoB, OnucaHHeix B pasg. 7.8. ¥
9THX TPAH3UCTOPOB BBEJEeHUE ¥ BbiBeJeHUeE 3apAL0B OCYIIIeCTBIsET-
Cs C IIOMOIILI0 KOPOTKYX BHICOKOBOJIBTHHIX MMIIYJIBCOB Pa3HoOM IO-
JAPHOCTH, NOJaBaeMbIX Ha 3arBop (puc. 7.33, 6). Bropoit cinocob,
NPaKTUKYEMBIi [IPY HUCIONB30BaHuU «00bruHbIX» MOII-Tpansucro-
POB C OZHOCJIOHHBIM AWIJIEKTPUKOM, COCTOUT B cilexyomieM. IIpu-
KJagbiBasi K 3aTBOPY AOCTATOYHO GOJIBINOE HANpsAXKeHHe, BHIZbIBA-
10T JIABUHHBIH Mpo6oit B qU3IeKTpUKe, B Pe3yJIbTaTe Yero B HeM Ha-
KanJuBalTCA 3JMeKTpOHbI. COOTBETCTBEHHO MEHAETCA IIOPOTOBOE
HanpsoKeHue. 3apsaj 3JIeKTPOHOB COXPaHsETCA B TeUeHHEe BechMa
OIUTenbHOro BpeMen, kak u y MHOII-rpausucTopos (B cayuae He-
00XOqUMOCTH 3apAd MOXXHO IEePUOANYECKH BOCCTAaHABIANBATE — pe-
redepupoBaTs). [lJIss TOTO YTOOBI OCYILIECTBUTH Iepe3anuch uHGPOD-
Mamyu¥, HYXKHO YAQIWUThH 3JIEKTPOHbLI M3 JU3JNEKTPHUKA. JTO AOCTH-
raercs NyTeM OCBEIeHMA KPUCTaLlIa yAbTPaduOJIeTOBLIM CBETOM,
KOTOPBIX BhI3bIBaeT (poTosddeKT, T. e. BolOUBaHME 3JIEKTPOHOB M3
OUSJIEKTPUKA.

10.9. Boapune n cBepx0oJiplIve HHTETPaJbHBbIE
CcXeMBbl

TenaeHIUA K TOBBIIIIEHUIO CTEIIEHYN UHTETpanyy Habaoparacs ¢
CaMoro 3aposKAeHusd MUKDPO3JeKTpoHuku. CHauala B KOKAOM KOD-
nnyce pasmeranucs orgeasHbie NJIO. 3aTem, yBeluuus KOJMUUECTBO
BBIBOJIOB, CTaNly pasmelnars N0 HecKoJabko WJID B oguoM Kopiyce.
9TO HMO3BOJIMJIO COKPATUTH 00lllee KOJUUECTBO KOPNYCOB B anmapa-
Type, HO He IPUBEJO K KaKOMy-Tub0O HOBOMY 3Tally B Pa3BUTHH
HC. KaueCcTBEHHO HOBRIH 3Tall HaYaJICA JHUIIbL IOCJe TOr0, KaK Ipo-
cteie VIC, pacrioioskeHHbIE Ha ORHOM KpHCTalle, CTAlu O0benu-
HATH B CJAOXKHbBIE QYHKIMOHAJBHbBIE KOMIIJIEKCHI IIYTEV MeTaJInye-
CKOM pa3BOZKU — Tak ke, Kak B camux VC o6beguHA0OTCA OTRENb-
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Hble 9JieMeHTHI. Ha aToMm arame nmodasunucs cHauama cpednue (CHUC),
a 3aTeM Goavbuiue unmezpanvhoie cxemvl (BUC) u ceepxboaviiue un
mezpanvuvie cxemvt (CBUC). MoskHO cKasaTh, uTo B ocHoBe BHIC
JIeXKUT MHTerpanmusa npocteix HC.

O6mjaa xapakxrepucrnka BHC. Knaccuyeckum IpuMepoM IIpo-
cTeix MIC saBasmoTea jmoruveckue segtunu tuna TTJI, KMOII, 3CJI
u ap. IIpomesxyrounoe Mecto mexkay npocteiMu C u CHUC 3anuma-
10T JK-tpurrepsi, cocroamue us 8—10 morudeckux peutuiaeir. Cob-
creeHHO K CHIC oTHOCATCA cyMmaTopsl, cueTunku, O3V u [13V em-
kocTeio 256—1024 6ut u gp. IIpumepamu BUC moryT cayxkuTh cxe-
Mbl namATa Ha 4 Our m OoJsee, apupMeTHKO-JIOTHUeCKHEe U
ynpaeasiolque ycrpoicrsa 9BM, nmudpossie ¢punsTpei. Haubons-
Inasd CTeleéHb MHTEerpamyuyl CBOICTBEHHA OLHOPOAHBIM CTPYKTY-
paM — 3V u cocTaBisgeT B HACTOAIIEe BPeMs AECATKH MUJIJINOHOB
aneMeHTOB Ha Kpucrasiae. MC co cremenbio unTerpamuu 6osee 100
THIC. 3JICMEHTOB HA3BIBAIOT CBepXOOJbIINMHU.

Hcnons3opanme BHC conpoBoskpaeTcst pe3KUM yIAYVULISHUTEM
BCeX OCHOBHBIX TIOKa3aTeJeil 110 CPAaBHEHWIO C aHAJOTMUHBIM QYHK-
ITMOHAJIBHBIM KOMILJIEKCOM, BBINIOJMHEHHbIM Ha orTaedsHbix VIC. Heir-
cTBUTeNbHO, uHTerpanua VIC na oqHOM KpHCTalle IPUBOJUT K yMe-
HBIITEHWIO KOJIMYECTBA KOPIYCOB, YuCJa COOPOYHBIX M MOHTXKHBIX
onepanuil, KOJN4UeCTBA BHEIIHUX — HaVWMeHee HaJe)KHbIX — COeju-
HeHU#H, Bce 3To, Kak 06bIYHO, CIIOCOOGCTBYET YMEHBIIEHUIO Pa3MepoB,
MAaccChl, CTOMMOCTH ¥ IOBBHINICHUIO HaAeKHOCTH. [ONOIHUTEIbHAIMH
npeumyinectsamu ot unrerpanuu VC asiasoTea ymeHblneHue o0Ime-
T'o KOJMYeCTBa KOHTAKTHBIX ILIOINANOK (& 3HAUUT, 9KOHOMMSA IJIOIIA-
[AH), COKpaIleHHe JINHbLI COeJUHEHU (UTO CIIOCOGCTBYET IOBRIIIIEHUIO
ObICTPOZEICTBHsI M IOMEXOYCTOMYMBOCTH), a TaK)Ke MEHBIIWIl pas-
6poc nmapaMeTpoB, mMOcKoiRKY Bee YIC pacmosioskensl Ha OZHOM KpHC-
Tajjle ¥ M3TOTOBJEHBI B €JVHOM TEXHOJIOTMUECKOM IMIKJIE.

IloBslmrenvie CTeEHU MHTErPAUE MOXKHO 06eCIIeYuTh ABYMS Y-
TAMU. YBEAULUBAA NIAOMHOCNE YNAKOEKU INeMeHmos (T. €. YMeHb-
waf uX IVIOIMajb, BKJIIOYAs IJOLIANb METAJIMYeCKON Pa3BOAKH) U
yeeauuusas pasmepv. Kpucmaara. W Tor, u Apyroit myTh CBs3aH C
pellleHUeM CJIOYKHBIX TEXHOJIOMUECKUX 3ajJad: HeoOXOAMMO MOBbI-
CUTh Paspellalonyio CHOCOOHOCTEL Jjaurorpaduu, crabuIu3upoBaTh
TeXHOJIOTHUYEeCKHE DeXXMMbl, 06ecreuuTs oco0yIo MUrueHy IpOM3BOJ-
CTBa, CHU3UTH ILIOTHOCTH Ze(eKTOB HA MOBEPXHOCTM KPEMHUA U T.
. Hekoropbie npobieMsl KOHCTPyHpOBaHUs ¥ KoHTpoJsi BYC pac-
CMaTpPUBAaIOTCA B CIERYIOIEM pasjeiie.
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Ha sTane paseuTusa BYIC BO3HUK TaKike PAJ CXeMOTEXHHUYECKUX
npobJjeM, He MeHee Cepre3HBIX, ueM TexHojoruueckue. Bosee Toro,
0o0e KaTeropuul NpodjieM TeCHO IlepeIlesuch APYr ¢ JPyrom, T. €.
80npocel «KaK denamov» u «umo Geramuv» JOANKHbL npu paspadbomre
BUC pewambcs 00HO8PeMEHHO U KOMNJIEKCHO.

BHIC Ha 6a30BBIX MaTpHMYHBIX KpHcTadaaX. OfuH U3 neppooye-
PeAHBLIX BOIPOCOB, BOHUKAKWINUX Npu pazpaborke BMIC, — 310 BO-
npoc 06 X TeXHWYECKH U 3KOHOMWUYECKY I1eJIeCO06Pa3HOM CI0MHO-
cru. Heo6xoaumo coueTaTs AOCTATOUHYIO CJIOMKHOCTH (UTOOBI pea-
JIA30BaTh IIPEMMYINleCTBA BBICOKOH CTeleHM WHTerpamguu) ¢
JOCTATOYHOM YHHUBEPCAJbHOCTHIO (UTOOBI OGecreuuTs 3KOHOMUYe-
CKH omnpaBraHHbI# 06beM BeImycKa). IIpakTuka mOKassiBaeT, UTO
TAKOTO KOMIPOMIMCCA MOXKHO JOCTUTHYTbH, ObecrieumBasn 3jemMeHm
HYI0 u30bLMOYHOCMb U MHOZOPYHKUUOHALLHOCMND.

Heitcreurensno, ecau Kojaumuecteo MC, pacmono)keHHBIX Ha
KpHucTaniae, Oosblre, yeM HYXKHO AJA OCYILECTBJIEHU: HEKOTOPO
ompejeeHHOM QYHKIMH, TO, 3HAUUT, BBINIOAHAA Pa3Hble METAJIN-
YeCcKHe pa3BOAKHY, MOMKHO C IIOMOIIIbIO OZHOTO U Toro »ke Habopa HC
ocyuiecTBasaTs BUCsI ¢ pasubimu yHKOUAMHE. [JaHHBIf NPUHIUI
noJioked B ocHoBy BHMC na 6a30BpIX MaTpUYHBIX Kpucraiailax. Ba-
30BbIi MaTpuuHbiit Kpucraidia (BMK) — aTo Habop TOIOIOruYeCcKUX
fA4eeK, PACIOOKEHHBIX B BUJE MATPUILI, MEXAY 3JIeMEHTaMHU KO-
TOPO# OTCYTCTBYIOT COEIUHEHU.

Tomnosnoruueckas A4eKa COCTOUT U3 OTAENbHEIX IIOJYIPOBOAHY-
KOBEIX 371emeHTOB. s nonyuenus BUC ¢ 3aganusiMu QyHKIMAME
OTJe/NbHEIE 3JIEMEHTHI BHYTPH siU€eK ¥ CaM¥ AYeMKY COeSUHAITCA
TOKOBEAYIUMHM JoposkKamu. J[iaA pasMelleHus IIPOBOJHUKOB
(TpacCHpOBKY) MCIOJBL3YIOT CHUCTEMBI aBTOMATH3WPOBaHHOTO IPO-
extupoBanusa (CAIIP).

B xouxpermoit BUC, usrorosnennoit na BMK, 06s14HO uCHONb-
3yIOT He BCe TOMOJIOTUYEeCKHe AYEKY, UTO onpejenserca PyHKIMO-
HaJIBHBIMY OCOBEHHOCTAMY MUKPOCXEMBI.

IOpyroit npunnun ¢popMuUpoBaHuA 3agaHHON cTPYKTypsl BHC
Ha BMK cocrouT B mepBoHauaJbHOM CO3ZAHUY KPHCTaNIA, B KO-
TOPOM BBHIIOJHEHRI BCe BO3MOJKHbBIE MEXKCOeJUHEHU:A 3JIeMEeHTOB.
HNanee, B HYXXHBIX MECTaX MEXXCOEOWHEHMI AeJaloTCA Pa3pBIBBI
nyTeM JOKaJbHOTG yAAJeHUd MaTepuala MeKCOeOUHEeHUS MEeTO-
JIOM JIa3ePHOTO pa3pylIeHUA.

IIporpamMupyemsle Joruyeckue MmaTpuusl. CylecTBeHHBIM He-
poctaTkoM onucannsix seire BYC na BMK asaserca To, uto dop-
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MupoBaHue cTPyKTypbl BMC MoskeT OBITHL BBINOJIHEHO TOJBKO B
pPaMKax MUKPO3JEKTPOHHOTO IPOU3BOACTBA B COOTBETCTBUH C JIOTH-
YeCcKOH CTPYKTYPOii, onpejeenHol paspaboryuxom. CyIiiecTBeHHO
66pIIYI0 TEOKOCTE 00eCIIeunBaOT IPOTPAaMMUPYeMbIe IOIb30BaTE-
neM Jorumyeckume Martpunsl (IIJIM). 9To chnenmuaansupoBaHHEIE
BUC, pHyTpeHHAS CTPYKTypa KOTOPbLIX, MOZo0HO oOnruEbIM BME,
COCTOMUT M3 MaTpUIsI GA30BHIX JIOTMUYECKHX AUEEeK M MeXKCoeJuHe-
HUH, HO KOHQUrypamua OTAENbHBIX S4YeeK M CBA3EH MeXAy HHUMU
OCYII[ECTBJISIETCA C IIOMOIBIO CIeluabHOH CHCTEMBI, PACIIONIOMKeH-
HOM Ha 9TOM ’Ke KpUuCTaJje.

OGeIYHO 114 3afaHuA KOHGUIYPALyy IPegyCMOTPEHHI CIEeLHaJIb-
Hble Beisoabl BUIC, u paspaboTuuk MOJKeT yCTAHABJIMBATH U M3MEHATH
norngeckyio ¢pysKIuio BUC, lna pasubix Tunos ITJIM ycraHosies-
Had KOHGUrypanusa MOXKeT JIu60 COXPAaHATHCA IPH OTKJIIOYEHNY ITUTa-
HuA (Toa0o0HO IMOCTOAHHBIM 3alIOMUHAIOIMM YyCTPOMCTBaM, CM. pasf.
10.8), nubo TpefyeTcsa nepesarpyska Ipy Ka’kJOM HOBOM BKJIIOUEHWH.
Vinpasnenue nepe3arpysxkoil MOKeT BBINOJHATH cama cxema I[LJIM,
CuUuTHBaA MHPOPMAIMIO O KOH(purypamumu us Beemxero II3V.

IIpoGiiemsl mossimeHns creneHu mHTerpanuu. OnelT paspabor-
ku BUC BoiaBua pag obuyx npobieM, KOTOpbIE€ OTPAaHUYHUBAIOT IO~
BBINIIEHVE CTeIIeHU MHTETrpalluy U KOTOphie, CIeJ0BaTeIb5HO, HYXKHO
TaK WY HHA4Ye peliaTs B Iporecce KalbHeHIIero pa3suTUs MUKPO-
3JIEKTPOHUKH.

ITpo6rema menanoomeoda. Ilpu 3ajaHHBIX pazMepax 3JE€MEHTOB
TOBHIIIEHYE CTeIIeHY MHTErpaiuy MOXKET JOCTUrAThCS yBeJIHUEHHU-
€M IJIOTHOCTH KOMIIOHOBKH, T. €. COJIM)KeHHneM 3JIeMEeHTOB Ha KpHuc-
rasuie. IIpu aTom Hen3be)XKHO BospacTaeT yaelbHadA MOIHOCTH, pac-
ceuBaemas Ha eguHuIeE Iomany. IIpu coBpeMeHHBIX KOHCTPYKI[H-
six Kpemumessix HMC gomycrumas yAenbHas MOINHOCTL Ha
Kpucranne 06e3 [QOMOJHUTEILHOTO TENJIOOTBOAA He IIpeBhIIaeT
5 Br/cm?. BHAUNT, JONYCTHMAA MOIIHOCTE AJAA KPHCTAJIA ILIOIIA-
apio 20 Mm% cocrasiaser He Gomee 1 Br. Ilpu cpespseit MomHoCTH
0,5 mBT, nmorpebasemoii oguum HJIS, Ha yxasaHHOM KpHCTalLie
yzacTca pasMecturh He Gosee 2000 soruuyeckux 3JIeMEHTOB.

EcTecTBeHHBIM NyTEM QIS IPEOJOJIEHUS 3TOT0 OTPAHUYEHU AB-~
JIAeTCA WCHIOJB30BAHUE MHUKPODE)KUMa TPaH3UCTOPOB ¥ TaKUX
cxXeM, KOTOPHIM MHKPOpe)XuM cBOicTBeH. Hampumep, Zjas TOro
uTOOBI Ha TOH ke momanu 20 mm? pasmectuts 10000 BenTHIE,
HY’KHO HCHoJAs30BaTs WUJID ¢ moTpebasieMofl MOITHOCTHIO He Bojee
0,1 mBr, 1. e. UJID tuna KMOII (cm. Taba. 10.1).
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Komeuno, Mo)xeT 0KasaThbCs1, 4TO IPY AAHHBIX pasMepax KpHC-
Tajljla JKeJaTeJbHYI0 CTelleHb MHTEeTPanyy HeJlb3s OCYIIECTBUTL HU
Ha OHOM H3 MUMeIOIuXCcA 3JeMeHTHEIX 6asucos. Torza mpuxozur-
ca UATE Ha yBenuueHue mnomanu MIC. B nmpuHIune sTor uyTs oT-
KDBIBAET IIHPOKHUE BO3IMOXKHOCTH, HO IIPDAKTHUYECKH OH TOXXe Orpa-
HUYeH.

OrpaHudeHHNe HaKJIaAbIBaeTCs1 HeM30e)KHHIMM AUCJIOKAIUAMHU Ha
TIOBEPXHOCTH IONYIPOBOAHMKA (cM. pa3dg. 2.2). Jlobas aucnoxamusa
B npepenax BUC osHauaeT HerogHOCTH TPAH3UCTOPA WY OTHENbHOMR
HC, cooTBeTcTBEeHHO HerogHoil Moker oxkasaTbca u BHIC B mesnom.
IlosToMy yBenuueH¥Me NJIOINARY KPHUCTAJJa COIPOBOXKIAAETCA YBeH-
YeHUEeM NpoleHTa 6paka ¥ yMeHbIIIeHUEM HPOIeHTA BHIXOAA TOLHBIX
BuUC.

B oTaenpHEBIX cAyUasax UCHONB3YIOT UCKYCCTBEHHOE OXJIAKAeHIe
BUC unu nopiokek, Ha KOTOPHIX OHYU MOHTHUpyIOoTcA. OgHaKO Ta-
KOoe pellleHue -— He YHUBEpPCaJbHOe M 3KOHOMHUUECKU JaJIeKO He
BCcerga ONpaBAaHO.

IIpo6rema mexccoedunenuii. Bayrpenusa crpykrypa BUC Ha-
CTOJIBKO CJIOKHA, YTO KOHCTPYKTOD He MOJKET 32 pa3yMHOE BpeMs
CIIPOEKTHPOBaTh TOIIOJIOTHIO (pacIloJIO’KeHHe) 3JIeMEHTOB U DHCY-
HOK ONTHUMAJIbHBIX ME)KCOeQUHEHWH (C MUHMMAJIbHOW CyMMAapHOH
IJIMHOM ¥ MUHUMAaJbHBIM KOJHYECTBOM Iiepeceuenuit). [Ina aToro
HY>XHO CDABHHUTHL THICAYM BAPHAHTOB, ¥ 3TO IPAKTUYECKH MOXKHO
BBITIOJIHUTH TOJILKO IIPH MCIOJIHL30BAHMY CHCTEM aBTOMAaTHU3MPOBaH-
HOTO NPOEKTUPOBAHUS.

OnsiT noxaseiBaer, 4ro B 6onsiuuncTee BYUC He ypaerca pacno-
JIOYKUTE PA3BOJKY MeXKCOeAuHEeHUH B OAHOIM IJIocKocTu Ged mepece-
yenuii. [lostomy gns BMIC xapakrepHa MHO0zOCa0iHAA pa36odka,
pacmonoskeHHaa OObIYHO B 2-X WJAM 3-X IIOCKOCTAX. VI3omamus
CJIOEB APYT OT Apyra M HeoOXORuMEbIE COeBVIHEHU MEXXAY pPas3Boj-
KaMH Ppa3HbIX CJIOeB NPEACTaBAAIOT €000l 0cobyl TexHOJOTrm4e-
cKyw mpobiaemy, cmenubnunyio aias BUC.

IIpo6rema rkonmpoas napamempos. INeKTPUUECKUH KOHTPOJb
napamerpoB BUC o ee momelenus B KOPOyC OCYILECTBJIAETCA C TI0-
MOILLI0 V3MEPHUTEIbHBIX 30HJOB, IPIKMMAEMbIX K KOHTaKTHBHIM
IJIOLIANKaM, T. €, K OyAyIIINM BHEIITHUM BEIBOJAM. SOHIEI IIPEACTaB-
10T co00i TOHKHE MeTaIInyecKHue NPOBOJIOYKY, OCTPHE KOTOPBIX
umeer guamerp 5—10 Mrm. 30HIL! 0OBEeZUHSIOTCA B 30HAOBBIE TO-
JIOBKH — CBOEro poja NPOBOJIOUHBIE «IIETKM», B KOTODRIX KaKAbINA
30H/[] COIIPHKACAETCHa C COOTBETCTBYIOIIEH KOHTAKTHOM IJIOIaZKOM,

173423 .
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umeromeit pasmepst 100 x 100 Mmrm. KoruuecTs0 BHEIIHUX BHEIBOJOB
y BHC 3nauuTtensno Oonsiue, yeM y npocteix YC, B cuny Gonbimei
CJIOXKHOCTH BBINOJNHsAeMbIX QyHKnuii. OHO MOXKeT COCTABJIATH OT Je-
CATKOB TO HECKOJNBKUX CcOoTeH. Ecau Ana uinioctpamuy OpuHaTs: 50
BBIBOZOB ¥ YUeCTb, YTO Ha Ka’KAOM BHIBOJE MOXKeT ObITH Ba 3Haue-
HYA BBIXOAHOH BenuuuHsI («0» uau «1»), TO AJIA NOJIHOIEHHOM IPO-
Be&mn ¢yuxmuonuposanus BUC (tonsko B cratuke) morpebyercs
2% ~10%° usMepenuit. [Ipy AIUTeNBHOCTH KaXAOTo M3MepeHus 1
MKc KoHTpoas opHom BUC szafimer oxomo 25 mer.

CiemoBaTensHO, IIOMMMO aBTOMATHU3AIMU¥ KOHTPOJS, HYIKHO
YIPOCTUTL U ero MeTofuKy. Ilo HeobXogMMOCTH HM3MepeHWA HOJI-
JKHbI OBbITH BHIOOPOYHBIMY: KOJIMUYECTBO M3MepeHHit, CBUETENLCT-
Byomux o paborocnocob6rHoctu BYIC (¢ ompeneieHHOH BepOATHO-
CTbI0), OOLIYHO NeKUT B npegenax 200-300.

OT6GOp KOHTPOJNWPYEMBIX IIaPaMETPOB, IIOCJEHZOBATEIBHOCTL U
npasuia (alropuTMbl) MX HCHBITAHHA, a TaK)Ke paspaboTka cooT-
BeTCTBYIOINEH anlapaTypsl ¥ IporpamMm (414 UCNoab30Banua IBM)
TIpeACTABIAIOT HEPEAKO 3a4a4y, He MeHee CIOKHYIO, UeM IIPOeKTH-
posanue camoir BUC.

DusunecKue 0zpaHUYEHUA HA pas3mepvt saemenmos. B cospe-
meHHBIX BUC pazmepsl oTAeIbHBIX YYACTKOB JOXOAT A0 2—5 MKM
¥ ¥MeeTcA TeHAEHIUA K AalbHeHIIeMy yMeHbIIeHuI0 pa3dmepos. Ha
3TOM IIyTH, OAHAKO, BO3HHUKAIOT HEKOTOpbIe IPUHIUNHAJILHEIE
OrpaHUYeHUusA. B yIpoIleHHOM BHJAe OHU IPOUJIIIOCTPHPOBAHbLI Ha
puc. 10.25.
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Puc. 10.25. OrpanyyeHus Ha MHHHUMaJbHble pasMepsl ajJeMeHToB UC: a —

GIIOKTYanud paclpeAesieHUs] npUMecH; 6 — TeXHOJIOIMYecKue AONYCKH; 8 —
pPOCT HANPSKEHHOCTH IIOJIA

Bo-nepBrix, ¢ yMeHBIIeHVEM ILJIOIIafyl HAUAHAET CKAa3wIBATHCH
HepaBHOMEPHOe (CTATHCTHYECKOEe) pacIpefesieHue MPUMECH B TIOJY-
nposogHuke. Ilycrs kBamparsr Ha pumc. 10.25, a unmocTpupyioT
KOH(MUTYypaIyio 3MUTTepHOTO ciaosi. IIpu Gonsmoit maomany (KBan-
pat 1) KOIMUECTBO ATOMOB IIPUMeECH B ABYX OAMHAKOBBIX KBajpaTax
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Oyger mpakTHYecKH OAVMHAKOBBIM. IIpu Masoil mmomanu (KBagpaTsl
2 u 3) KOIUYECTBO AaTOMOB MOJKET 3aMETHO PasnudaTsca (TpH U de-
TeIpe aToMa Ha puc. 10.25, a). CooTBeTCTBeHHO GYAYT pasauyaThes
KOHIIEHTpall¥ IIPHMeCH B 9MUTTEpax, a 3HAYUT, ¥ KodhdumueHT
umkekuu [cMm. (5.24)]. AHanu3 noxkaseIBaeT, 4To 3TOT GaKTOpP CTa-
HOBUITCA CYII[eCTBEHHLIM IIpY CTOPOHEe KBajpaTa MeHee 1 MKM.

Bo-BTOpHIX, C yMeHbIIeHWeM NUHEHHEIX PasMepoB BO3pacTaer
POJIb TEeXHOJOTHUecKux aomyckoB (pmc. 10.25, 6). Tax, ecau mo-
I'peirHoCcTs hoTonuTorpadguu cocrapiaser +0,2 MKM, To IpH JTHHEHN-
HBIX pasmepax 5 MM (6obIION KBajpar) ILIOIIALH 3J1eMeHTOB 0y-
OyT pasnuuaThes He3HauuTeabHo (Ha 20%), a npu pasmepax 1 Mxm
(manelit xBagpar) — B 2,3 pasa.

B-TpeTbux, ¢ yMeHbIIeHuEM NHHEHHBIX pPasMepoB BO3PACTalOT
HaNpsXKeHHOCTH SJEKTPHUYECKUX IIOJied B IOJYIPOBOAHUKOBBIX
caoax (puc. 10.25, g). Ilpu ogHoM u ToM ke Hanpaxkeruu U = 0,2
B HanpsoKeHHOCTH IOJISL B CJIO€ TOIIIMHON 5 MKM CPaBHHUTEJIBHO
HeBesuka (400 B/cm), a B cioe Toamunoi 0,2 MKM OHa COCTaBIIAET
10% B/cMm, T. e. NIpeBHINIaeT KPUTHUECKYIO HAIPAKEHHOCTE, COOT-
BETCTBEHHO TIOJYIPOBOAHUKOBELIN CJI0il mpuobpeTaeT HeTUHEHHEIS
CBOMCTBA.

MookHO Tak’Ke IOKa3aTh, YTO IpU JUHEHHBIX pa3Mmepax MeHee
1-2 MKM OIpejeNIeHHYIO0 PONb HAUWHAIOT UTPaTh LIYMOBhIe (QIIIOK-
Tyanuy, BIUAHNE KOCMHUYECKOr0 U3JyIeHUs ¥ eCTeCTBEeHHBII paju-
aIMOHHBIA hon Semuu.

YuursiBas, YTO BO3MOXKHOCTH OObIUHOM doTonmuTorpaduu TOXKE
JexxaT B npegenax 0,7—1 MKM, MOXKHO CKa3aTh, 4TO U (pU3MUECKHE
¥ TeXHOJIOTMYeCKVe acleKThI HejaloT obJyacTs pasMepoB MeHee 1
MKM 0c0060i1 06JIaCTHIO U IIO3BOJIAIOT TOBODUTL O «CyOMHKDPOHHOI
MUKPO3JIEKTPOHUKE» KaK O CaMOCTOATENLHOM HAYYHO-TeXHUYE-
CKOM ¥ TeXHOJOTMYECKOM HAaIpaBJIeHUH.

Bonasmue ru6puansie narerpaasusie cxemsl (BIHUC). Oror Tun
BYC ne aBaseTcs aasTepHATHBOM NoaynposogHuKossiM BYC. Cko-
pee ero MOXXHO CUUTATH aJeKBATHHIM KOHCTPYKTHBHBEIM DeIlleHHEM
pu paspaboTKe COBPEMEHHON MWUKPO3JIEKTPOHHOH anlapaTypsl.

OcHopHOe pasinune mexkAy npoctoit 'MC u BI'HIC coctour B ToM,
YTO Yy IEePBbIX THIWYHBIMY HABECHBIMHM KOMIIOHEHTAME SABJIAIOTCS
OecKOpnyCHBIE TPAHBMCTOPHI ¥ AYIOAbI, TOTHA KaK ¥ BTOPHIX — Bec-
xopnycHsie IC u BUC. Kpome Toro, BI'YIC umeror 60see CHOKHYIO
CTPpYKTypy, ueM I'IC. B uacTHOCTH, UM YacTO CBOMCTBEHHA MHOTO-
YPOBHEBas METAJJIN3alusia, KaK U NOJynpoBoaHuKosbiM BHC.
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Yamre scero BI'MC copep’XKUT TONBKO METANIAYECKYIO Pa3BOJ-
Ky u HaBecHBie GeckopnycHbie MIC u BHIC. Iloaromy nousarue I'IC
(mogpasymeBalolee Haduvue IVIEHOUYHBIX TTACCHUBHBLIX 9JIEMEHTOB)
YaCTO CBOQUTCA K INOHATHIO TOHKO- UJIH TOJICTOIJIEHOYHOM KOMMY-
mayuonHoil naambi, TjaBHaA 3ajaya KOTOPOH — OO6BeZUHHUTH
mHOXKecTB0 VIC m BHUC B eguubiii QyHKIIMOHANBHBIM KOMILIEKC.
Takoil KOMIJIEKC Ha3bIBAIOT MUKPOCOOPKOU.

KoMmyTanuonHas miaTa fBJAAETCS MHAKPOIJEKTPOHHBIM aHAaJo-
TOM IeYaTHOMH ILIaThI, KOTOpas A0 NOCcJIeJHero BpeMeHu Oblia OCHOB-
HO¥ KOHCTPYKTHBHOM eJUHMIeH Daguo3jeKTPOHHOHM anmnapaTypsl.
Yo Kacaercsi MUKpPOCOOPKH, TO ee KaueCTBeHHasd OCOGEHHOCTH IIO
CPaBHEHUIO C Y3JIaM¥, BHITIOJHEHHLIMY Ha TEeUaTHBIX IJIATaX, COCTO-
UT B TOM, YTO OHa IIpejcTaBJseT coboil 3aKOHUeHHbIN mpubop (cy-
TIIEPKOMIIOHEHT 3JICKTPOHHBIX CXeM), CHaG>KeHHBIH OTHEJIbHBIM KOP-
IIYCOM ¥ XapaKTepu3yeMbI¥ eJWHOM TeXHWYEeCKOM JOKYyMeHTaIuew.
DyHKIIMOHAJIbHAA CJIOKHOCTH TaKOT0 3JeKTPOHHOTO Ipubopa Ha-
mHoro seinre, ueM BVIC u gaxke CBYIC. Y3 muxpoc6opox, Kak «Cy-
TIEPKOMIIOHEHTOR» , MOXKHO Ha IEeYaTHOM IjIaTe MOHTHDPOBATH CBEPX-
CJIOXKHBIE Y3JbI aNllapaTypel, a4 YacTO ¥ BCe YCTPOMCTBO B I[EJIOM.

10.10. OnepauuoHHbBIe YCHUJIUTEIU

AHaNorossle ycTpoicTBa IO CPaBHEHHIO C IM(POBHIMH Xapak-
TepPHBI Topasfo 0oJbIIMM pasHooOpasueMm MO BUAY CHTHAJNOB, IO
BBITIONHAEMBLIM QYHKIUAM, & TaK)Ke 10 Ha3HAYeHUIO0 ¥ BHyTPeHHe:
crpykType. IlosTomy yHubMKAnusa siaeMeHTHOI 6Gadbi B obsacTu
aHaJIOTOBBIX YCTPOMCTB BO3MOJYKHA TOJHKO HA OCHOBE MHOTODYHK-
LYOHANBHBIX Y3JIOB.

B HacrosAlee BpeMsi OCHOSHBIMU GHAN0ZOBLIMU @GYHKUUAMU
TIIPUHATO CUMUTATH: YCHJIEHNEe, CpaBHEHUe, OrpaHUuYeHUe, IepPeMHO-
JKeHYe ¥ YaCTOTHYIO puIsTpamuio CUTHIOB, Kaykgaa us stux dyH-
KU, BOOOIIEe TOBODPs, BBINIOJHIETCA OCOOBIM KJIacCOM aHaJIOrOBbIX
HC. Ognaxo Bce 3Tu cuenuanusupoannsie YIC, kak nmpaBuio, mpo-
HCXOZAT OT OCHOBHOTIO, HauboJiee YVHHUBEPCAJbHOIO ¥ MHOTOQYHK-
IYOHANBHOTO Y3Ja — Onepayuonnozo ycurumena (OV), koropomy
M IIOCBALIEH LaHHBIA pasmen.

O6uiasn xapaxrepucrura. Onepanyorubiv yeuiaureneMm (0Y) npu-
HATO HA3bIBaTh YCHJIUTENbL IIOCTOSIHHOTO TOKa ¢ gubdepeHIHalb-
HBHIM BXOJOM ¥ OQHOTAKTHLIM BHIXOJIOM, XapaKTEPHLIN BHICOKHUM KO-
3(GUIMEHTOM yCHIeHUsI, & TaKyKe OOMbIIIUM BXOJHBIM U MaJIbIM BbI-
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XOZHBIM CONpPOTHBJIeHUAMEL, 0 E;

Yenosaoe ob6osnauenume OV moxa-

3aHo Ha puc. 10.26, U, U =KoUL-U=)
Curnasi He 006A3aTeNbHO HOJ- Bxon - BRx T O TR Tex

JKeH OmITh paubbdepeHIVaANbHBIM, + > Bmxcou

ero MOXKHO HOJAaBaTh Ha OJUH U3 Uy

BxogoB OV, zasemusasa BTopoii. B _I_—o

3aBUCHMOCTH OT IOJAPHOCTH CHI- 6 E;

HAJIOB Ha BbIXOJE U BXOJe ONYH U3

Pac. 10.26. Ycnosroe o6GosnadeHue
BXOAOB HAa3bIBAIOT UHEEPMUDYIO- OTIePANMOHHOTO YCHIHTENs

wum (obo3HauaeTcsa «—»), a ApPYy-

roit Heungepmupylouium (obozHauaercsa «+»). NHorga uHBepTuUpy-
oMU BX0J 0003HaYaeTcsa KPYKKOM, KaK ¥ B JIOTMUECKUX BEHTH-
nax (puc. 10.26). BrixopHoe HaIpsXKeHWEe OIEPAIMOHHOTO
yeunurena Uy, onpegesseTcsas PasHOCTHIO HANPSAXKEHWI HA HEWH-
BEPTUPYIOIEM M MHBEPTHUPYIOIEM BXOJaX, YMHOXKeHHOH Ha II0JIO-
skuTenbHHH Koabdunuent yeuaenua K. Ha mpaktuke OV uamge
Bcero OpIBaeT OXBaueH IeNbI0 riIy0oKoi 06paTHO cBA3u. MeHHO B
COBOKYIHOCTH C IenaMu obpar-
Hoit cBadu OV BhInojsHsET Te
pasuoobpasHple Onepayuu, OTKY-
Ja ¥ IPOHCXOJUT €ro Ha3BaHUe.
Tunnunas cxema OV ¢ aKTHBHOH
OTpHUIATEJBHOM O00parHoil CBA-
3pI0 MOKasana Ha puc. 10.27, rae
compoTupieHue R, BKJIIOHaeT B
cebs1 COMpPOTHBJEHHE HCTOYHUKA Puc. 10.27. Tunuusas cxema
nuranuda R,. B Takom Bapumanre BKMoweHns OV

OV Brimonuser GyHKIUIO cTabu-

AbHOrO ycuienua. Ecnu BxogHoe

conporupaenue OV CyniecTBeHHO NPEBBINIAET 3HaUeHUEe COIPOTUB-
jgenuit R, u R,, TO BXOAHEIM TOKOM OII€PAIMOHHOTO ycuiauTens I
MO HO npeHebpeus u cumraTs I, = I,. [locreanee paBeHCTBO MOXK-
HO 3amucaTs B BHAE

(EI‘ _U;x )/Rl =(U;x _UBblx)/RZ‘

1 TlosATHA «BBICORHI», «GoJplIOe» U «Majioe» INIDHMEeHHTENbHO K mapamerpam OV
GyayT yrouHeHEl IO3gHEE.
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Iloacrasnaa U, =-K,U,, u nposogs mpocThle npeobpasoBa-
HUsA, NoJydaeM Ko3(dGDUIMeHT YCHUIeHUA CXeMbl:
K = Unmx - _ RZ/RI .

E, 1+ +R,/R, VK, (10.24)

Ecnn kosbodunuent ycunenua OV gocTaTouHO BeJIWK, TO BTO-
PBIM ciaraembiM B 3HaMeHarese (10.24) MmoxxHO npeHebpeds, TOTHa

K = - Ry/Ry. (10.25)

Buipaxxenue (10.25) apnsercsa pyugamenTansHsiM gna OY. Ono
TIOKa3bIBAeT, YTO NpuU OnpedenennuLX YCA08uax KoIGPuyuenm ycu-
JLEHUS CXeMbl 3A6UCUM MOJbKO OMm napamempos uenu oopamuoi
C8a3U U He 3agucum om napamempos camozo QY. B uacTHOCTH, KO-
3pHUIMEHT yCUIeHUA CXeMbl He 3aBUCHUT OT TeMIlepaTypsl, OT Ha-
TIpA’KEeHUI NMUTAHUA U OT U3MEHEHU Ko3(dHIHUeHTOB [}, KaKUMH
6bI IpUUYMHAMY STH U3MEHEHUs HY BLIZHIBANHUCH. 3aMeHASd aKTUB-
Hbl€ CONPOTHBJIEHHMA R, U R; KOMIIJIEKCHBIMH, MOXXHO TIOJYYHUTH
JKeJlaTeJIbHbIE IIePeXOonHbleé ¥  YacCTOTHBIE XapaKTepUCTHKH,
TIo-TIpe)KHeMy He 3aBucsamue or mapamerpop OV.

VToyHuM YyCJOBMA, IPH KOTODPHIX AeicTBUTeNbHO BEIpaskeHme (10.25).
IIpexk e Bcero oHo fasupyercsa Ha BHICOKMX 3HA4YeHUWAX KoagduiyeHTa ycu-
JneHusa K. A uMeHHO, coriacHo (10.24) 10/5KHO BHITOJIHATHCA HEPABEHCTBO

Ky >> (Ry/R) + 1=K + 1. (10.26)

CuemoBatensHo, Koap@uyuenm ycuaenus QY doaxen Hamrozo npesvi-
wamv meramenvhvili Kodpguyuenm ycurenus cxemvi. Hanpumep, ecan
)KeaaTensHo umeTs K = 100, to xoaddumuent K, goakes OmiTh Goiblie
10%-10%.

C poctrom uacTrorsl BestuunHa K, Hen3besxHO yMEHBIIAGTCA, YTO HPUBO-
AuT K HapymeHwuio HepaBeHcrBa (10.26). IlosToMy wem ebiwte zparHuiHas
ygcmoma xoapguyuenma Ky, mem 6 6onee wupoxonr duana3one racmom
deitcmeumenvho ebipaxcenue (10.25) co BceMu ero mpeMMyliecTBaMH.

W3 puc. 10.26 BuaHo, ¥r0 uHTerpalpHeiit OV, IOMUMO BXOZHEBIX
¥ BBIXOJHbIX 3a’KHMMOB MMeEET BBIBOALI JJIA INOLAYHY ABYXIIONAPHOTO
HanpskeHusa nutanud. norga OV Takske uMeeT ZOIOJHUTEbHbBIE
BHIBOABI AJIsI KOPPEKIMY XapaKTePHCTUK.

OcuoBubie napamerpst OY. [Ina toro urobst OV umen gudpde-
PEeHIMIBHEBIN BXOX, €Tr0 NepBhIil KacKag JoJKeH ObiTh guddepen-
IUAIBHBIM ycuauTeaeM (cm. pasgen 9.6). B sapucumocTu oT K03d-
¢unuenTa ycuneHusa mepsoro gubdepenmuansHoro xackaga (IK)






