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NMPEOUCINOBUE

Hacrosiee yueOHOe mocoOue HamMcaHo Ha OCHOBE JIEKIUH, KO-
TOpBIC aBTOP YHUTACT JJIUTEIBHOE BpPEMS M0 JUCIHUIUIHHAM. «JIEK-
TPOHHBIC W TOJYMPOBOAHUKOBBIC MPUOOPHI», «IIEKTPOHUKA U MHK-
PO3JIEKTPOHUKAY», «BEpIOTEIbHBIE AICKTPOHHBIC TPUOOPHI 1 OCHOBHI
MUKPOIJICKTPOHUKH.

B yue6HOM mocobuu ucnosias3oBanbl paboTsl U. [1. CtrenaneHnko
«OCHOBBI TEOPHH TPAH3UCTOPOB M TPAH3UCTOPHBIX cXeM», «OCHOBBI
SJIEKTPOHHUKH» U JIPYTUX aBTOPOB.

JIist ydiinero yCBOGHHUSI TEOPETHUECKOTO Marepuaja B KOHIIE
Ka)KJI0H TJIaBbI MPUBEICHBI BOMIPOCHI JIJIsI CAMOIIPOBEPKH.

ITocobue namucano B cootrBercTBuU ¢ ['OC nia HampaBiieHUI
NoAroTOBKH «PannorexHuka» u «TeneKoOMMYHUKAIT».

[Ipu Hanucanuu y4eOHOrO MOCOOUSI aBTOp HE CTABWII TMEpe Co-
00# 3a7a4M PacCMOTPETh BCE BUBI MOJYIPOBOJIHUKOBBIX MPUOOPOB,
KOTOPBIC U3BECTHHI B HACTOSAIIEE BPEMSI.



1 NonynpPoBOAOHNKOBbLIE MATEPUAIJIbI
1.1 BBegeHue

K moaynpoBoJHMKOBBIM MaTepuajiaM OTHOCST BEIIECTBa, KOTO-

pbIe TIPU KOMHATHOW TeMIIepaType UMEIOT YIEIbHOE JICKTPHUIECKOE
-3 2 8 9

conpotuBjienne P B mpenenax or 10 —10° nmo 10°—10" Om cwm.

6 4
BemectBa ¢ menbium conpotusieHneM (10 —210" OM cMm) oTHOCSAT

K MPOBOJIHUKAM, a CO 3HAYUTEJIbHO OOJBIINUM (1010—1018 Om-cM) —
K AU3JIeKTprKaM. KolnduecTBO MOoynpoOBOHUKOBEIX MaTePHAIOB, H3-
BECTHBIX B HACTOSIICE BpEeMs, IPEBLIIIACT YMCIIO METAJIOB U JUDJICK-
TpUKOB. IloNyNPOBOJHUKAMHU SBISIOTCS XUMHYECKHE DSJICMCHTBI
(9, Ge, So), unrepmerammnueckue coequneHus (INsb, GaAd), oxucibl
(Cu,O, Zn0O), cynedpuasr (Cd, Zns), kapouasl (SC) U MHOXKECTBO
JIPYTUX XUMHYECKUX COCIMHCHUI.

Paznnune Mexay AUAJICKTPUKAMH W TIOJYIPOBOIHHUKAMH B OC-
HOBHOM KOJIMYECTBEHHOE (YACIIbHOE COMPOTUBIICHUE Y JIUIICKTPHKOB
3HAYUTEIBHO BBIIIE, OOJIBIIE MIUPHHA 3alPEIICHHON 30HbI). Pa3nnune
e MEXKIy METaUIaMH U TIOJYNPOBOJAHUKAMHU HE TOJIBKO B BEIMYHMHE
yICITbHBIX CONPOTHUBIICHUH.

B oTauume OT YHCTHIX METAJJIOB CONMPOTHBIICHUE YHCTHIX IOJTY-
TIPOBOJHHUKOB (ITOHSATHE YUCTBINA IMOJYIPOBOJHUK B HEKOTOPOW CTEIIe-
HHU YCJIOBHO) CHJILHO 3aBHCHT OT TEMIIEpaTypbl M, KpOME TOTO, C PO-
CTOM TEMIICPATYPhI HE YBEIMUMBACTCS, @ yMeHbIaeTcs. [Ipu qobasie-
HUHU TIPUMECH B YUCTBIA META/UT YISIbHOE CONPOTHBIICHHE 00pa3yro-
IIErocs CIUiaBa OOJIBINE YACILHOTO COIMPOTUBIICHHUS KaXI0T0 U3 KOM-
IIOHCHTOB, TOTAa KaK MpH JI0O0ABJICHUH MPUMECH B YUCTBIA IOJIYIIPO-
BOJIHUK €Tr0 YACIIbHOC CONPOTHUBIICHUE CHIBLHO YMCHBIIACTCS; HAIPH-

Mep, 10> % MbILIbSIKA B repMaHuu cHuxkaet conpotunieHue B 200 pas.
B monmynpoBOAHUKOBON TEXHHKE MO/ yIETbHBIM COMPOTHUBICHUEM
MIOHMMAFOT COTPOTHUBIICHUE MEXK Ty TPaHAMH KyOa ¢ JyTMHHON pedpa 1 cM.

1.2 CTpyKTypa NonynpoBOAHUKOBbLIX MaTepuanoB
[TonynpoBOIHUKOBBIE MaTepraibl UMEIOT KPUCTAUIMYECKYIO pe-

HIETKY C PETyJSIpHON CTPYKTypoil. KakIbIil KpUCTail MOXKHO pa3OUTh
Ha MHOECTBO MOBTOPSIIOIINXCS OJHOTUITHBIX 3JIEMEHTAPHBIX SYECK —



CTPYKTYPHBIX MOJIEKYJ, KOTOpbIe MOJOOHO XMMHYECKUM MOJICKyJaM
COCTOAT M3 HECKOJBKHX aTOMOB. KpucTammudeckue pemeTrkd O00b-
ITMHCTBA TMOJIYIIPOBOIHUKOBBIX MAaT€pUAJIOB, HAPUMEP KPEMHUS, ap-
CEHHU/JI TaJUIs, KOTOPhIE OYEHb IIUPOKO MPUMEHSIOTCS B HACTOSIIEE
BpEMsl, Ha3bIBAIOTCA TETPAdAPUUYECKON WIIM PEMIETKOW THUIla aiMasa.
Takoil TUN pelIeTKU XapaKTEPEeH JJIsl BCEX YEThIPEXBAJICHTHBIX dJie-
MEHTOB.

B ocHOBe 3TO¥ pereTku JeKUT MPOCTpaHCTBeHHAs (hurypa — TeT-
pas/p, B yriax M IEHTpe KOTOPOH pacrojioxkeHbl atoMbl (puc. 1.1, a).
['maBHast OCOOEHHOCTH TETPAdAPUUECKON CHUCTEMBl 3aKIIIOUYaeTCs
B TOM, UTO IIEHTPAJbHBIA aTOM PACIOJIOKEH HA OJUHAKOBBIX PaccTOs-
HUSX OT y3JIOBBIX aTOMOB.

Kaxapiii yrioBoi aToM B CBOIO OYEPEAb CIYXXKHUT HEHTPATbHBIM
aTOMOM JUISl APYTUX YEThIPEX OJMKANIINX aTOMOB.

Puc. 1.1 — Terpasapuueckas CTpyKTypa KpUCTANINYECKON PEIIETKH
a — BJIIEMEHTapHbIN TETPadIp; O — FJIEMEHTapHas suehka

COBOKYITHOCTh HECKOJIBKHX TETPa’ApOB 0Opa3yeT 3JeMeHTap-
Hyro sueiky (puc. 1.1, 6) kyOmueckor ¢GopMBI ¢ pa3MepoM pedpa
okoJio 5,5 A (A — aHrcTpem).

VY nobHee moib30BaThCS IMIIOCKUM SKBUBAJIIGHTOM TETpadJipuye-
ckoit cTpykTypsl (puc. 1.2), B KOTOPOM coxpaHEHa TJIaBHas 0COOCH-
HOCTh PEIIETKH THUMa ajiMa3a — OJWHAKOBBIC PACCTOSHUSI MEXIY
CMEXHbIMU aToMaMu. CBs3b aTOMOB B PacCMaTpUBAeMOU pelIeTKe
YCTAHABJIMBACTCS BCJEICTBUE HAIUYUA CHEeNUPUUECKUX OOMEHHBIX
CUJI, BOBHUKAIOIIUX B pe3yJibTaTe MOMAPHOTO OObEAMHEHUS] BaJICHT-
HBIX JJICKTPOHOB. ODTH CHUJIBI OTpakeHbl Ha puc. 1.2 CXOIAIUMUCST
ctpenkamMu. OObeIMHEHUE AJIEKTPOHOB CJIEAYET MOHUMATh TaK: Mapa
AJIEKTPOHOB, OOBeAicHHAas Ha puc. 1.2 MyHKTUPOM, B PaBHOU CTENEHU



MPUHAUICKUT OOOMM aToMaM HJIM, OOpa3HO TOBOps, IOOYEPETHO
MIPUMBIKAET TO K OJHOMY, TO K JpyromMy. COOTBETCTBEHHO «B CPE/l-
HEM>» Kbl aTOM 00J1alaeT YCTOMYMBOM BOCHMHUAJIEKTPOHHOU 000-
Joukou. Takasi CBSI3b aTOMOB, MPU KOTOPOU KXKJIBIM U3 HUX OCTACTCA
HEUTPAJIbHBIM, HA3bIBACTCA IMAPHO-3JCKTPOHHOW, KOBAJICHTHOM WU
IIPOCTO BAJICHTHOMU.

Puc. 1.2 — «I1nockuii» SKBUBAJICHT TETPAIPUICCKOM
PELIETKH C BaJICHTHBIMU CBSI35IMH aTOMOB

AOGCOTIOTHO OJHOPOJIHAS CTPYKTypa pemeTku (puc. 1.2) ObiBaeT
y KpHUCTajjla TOJbKO MpH TemmepaType adcontoTHoro Hyms. [1o mepe
HarpeBaHus TMOJYNPOBOJHUKA YaCTh BaJCHTHBIX CBSI3€M HapylIaeTcs
MO/ ICUCTBUEM TEIJIOBBIX KOJICOAHHMI aTOMOB B y3j1aX KpHCTaJUIAye-
CKOM peleTKh. B KOPIyCKyJIApHOM HHTEPIPETAUUU HOCUTEISMU
DPHEPTUM MEXAHWUYECKUX KOJeOaHWNW aTOMOB SBISIOTCS (OHOHBI —
aKyCTHYECKHE aHaJIOTH CBETOBBIX (poTOHOB. [I03TOMY MOKHO CKa3aTh,
4TO MPU HArpeBe KpPHUCTaIa BaJICHTHBIC CBSI3M HApyMIArOTCs (DOHOHA-
MU, YUCJIO U SHEPTHS KOTOPHIX PACTYT C POCTOM TeMIIEpaTypHhI.

Hapymienne BajleHTHBIX CBS3€l MPUBOJIUT K OJHOBPEMEHHOMY
00pa30BaHUI0 CBOOOJIHBIX JJIEKTPOHOB M IMYCTBIX MECT — JBIPOK
B aTOMax, OT KOTOPBIX OTOPBAIKCH 3eKTpoHbI (puc. 1.3). Takas abip-
Ka BelleT ce0sl MOI0OHO YacCTHUIIE C TMOJOKUTEIbHBIM 3JI€MEHTAPHBIM
3apsanoM. OHa, Tak ke KakK 3JIEKTPOH, COBEPIIAET ABUKEHUE B TCUCHHE
HEKOTOPOI'0 BpPEMEHHU IIOCIIE CBOEro MOsBICHUS (BpEMEHH >KU3HH),
a 3aTeM PEKOMOMHUPYET C OJHUM U3 CBOOOHBIX AJIEKTPOHOB.



Puc. 1.3 — IIporiecc o6pazoBanus napbl AMEKTPOH-IbIPKA
B pelieTke moj aercTerueM (GoHoHa (nim GoToHA)

Ha puc. 1.4 moka3zaHa BO3MO)XHasi CXeMa JBIDKCHHS JBIPKH
B pEIIETKE MOJYNPOBOJHUKA KaK pe3yJbTaT MOCIEI0BATEILHOIO 3a-
MEIIEHUS ITYCTBIX MECT JJICKTPOHAMH, NPUHAIICKAIMUMH Pa3HbIM
atomaM. [lomycTtum, B pe3yibTare BO3JCUCTBUS (pOoHOHA OOpa3oBa-
Jack UcxoaHas npipka B atoMe 1. OOpa3oBaBiiasics IbIpKa 3aMelaet-
Csl OJTHUM M3 3JISKTPOHOB aToMa 2 M TEM CaMbIM IIEPEXOIUT» K aTOMY
2; 3aTeM JpIpKa B aToMe 2 3aMelIaeTcsl OJHUM U3 JIEKTPOHOB aTroMa 3
U TEM CaMbIM «IEepeXoauT» K aroMy 3 U T.1. [locnenoBarenbHOE 3a-
MEIIEHNE IMYCTHIX MECT SKBUBAJICHTHO XaOTHUYECKOMY JIBH)KCHHUIO 3a-
psaa C TOJOXKHUTEIbHBIM EIWHUYHBIM 3apsAioM. TakuMm o0pazom,
MOXHO CUYWTaTh, YTO B TOJYIPOBOAHUKAX WMEIOTCS JBa THUIIA IO-
IBVDKHBIX HOCHUTEJCH 3apsigia — 3JIEKTPOHBI U JAbIpKH. [Ipu Harpena-
HUW a0COJIFOTHO YUCTOTO M OJHOPOIHOTO TOJYIPOBOJIHHUKA, KOTOPHIH
HA3bIBAIOT COOCTBEHHBIM, CBOOOJIHBIE DJIEKTPOHBI M JIBIPKU BCETIA
00pa3yloTcs mapaMu, 4To XOpoIIo BUHO u3 puc. 1.3. Hucio stux nap
B CTAI[MOHAPHOM PEXUME OINPEAENISIETCA MpolieccaMu TepMOTreHepa-
MW ¥ peKOMOMHaIMKM HocuTesel. Hampumep, ¢ MOBBIIIIEHUEM TeMIIe-
paTypbl pacTeT YHuCIO (POHOHOB ¢ JHEpruei, JOCTATOUYHOU, YTOOBI
YBEJIUUUIIOCh YMCJIO CBOOOJHBIX OJECKTPOHOB, a CIIE€IOBATENBHO,
U JABIPOK, T.€. PacTeT CKOPOCTh TepMoreHepamuu. C yBeIHMUYCHHEM
qHCJIa CBOOOHBIX DJIEKTPOHOB M JBIPOK PACTET BEPOATHOCTH BCTPEUHU
JIEKTPOHA CO CBOOOJHOW JABIPKOW, YTO TPHBOJHWT K YBEIWUYCHUIO
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CKOpOCTH pekomOuHanuu. B cucteMe obecreunBaeTcsi TEPMOIMHA-
MU4YecKkoe paBHOBecHe. [IpoBOIMMOCTh COOCTBEHHOI0 MOJIYNPOBOJI-
HHMKA, 00YCIIOBJIICHHYIO TAPHBIMU HOCUTEJISIMU TEIIJIOBOTO MTPOUCXOXK-
JIEHUsI, Ha3bIBAIOT COOCTBeHHOMH. [IpoBOoAMMOCTH, OOYCIOBJIECHHYIO
HaJM4vMeM NMPUMECHBIX ATOMOB, HAapYUIAIOIIUX CTPYKTYpPY KpHCTaj-
JUYECKOU PEIIeTKH, Ha3bIBAIOT MPUMECHOMH MPOBOMMOCTBIO.

S
—(—

Puc. 1.4 — Cxema aBuxeHUsI CBOOOTHON JILIPKU
B KPUCTAJUIMYECKOMN PEIIETKE

B psnme cinydaeB Takue K€ MOCHEANCTBUSA, KAK HAJIWYHAE MPUMEC-
HBIX aTOMOB, MOTYT BbI3BIBAThb pa3IuyHbIC J(DEKThl PEUICTKU: U30bI-
TOK OJTHOTO M3 OCHOBHBIX KOMITOHEHTOB BEIIIECTBA, CMEIICHUE HEKO-
TOPBIX aTOMOB B y3JIaX KPUCTAJUIMYECKOU pemeTku u Ap. Ilosromy
WHOTJa MCIOJB3YETCsl MOHATHE — Je(ekTHas MPOBOJUMOCThH, T. €.
MPOBOJINMOCTh, KOTOPasi BO3HUKAET B MOJIYIPOBOJIHUKOBOM MaTepua-
JI€ BCJEICTBHUE HAPYILICHUS PETYJSIPHOCTH B KPHUCTAJUIMYECKOU pe-
HIETKE.

TenoBsie KoJeOaHus pelIeTKH U 00pa3yronmecs Ipu 3ToM ¢o-
HOHBI JICJIATCS HA JIBa THIIA. aKyCTHYeCKHe (HU3KOYaCTOTHBIC) U OII-
THdeckue (BhICOKOYAcTOTHBIC) [lepBbie SIBISIOTCS Pe3yJIbTaTOM CHH-
¢da3HbIX, a BTOpble — MPOTHUBOGA3HBIX KOJIEOAHWM aTOMOB B y3Jax
KPUCTAJUINYECKON PEIIETKH.
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ATOMBI IPUMECH MOTYT MO-PAa3HOMY PaCIOJIaraTbCsi B PEIIETKE
MOJYNPOBOJAHUKA. B MOIyNIpOBOIHUKE MTPUMECHBIE aTOMBI 3aMEIIA0T
OCHOBHBIC aTOMBI B y3J1aX PEIICTKH.

Pe3ynbTaThl TAKOTO 3aMEIICHUS 3aBUCAT OT TUIa TpuMecH. Eciau
BBECTU B r€pMaHUN aTOM IISITUBAICHTHOM CYpPbMBbI, TO YETBIPE U3 €O
BAJICHTHBIX JJICKTPOHOB BCTYISIT B CBSI3b C YETHIPHMS DJICKTPOHAMHU
coceHuXx aToMoB repmanwus (puc. 1.5, a) nu 00pa3yrT yCTOWYHBYIO
000JI0YKY U3 BOCBMH AJIEKTPOHOB. [[€BATHIN AIEKTPOH B 3TOM KOMOU-
HallUM OKAa3bIBAC€TCS CJIa00 CBSA3AHHBIM C SIPOM, JIETKO OTPHIBAETCS
(dhoHOHAMU C YHEpruen 107 5B u senaercst CBOGOIHBIM.

[IprmecHBIM aTOM MPEBpAIIACTCA B HENOABHMKHBIN HOH C I10-
JIO)KUTEJbHBIM eIMHUYHBIM 3apsaaoM. Heib3si myTaTh MOH € IBIP-
KOM, T. K. HOH HEeNOJABUKEH U He MOKeT U3MEHHUTh NPOBOAUMOCTh
MOJIyIPOBOJAHUKOBOr0 Matepuaja. CBOOOJHbBIE SJIEKTPOHBI MPH-
MECHOTO MPOUCXOXKJICHUS TOOABIAIOTCS K COOCTBEHHBIM CBOOOIHBIM
AJIEKTPOHAM, TOPOXKJICHHBIM TEPMOTCHEpAIlMe, U €ClId YKUCJIO MpH-
MECHBIX ATOMOB 3HAYUTEIIbHO MPEBBIIIAET KOJIUYECTBO CBOOOIHBIX
AJIEKTPOHOB, MPOBOAUMOCTh MOJYIPOBOJAHUKA JI€TACTCs MPEeUMyIlie-
CTBEHHO JJICKTPOHHOU. Takue MOoJympoOBOJHUKH HA3bIBAIOTCS JIEK-
TPOHHBIMHM MJIM THNA N, 3 COOTBETCTBYIOIIME MPUMECU — JOHOpa-
MU, €OTAAIOIIUMU» JIECKTPOHBI.

Ecnu BBeCTH B repMaHuii aTOM TPEXBaJEHTHOTO UHAMS, PE3Yib-
TaT OyAeT ApyruM. Jlis BaJeHTHOM CBSI3M aToMa WHIUS C YETHIPbMS
COCEJHUMM aTOMaMH TepMaHus TpeOyeTcs oOpa3oBaHUE yCTONYMBOU
BOCBMUAJICKTPOHHON 000JIOUKH, T. €. HY)KEH JIONOJHUTEIIbHBIN 3JIeK-
TPOH. DTOT 3JCKTPOH OTOMpacTCs U3 OCHOBHOMU pemieTku (puc. 1.5, 6)
U, OyJy4d CBSI3aHHBIM, MpEBpallaeT aTOM HHAUS B HEMOJABHKHBIN
OTPULATEIbHBIA HOH.

Ha tom mecTe, OoTKyna mpuiien 3J1eKTpoH, 00pa3yeTcsi cBoOO-
Has JIbIpKa, KOTopas JA00aBIseTCs] K COOCTBEHHBIM AbIpKaM, MOPOXK-
JEHHBIM TEPMOTEHEPALIUEN.

[TonynpoBOAHUKH, B KOTOPBIX YUCIIO JIBIPOK MPEBBIIIAET KOJIU-
YECTBO DJICKTPOHOB, T. €. UMEIOIIME MPEUMYIIECTBEHHO IBIPOYHYIO
NMPOBOAMMOCTD, HAa3bIBAIOTCA JABIPOYHBIMH HMJIM THUIA p, & COOTBET-
CTBYIOIIUE TPUMECH — AKIENTOPHBIMU «TIPUHUMAOIIAMM» 3JIEKTPO-
HBI.
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CBs3aHHBIN CBo0OoaHas

O
|e1crp0H AbIPpKa
O O

Puc. 1.5 — 3amenienre npuMeCHbIMA aTOMaMU OCHOBHBIX aTOMOB B pEIIETKE:
@ — JOHOpHas mpuMech (00pa3yroTCs CBOOOIHBIN AJICKTPOH M HEOBHUKHBIH
HOJIOXKHUTEBHBIN HOH), 6 — aKIeNTOpHas MpUMech (00pa3yroTcsi CBOOOHAS

JBIPKA U HETIOABUKHBINA OTPHUIATEIbHBIA HOH)
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OTpBIB «JIMIIHETO» 3JEKTPOHA OT JOHOPA M «HEIOCTAIOLIETr0»
ANEKTPOHA JUIsl aKLIenTopa TpeOyeT 3aTpaTbl HEKOTOPOH SHEPTrUH
(PHEprus MOHW3ALMK WIM aKTHBAIMU mpuMecH). [Ipu HylleBOW TeM-
neparype (7 = 0° K) noHu3zaius He MOXKET UMETh MECTa, U IMPOBOJIH-
MOCTh paBHa Hynr0. C pocTom Temieparypbl Bce Ooiblias 4acTb
MPUMECHBIX aTOMOB HOHU3UPYET. [IpM OTHOCUTEIBHO HE BBICOKHX
TEMIIEpaTypax BCE aTOMbI MPUMECEH OKa3bIBAIOTCS MOHU3UPOBAHHBI-
MH, ¥ JaJIbHENIIEE YBEIMYECHUE TEMIIEPATYPbl IPUBOJUT K YBEIUYE-
HUIO TOJBKO COOCTBEHHBIX SJIEKTPOHOB M JBIPOK, YTO IPUBOJUT
K YBEJIMYEHUIO COOCTBEHHOUN TPOBOAUMOCTH.

B nmpuMeCHBIX MOJIYNIPOBOAHUKAX KOJMYECTBO OJHOTO THUIA IO-
JBIKHBIX 3apsJIOB 3HAUUTENBHO OoJibiiie apyroro. Hocutenu mo-
JBI)KHOTO 3apsjia, KOTOPBIE€ COCTABJISIIOT OOJIBIIIMHCTBO, HA3bIBAIOT
OCHOBHBIMH, & T€, KOTOPBIE COCTABIIAOT MEHBIIMHCTBO, — HEOCHOB-
HbIMHM. TakuM 00pa3oM, OCHOBHBIMH HOCHUTEIISIMU MOTYT OBITh Kak
AJIEKTPOHBI, TAK U JBIPKH.

Tak, B MOJIyIPOBOJHUKE P TUIIA OCHOBHBIE HOCUTEIIN — JIBIPKH,
HEOCHOBHBIE — BJICKTPOHBI.

1.3 QHepreTnyeckne 30HbI TBEpAOro Tena

KonnyecTBeHHBIN aHAIW3 MOJYNPOBOJHUKOB U MOJTYHIPOBOIHHU-
KOBBIX TPUOOPOB Oa3UpyeTCs Ha 30HHOM TEOPUHU TBEPOTO Tea.

B HeB030yX/I€CHHOM COCTOSIHUU aTOMa €r0 BEpXHHUE YPOBHU BCe-
raa ceoboansl. TBepaoe Teno mpeacTaBisieT cOOOM MHOXKECTBO aTo-
MOB, CHJIbHO B3aUMOJEHUCTBYIOIINX OJIarojaps MajbIM MEXaTOMHbBIM
paccrosiHusIM. [l03TOMy BCIO COBOKYIMHOCTH aTOMOB B HEKOTOPOM
o0beMe TBEpAOro Teja CIEAYeT paccMaTpUBaTh KaK €IUHOE LEJoe,
KaK TUTaHTCKYIO0 MOJIEKYJY, KOTOpasi NOJOOHO aTOMYy XapaKTepu3yeT-
Csl HEKOTOPBIM €IUHBIM JIJISI BCETO TEJIa YHEPTETUYECKUM CIIEKTPOM.

Jlns KpucTaula ¢ MeXaTOMHBIM paccTostHueM d, mosyuaercs

30HHAs [uarpaMmma, lokaszanHasi Ha puc. 1.6, B KOTopoii pa3pelieHHbIe
30HBl YEpPEAYIOTCA C 3arnpeuieHHon 30Hou. IllupuHa Ttex u npyrux
OOBIYHO HE MPEBBINIAET HECKOJBKUX DJIEKTPOH-BOJILT M HE 3aBUCHUT
OT YHCJIa ATOMOB B TBEPAOM TeJE, T. €. OT €ro pasmepoB. CTporo ro-
BOPS, Pa3pEUICHHBIE 30HbI UMEIOT TUCKPETHYIO CTPYKTYPY U COCTOSIT
U3 CTOJIBKUX YPOBHEU, CKOJIBKO aTOMOB UMEETCS B JAHHOM TEJIE.
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KonuuecTBO aToMOB Jaxxe B MHMKPOCKOMUYECKUX OOBbeMax
HACTOJIBKO BEJIMKO, YTO YHEPrETUUYECKUE PACCTOSIHUS MEXKAY YPOBHS-
MH 30HBI B PEANbHBIX CIIy4asiX YpPE3BbIYANHO MAJIbI, T. €. Pa3pelICH-
HBIC 30HBI MPAKTUYECKU MOXHO CUHMTATh CIUIOIIHBIMH. DHEPreThye-
CKUE «PACCTOSTHUS» MEXIy pa3pelleHHbIMHA 30HaMH (T. €. IIUPHHA 3a-
NPEIICHHBIX 30H) ONPEACIIAIOTCS dHEPTrUeH CBS3H JJCKTPOHOB C aTo-
MaMH pelrieTku. ['paHuYHbIC PHEPreTUYEeCKUe YPOBHHU, OOpaszyroliue
ITHO» U «IOTOJOK» KXKIAO0M pa3pelIeHHON 30HbI, COOTBETCTBYIOT I10-
TEHIIUAJIbHON SHEPTHUU SJIEKTPOHOB, UX HEMOJBUAKHOMY COCTOSTHUIO.

JIro0o¥ ypoBeHb, PacIoIOKEHHBIN BHYTPU pa3pelIEéHHON 30HHI,
COOTBETCTBYET CyMME IIOTCHUMAJIbHOW W KWUHETUYECKOW HHEPTUM.
NHaye roBopsi, KHHETUYECKAsI IHEPIrUs IJIEKTPOHOB BO3pacraer
0 Mepe yaajJeHHus OT IPAHUUbI B IJ1y0b 30HbI U JOCTUIAaeT MaK-
CUMyMa B ee cpeaHel yacTtu. [I[poBoAMMOCTE B TBEPIOM TEIJIE BO3-
MO’KHA JIMIIb TOT/A, KOT/a MPOUCXOJUT MEePEXO] JIIEKTPOHA HA APY-
roll SHEPreTUYECKUN YPOBEHb. 3HAYUT, B MPOBOJAUMOCTH MOTYT
y4aCTBOBATh JIEKTPOHBI TOJBKO TE€X 30H, B KOTOPBIX €CTh CBOOOJHBIE
ypoBHHU. Takue cBOOOJHbIE YPOBHM BCETJla UMEIOTCA B BEpXHEN pas-
pELICHHON 30HE. BepxHI0I pa3pelieHHYI0 30HYy TBEPJOro TEIa,
HE 3aII0JTHCHHYIO (MM HE TOJIHOCTBIO 3alOJTHEHHYI0) 3JICKTPOHAMH TIPH
HYJIEBOW aOCOJIIOTHOM TeMIiepaType, Ha3bIBalOT 30HOM MPOBOJIUMOCTH,
a O KalIIyro K Hell pa3pellieHHYI0 30HY Ha3bIBAIOT BAJICHTHOM.

IIpu TemnepaType aOCOJIIOTHOrO HYJIS BaJEHTHAs 30HA IOJHO-
CTBIO 3aII0JIHEHA, U, CIEJ0BATEIIBHO, 3JIEKTPOHBI 3TOM 30HbI HE BIUSIOT
Ha npoBoauMOCTh. Ho mpu Temnepartype, OTIIMYHOW OT HYJIS, B BEPX-
HEl 4acTH BaJCHTHOM 30HBI 00pa3yrOTCsl CBOOOIHBIE YPOBHH, U 3Ta 30-
Ha TaKXK€ MOXXET 00YCIOBUTH MPOBOAMMOCTE. Ciie1oBaTeIbHO, BCE OC-
HOBHBIE TIPOIIECCHI B TOJYMPOBOJHUKOBBIX MaTepHaliax U Mpubopax
MOYXHO HM3YYUTh, aHAJIM3UPYS MPOLECCHI, KOTOPBIE MPOTEKAOT MEXKIY
JIBYMSI CMEKHBIMU 30HAMH: 30HOM MPOBOJUMOCTH U BAJICHTHO.

30HHAas CTPYKTypa TBEPJOTO TeJa JISKUT B OCHOBE Kilaccuduka-
UM METAJUIOB, MOJIYIIPOBOTHUKOB M TUAIEKTpUKOB (puc. 1.6).

VY MertaiioB, Kak BUJIHO U3 puc. 1.6, 30Ha MPOBOJUMOCTU U Ba-
JIEHTHAsA 30Ha B3aHMMHO IEPEKPBIBAIOTCS, MOTOMY Ja)K€ IPU TEMIIE-
patype aOCOIIOTHOTO HyJsl B 30HE MPOBOAMMOCTHA HAXOJIMUTCS 3HAUYU-
TEJIbHOE KOJIWYECTBO 3JICKTPOHOB H, CJIEIOBATEIbHO, UMEET MECTO
MPOBOAUMOCTh. Y MOJIYIIPOBOJHUKOB U JIUAJIEKTPUKOB MpH [ = 0° K
30Ha MMPOBOJIMMOCTH IYCTa U MPOBOJAUMOCTb OTCYTCTBYET; B 3TOM KX
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KAYE€CTBEHHOE OTJIMYME OT METAUIOB. Paznuuus xke Mexay moayIpo-
BOJTHUKaMHW U JUAJIEKTPUKAMU B OCHOBHOM KOJIMYECTBEHHBIE M 00Y-
CJIOBJICHBI 3HAYUTEJBHO OOJIbIIEH MMHUPUHON 3ampenieHHOW 30HbI
y IADJIEKTPUKOB. [IOCKONBKY 30Ha MPOBOAMMOCTH IPAKTUYECKHU
CIUIOIIHAS, SHEPTUS JJIEKTPOHOB B 3TOM 30HE MOXET MEHSATHCS HEIPE-
PBIBHO, KaK Y U30JIMPOBAHHBIX JIEKTPOHOB B BAKYYME, IIO3TOMY JJIEK-
TPOHBI B 30HE MPOBOJAMMOCTH HA3BIBAIOTCA CBOOOJHBIMU. TepMUH
«CBOOOJTHBIN» XapaKTePHU3yeT BOZMOKHOCTD MEPEMEIICHUS AIEKTPOHA
BHYTPH TBEPAOIO TE€JId, HO HE BO3MOYKHOCTh €r0 BBUIETA 34 MPEECIIbI
KpUCTaJLJIA.

Memann Ilonynpoeoonux Jusnexmpui
[ 1 | 11 |
3ona 3ona 3ona
NPOGOOUMOCIU  POGOOUMOCIU  ypogodumOcL
3anpeuien.
sona 3anpewen.
30Ha
Banenmnas
Banenmnasn 30Ha
30HaQ |
Banenmnas |
30Ha
|=
a 4] 8

Puc. 1.6 — 3onnas ctpykrypa npu 7 = 0° K:
a — MeTajia;, 6 — MOJYNPOBOJHUKA; 8 — JUAJIEKTPUKA

COBOKYITHOCTh JICKTPOHOB B TBEPAOM TEJI€ MOXKHO YMOJOOUTH
JIEKTPOHHOMY Ta3y, KOTOPBIA 3aKJIOUEH B «COCYA», 00pa30BaHHBIN
BHEIIHNMHU TPAHAMU KPUCTAUIA. Takoe CpaBHEHUE SIBJISAECTCS YUCTO
YCJIOBHBIM, T. K. XapaKTEPUCTUKHU 3JIEKTPOHOB B BAKYYME U B TBEPJIOM
TeJie MPUHIMITUAIIBHO OTJINYAIOTCs, HAlpUMeEp, AperdoBbIe CKOPOCTH
AJIEKTPOHOB MPU OJHOW M TOW K€ HANPSIKEHHOCTU JJIEKTPUYECKOTO
MOJIS1 B BAKYYME M TBEPAOM TeJI€ CYIIECTBEHHO OTIAYAOTCS.
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Macca a35ieKTpoHa B KpHUCTaIe HE COBIAJAET C €ro Maccol M
B BaKyyMe.

[TosToMy B TeopuM TBEPAOTO Teja MOIB3YIOTCS MOHSITHEM 3(-
(eKTUBHOI Macchl NM*, KOTOpas 3aBUCUT OT psafa (haxTopo (moHas
SHEPrus, HAIPaBJICHHE IBIMOKCHHS M 1Ip.). Pa3znuune Mexay 3HaUYeHH-
SMH M U M* MOXET ObITh HE TOJBKO KOJIMYECTBEHHBIM, HO M Kaue-
CTBEHHBIM.

IHoHsiTHE ABIPKH € TOUKH 3PpEHUS 30HHON TEOPUH

IIpenanonoxkum, 4TO K MHOJYNPOBOJHUKY IPUIIOKECHO BHEIIHEE
HanpspbkeHue. Hannuue 31eKTpudecKkoro 1mosis MPUBOAUT B JIBUKEHUE
HE TOJILKO CBOOOHBIC 3JIEKTPOHBI 30HBI TPOBOJAUMOCTH, HO U BCIO CO-
BOKYITHOCTB 3JICKTPOHOB BaJICHTHOM 30HBI (ITOCKOJILKY B HEH MMEIOTCS
HE3alOJIHEHHBIE BEPXHUE YPOBHHU, T. €. OTCYTCTBYET YAaCTh JIEKTPOHOB
C oTpuIaTelbHON 3¢ ¢deKTHBHON Maccoii). Oka3bIBacTCs, YTO JIBHIKE-
HUE OIPOMHOI0 KOJMYECTBA AJIEKTPOHOB BAJICHTHOM 30HBI C pa3jivy-
HBIMH 3(()EKTUBHBIMA MAacCaMH SKBHUBAJICHTHO JIBMXKCHHIO OTpaHU-
YEHHOTO KOJUYECTBA (PUKTUBHBIX YACTHUIL C MOJIOKUTEIIHHBIM 3aPSIOM.

PaninoHanbHOCTH MOHATHS ABIPOK COCTOUT B TOM, YTO CJIOHBIN
aHaJIN3 ABKEHUS JIEKTPOHOB B MOYTH MOJHOM BAaJICHTHOW 30HE yJIa-
€TCsl CBECTH K CPABHUTEIBHO MPOCTOMY AHAIMU3Y JBUKECHHUS IBIPOK
B IIOYTH MyCTOH (MO OTHOIIEHHUIO K JAbIpKaM!) BaJleHTHOH 30He. [Ipn
3TOM MOBEAECHUE IABIPOK OKA3BIBACTCA AHAJIOTUYHBIM IMOBEICHUIO CBO-
OOJHBIX 3JIEKTPOHOB B IOYTH NMyCTOH (M0 OTHOIIEHHI) K IJIEKTPO-
HaMm!) 30He mpoBoauMoOcTH. HeoOXOauMO OTMETHTH, YTO ITOHATHE
3¢ PeKTUBHON MacChl JOMYCTUMO MO OTHOIIEHUIO K MOJBUKHBIM HO-
CUTEJISIM; €r0 HEJIb3s1 OTOXKJIECTBISATh C MOHSITUEM MAacChl B OOBIYHOM
CMBICJIE 3TOTO cioBa. Tak, paznuune 3p(PEeKTUBHBIX Macc HE O3HAYAET
pa3iInumue CUJIbI TAKECTH.

1.4 30HHaA CTPYKTypa NonynpoBOAHUKOB

[Ipu HyseBOI aOCONIOTHOM TeMmIlepaType MPOBOAUMOCTH MOJTY-
MIPOBOJIHHMKA, B KOTOPOM OTCYTCTBYIOT A€(HEKThl B KPUCTATUTMYECKON
pemretke (TakoW MOJMYNPOBOJHUK HA3bIBAIOT COOCTBEHHBIM) paBHA
HYJIX0, IOTOMY 4YTO 30HA NPOBOAMMOCTH ITyCTa, a4 BaJICHTHAs 30HA 3a-
nosiHeHa. [Ipu nro6oit Temneparype, OTINYHON OT HYJIS, B KpUCTAJIE
TOSIBJISIFOTCS. (DOHOHBI, SHEPTETUUYECKUM CIEKTP KOTOPBIX HEMPEPHIBEH.
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DOHOHBI C PHEPTrUEH, MPEBBIMIAIONICH SHEPTUI0 MUPHUHBI 3aMPENICH-
HOUW 30HBI, MIEPEBOJAT YaCTh AJIEKTPOHOB W3 BAJIEHTHOM 30HBI B 30HY
npoBogumocTH (puc. 1.7, a). B pe3yibTaTe B 30HE IPOBOIUMOCTH T10-
SBIISIIOTCS CBOOOJHBIC AJIEKTPOHBI, @ B BAJICHTHOW 30HE — HE3amoJI-
HEHHbIE YPOBHU-ABIPKU. Te W apyrue o0pa3yroTCs OJHOBPEMEHHO
U B paBHBIX KoJIMYeCTBaX. Terneppb 3apsibl 00euX 30H MOTYT JIBUTATh-
Csl B BJIEKTPUUYECKOM MoJie, o0ecrneunBas MPOBOAUMOCTh KpUCTAJLIA.
[IepeBO 3JIEKTPOHA M3 BAJIECHTHOW 30HBI B 30HY ITPOBOJIMMOCTH aHa-
JIOTUYEH BO30YKJACHHUIO JICKTPOHA B U30JIMPOBAHHOM aTOME, T. €. Te-
pPEBOJly €ro Ha OJMH U3 BEPXHUX ypoBHEW. Takoe BO30YKJIEHHOE CO-
CTOSIHUE, KaK U3BECTHO, SIBISIETCSI BDEMEHHBIM. Y€PE3 HEKOTOPOE Bpe-
MsI 3JIEKTPOH B aTOME BO3BPallA€TCsl HA UCXOJIHBIN YPOBEHB, a B TBEP-
JIOM TeJle — B BAJICHTHYIO 30HY. BO3BpallleHHE 3JIEKTPOHA U3 30HBI
MPOBOJUMOCTH B BAJICHTHYIO 30HY HNPHUBOIUT K PEKOMOWHAIIUU 3JIEK-
TPOHA W JIBIPKU. Bpewms, B T€UeHHWE KOTOPOTO SJIEKTPOH HAXOIUJICA
B 30HE MPOBOJMMOCTH, T. €. ObUI CBOOOJHBIM, HA3bIBAIOT BPEMEHEM
*u3HU. C yBEJIIMUCHHEM TeMIepaTyphbl YBEJIMUYMBAETCA YUCIO (POHO-
HOB C MOBBIIICHHOW 3HEPTUEH U BO3PACTAECT KOJIUYECTBO AICKTPOHHO-
JIBIPOYHBIX Tap.

3oHa 3ona 3oHa
MPOBOIH - npoBoaAM- NpoBO/N-
MOCTH MOCTH MOCTH
] ! Vposemnr
) —— HODOB
3anpe Janpe- . A°HOPO 3anpe-
IeH Hasl eHHast e HHas
30Ha 30Ha
| 30Ha VYpoBeHDb = -
, |
i I aKnenTopos
BasenTHas BanenTHast BajleHTHasI
30HAa 30Ha 30HA
a o 8

Puc. 1.7 — 30HHBIE CTPYKTYPBI TOJTYIPOBOIHUKOB:
@ — COOCTBEHHBIN MOJYIPOBOJAHUK; O — AIIEKTPOHHBIN
MOJTYTIPOBOIHUK; 8 — JBIPOYHBIN MOTYTTPOBOIHHUK
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30HHBIC AWATPaMMBbI ISl IPUMECHBIX TMOJIYITPOBOJHUKOB IOKa-
3aHbl Ha puc. 1.7, 6 1 6. OOBIYHO MPOIEHTHOE COACPKAHUE TPUMEC-
HBIX aTOMOB OY€Hb MaJjio 10 CPAaBHEHHUIO C aTOMaMH OCHOBHOT'O MaTe-
puana, a, CJIeI0BaTeIIbHO, PACCTOSHUS MEXKIYy HHUMH OTHOCHUTEIIBHO
Benuku. [loaToMy WX MOXHO paccMaTpuBaTh Kak H30JUPOBAHHBIC
aTOMBI, YPOBHH KOTOPHIX HE MOTYT 00pa30BaTh 30HHI.

[IpuMecHbIe YPOBHU HM300paK€HBI Ha JgUarpamMme IITPUXaMHU,
KQXKJIBIH IITPUX COOTBETCTBYET aTOMY IIPUMECH.

JloHOpHas pUMECh BBIOUpAETCsS U3 COOOpakeHM, YTOOHI ee Ba-
JICHTHBIC YPOBHHU PACIIOJATAINCh OJUKE K <«THY» 30HBI TPOBOIUMO-
ctu (puc. 1.7, 6); Bce 3T ypOBHH 3aII0JIHEHBI IIPH TeMIIEpaType adco-
JIOTHOTO HYJIsA. AKIIETITOPHAS MPUMECHh BEIOMPACTCS U3 COOOpaKEHUH,
4TOOBI €€ BaJCHTHBIC YPOBHU PacMoarajiuch OJMKE K «IOTOJIKY>» Ba-
JIeHTHO#H 30HBI (puc. 1.7, 6); Bce 3TH YPOBHU ITyCTHI IIPH TEMIIEpaType
abcomoTHOro HyJsa. Ilepexoapl AIEKTPOHOB C JOHOPHOTO YPOBHS
B 30HY MPOBOJMMOCTH, a U3 BaJICHTHOW 30HBI Ha aKIENTOPHBIA ypoO-
BEHb TPEOYIOT CpaBHUTEIBHO HEOObINON »Hepruu. [losTomy mpu
HarpeBe 4uciio (POHOHOB, CIIOCOOHBIX MOHU3MPOBATH JOHOP WM aK-
HENTOP U TEM CaMbIM CO37aTh CBOOOJHBIN AJIEKTPOH MU CBOOOHYIO
IBIPKY, OyAeT ropasno Oosbiie yucia (OHOHOB, CIOCOOHBIX TIEpeBe-
CTH DJICKTPOH dYepe3 BCIO 3alpenieHHYI0 30HY M 00pa3oBaTh dJIEK-
TPOHHO-JBIPOYHYIO TIAPY.

Co0TBeTCTBEHHO, NMPOBOAUMOCTH, O0YCJIOBJEHHAsI NpHMe-
CSIMM, OKa3bIBaeTCH ropasao 0oJibiie co0cTBeHHOH. OQHAKO 3TOT
BbIBO/I CNPABEIJIMB TOJBLKO J0 HEKOTOPOil Temmepartypsl. Jleso
B TOM, YTO 10 Mepe NMOBbINIEHHsI TeMIIEPATypPbl COOCTBEHHAsI MPO-
BOJMMOCTb PacTeT HeNMpepbIBHO, a MPUMECHAsI UMeeT Nmpeael, co-
OTBETCTBYIOIIUIT MOHM3AIUM BCEX HAJMYHBIX NMPUMECHBIX aTo-
MoOB. C NoBbIlIeHHEM TeMIIepaTypbl YBeJIUYUBAETCS COOCTBEHHAS
KOHIEHTPAIUS JJEKTPOHOB M JBIPOK, a CJie0BATeJbHO, YBeJH-
YMBAETCA M COOCTBEHHAsl MPOBOAUMOCThL MOJyNnpoBoaHuKa. [Ipu
BBICOKMX TeMIlepaTypax HNPOBOAUMOCTh Bcerja sBJsieTcsli c00-
cTBeHHOii. Kpurtepuii BBIPOXKICHHUS TPUMECHOTO IOIYMPOBOIHUKA
B COOCTBEHHBIN OyJET PAaCCMOTPEH MO3XKE.

VYBenuueHue KOHIEHTpAllUM MpUMEced MPUBOJUT K YMEHbIIIe-
HUIO PACCTOSHHUS MEXKIy NPUMECHBIMA aTOMaMH, M MX YHepreTuye-
CKHE€ YPOBHH MOCTENEHHO MpeBpaiaTcs B 30HbI. OOpazoBaBIIascs
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IpUMEcCHasl 30HA, PACHIUPAACH, B KOHIIC KOHIIOB CJIMBAeTcs ¢ OJu-
KaWIIEeH pa3peIeHHOM.

OOBIYHO B MOJYHIPOBOAHHUKAX OIHOBPEMEHHO IPHCYTCTBYIOT
JOHOpHAsI U aKIENTOpHas mpumMecH, puc. 1.8, HO yale — B pa3HbIX
konnenrpanusax (N, >N, wm N, >N ;).

=
o -
=
&S © 66
= FF+ F 4
&~
a O 8

Puc. 1.8 — /lnarpamMmbl SHEPTETHYECKUX YPOBHEH MPH Pa3TUIHBIX
KOHIIEHTpALUsAX JOHOPHBIX U aKLenTOpHbIX aToMoB aist 7= 0 K°.
a — TIpEeBAIMPYET JOHOPHAs IPUMECH; 6 — MPEBATUPYET aKIENTOPHAS
IPUMECH; 8 — KOJINYECTBO 00EUX NMPUMECEN OAMHAKOBO

PaccmatpuBas 3TOT ciiydau, CIE€IyeT y4ecTb, YTO IPHU HYJIEBOU
TEeMIIepaType CUCTEMa JOJKHA 00J1a1aTh MUHUMAJIbHON SHEPTHEH.
Iyete N ; > N,, TOraa npu HyJeBol TeMneparype (31ech 1 B AaiTb-

HeHmeM OyJieM MMETh B BHJIy aOCOJIIOTHBIH HOJIb) BCE aKIICTITOPHBIC
YPOBHM 3aMOJHATCS JICKTPOHAMU, U YHUCJIO 3aMOJTHEHHBIX JOHOPHBIX
YPOBHEN YMEHBILIUTCA.

[Ipy moOBBINIEHUM TEMIEPATypbl C JOHOPHBIX YPOBHEH OyAeT
MPOUCXOJUTH MNEPEXO]I JIEKTPOHOB B 30HY MPOBOJIUMOCTH OCHOBHOTO
MOJYMPOBOJHUKA, TaK KaK JIJIsi IEPEX0/1a 3JIEKTPOHOB € aKIENTOPHBIX
ypOBHEH TpeOyeTcs Topa3ao O0JbIe SHEPTHUH.

B nanpueiimem nox N, u N, Oyaem monumarh 3pheKkTHBHBIC

KOHIICHTpaIuu. Eciyu KoJIu4ecTBO 000MX THIIOB IPHUMECH OJUHAKOBO
(N; =N,), T0 5 dexTnBHbIE KOHIEHTPAIMYE TOHOPOB U AKLENTOPOB

paBHBI HYJIIO. TakoW MOJYNPOBOJHUK HA3BIBACTCS KOMIIEHCHPOBAH-
HbIM. OH HMMEET TaKkyl K€ YJEIbHYI MPOBOJAMMOCTb, Kak U COO-
CTBEHHBIM, HO OTJIMYACTCS OT TociieHero (1o BpeMeHHU JKM3HU HOCH-
TeJIEW W HEKOTOPBIM JPYTHM IapamMeTpaM), MMOCKOJIbKY HaJUYHUe 3Ha-
YUTEJIBHOTO KOJMWYECTBA IPUMECEH HAPyLIAET OAHOPOIHOCTH KpHU-
CTAJUIMYECKOU PEIIETKH.
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1.5 KoHUueHTpauumn HocuTeneu B 30HaxX NOJIyrnpoBoAHMKA

[IpoBeneM aHaiM3 MOTYNPOBOJHUKOBBIX MaTEPHAIOB, YTOOBI
MOJIYYUTh KaYE€CTBEHHBIE U KOJIMUYECTBEHHBIE OLIEHKH 11 KOHLIEHTpa-
LUI 3JIEKTPOHOB U ABIPOK B 3aBUCHUMOCTH OT KOHLEHTpALM IpUMe-
cell, ”3BMEHEHUN TeMIIepaTypbl U HEKOTOPBIX APYTMX BHEIIHUX BO3-
NEUCTBUH, T. K. BEJIMYUHBI KOHLEHTPALMK CBOOOAHBIX 3JIEKTPOHOB U
IBIPOK  ONPENENSIOT YAECNbHYK) IPOBOJAMMOCTB IOJYIIPOBOJIHHKA,
a CJIeJIOBATEINIbHO, €ro JIEKTPUUECKUE CBOMCTRA.

B teopuu TBepI0rO TENIA JOKA3aHO, YTO SHEPTreTUYECKUE YPOBHU
pacIpeeNneHsl 10 BBICOTE Pa3pelIEeHHON 30HbI HEPABHOMEPHO: IJIOT-
HOCTbh UX MEHSETCS OT TPAaHMIIbI B I1yOb 30HBI. TakuM 00pa3oM, Kax-
noMy ypoBHIO C¢ sHeprueilt W cOOTBETCTBYeT ompeeseHHas IUIOT-
Hocth P(W), T. €. unMCII0 ypOBHEH, OTHECEHHOE K €MHHIIC SHEPTHH U
eAnHUIEe o0beMa MaTtepuaiia. BOIu3u «aHa» U «IOTOJKa» pa3peuieH-

HBIX 30H TUJIOTHOCTh YPOBHEH ISl Y3KUX UHTEPBAIOB SHEPTHUH MOMKHO
BBIPA3UTh (POPMYIION;

3
2 ( 2nm % OBHEU
PW)=—=| =~ | Jw-w |20 (1.1a)
P 3
Jrl h JDK - CM
3nmecb h — mocrostaHas Ilnanka; M* — sddexTrBHAas Macca,
W — oHeprusi, KoTopas OTCUMTHIBACTCS OT T'PAaHUYHOIO YPOBHS

BHYTPb Pa3pEIICHHBIX 30H.

BeposTHOCTP HaXOXAEHUS 3JEKTPOHA WJIA JIBIPKM HA TOM WU
MHOM YPOBHE B 3aBUCUMOCTH OT MX 3HEPTrUM OMMUCHIBACTCS paclpesie-
neaneM Gepmu-/Iupaka:

1
F (W)= (1.16)
e KT +1
rne K — nocrosnnas BonbiMana; 7' — abGCONOTHAS TEMIIEPATYPA,

W, — sHeprus, HasbiBacMas ypoBHeM Pepmu. C hopMaabHON TOUKH
3peHus dHepruss Wr COOTBETCTBYET TAKOMY DHEPreTUYECKOMY YPOB-

HIO, BEPOATHOCTH 3aM0JTHEHUS KOTOPOIro JIEKTPOHAMHU WJIM AbIP-
kamu paBHa 0.5.

B cratuctuyeckoil (u3MKe SHEPTUI0 MPUHITO BbIpAXKaTh HE B
JDKOYJISAX, @ B 3JIEKTPOH-BOJIbTAX HJIH MPOCTO B BOJBLTAaX (YHCICHHO
OTH BEJIMYMHBI OJIMHAKOBBI). UTOOBI NIEPEHTH OT OJIHOM Pa3MEPHOCTH
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K JpyroM, gocratouno pasnaeiauth sHeprun W u KT Ha snemenTap-
HBIW 3apsi]I.

CnenaB Takyto 3aMeHy B hopmynax (1.1), momydunm:

%

2 ( 2ngm —( YpOBHEH ).

1
Fn((P): 0—OF ! (1'26)
e 41
rae (@ — MOTEHLUAJ, XapaKTCPU3YIOIUN JHEPIUI0 ypOBHA; O —

ypoBenb @®@epmu (morenuuan Pepmmu) B BOJBTAX; @O —
TeMIepaTypPHbIH MOTEeHIIHAJ

KT

Ha3Banwue «TCMHepaTypHBIﬁ OoTeHIaiI>» 1Jid BCIINMYUHBI (PT

BIIOJIHC OIIpaBAaHO, B CHUITY 3HAYUTEILHOM 3aBUCUMOCTH OT TeMIICpA-

TYPHI.
ITosre3Ho 3anOMHUTE 3HaueHue @, npu temneparype 7=300°K
(KOTOpYIO MPUHATO HA3bIBaTh «KOMHATHOW>) paBEeH

¢r (300°K ) = 25 wB.
Ha 3onnoii auarpamme (puc. 1.9) dyukuun P(@) u F () mo-

Ka3aHbl IS COOCTBEHHOT'O MOJYNPOBOJHMKA. JlanbHEHIne BBIBOJIBI
OyJlyT CTIpaBEJIUBBI U TI0 OTHOIIEHUIO K MPUMECHBIM MOJIYIIPOBOIHU-
KaM. B HeBBIPOKIACHHBIX MOJYNPOBOAHUKAX YPOBeHb Depmu Of

BCerja JIEXKUT B 3anpemieHHOM 30He. [[oHsATHE HEeBBIPOKIACHHbIM
MOJYNPOBOJHUK PAacCMOTPUM IMo3xe. [yOuHy 3ajeraHusi ypOBHS
depMH MOKHO XapaKTepHU30BaTh «PACCTOSHHUEM» OT OJHOM M3 pa3-
PEUIEHHBIX 30H, BBIPAXCHHBIM B €IWHUIIAX TEMIIEPATYPHOTO MOTECH-
yana.

JI1s HEBBIPOKJECHHBIX TMOJIYNPOBOJAHUKOB Hallle COOJIOAAI0TCS
HEPaBEHCTBA!

9. —0r >> 0} (1.4a)
Or =0y >>Or, (1.46)
re @, ¥ @, — MOTEHIHAJbI «IHA» 30HBI MPOBOAUMOCTH U IIOTOJI-

Ka» BaJEHTHOM 30HbI COOTBETCTBEHHO.
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C ¢usnyeckoil TOYKU 3peHHUs] TeMIIEPATYPHbIN MOTEHIHUAJ
€CTh BBIPA'KEHHASl B JJIEKTPUYECKHX €IMHUIAX CTATHCTHYECKAS
TeMIleparypa MM O0JM3Kas K Hel CpelHsisd KMHeTHYecKas JHep-
rUsi CBOOOJHOIO0 3JIEKTPOHA B 3JICKTPOHHOM rase.

IMpu Temmeparype 7=0° K dyukuus F (@) (puc. 1.9) umeer

CTYIEHYATHIN XapaKTep, 3TO COOTBETCTBYET YK€ M3BECTHBIM (DaKTaM:
BaJICHTHAs 30HA IMOJIHOCTHIO 3amonHeHa (Fn=1), 3ona npoBoarMocTH
nycra (F,=0). IIpu Temmeparype T #0° K crynenpka QyHKIHH

F (@) crmaxuBaercst ¥ mojaydaercs KoHedHas (XOTs U KpaiiHe Majiasi)

BEPOSITHOCTh HAXOXKJICHUS 3JICKTPOHOB B 30HE MPOBOJUMOCTH.

OIHOBpPEMEHHO BEPOATHOCTh HAXOXKAEHUSA SIECKTPOHOB B Ba-
JIEHTHOW 30HE JIeJIAeTCS MEHbIIE eIWHULBL. B mocnegneMm ciydae
ya00Hee TMOJIb30BAThCS BEPOSTHOCTHIO OTCYTCTBUSI DJIEKTPOHOB Ha
YPOBHSIX WJIM, YTO TO K€ CaMO€, BEPOSITHOCTHIO HAIM4YUS ObIPOK. M3
puc. 1.9 cnemyer, 4yTo MakCHUMajbHbIC KOHIICHTPALMU 3JEKTPOHOB
B 30HE€ IPOBOJAMMOCTH MU JBIPOK B BAJECHTHOM 30HE HMEKOT MECTO
Ha rpaHulax 30H. [[1OTHOCTH COCTOSSHMM Ha TPaHHUIAX 30H PABHA HY-
JII0 U YBEJIMYMBAETCS B ITyOb pa3pellieHHbIX 30H.

c S 30HAa NPOBOAMMOCTH
oS
O
S

C
m
3anpemeHHast

____________ LL
> 30HA 0,5 S
\ T=0

(al S BajenTHas 30Ha T20

D-Q.

Puc. 1.9 — [InoTHOCTH ypOBHEM 3HEPrUM, PYHKIUS BEPOSITHOCTU
Y KOHIICHTpPAITUsI HOCUTEJICH B COOCTBEHHOM TOJYIIPOBOTHUKE

1
F,=1-F, = prera— (1.5
e +1
YuureiBas HepaBeHCTBO (1.4a), MOXKHO 3aITiCaTh:
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_9—%r
F.=e % . (1.6a)
Amnajoru4Ho, yuuthiBas HepaBeHCTBO (1.40), yOexmaemcs, 4To
U B BaJCHTHOH 30HE, r1e @—@ <0, 3kcrioHeHTa B BelpakeHuu (1.5)

MHOTO OOJIBIIIE €IUHUIIBI
_PE-©

F,=~e T . (1.60)

®yukiuu (1.6), KOoTOphIe SBISIIOTCSA YAaCTHBIM CIIy4aeM pacrpe-
nenenuss ®epmu-/lupaka (111 00JACTH SHEPIHiA, 3HAYUTEIBHO TIpe-
BBIIIAIONINX @ ¢ ), HAa3bIBAIOTCS paclpeneneHueM MakcBeia—

bonbi-mana.

JTO pacnpeaejleHue NPeaACTaBJIAeT CO00M OCHOBY TeOpHH
MOJIYyNIPOBOIHUKOB, T. K. IPH 3TOM CYIIECTBEHHO YIPOIIAETCHA KO-
JUYECTBEHHbINl AaHAJIU3 TMOJYNPOBOJHUKOBBIX MATEPHAJIOB H
npudOPOB HA UX OCHOBE.

KonnenTtpaiusi CBOOOIHBIX JIEKTPOHOB B 30HE TTPOBOJUMOCTH C
Y4ETOM MPOBEJICHHOIO BHIIIE aHAIN3a 3aIMUIIETCS B BUJE:

n=2[ P(¢—g.)F,(p)do,
@c
IJiec MOABIHTEIPATbLHOC BBIPAXKEHUE €CTh KOJIMYECTBO 3aIlOJHEHHBIX
YpOBHEH B 3JICMCHTApPHOM HMHTEPBAJIC SHEPTHH, a MHOXHUTEb 2 O3HA-
YyaeT, YTO Ha KakJIoM ypoBHe MoryT (mo mpunnwmmy [laynm) Haxo-
auThCs 1Ba dnekTpoHa. I[Toacrasus (1.2a) u (1.6a) mox 3HaK MHTErpa-
J1a, Iocjie MpeoOpa3oBaHUMN MOTYUHM:
_9c9F
n=Ne 7 ;
32 (173)
Ne = 2| ZThder

y 3
rae N, — a¢dexTuBHas IIOTHOCTH COCTOSIHUI (B 1 cM”) B 30HE IpO-
Bogumoctu. M3 (1.7a) caemyer, uto N. ecTb MaKCHMAJIbHO BO3-

MOKHASI KOHIEHTPAIHUA JICEKTPOHOB B HEBBIPOKICHHOM IOJIY-
NPOBOAHUKE.

Konnentpanusi cBOOOIHBIX ABIPOK B BaJCHTHOM 30HE OMpees-
€TCS BBIPAXKCHUEM!
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p=2 [ Pl-(9— 9, )IF, (¢)(~do)

Oy
[Toxcrasus (1.2a) u (1.66), mocie nmpeoOpa3oBaHMIA ITOTYIUM:
_ POy
p=N,e 7 ;
3 (1.70)
[ 2mm,aer %
A\ h2 J

rae N, — 3 dexTrBHAs INIOTHOCTh COCTOSIHUM B BAJIGHTHOW 30HE.
Jlerko y0enuThCsi, 4TO MPOU3BECHUE KOHIICHTpaIui NP He 3a-
BHUCHUT OT TMOJIOKEHUSI YpoBHS DepMu U onpenensieTcsi TOIbKO TeMIie-
paTypoy U HIUPUHOM 3arperieHHON 30HBbI:
_93
np=N:N,e T, (1.8)
rae ¢, = @, — @, — MLUPHHA 3aMPEIICHHON 30HBI.

N3 Beipakenus (1.8) ciemyer, yuurtbiBas, 410 3()(PEKTHUBHBIC
MJIOTHOCTU COCTOSTHUNA OTHOCHUTENBHO CJIa00 3aBHUCST OT THUIIA TMOJIY-
MIPOBOJTHUKOBOIO MaTepualia Mpu MOCTOSIHHOW TemmepaType, mpou3-
BEJICHUE KOHIICHTpAI[Mi 3aBUCUT B OCHOBHOM OT IIUPHHBI 3aMpeiieH-
HOW 30HBI, T.€. XapaKTEPUCTUKHU IMOJYIPOBOAHUKA. s KpeMHUs
IIMpUHA 3allpelieHHON 30HBI NMPUMEPHO B JBa pa3a OOJbIIEC YeM
y TeépMaHusl, B pe3yJbTaTe 4ero MPOM3BEACHUE KOHIIEHTPAIIUNA DJICK-
TPOHOB — JIBIPOK Y KPEMHHUS Ha TPH Mopsiaka MeHbIe. ClienoBaTelb-
HO, DJICKTPUYECKHE MTapaMeTPhl U XapaKTEPUCTUKN KPEMHUS U repMa-
HUS JJOJDKHBI CYIIIECTBEHHO OTJIMYATHCS.

N3 dhopmyn (1.7) oTHOIIEHHE KOHIICHTPALMH MOJIyJaeTCs B Clie-
TYIOIIEeM BHJIE:

_2(Pe—0F)

y:&e (PT’
PN,

_ Q. O,
Oe T

r1€ Qg — IMOTEHLHAJ CEPEAUHBI 3aIPEIICHHON 30HbI, KOTOPBIM MHO-

(1.9a)

I71a Ha3bIBAIOT DJIEKTPOCTATUYECKUM ITOTEHI[HAIIOM IIOJYIIPOBOIHHUKA.
Ecin mpunars, 4yro BeMoaHseTcs ycnoBue N, = N,, BbpaxxeHue

(1.9a), MmoxHO 3amucaTh B BUJIC:
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_ 2(Pe—0F)
N_e o | (1.96)
P
Anammsupys Beipakenue (1.9a), MOXHO cielaTh CISAYIOIIHE
BBIBOJIBI:
1. Ecniu ypoBeHbr depMH COBIMATAET C IEKTPOCTATHUECKUM TI0-

n
TCHIMAJIOM, TOIrja — = 1, T. €. IIOJIYIIPOBOJAHHUK SABJISICTCA COOCTBEHHBIM.

P

n
2. Ilpu BBINOJIHEHUHU YCIOBUA @ > @  —>1, T. e. nmosynpo-

BOJIHUK 3JIEKTPOHHBIM.

n
3. Ilpu BeIMOAHEHUM yCIIOBUS @O <@z  —<1, T. e. moxympo-

BOJIHUK JIBIPOYHBIM.

4. N3 Beipakenns (1.90) ciaenyer, 4To u3MeHeHHUe ypoBHs Dep-
MU JOJDKHO MPUBOJUTH K U3BMEHEHHUIO KOHIEHTpaluu npumeceit. dOu-
3UYECKH MOXXHO M3MEHSTHh KOHIICHTPALMIO 3JICKTPOHOB WM JBIPOK,
BBO/ISI Pa3HOE KOJMYECTBO MPUMECEW B OCHOBHOMW MOJYIIPOBOJHHUK,
a ypoBeHb DepMU PaCCUUTHIBAT.

1.6 YpoBeHb Pepmu

IIpn ananuzax, KOTOpbIE MbI MPOBEIU BBIIIE, CYUTAIOCH, YTO
ypoBeHb @EepMH HaM U3BECTEH, U C €r0 MOMOIILIO BRIYUCISUINCH KOH-
IIEHTpAIlMu CBOOOJHBIX HOCHUTENIeH 3apsga. Ha camom xe mene ypo-
BeHb Depmu siBsieTCst GyHKIMENH ITUX KOHIEHTPAIUH, TaK KaK U3Me-
HUTH YPOBEHb DEPMHU MOKHO TOJBKO, U3MEHUB KOHIEHTPAIIUIO JIOHO-
POB WJIM aKIENTOPOB, & KOHILIEHTPALMA HOCUTENIEN OLIEHWUTHh U3 TEX
WM UHBIX COOOpa)KEHU WA YCIOBUM.

Hcnonb3ys Beipakenus (1.20) u (1.5), uaTerpasl JIerko npuBe-
CTH K BULY

27 Jndn
Tjn%T (1.10)

rac B Cjiy4dac 3JICKTPOHHOI'O U I[BIpO‘IHOFO IMOJIYIIPOBOAHUKOB COOT-
BETCTBCHHO 3aIlIHUILICM.
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Mo =(9=0c)/Oritn =P —QciV ==
Nc
_ cy . _ P
Mp = (& =) Ori%p =Py —Pr;V =
Ny

BenuunHy 7y, BXOAsIIyr0 B uHTerpaibHoe ypaBHeHue (1.10),
B CTATUCTUYECKON (DU3HNKE HA3bIBAIOT XUMUYECKUM MTOTEHIINATIOM.

XUMUYECKUN TOTEHIMAN SBISIETCS (PYHKIMEH KOHIIEHTpalUu
COOTBETCTBYIOIIUX YacTull. O HalW4YuM XUMHYECKOTO MNOTEHIHAaJa
MOKHO TOBOPUTH TOJILKO B TOM CIIy4dae€, €CIW KOHIICHTPAIUU SJICK-
TPOHOB W JABIPOK B MOJIYIIPOBOJAHUKE Pa3IUYHbIC, T. €. MOJYIPOBOJ-
HUK NPUMECHBIN. [Ipy paBEeHCTBE KOHLIEHTPALMK BJIEKTPOHOB WU JIbI-
POK TOJIYIIPOBOJHUK COOCTBEHHBIA M XMMHUUYECKUM MOTEHIIMAT PaBEH
HYJI10. B KOMIOEHCUPOBAHHOM MOJIYIPOBOJHUKE UMEET MECTO Hallv-
Y€ XUMHUYECKUX MOTECHIMAIIOB ABIPOK U AJEKTPOHOB, HO OHU PABHBI
no a0COJIOTHOM BEJIMYMHE W HANpaBlE€Hbl HABCTpEUy IpYyr Apyry,
B PE3YJIbTATE YETO PE3YIbTUPYIOIUN XUMUYECKUN MOTEHIMAII PABEH
Hy1r0. Pa3HOCTh XMMHYECKMX MOTEHUHAJIOB O3HAYAECT HAJIUYHE
PAa3HOCTH KOHLUEHTPALUMH 3JIEKTPOHOB WJIU ABLIPOK B Pa3HbIX 00b-
eMax MOJYNPOBOJAHUKA (MOJYNPOBOIHUKOB), YTO, €CTECTBEHHO,
BbI3bIBaeT nepeMenieHue — Au@G@Py3u0 4acTUIl B HANPABJICHUU
oT 00JIbIIIell KOHIIeHTPAUMU K MeHbIIel. Takum 00pa3oM, pa3HOCTh
XUMHUUYECKOI0 TMOTEHIMANIa XapaKTEePU3yeT BO3MOXKHOCTH AudPy3un
CBOJIHBIX YacTHIl (3apsDKCHHBIX WM HE3apsIKEHHBIX), TTOJI0OHO TOMY,
KaK JICKTPUUECKUN MOTEHIINA XapaKTepU3yeT BO3MOKHOCTh Apeiidha
CBOOOJIHBIX 3apsUKEHHBIX yacTull. [loteHiuman depMu MOXKHO 3amu-
caTh B BUJIE alireOpandecKoil CyMMBI AJIEKTPUUYECKOT0 U XUMUYECKOTO
MOTEHI[AAJIOB!

O = Oc +An; (1.11a)
O =Py —Xp- (1.110)
OTCIO,Z[a CiacayeT €uc OAHO HAa3BAHUC BCINMYUHBI q)F — OJICK-

TPOXUMHUYECKMU TOTeHUIHaI. I'paauenTt moreHuuana depmmu, 0y-
AYYU CYMMOUH IPAJUEHTOB JJIEKTPUYECKOI0 U XMMHUYECKOro Io-
TEHLIHAJIOB, MO3BOJISIET O[THOBPEMEHHO XapaKTepu30BaTh 002 TH-
1a ABUKEHUsS HocuTeaeil — qudpPysuro u apeid.

B ycnoBusix paBHOBecHS, KOTJJa HAMPABICHHOTO JABHXKEHUS HO-
CUTEJIEN HET, NOJHKHO BBIIIOJIHATHCS YCJIOBHEC grad(pF =0, T.e.
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@p = const.

ITocTosiHCTBO (<TOPH30HTAIBHOCTL») YPOBHS DepMu B paB-
HOBECHOM CHCTeMe SIBJISACTCH OJHMM M3 (PYHIAMEHTAJbHBIX COOT-
HOLICHMHM TEeOpUM TBEPAOro Teja. 3aMeTHuM, 4YTO YCJIOBHE
(@r = CONst He 03HA4YaeT NOCTOAHCTBA KAKA0I0 U3 CJIAraeMbIX @

u @ . UHavye ropopsi, B paBHOBECHOH cCHCTeMe MOIYyT HMETb Me-

CTO TPAAMEHTHI JJIEKTPUYECKOr0 M XUMHUYECKOr0 MOTEHUHMAJIOB
U COOTBETCTBEHHO JApeii(oBbie U U Py3MOHHbIC IOTOKU HOCUTE-
Jed. DT NOTOKHM [JOJ/IKHBI B3aUMHO YPABHOBCIIMBATHCH, T. €.
HanpuMep, AM(PPY3UOHHBIA MOTOK IJIEKTPOHOB paBeH aApeido-
BOMY MOTOKY U OTOKH HANPABJICHbI HABCTPEYy APYT APYTY.

J1s onpeneneHust XUMUYESCKUX HOTEHIUANOB )y, X, ¥ NOTCHIH-

asia depMu yepe3 KOHIICHTPAIMU N B P HY)KHO PEIIUTh HHTETPATbHOE
ypaBHenue (1.10). B o0rieM Bujie aHATUTHYSCKOTO PEIICHUST HHTETpajia
HET, OJIHAKO B JIBYX YaCTHBIX CIyYasX, NPUHIUIHAILHO BAKHBIX IS
NPaKTUKH, TIOTYYAOTCS aHATUTHICCKHAES PEIICHUS.

1. ITomoxum ¥ <0 u |x| >> (. Torga, npenedperas exuHUALEN

B 3HAMEHATeJIe MOABIHTETPAJIbHOIO BBIPAXKEHUS, T. €. UCIOJIB3Ys pac-
npenesnenue Makcgseiuia—bosbliMaHa, noiy4aeM ypaBHEHUE

Lo
Ty

pe€IICHUCM KOTOPOI'o 6YI[YT XUMHNYCCKHUEC ITOTCHIIUAIBI.

Xn:(PTIn%C; Xp:(PTln%V- (112)

Y4uuTeiBas, 4TO peEIICHUE ypaBHEHUS IOJYyYCHO IPHU YCIOBUH
¥ < 0, IpUXOJMM K BBIBOJTY, YTO TOJIYYCHHBIC PEIICHUS CIIPaBETUBBI
npu ycinouu V << 1. [ToqynpoBOIHHUKH, Y KOTOPBIX BBITIOJHSIETCS ITO
yCJIOBHE, T. €. KOHIIEHTpAIUsi CBOOOIHBIX HOCUTENEH MeHblie dhdek-
TUBHOM INTOTHOCTH COCTOSIHUH, HA3bIBAIOT HEBBIPOKAEHHBIMH.

IMoTtenuuan @epMu i HEBBIPOKIAEHHBIX MOJYNPOBOIHH-
KOB MOKHO 3amucaTh B BUJIE:

O = Q¢ + Or In%\lc; (1.13a)

O =@y —@r In%lv . (1.136)
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N3 Boipaxkennii (1.13a) m (1.130) ciaeayer, 4TO MOTEHIHAJ
@epMHu B HEBBIPOKIAECHHBIX MOJYNPOBOIHUKAX JIEKUT B 3ampe-
LEHHOH 30He.

Beruuras wnm ckiaapiBas BeipaxkeHus (1.13), jgerko moiayduTh
cooTBeTcTBeHHO BhIpaxkeHus (1.8) u (1.9). Tak:ke J1erko BHaAETh, 4TO
Y HeBBIPOKAEHHBIX MOJYNPOBOAHNKOB NMoTeHIHaa Depmu Bceraa
JICKUT B 3aNpPellieHHON 30He, MOCKOJbKY Jorapugmsl B 000UX
BbIpakeHusnx (1.13) orpunaTeabHBbI.

2. Tonoxum >0 u |x| >> @,. Torna npu BBIIIOJIHEHUU YCJIO-

BUS T > % MOJBIHTErPATILHOE BHIPAKEHUE OBICTPO MPUOIMKACTCS
T

K HYJIIO, U HHTCTPUPOBAHUC B 3TOM JHUAIIA30HC HC UMCCT CMbICJIA. ITo-
9TOMY IIPUMCM B Ka4CCTBC BCPXHCTO IIPCACIIa HHTCIPUPOBAHUA

n= % . BBIIOTHUB MHTETPUPOBAHUE, TTOJTYUUM NPOCTOE YPABHEHHE
T

B N % n E. B N % n 2
Xn=| "7 (PT(N—C)g’, Xn=|—7 (PT(N—C)3-

DTH pelIeHns JeHCTBUTEIbHBI MTPAKTUYCCKU ITPU 1 = 3.

[TonynpoBOoAHUKH, Y KOTOPBIX cOONIOaeTcs yciaoBue Vv >1, T. e.
KOHIICHTpAIIMs CBOOOJHBIX HOCUTENEH CYIIECTBEHHO MPEBBIIIAECT -
(EeKTUBHYIO IIOTHOCTh COCTOSIHUM B pa3perieHHON 30HE, HA3bIBAKOT
BbIPOKICHHBIMH MJIH MOJYMETAJNJIAMHA.

s Hux pacnpenesnenue Makcpemia—boabuMaHna Heaeu-
CTBUTEJILHO.

Kpurepun BBIpOXKICHUS MOXKHO 3alACaTh B BUJIC

n> N¢; (1.14a)

p>N,. (1.140)

B HepaBHOBECHOM COCTOSHUW 3HAYCHUS MOTCHIMAIOB Ddepmu B
(1.13a) u (1.136), BoOOIIIE TOBOPS, PA3IUYHBI, T. €. MPOUCXOIAUT pac-

nierieHue noreHuuana Gepmu, Torga MX Ha3bIBalOT COOTBETCTBEHHO
KBa3nypoBHSIMU DepMu 115l STEKTPOHOB U ABIPOK.

1.7 KoHUueHTpauua HocuTenen B NoNynpoBoAHUKAX

PaccMoTpuM KOHIIEHTpalMiM HOCHUTENEH U1 PA3JIWYHBIX TUIIOB
MOy ITPOBOIHUKOB.
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B cOOCTBEHHOM NOJYNPOBOJHUKE KOHIICHTPAIIMM CBOOOJIHBIX
3JIEKTPOHOB M JIBIPOK OAMHAKOBBL N = P;. Torma u3 ¢dopmyn (1.9)

u (1.13) cneayer, 4yTo mpH JH000M TeMIepaType ypoBeHb Ddepmu co0-
CTBEHHOTO TOJIYIPOBOJHUKA PACITOJIONKEH BONHM3U CEpPEAWHBI 3arpe-

meHHoi 30HbI. [loacrasmsst n = p. B popmyiy (1.8), moimydaem koH-

HEHTpalMd CBOOOJHBIX AJIEKTPOHOB M JIBIPOK B COOCTBEHHOM TOJTY-
ITPOBOJIHUKE!

93 03
n=p =yNcN,e = Nce_(p%T ~ Nve%ﬂ (1.15)

3aBHCHUMOCTb COOCTBEHHBIX KOHLEHTPALUKA N U P, OT TeMIEpa-

Typbl OY€Hb CHJIbHA U OOYCJIOBJI€HA B OCHOBHOM BEJIMYMHON TeMIIe-
paTypHOro MOTEHIMANa, T. €. 3aBUCUT OT SHEPTUU KPUCTAIINYECKOU
peuretku. I3MeHEHUE SHEPTUU KPUCTAILUIMYECKON PEIICTKU MPUBOIUAT
K U3MEHEHUIO KOJeOaHUN aTOMOB B y3JlaX KPUCTANTMYECKOW peliet-
KM, CJIEIOBATEIIbHO, U3MEHSIETCS BEPOSTHOCTh HAXOXKJICHUS 3JIEKTPO-
HOB (IBIPOK) HA YPOBHSX B Pa3pelicHHOM 30HE.

CTosb e CHUJIBHO 3aBUCUT COOCTBEHHAs] KOHLIEHTPALIMS OT IIIU-
PHHBI 3aIIPELICHHON 30HBI IIPU MOCTOSIHHOM Temrieparype. Tak, cpas-
HUTEJILHO HEOOJBIIOE Pa3IUdne B BEIIMYUHE (5 Y TEPMAHUSA U KpeM-

Hus (0,67 5B m 1,11 3B) npuBoAUT K pa3ivudui0 COOCTBEHHBIX KOH-
IEHTpaIlMi Npy KOMHATHOW TeMmepaType Ha 3 u 0oJiee MOPSIKOB.
CpasnuBas (1.8) u (1.15), coornomenue (1.8) MoxHO 3anucath B 00-
Jiee KOMIakTHOHU (opme:
np = n’. (1.16)

CootHomenue (1.16) roBopuT 0 TOM, YTO YBEIMYCHUE KOHIICH-
Tpalid OJIHOTO THUIA HOCHUTEJIEH COMPOBOXKIAECTCS YMEHbBIICHUEM
KOHIICHTPAIMK JIPyroro tumna Hocureneld. 13 Beipakenus (1.16) cie-
IYET, YTO B MOJIYIIPOBOJHUKAX C PA3JIMYHOU MIMPUHOU 3aMPEIIEHHOU
30HBI, a CJIEJOBATEIbHO, C PA3IMYHOM COOCTBEHHOW KOHIICHTpAIIUEH,
IIPY OJMHAKOBON KOHIICHTPAIIMH 3JICKTPOHOB (IBIPOK) KOHIICHTPAITUS
JBIPOK (3JIEKTPOHOB) OYIET pa3IUIHOM.

PaccmoTpuM ckazaHHOE HA KOHKPETHOM MpUMeEpeE.

Hcnonb3ys Beipakenue (1.16), 3amuiieM 04eBUIHOE COOTHOIIIE-
HUE s TTOJTYITPOBOIHUKOB M3 T€PMaHUs U KPEMHUS
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NpBr _ N
-
Nk Px Nk
Hcnomnw3ys cootHomenwue (1.15), MokHO 3anucaTth
Q3r
nl_' p[' :e2(p-|- z106
Nk Px
B  KpeMHHEBOM  IOJIyIPOBOJHHMKE  BBIMOJHHM  YCJIOBHE

N =10py , T. €. KPEMHUEBBIN MOJIYIPOBOJHUK SIBJIACTCS SPKO BBIpa-

’KEHHBIM 3JIEKTPOHHBIM. [ToTpeOyeM, 4TOOBI KOHIIEHTpAIUs JIEKTPO-
HOB B '€pMAaHUEBOM M KPEMHHEBOM MOJYNPOBOJHUKAX ObLIa OJUHA-
KOBOM. [IpM BBINONHEHWM MAHHOTO YCJIOBHS MOXHO 3aIUCaTh!

Pr =10° , T. €. TEPMaHUEBBIN MTOTYTIPOBOAHHK JIOJDKEH OBITH JTBIPOYHBIM.
n
a

Ucnons3ys ¢opmynsr (1.16) u (1.7) n nomaras N, =N,, He-
TPYAHO BBIPA3HTh KOHIECHTPAIMU N U p depe3 COOCTBEHHYIO KOHIICH-
Tpauo n

_Pe—O0F
n=ne AT ; (1.17a)

_OF—0e
p=ne %T : (1.176)

Otcrona nerko noiayuuts noteHuuan depmu B 1Byx popmax
9 =@ +¢r In0; (1.184)
n

= o —@r IN2 1.186
O = Pe (PTnn_- (1.186)

1
it TOoro 4rtoOBl ONPEAENUTh MOTEHHOUAN @ IO (hopMysaM

(1.13) wm (1.18), Hy>KHO 3HATh KOHIICHTPAIIUK CBOOOTHBIX HOCUTEJICH.

Ha puc. 1.10 u 1.11 npuBeacHBI 30HHBIC TUArPaMMBbI IS DJICK-
TPOHHOTI'O U JILIPOYHOTO MOJTYIPOBOJHUKOB.

IIpu oneHke BeJUYHH N U p HCHOJb3YIOT YCJIOBHE HEWHT-
PAJbHOCTH MOJYNPOBOIHUKA.

JTO Ba:KHOE yCJI0BUE (popmyIUpyeTcs CIeIyInuM 00pa3oMm:
B OJHOPOJAHOM INOJIYIIPOBOJIHUKE HE MOKET ObITh CyHIeCTBEHHBIX
He CKOMIIEHCMPOBAHHBIX 00bEMHBIX 3apsi/iIOB HU B PABHOBECHOM
COCTOSIHMH, HH TPU HAJIMYUH TOKA.
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30Ha NPOBOAMMOCTH
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Puc. 1.10 — I1noTHOCTH YpOBHEMN dHEPTUHU, HYHKIIHS BEPOSITHOCTH
Y KOHIIEHTpAI[UU HOCUTENEH B TPUMECHOM TMOJIYIIPOBOJIHUKE N THIIA
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c
o
O —~
S 3anpemeHHas G
30HA >
>
=3 I OF
1 05
BajgenTHas 30Ha
N\ 5 T#0
=
o

Puc. 1.11 — IlnoTHOCTH YpOBHEH SHEPTUH, PYHKIIHS BEPOSITHOCTH
Y KOHLEHTpAUMU HOCHUTEJIEH B IPUMECHOM MOJYIPOBOAHUKE P THIA

B 00mem, Bujae ycja0BHe HENWTPAJbHOCTH JISI €IUHHUYHOIO
0o0beMa MO’KHO 3anucaTh B BH/Ie

P+ N}—(n+ N:,):O, (1.19a)
rie NZZ u N:l — KOHUEHTPALMH MOHU3UPOBAHHBIX JOHOPOB M aK-

nenTopoB. YpaBHenue (1-19a) roBoput O TOM, YTO KOHIICHTpAIUS
YaCTHI, HECYIIUX MTOJIOKHUTEIbHBIN 3apsy (IBIPKH ¥ HOHU3UPOBAHHBIC
JIOHOPBI), PaBHA KOHIICHTPAIIMH JJICKTPOHOB M MOHH3WPOBAHHBIX aK-
IIEITOPOB.

JIJ1 SIIEKTPOHHBIX HOTYIIPOBOAHUKOB, HE COACPKAILMX AKLIETITOPOB,
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n=N, + p. (1.196)
JIst IBIPOYHBIX MOJIYIIPOBOJAHUKOB, HE COAEPIKALIUX JOHOPOB,
p=N_+n. (1.198)

[lepelineM HEMOCPEICTBEHHO K OIIEHKE KOHIICHTpAaIMil cBOOO/-
HbIX HOCHUTEJIEH B pa3HbIX THUIAX MOJIYNPOBOJAHUKOB. PaccMoTpum
CHayaja 3JEKTPOHHBIE MOIYNPOBOJAHUKH. B TUIMYHOM 3JIEKTPOHHOM
MOJIYTIPOBOAHUKE BBIMIOJHAETCS HEpaBeHCTBO N > p. Kpome Toro, Oy-
JIEM CUMUTaTh, YTO B paboueMm AuariazoHe TeMrepaTyp JIOHOPHBIE aTo-

MBI MIPAKTHYECKH MONHOCTBIO HOHM3KUpPOBaHEL, T. €. N, =N ;. Jlomy-

CTHUM, YTO COOCTBEHHON KOHIIEHTpaIlMel AJIEKTPOHOB B CHIIy TOTO,
YTO WX KOHIICHTPAIMS MHOTO MEHBIIEC MPHMECHBIX, MOXXHO IIpCHE-
opeub. Torma w3 cootHomeHus (1.196) momydaeM KOHIIEHTPALMIO
CBOOOJIHBIX JIEKTPOHOB

n=N,. (1.20a)

Kak Bugum n3 1.20a, KOHIEHTpAIUs JICKTPOHOB OIPEIASsIeTCs
KOHIIEHTPAIMEeH MPUMECH U, CIIEJ0BATEIIbHO, HE 3aBHCHT OT TeMIIEpa-
Typbl. C momomipio (1.16) merko moaydaeM KOHIEHTPAIMIO CBOOO/-
HBIX JIBIPOK, HCOCHOBHBIX HOCHTEJICH, KOTOpasl 3aBHUCHUT OT TeMIIEpa-
Typbl B CHJIY CHUJIBHON 3aBHCHMOCTH OT TEMIIEpaTypbl COOCTBECHHOU

KOHIICHTPAIMH 3JICKTPOHOB (JIBIPOK).

r.12

= 1.206
P N, (1.200)
Hakonen, 3 (1.18a) mmm (1.13a) maxomum ypoBeHb Depmu
B TUITUIHOM 3JICKTPOHHOM IOJIYTTPOBOTHUKE

(pF:(pE+(pTInNJ/:(pC+(pTInNJ/. (1.208)
N Nc

Beipakenrne (1.20B) mo3BossieT cleiaTh BBIBOJ, YTO YPOBCHB
depMu JIKUT TEM BbIIIE, YeM OOJIbIlIe KOHIICHTPAIUS TJOHOPOB U YeM
HUKE TeMIieparypa. BBIBOJ MOXHO CYMTaTh CIPABEIJIMBBIM JI0 TEX
1op, TMOKa CHIDKCHHE TEeMIIepaTypbl HE MPUBOAUT K YMEHBIIECHHUIO
YKCJIa MOHU3UPOBAHHBIX JOHOPOB, T. K. pu | = 0°K ypoBens depmu
paBeH QOp = Qg . YBEIMUYEHUE TEMIIEpPaTypbl MPUBOAUT K POCTY COO-
CTBEHHOW KOHIICHTPAIIMM HOCHUTEJICHM, KOTOpas CTAaHOBUTCS CpPaBHU-

MOUW C KOHIIEHTpAaIMen NpuMeceH, 3aTeM M mpeBbimaet e€. [Ipooau-
MOCTb CTAaHOBUTCSI MPEUMYIIECTBEHHO cOOCTBeHHON. C M3MEHEHUEM
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TUIA [IPOBOJMMOCTH 3HAYUTEIBHO M3MEHSAIOTCS CBOMCTBA IOIYIPO-
BOJIHUKOBBIX MaTEpUAIOB U NMPHOOPOB, BHIIIOIHEHHBIX Ha UX OCHOBE.
Temmneparypa, Ipu KOTOpPON HMPOBOAUMOCTb CTAHOBUTCA IIPEUMYILIE-
CTBEHHO COOCTBEHHOH, ONpEAeseT AOIYyCTUMYIO TeMIIepaTypy pado-
ThI IIOJIYIIPOBOJIHUKOBOTO IpHOOpa.

Heob6xoaumo noMHHTH, uTO BhIpaxkenue (1.20B) momydeHo mpu
ponyuennu N, >>n; .

3aBUCUMOCTB OT TEMIIEPATYPBI O0YCIIOBJIEHA B OCHOBHOM (@1, T. K.

OTHOIIIEHNE KOHIICHTPALUU JOHOPOB K 3(PPEKTUBHOM IIIOTHOCTH COCTO-
SHUM OCTaeTCsl MpakTHUeCKH mocTossHHOe. [Ipocthie dopmynsl (1.20)
IIMPOKO HCIIONIB3YIOTCS Ha TpakTuke. OJHAKO CeIyeT UMETh B BHIY,
YTO OHHU JCHCTBUTEIIBLHBI B OTPAHUYEHHOM TEMIICPATyPHOM JHaIa3oHe:
C MOHMKCHHEM TEMITEPaTyphl CTEIICHh WOHHM3AINN JOHOPOB yMEHbIIIA-

*
ercst v npuHsiToe paBeHCTBO N ; = N ; CTaHOBHUTCS MEHEE CTPOTHM.

Crnydail IbIpOYHOTO TOJYIPOBOJHHMKA, B KOTOPOM p > N, HET
HEOOXOJMMOCTH pacCMaTpUBaTh CTOJb K€ MoJApoOHO. ['maBHbBIE OCO-
OCHHOCTH akKIEenTopHoM mpumecu BuaHbl u3 puc. 1.11. Eciu aknen-
TOPBI MOJTHOCTHI0O HOHU3UPOBAHBI M TEMITEpATypa HUKE KPUTHUIECKOH,
to BMecTo hopmyn (1.20) momydaem aHaJIOTMYHBIE COOTHOIICHUS, Xa-
pPaKTEepHbIE IS IPKO BBHIPAXKEHHOTO ABIPOYHOTO MOJYITPOBOIHUKA!

p = Na1 (1213)
n?
n="1 Na; (1.2106)
Pr =¢E—@T|n&=@v—%ln£- (1.21s)
n Ny

Bech npeapiaymnmmi aHanu3 U 30HHBIE TUArpaMMbl COOTBETCTBO-
BAJIM OJHOPOJHBIM MOJTYIPOBOJHUKAM, B KOTOPBIX MPUMECH pacIpe-
JIEJICHBI pAaBHOMEPHO. PazymeeTcs, OMHOPOIHBIN MOJYIPOBOJHUK SIB-
JIIETCS HEKOTOPOU HAcan3anuen. bojiee Toro, 4acto CrenuaibHo Co-
31aI0T HEOJHOPOJHOCTh BHYTPH KpHCTala B BUAE I'paJdE€HTa KOH-
LHEHTPALMA TIPUMECEN, YTO MPHUIAECT MOJYNPOBOJHUKY HOBBIE CBOW-
CTBa, HEOOXOUMbIC sl pabOThI psjga npuoopos. IlocMoTpuM, Kako-
Bbl OCOOCHHOCTH HEOJHOPOAHBIX MOJYyNPOBOAHUKOB. IlycTh, Hampu-
MEp, B MOJYIPOBOJHUKE TUIA N KOHIIEHTPALUS JOHOPOB U3MEHSETCS
oT N3 10 N5 <N .
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IlockoJIbKY B PaBHOBECHOM cucTeMe YpoBeHb PDepmu
BO BCeX ee YacTAX OJUHAKOB, 30HHASl JUArpaMMa J0JI’)KHA UMETh
BMJI, KaK NMoka3aHo Ha puc. 1.12, ¢. YuuTeiBas, 4TO KOHIIEHTpALIUs
JIOHOPOB, a CJIEIOBATENIbHO, U KOHLIEHTPALMS 3JEKTPOHOB CJIEBa BbI-
me, ypoBeHb dPepMH y JI€BOM TPAHULE MOJYNPOBOAHUKA JOJKEH
OBITh OJMKE K «IHY» 30HBI MMPOBOJAMMOCTH. JTO BO3MOKHO TOJIBKO
IIPU UCKPUBJICHWHU 30H, KaK MMoka3aHo Ha puc. 1.12, a. DnexkrpocTraTu-
4EeCKUM MOTEHIUAI @ BIOJb HEOJHOPOIHOIO IOIYIPOBOJHUKA Me-

HSETCS, T. K. 10 ONPEIEIICHUIO 3TO NMOTEHIHAI CEPEAVHBI 3aIlpPEIICH-
HOM 30HBI. CleoBaTeNbHO, B HEOAHOPOJHBIX IMOTYIPOBOIHUKAX
VMEIOTCS BHYTPECHHUE DIIEKTPUUECKHUE TMOJIA, B KOTOPBIX BO3MOXKEH
npeid Hocureneit. OqHako B OTCYTCTBUE BHEIIHETO MOJISI Apei(oBbIe
MOTOKK HOCHUTEJEH paBHBI MPOTHUBOIMOI0XHO HaMpaBIeHHBIM TU(Dy-
3MOHHBIM MOTOKaM, KOTOpbIE OOYCIIOBJIEHBI I'PAJUEHTOM KOHIEHTpa-
AU TeX Ke Hocutenen. 11oaroMy pe3yabTUPYIOIIHUM MOTOK OTCYT-
CTBYET M COOJIt01aeTCsi O0JIBIIMAHOBCKOE PABHOBECHE.

NS Ny N N,
e N R ()
Or B - " N
— — —
1= = \PEZ Or|” _ ——— (/=)
E1l
® o ¢e1| E —é
e |
X; OF ‘X
a 9]

Puc 1.12 — 3oHHBIC 1UarpaMMbl HEOJAHOPOIHOTO MOJIYPOBOAHUKA (@)
¥ OJIHOPOJIHOTO TOJIYIPOBOIHHUKA MTPH HATMYHH BHEIITHETO
AIIEKTPHUYECKOTO 11015 (6)

Jliis cpaBHeHus Ha puc. 1.12, 6 mokazaHa 30HHas [Uarpamma oj-
HOPOJIHOTO MOJIYNPOBOHMKA TPU HATUYUHU BHEIIHETO 3JIEKTPUUECKOTO

dog

noJist (HanpspKeHHOCTh E = oy T2 e, UTO  Ha PHC. 1.12, a). Ecin

B CUJTy YCIIOBUS KBa3WHEUTPAJIHLHOCTH MPHUHATH KOHIIEHTPAIMU HOCH-
TeJe HEU3MEHHBIMU BIOJIb OCH X, TO OyJyT HEM3MEHHBIMU U XUMHU-
YECKUE MOTEHUHUABI, T. €. «PaCCTOSIHUSA» YPOBHA (O OT KpaeB paspe-

nreHHbIX 30H. Torma coriacHo (1.18) mMmeer MecTo rpaiueHT ypOBHS
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®depmu, 00yCIOBIICHHBI HApPYIICHUEM paBHOBeCHs (BHEIIHEE DJICK-
TPUYECKOE IOJIE BBHI3bIBACT MpPOTEKaHWE TOKa). Hamwume rpaameHTa
noreniuana Gepmu 00yCIIOBIMBACT MPUHITUITHAIBHOE OTIUYHE JIaH-
HOTO citydasi OT npensiaymero (puc. 1.12, a), u mpexie Bcero Bo BTO-
POM PE3yNbTUPYIONINI TOK HE PaBeH HYJIO, HECMOTPS Ha BHEIIHEE
CXOJICTBO «ITEPEKOIIEHHBIX>» 30HHBIX JAWArpaMM. 3aMETHM, YTO HaJU-
e BHYTPEHHETO AJIEKTPUIECKOTO TOJIS B OOITEM clTydae He O3HAYaeT
HApYIICHUS YCIIOBUS KBa3MHEUTPATHHOCTH, TaK KaK MOCTOSHHOE WJIH
TIOYTH TIOCTOSIHHOE TIOJIE HE CBSI3aHO C CYIIECTBEHHBIMH OOBEMHBIMU
3apsIaMHu.

Bce ckazanHOe NEHCTBUTENBHO W JJIA MOMYNPOBOAHHUKA THMA P
C YYETOM PactoyiokeHus ypoBHs Depmu.

1.8 MoaBUXHOCTL HOCUTENEN U yaenbHasi NPOBOAUMOCTb

VYnenpHass NPOBOAMMOCTH JIOOOr0 Tejla 3aBUCUT HE TOJIBKO
OT KOHLEHTPAIUX HOCUTEJIEH, HO U OT UX MOJABHXKHOCTH B JICKTPUYE-
ckoM mnosie. IToOABMAKHOCTL HOCHUTEJIEH 110 OINPEICICHUIO €CTh X
CpeIHssl HAIpaBJICHHAs CKOPOCTb B BJICKTPUYECKOM IOJI€ C Hamps-
xeHHocThi0 1 B/cM. CooTBeTcTBEHHO NpelihoByI0 CKOPOCTh MOXKHO
3aIMcaTh B BUAC Vp =UE . IIocTOSHCTBO nperdoBoit CKOPOCTH HO-

cUTelIed B oJHOpoAHOM Tosie (E=const) crienududHo IjIs TBEPIOTO
TeJa, T1€ UMEIOTCA Pa3IMYHbIE «TPENSATCTBUS» JBHKEHUIO. B Bakyy-
Me, TJIe TaKUX MPENITCTBUM HET, NBUKEHUE 3apsSHKCHHBIX YaCTHII
B OJTHOPOJHOM TI0JI€ PABHOYCKOPEHHOE, T.€. MOHsATHUE ApeiidoBoii
CKOpPOCTH OTCYTCTBYET.

HamnpaBinenHoe nBuKE€HUE HOCUTENEHW B TBEPAOM TEIIE€ TOJI IEH-
CTBHEM I10JII COUYETACTCS C UX XaOTHYCCKUM (TCIUIOBBIM) JIBHIKCHHEM.,

Ve =+/3KT/m. (1.22)

N3 dhopmynel (1.22) BUIHO, YTO TEIIOBAas CKOPOCTh 3aBHCHUT OT
TEMITePaTYPHI.

[Ipr cmalbIX DJJIEKTPUUYECKUX TOJAX ApeiidoBas CKOPOCThH
HAMHOT'O MEHbIIIE TETUIOBOW WJIH, KaK TOBOPST, TEMIEpaTypa HOCUTE-
JIEW OTIPENENSAECTCI TEMIIEPATYPOH KPUCTAINIMYECKON pEIIETKH. B aTHX
YCJIOBUSIX MOJIBIXKHOCTH MOKHO BBIPa3UTh (hOPMYJION:
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|
=Y o, =Y, 1.2
w= 9t AVT, (123

rae  t,, — cpeaHee BpeMsi CBOOOAHOTO Npobera YacTULB,

Icp — CpeaHss JJIMHA €€ CBOOOJHOTO Mpoodera.

Bennunnel t,, ¥ |, XapakTepusyroT 4acToTy CTOIKHOBEHHH HO-

CUTENIEH C TEMU WA UHBIMU «IPENATCTBUSIMU». B pe3ynbpTare Takux
CTOJIKHOBEHUW MPOUCXOJUT W3MEHEHUE CKOPOCTHM W HAaIpaBIICHUS
JBWO)KEHUS HOCUTENICH, T. €. uX paccesiHue. [Ipu HyneBoil abCcomtoTHOM
TEMIIEpPAType B HUJICAUTbHON KPUCTAINIMYECKOW PEIIETKE PACCESTHUE HE
uMeeT Mecta. MlHaue roBopsi, aToMbl PEIETKH KaK TaKOBBIE HE SIBIISI-
IOTCSl TIPENATCTBUSIMU HA MYTH JIBUKEHUsS HocuTenel. VICTUHHBIMU
MPENSATCTBUSMU SIBJSIOTCS JIMIIb KOJEOJIOMIMECS aTOMBI PEIIETKU
(B KOPIYCKYJISIpHOM HMHTEpHpeTanud — (OHOHBI), a TAaKKE aTOMBI
npuMecei U 1eeKThl CTPYKTYphl. B 00jacTi 0O4eHb HU3KUX TEMIIepa-
Typ MHTEHCUBHOCTH TEIUJIOBBIX KOJEOAHWUW Maja, KOJIMYEeCTBO (POHO-
HOB HE3HAYUTEIHLHO W paccesHue OOYCIOBJIEHO TJIABHBIM 00pa3om
nedeKTaMu PenieTKd U HEHUTPaIbHBIMU MPUMECSIMH (HEHTPaTbHOCTD
MPUMECEUN ABJSAETCA CIEACTBUEM HHU3KOW TEMIEPATypbl, MEHbIIEH
TEeMIIEpaTyphbl HOHU3AIIHH).

N3 Beipaxkennii 1.22 n 1.23 ciemyeT, 4TO BEIUYMHA TIOABUKHO-
CTU CWJIBHO 3aBHUCHUT OT TEMIIEPATYPbl KPUCTAIIA, T. €. OT TEIJIOBOU
CKOpPOCTH, KOTOpasi MPUBOJUT K XaOTUUYECKOMY JBHKECHUIO 3aPsKEH-
HBIX YaCTHII.

C yMeHbIIEHHEM HaIpPsSHKEHHOCTH ToJis AapeiidoBas COCTaBIIs-
I0I1asi TOKa, KOTopas SIBJIsIETCA MHMOPMAIMOHHOM, OyJIeT YMEHbIIATh-
Cs, 4TO INPUBOIAUT K YBEIMYEHUIO CIYYAWHOW COCTABJISAIOLIEH TOKA.
Ecnu npeiidoBasi cocrapisionias CKOPOCTH CTAHOBUTCS CPaBHUMOM
C TEIJIOBOM CKOPOCTHIO, BBIJEIUTH WH()POPMAIMOHHYIO COCTaBJISIO-
I[yI0 TOKa CTAHOBUTCA CJIO)KHO. OOBIYHO B PaIMOTEXHUKE TEIJIOBYIO
COCTABJIAIOLIYO TOKA HA3bIBAKOT IIYMOBOM, KOTOPasi ONpeAeIsieT npe-
JETbHYI0 YYBCTBUTEIBLHOCTD 3JICKTPOHHBIX YCTPOUCTB.

B oGnactu pabouux temmnepaTyp paccesiHue oOyCIOBJIEHO TJIaB-
HBIM 00pa3oM (OHOHAMM TMPU MOHMU3ALMU TIpuMecel. B atoi obnactu
MOJABUKHOCTh MOKHO MPEICTAaBUTH COCTOSIIEH U3 IBYX KOMIIOHEHTOB
L, ¥ U, CBA3aHHBIX C PE3YJbTUPYIOLIECH MOIABMKHOCTBIO IIPOCTOM

3aBUCUMOCTBIO
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1.t (1.24)

O R
Od4eBUAHO, YTO PE3YIBTUPYIOMAS MOABMKHOCTD OMPEACIIICTCS
HauMEeHbITUM H3 ciaraembix. Toraa u3 (1.23) ¢ yuetom (1.22) cneny-

€T COOTHOILLICHHUC

* =9 -3
uLz(m)AT % (1.25a)
IIpr HOHHOM paccestHUH NOIYYAETCS] COOTHOLICHUE
Y -3
p=(m )%T N (1.256)

rae N — KOHIIEHTpalusi HOHU3UPOBAHHOU MPUMECH
Ecnu Bocosib30BaThCs OOMIEPUHATHIM 0003HAYECHUEM

b= % . (1.26)

TO Moay4uuM i kpemuaus b=2,8; repmanus b=2,1.
CootHomienus (1.25) mo3BoNSIOT UCCIEI0BATh 3aBUCHMOCTD I10-
JBHYKHOCTH OT TEMIIEPATYPhl U KOHIICHTPAIIUU IIPUMECH.
3aBucumocth [L(E) oxa3sbiBaeT HEmOCpeICTBEHHOE BIMSHHE HA

BOJIGT-aMIIEPHYI0 XapaKTEPUCTUKY MOJIyIPOBOAHUKA. Hampumep, B
npocreiineM ciydae (OQHOPOIHBIA KPUCTAILI C IIOCTOSHHBIM CEYEHU-
eM) TOK | mpomopuLuoHajeH CKOpOCTH, a Hampshkenne U — Hamps-
’KEHHOCTH 3NeKTpudeckoro mnois. Ilostomy dopma kpusoit | (U) Ta-

Kast ke, kak kpusoit V (E) (puc. 1.13).

10" } v
V - E// _
V4 s
6 —— —
107 TV = VoA Ve = cONgt
i 1
1
10° - T~ Omuueckuii
| yuacmok
4 I
100 | vy E

10' 10Eg  10°

Puc. 1.13 — 3aBUCUMOCTbH CKOPOCTH HOCHUTEIIEH
OT HAIPSYKEHHOCTH YJIEKTPUYECKOTO OIS



38

B o0mem Buae yACIBbHYIO MPOBOJAMMOCTH MOXHO BBIPA3HUTh
dbopmyoit:

1
6= E =gnu, + qp!ip, (127)

rane U, u },lp — IMOJABMXKHOCTH 3JICKTPOHOB U ABIPOK; P — YACJIBHOC

CONIPOTUBJICHHUE.
JI71s1 4acTHBIX CIy4aeB COOCTBEHHOTO, RJIEKTPOHHOTO U JBIPOY-
HOT'O MOJYITPOBOJHUKOB MOJTY4a€M COOTBETCTBEHHO:

1

G; = —=0n iy +Hp); (1.28)
1 .

Op = p_ = gy, (1.29)
1

Gp=—=0PpMp. (1.30)
Pp

TemmnepaTypHyt0 3aBUCUMOCThH YJI€JIbHOW MPOBOJAMMOCTH WIIU
YAEIBHOTO CONPOTUBICHUS MOYXHO MOJYYHUTh, 3Has TEMIIEPATYPHYIO
3aBUCUMOCTbH KOHIIEHTPALMU U UX MOJIBUKHOCTH.

Ha puc. 1.14 noka3zaHbl 3aBUCUMOCTH YJI€TIbHBIX COMPOTUBIICHUM
pa3HbIX TUNIOB MOJIYIIPOBOAHUKOB MPU U3MEHEHUH TEMIIEPaTypPHI.

O Ycnoenvie eounuynr

1000
6
100
N3>N,
10 H3
D\ >N} g
| |
T ~—~
+60 \_100 T°C

a

Puc. 1.14 — 3aBucuMocCTh yJeIbHON TPOBOAMMOCTH
MOJTYTIPOBOHUKA OT TeMIEPaTypPHI.

a — COOCTBEHHBIN MOJYMPOBOIHUK; 6 — MPHUMECHBIC
MIOJTYTIPOBOHUKH,; 6 — TOJTyMETaJLT
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IIpu GonBIION KOHIIEHTpAUU MPUMECEH MOJYMPOBOIHUK TIpe-
BpaIllaeTCsl B MOJIYMETAJI C BBICOKOM MPOBOAUMOCTBIO, MAJIO 3aBUCS-
et ot remneparypsl. Ha puc. 1.14 nns HarasiAiHOCTH MOKa3aHa 3aBU-
CUMOCTh YJIETbHOTO COMPOTHUBJIEHUSI OT TEeMIEpaTyphl B JIMHEHHOM
Maciirtaoe.

A

Y //
2.0 ~ N 107
1,0
05 [ ﬁ'/\\

] / .
02 108
01

50 0 50 100 150 C°

Puc. 1.15 — 3aBucuMocTh yJeIbHOTO
CONPOTUBJICHUS N-TepMaHUs
OT TeMIIEpaTyphl IIPU PA3TUYHBIX
KOHIIEHTpAIUAX JOHOPOB

1.9 N'eHepauunsa n peKoMOUHaULMA HOCUTeNeun
B NOJynpoBOAHMKAX

[Iporeccel TeHepalMu U PEKOMOMHALIMM HOCHUTENEH 3apsnia
HEOTHEMJIEMBI JIPYT OT JApPyra U B TO K€ BpPEeMsl MPOTUBOIOIOKHBI
1o coiepKaHuto. ['eHepanusi sBISIETCA BEAYIIMM HA4YaJOM B 3TOM
€IMHCTBE U CBsi3aHa C BO3JICHCTBHEM TaKMX BHEIIHUX (PAKTOPOB, KaK
HarpeB, OCBEIIEHUE WIM 00JiydyeHue. PekomOuHaiusl Mpe/cTaBiIseT
co0Ol BHYTPEHHIOIO PEAKIINIO CUCTEMBI Ha MOSIBJICHUE U BO3pACTAHUE
yucia Hocuteneil. UMeHHo pekoMOuHalusl, TPOTUBOACHCTBYSI HAKOII-
JICHUIO HOCUTEJEeH, 00yCIIOBIMBAET UX PABHOBECHBIC KOHIIEHTPAIIUH.
[ToaTOMy M3ydeHHE MEXaHHU3Ma PEKOMOWHAIINY U €€ KOJTUYECTBEHHBIX
3aKOHOMEPHOCTEH HEOOXOIUMO JIsi TMOHUMAHHMS U HUCIOJb30BAHUS
MHOTHX BaXHEUIIMX SBJICHUN B MOJIYNPOBOJHUKAX U MOJIYIPOBOIHU-
KOBBIX ITPHOOpax.

HemocpenctBenHass pexkomMOMHAIMS CBOOOJHOTO 3JIEKTPOHA CO
CBOOOJTHOM JBIPKON — CPAaBHUTEIILHO PEAKoe cOObITHE. Bpems xu3Hu
HOCUTEJICH, BBIYUCICHHOE MCXOJS W3 HEMOCPEICTBEHHON pPEeKOMOMHA-
IIUH, HA HECKOJIBKO TIOPSIKOB 0OJIbIle HAaOr0AaeMbIX BenyuH. [loaTomy
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TJIaBHYIO POJIb CIICIYET OTBECTH MEXAHU3MY PEKOMOWHAITUU C TTOMO-
b0 LIECHTPOB PEKOMOUHAIINHU, KOTOPHIE YaCTO HA3bIBAIOT «JIOBYIIIKA-
Mu». HamoMHuM, 9TO JIOBYIIIKA OMHMCBHIBAETCS COBOKYITHOCTHIO dHEP-
TeTUYECKUX YPOBHEH, pPaCIOJIOKEHHBIX TIIYyOOKO B 3allperieHHON
30He, Onu3Ko K ee cepeaunHe. [lepexo anekTpoHa U3 30HbI MPOBOAM-
MOCTH Ha YPOBEHbB JIOBYIIIKH M 3aT€M B BAJICHTHYIO 30HY ropaszio 0o-
Jiee BEpOSITEH, YeM HEIMOCPEICTBEHHBIN MEePEX0/l Yepe3 3anpelieHHY 0
30HY IIPU HEMOCPEACTBEHHON PEKOMOMHAIINH.

Ha puc. 1.16 noka3zaHsl J1B€ BO3MOJKHBIE TOCJIEIOBATEIILHOCTH
IIPOIIECCOB TIPH PEKOMOMHAIIMKA Ha JIOBYIIKax. [I0CKOIBKY JOBYyIIKa
B PaBHOM CTEIMEHU 00JIeTYaeT Mepexo/] dJIEKTPOHOB KaK M3 30HBI MPO-
BOJMMOCTH B BaJICHTHYIO 30HY, TaK U B 00paTHOM HallpaBJIeHWH, OHA
MpPEACTaBIsAET COOOM HE TOJBKO IEHTP PEKOMOWHAIIMH, HO W IIEHTP
reHepali HOCUTENEH, KaK U JTOJHKHO OBITh M3 OOIIUX COOOpakeHUM
o paBHoBecud. C PU3NUECKON TOUKHU 3PEHUS IMOHATHE JIOBYIICK CTOJb
e IMMPOKO, KaK M MOHIATHE MPUMECEH; 3TO MOTYT OBITh M ITOCTOPOH-
HUE aTOMBbI, U Pa3JIMYHbIC MOJBHKHBIC YACTHIIBI, U Ae(EKTHI KpUCTa-
JUYECKON pemIeTKu. J[71s M3roToBIeHUS TepMaHUEBBIX U KPEMHUEBBIX
JMOJIOB M TPAH3UCTOPOB, KaK MPABUJIO, UCIIOIB3YIOT MOHOKPHUCTAIIIBI
C PEryJIsIpHON CTPYKTYpPOH, Y KOTOPHIX BpEMs >KU3HU OOBIUHO JICKHUT
B nipeaenax 10—100 mxcek. Jlo cux mop Mbl UMENIA B BUAY PEKOMOU-
HaIlMIO B 00beMe MOIYNPOBOIHNKA U 00beMHOE BpeMs ku3Hu. OHa-
KO HE MEHee, a 4yacTo 0oJjiee CYIECTBEHHOE 3HAUYE€HHE MUMEET PEKOM-
OMHaIMS HA TIOBEPXHOCTH.

30Ha NPOBOAUMOCTH

—_—— e X ) YposeHsb
35 JIOBYIIKH

I-
I‘—

Banenrnas 3oua

Puc. 1.16 — Bo3MoskHbIE BapUaHThl pEKOMOWHAIINN
HOCUTEJIeH Ha JoBymKax 1 u 2
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OTO0 O0O0BSCHSIETCS TeM, 4YTO JE€(PEKThl PEIICTKH HEU30EKHBI
B [IEPBYIO OYEpEe/lb HA MOBEPXHOCTH KPHUCTAIA, TJIe HapylIeHa CHUM-
METpHsl CBSI3€H aTOMOB, a Tak)Ke HanboJiee BEPOATHO HAJIMUUE Pa3HO-
ro poja 1jaeHoK. [loaToMmy moBepXHOCTh MOJYIPOBOAHUKA MTPEACTAB-
aseT co0oi 0coOyro, BeChMa AaKTHBHYIO OOJaCTh, COJEpIKAILYIO
0O0JIBIIIOE YMCJIO PHEPreTUUYecKuX ypoBHeH. [[oBepXHOCTHBIE YPOBHH,
PacCIONI0KEHHBIC B 3aMPEIIEHHON 30HE, MOTYT UrpaTh POJib JIOBYIIIEK,
U TOTJ]a TIOBEPXHOCTh CTAHOBUTCS 00JIACTHIO MHTEHCUBHON PEKOMOU-
HallUM U TeHepauuu Hocutene. OOBIYHO 3TU MOBEPXHOCTHBIE MPO-
1[ECChl XapaKTEPU3YIOTCS HE BPEMEHEM JKU3HH, a CKOPOCThIO MOBEPX-
HOCTHOM PEKOMOMHAIIHH.

JIns aHanvza M pacyeTa MOJYNPOBOJIHUKOBBIX MPUOOPOB dallle
BCETO UCIOJIB3YIOT €AUHBIN MapaMeTp — Tak Ha3biBaemoe d(PpdheKTuB-
HOE BpEMS KU3HU T, KOTOPOE XAPAKTEPU3YET COBMECTHOE BIIMSIHUE
00bEMHON W MOBEPXHOCTHON PEKOMOMHAIIMN U OMpPEAesieTcs] COOT-

HOIIICHHUCM
%:%V+%S. (1.31)

1.10 MnoTHOCTb TOKa B NONynpoBOAHUKAX

B o6miem ciiyyae ABMIKEHHE HOCHUTENEH 3apsijia B MOJYIPOBO/I-
HUKaxX 00yCIIOBJIEHO AByMs MpoiieccaMu: Auddys3ueit moa aeicTeruem
rpaaueHTa KOHIICHTpaIuu (pa3HOCThIO XHUMHUYECKOTO ITOTCHIMAIA)
u apeiidom moj AeicTBUEM TpaIueHTa MOTEHIIUANIA B JIEKTPUUYECKOM
nosie. [1ocKoJIbKy B MONMYNPOBOJAHUKAX MBI UMEEM JIE€JI0 C IBYMS TH-
MaMy HOCUTEJIEW — JIBIPKaMU U DJICKTPOHAMHM, TIOJIHBIM TOK COCTOUT
U3 YETHIPEX COCTABJISIONINX

J=p)oup +Updop T Undoug +Undop (1.32)
/1€ UHJEKCHI «Iud.» U «Ip.» OTHOCATCSI COOTBETCTBEHHO K quddy3u-
OHHOU U JpeiioBO cocTaBsAONUM TOKOB. [noTHOCTH ApeiidoBbix
COCTABJIAIOLIMX TOKa MPONOPLMOHAIBHBI TPAJUEHTY 3JIEKTPUUECKOTO
NOTEHIMaNa @, T. €. HAMPSHYKEHHOCTH 3JIeKTpuueckoro noia £. B ox-
HOMEpPHOM CJIy4dae, KOrja JIBUKEHHUE HOCUTENIEW MPOUCXOAUT TOIBKO
BJIOJIb OCHU X, 0€3 OTKJIOHEHUSI B CTOPOHBI, UTO SIBJISETCS MPUOTUKEHU-
€M, UMEEM:
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. 3
(ip),, =~aPHp 5" =GP, (1.33a)
. :
(in),,, =0 =7 = A E. (1.336)
do

Crnemyer 3aMeTUTh, YTO B OOBIYHOM COOTHOIIEHWUH E = s
X
UCTOJIb30BaHHOM B (hopMmyiiax (1.33), moTeHIMal (¢ OTHOCUTCS K I10-
JIOXKHUTEIBHBIM 3apsiiaM, TOTa KaK Ha 30HHBIX JUarpaMMax BeJIHUYHMHA
(0 XapaKTepU3yeT SHEPTUIO OTPUIIATEIIBHBIX 3aPSI0B — JJICKTPOHORB.

[ToaToMy 17151 30HHBIX AUArpaMM JIEMCTBUTEIBHO COOTHOIICHUE
E= d%x’ T. €. TOJIOKUTENBHOW HAIPSXKEHHOCTH TOJS COOTBETCTBY-

€T MOJIOKUTEIBHBIA TTOTCHITHAT.

IIpu aHanmuze OOBIYHO yJ00HEE MOJIb30BaThCS HE TOokKamu |, a
IUTOTHOCTSIMHA TOKOB |, uTO U ciaeiano B gopmynax (1.33). Tam, rae
9TO HE BBI3BIBACT HEIOPAa3yMEHHM, Mbl OyJeM Ha3bIBaTh BCIMYHUHY |
TOKOM.

[TnotHOCTH MM(DPY3HOHHBIX COCTABJIAIOIINX TOKAa IMPOITOPIIHO-
HANbHBI TPAMEHTAM XMMUYECKUX MOTEHLMANOB ), U ), KOTOPbIE

JUTS. HEBBIPOXKJICHHBIX TOJYIPOBOJIHUKOB ONPEICISIFOTCS (opMyIaMu
(1.12). ITosTOMY B OJTHOMEPHOM CITydae UMEEM:

pr dp

(b g =~0PHp =57 == (1.340)
: dy dn

3nece D,, D, — xoapdurmentsr andpy3un IbIpOK U 3IEKTPO-

HOB, CBSI3aHHBIC C TMOJBIXKHOCTSIMH TE€X K€ HoOcuTeleh Qopmylion
OUHIITENHA!

D = ;L. (1.35)

3nak MuHyc B Gopmyite (1.34a) umeet ciaeayromuid pu3ndecKkuii

cMbIci: aud@y3us Bcerga MPOUCXOIUT B HAMNPABICHUU YOBIBAHUS

KOHIICHTPAIIMH, a MOCKOJBbKY JBIPKH HECYT IOJIOKUTEIbHBIA 3apsi,

TOK ( j )ﬂPkD JIOJDKCH OBITE TONOKHUTENILHBIM TP /4 < 0.

p

N3 Beipakenuit (1.34) ciemyeT, 4To B HEBBIPOKIACHHBIX MOIYIIPO-
BOJHUKAX, JJII KOTOPBIX IAEHCTBUTEIBHBI MCIIOJIb30BAHHBIE 3HAYECHUS
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XHMHYECKUX MMOTEHIIUAIOB, TU((PY3HOHHBIE TOKH TPOMOPIHOHATBHBI
IPaJMeHTy KOHIIEHTpalui Hocutenen, a kodpduimentsl auddy3uu
HE 3aBUCAT OT 3TuX KoHreHTpanui. IloacraBmsas (1.34) u (1.33)
B hopmyiy (1.32), momydaem 3aBHCHMOCTD IIJIOTHOCTH TIOJTHOTO TOKA!

0 on
j=-aD, ap+qpupE+qD o (1.36)

Kak BuauM, 11 onpeencHust TOKa HeOOXOUMO 3HATh KOHIICH-
Tpallid HOCHTEJIEH, HMX pachpeaeicHHe M HaNpPsHKCHHOCTh IMOJIS.
B 006111eM ciIy4ae KOHIEHTPAIMK p U N 3aBUCAT OT ABYX MEPEMEHHBIX:
KOOpAUHATHI X ¥ BpeMeHH t. [ToaTomy aist onpeneneHns TOKOB HYKHO
npeaBapuTenbHo Hath Gyskmun P(X,t) u n(X,t). Dti byHkumn sB-
JSIFOTCS. PEIICHUSMH TaK Ha3bIBAEMBIX YPaBHEHHUI HEMPEPHIBHOCTH
MIOTOKa, KOTOPBHIM B JIFO0OH MOMEHT BPEMEHHU MO TUMHSIETCS ABHKCHHIE
HOCHUTEJIEH.

JInst ABIPOK M 3JIEKTPOHOB YPAaBHEHHUS HEMPEPHIBHOCTH 3AITHCHI-
BAIOTCS B CJIEIYIOIIEM BHUJIE:

PP _ P—py 1 . /..
———_"d : 1.37
_an:Ag n- no+1d|v(j ), (1.376)

n
ot T, 0
rae P— Py =Ap U N—nNy=AN — U30BITOYHBIE KOHLIECHTPALWY; AQ,
U AQ, — CKOPOCTH I'€HEpalMH MOJ IEHCTBUEM BHEIIHUX (PAKTOPOB,
HAIIPUMEDP CBETA, Tp U T, — BPEMEHA KU3HU IBIPOK U DJICKTPOHOB.

Cnaraemble B mpaBbiX 4acTsx (1.37) COOTBETCTBYIOT BO3MOXK-
HBIM IMPUYMHAM U3MEHEHHUS] KOHIIEHTPAIIMU HOCUTEIIEH BO BpeMeHU. B
YaCTHOCTH, TIOCJIEAHUE CJIAraeéMbI€ MOKHO pacCMaTpUBaTh KaK CKOPO-
CTH HAKOIUICHUS WM PaccachlBaHUs HOCUTEJIEH, CBSI3aHHBIE C HEpa-
BEHCTBOM MOTOKOB, BTEKAIOIIMUX U BHITEKAIOIIUX U3 HEKOTOPOTO 3Jie-
MeHTapHOro oobema. Takoil HeOaaHC MOTOKOB XapaKTEepU3yeTcs JTu-
BEPIrEHIMEN BEKTOPA IUIOTHOCTH MOTOKA. B Halem ciydae njaioTHOCTh

JluBepreHiusi 3TOro BEKTOpa MJii OJHOMEPHOMEPHOTO Ciydas
paBHa:
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divlzli[
g godX

[Toxcraniss crona cootnomrenus (1.33) u (1.34), nonyyaem:

(j)gp[gb_i_(j)gp]'

1., /. 9° J OE
=div(j,)=-D 87p+upE—p+ P, —;

q P ox? X X
1. .. a°n an OE
adlv( in)= DnyﬁLunEaﬁL L

C y4eToM 3THX BBIPAXKCHHH, a TAK)KE IIPH OTCYTCTBMH BHEIIHHX
¢dakTopoB (cBEeT, paauaiys v T. 1.) ypaBHeHHs HenpepbiBHOCTH (1.37)
NPUHAMAIOT BU/T

op_ P-Ry 9°p dp JE

- +D. 2P W EP pu %5 (138
o, ra Metax Mg (SR
on  n-n, 0°n on oE
—=— D,— E— —. 1.380

B Tom ciydae, Koraa mojie OTCYTCTBYET HJIM KOTJIA €r0 POJIbIO
MOJKHO MpeHeOpeyb, YTO MMEET MECTO B OAHOPOIHOM IOJYIPOBOI-
nuke, nonaracm £=0. B atom ciyyae Beipaxenus (1.38) cymectBen-
HO YIPOILIAIOTCS U MIPUHUMAIOT BHI;

op__ PP, P

= — 1.39
ot Tp P ox? (1.3%)
3 2
%:_” ”0+Dn%. (1.396)
T, X

VYpasaenus 1.39a u 1.390 HazbIBaroTCs ypaBHEHUAMU AU HY3Un.
VYpaBuenns (1.39) mo3BOJSAIOT HOCTATOYHO CTPOr0 aHAIU3UPO-
BaTh MHOTHE THUIIbI TIOJTYTPOBOHIUKOBBIX TPHUOOPOB.

1.11 3apsaabl B nonynpoBoaHMKax
JNuanexkTpuueckasi peaakcanus. [lycte B orpaHn4eHHOM 00b-

eMe TIOJIYITPOBOAHUKA YAAIOCHh COCPEAOTOUYNTh M30BITOYHBIC KOHIICH-
Tpaluu SJEKTPOHOB WM JIBIPOK, TaK 4YTO 00pa3oBajcsi OOBEMHBIN
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3apsiz ¢ IJIOTHOCTHIO A. IToz JmelicTBHEM BO3HMKIIIETO ITOJIS 3apsy Oy-
JIET paccachlBaThCs, T. €. HOCUTENU OYyIyT MOKUAATh TOT HayaJbHbIN
00beM, B KOTOPOM OHHU OBbLIM COCPEAOTOUCHBI. Takoe paccachiBaHUE
3apsiia ToJ AEUCTBUEM COOCTBEHHOI'O MOJISI HOCUT Ha3BaHUE JUAJIEK-
TPUYECKOW pellakcauuu, win penakcaunu Maxkcsemua. [Ipu ananmse
JTURJICKTPUUECKOM pellakcallui npeHeOperaroT peKoMOMHalMe HOCH-
Tenen u ux quddysuei, 4ToObl BBIICIUTH SIBJICHUE peaKcallid B Yu-
croM Buje. CrnemoBaTenbHO, B mpaBbix vacTax (1.38) moxHO omy-
CTUTbh BCE UJICHBI, KPOME CJIaraeMbIX, KOTOPbIE 3aBUCAT OT MPOU3BOJ-
HOW HaNps)KEHHOCTH TOJIS:

d__ € o dE
dt Pdx dt "dx

Brruuras BTopoe ypaBHEHHUE U3 MEPBOrO ISl MPUPAILICHUS KOH-
LEHTPALUI, IOJTy4aeM

d(Ap-An) o

dt &

Pemienuem sBisercs SKCIIOHCHIIMAJIbHAasA (I)YHKI_II/ISI

(Ap—An). (1.40)

_t
Ap—An=[Ap(0) — An(0)]e % s, (1.41)
rae AP — AN — u30bITOYHAS HAYaJbHAs KOHIICHTPALIHS

rae T, — Bpems JTURJICKTPUUECKOMN pellaKkcalliu.

Benmmumna T, XapakTepu3yeT BpeMs, B TEUCHHE KOTOPOTO
HApyLIeHa HEUTPAIBHOCTh MOJYNPOBOAHUKA: 4epe3 (3—4)1T. u30bI-

TOYHBIA 0OBEMHBIN 3apsii KOMIIEHCUPYETCS U HEUTPaTbHOCTh BOCCTA-
HaBMBacTCs. BemmunHa T, = (10 —107"%) ¢. Takast manas BenuunHa

TUTTUYHA JIJIS TIPOLIECCOB JURJIEKTPUIECKON PEeTaKCcaIliy U SBIISETCS OJ1-
HOM U3 OCHOBHBIX YCIIOBUM KBA3WMHEUTPAIILHOCTH MOJTYTIPOBOIHUKOB.

N3meHeHne  yaeiapbHOTO  CONPOTHBIICHUS — IOJYNPOBOJIHUKA
HA TOM Y4acTKe, TJI€ 10 TeM WJIM MHBIM NMPUYMHAM CKAIUTMBAIOTCS U3-
OBITOYHBIE HOCUTENIM, HOCUT HazBaHHUE d(PdekTa MOAYISAIUU MPOBO-
JTUMOCTH. DTOT dP(HEKT UTrpaeT 3HAUUTEIIHLHYIO POJib B MOJYIPOBO/I-
HUKOBBIX MTPUOOpax, 0COOEHHO MPHU OOJBIINX CUTHANIAX.
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A A p
Ap(0)=4/q(0)

Ap(z.)=21d(x,)
—

A4p(3r,)=4/q(3r.)

V —

Ap(3z,
o) AP = Ap(2)
Ap3r) ¢
V | — >
% Z AN(D) ANn(37)
A T

ANO)=A/G(0) An(z) An(Gr) o)

o

Puc 1.17 — CxemaTtudeckoe n300paK€HHUE MPOILECCOB TUAICKTPUIECKON
pellaKcaluy B TPUMECHOM (JIIPOYHOM) ITOJTYIIPOBOTHHKE:
@ — WCXOJHO€ BO3MYIIECHHE BbI3BAHO OCHOBHBIMH HOCHUTEJISIMHU,
6 — UCXOHOE BO3MYIIIEHHE BbI3BAHO HEOCHOBHBIMH HOCUTEIISIMU

1.12 [IBnxxeHue 3apsaoB B NONyrnpoBoAHUKaX

bunoasipnas nug¢ysus. [lycts Ha TOBEPXHOCTH MOJIYIPOBOA-
HUKa TajaeT paccesHHbId mydok cera (puc. 1.18). Torma B ToHKOM
MPUTIOBEPXHOCTHOM CJIO€, B KOTOPBIM MPOHUKAET CBET, OyAyT reHe-
pUPOBATHCSL  DJICKTPOHHO-ABIPOYHBIE TMapbl CO CKOpOCThio Ad,

nap/(cm/cex). Mexy MOBEPXHOCTBIO M OCHOBHBIM OOBEMOM BO3-
HUKHYT TPaJIUCHTHl KOHIIEHTPALIUU AJIEKTPOHOB U JBIPOK, U U30BITOY-
HbI€ HOCUTENIU HaYHYT AU PYHIUPOBATH B IyOh MOJYIPOBOIHHKA.
Takoe coBMeCTHOE BM)KEHHE OOOMX THIIOB HOCHTENEH Ha3bIBa-
10T OunonspHor nuddy3uei. Eciu Ob1 moaBmxkHOCTH (a 3HAYWT, U KO-
¢ dureHTs AUPPY3un) y IEKTPOHOB U JIBIPOK OBLIM OJIMHAKOBBI, TO
OHU JIBUTAIMCH OBl B BHJIE €IMHOTO MOTOKA C HEHUTpPaIbHBIM 3apsiioM,
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KOTOpPbIH MOXHO OBbUIO OBl aHAIW3UPOBATH C MOMOIIBIO OJHOTO
n3 ypaBHenuii (1.40). Ha camom jene MOABMIKHOCTH JBIPOK U 3JICK-
TPOHOB PA3JIMYHBI, TO3TOMY y AJIEKTPOHHOTO MOTOKAa OyJEeT TeHICH-
IS «O0OTHATH» ABIPOYHEIN ITOTOK.

B pesynbTaTe B3aMMHOTO CABUIa MOTOKOB 00pa3yroTcs 00beM-
HBIA 3apsil U COOTBETCTBYIOIIEE DJIEKTPUUECKOE IMOJIe, KOTOpPOe TOp-
MO3HUT TIOTOK AJICKTPOHOB M YCKOPSIET MOTOK IBIPOK. B pe3ynbrate
ATOT0 YCTAHABJIMBAETCSA CTAIMOHAPHBIN PEXUM, MPU KOTOPOM H30bI-
TOYHBIC AJICKTPOHBI U JABIPKHU pacTpeiesieHbl B BUJE CABUHYTHIX APYT
OTHOCUTEJILHO JIpyra «00JIauKOB». DTH «00JilauKa» JBUTAIOTCSI CHH-
XPOHHO, TaK 4YTO PE3yJIbTUPYIOIIUN TOK OTCYTCTBYyeT. [lo mMepe nBu-
KEHUS TIPOUCXOIUT PEKOMOUHAITUS SJIEKTPOHOB M ABIPOK, YTO MPHUBO-
JUT K YMCHBIICHUIO UX M30BITOYHBIX KOHIIEHTpalidi. OnMcaHHbIC SB-
JIEHUs1 U3BECTHBI MOJ1 Ha3BaHUeM dddekra Jlembepa, a aneKkTpruaeckoe
NoJIE U Pa3HOCTh NOTEHIMAJIOB, CBONCTBEHHBIE 3TOMY 3(dexTy,
HA3bIBAIOT JEMOCPOBCKUM IIOJIEM M JEMOCPOBCKHM HAIPSIKCHHEM.
BenuunHbl 1eMOEpOBCKOTO TMOJS U JI€MOEPOBCKOTO HAMPSKEHUS
MOKHO OIICHUTh U3 YCJIOBHS HYJIEBOTO pe3yJbTUPYIOIIEero Toka. Ilo-

narasi | =0 B ¢popmyne (1.37), moacrasisis 3HaueHus TokoB u3 (1.38)
(1.33) u ucnionb3ys cootHomenue (1.32), momyuaem:
_9/(p 9 _p on
e = J Op o= Da' ), (1.43a)
€CIIH Y4€CTh, YTO d%x —dn Gy Oy M
d
E ot :%(Dp—Dn)d—z. (1.436)

Vunrsisas cootHomenne —Adu Gx = Eensr TIPOMHTETpHpYyeM
(143a) B mpememax X=0 10 X=eo u monoxum p(e)=p, u
N(e)=n,. Toraa

U g = A[DpAR(0) ~ DyAn(O)] (1.440)
WJIM, €CIIM IIPMHATH YCIOBHE KBa3MHEHTpansHOCTH AN = Ap,
U g = %Ap(Dp D). (1.446)

B 3axmtouenue orMeTum, yto ounonspHas auddysus, HecMoTps
Ha OTCYTCTBHE PE3YJbTUPYIOIIETO TOKA, SBJISICTCS HEPABHOBECHBIM
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IIPOLIECCOM, TaK KaK UMEIOTCS IOTOKU HocuTeneu. I1oaTtoMy ypoBeHb
®epmu He OyZIEeT B JaHHOM CIIy4ae MOCTOSIHHBIM, BO BCSIKOM CIIy4ae, B
TON 00J1aCTH, TJ€ MOTOKHU €IlE CYUIECTBEHHBI U TJI€ MOBBIIIEHBI KOH-
HEHTpaIMu 000MX TUMOB HOocuTeneh. B aTux obnactax ypoBeHb Dep-
MU «paclUEIUIAETCA» Ha Ba KBa3UYyPOBHS — OJMH I DJIEKTPOHOB,
JIPYTOU ISl ABIPOK.

An 1_Ap
\\\ ‘X
A
N\ X
——
E 1
X
o Or
! __;,—'--’
Oc [ 0
OF
Pt I'(PFn ;
(pV ;X

Puc 1.18 — bunonsipras nuddy3us 1o a1eicTBUEM CBETa,
TCHEPHUPYIOIIETO JIEKTPOHHO-ABIPOYHBIC ITAPhI

Mononoasipuas 1updysus

[Tpu ananuze OunomnsipHoit nuddy3un mpeamnoaaraioch, 4To oda
TUIIA HOCHUTEJEH o0pa3yloTcs OJHOBPEMEHHO M B PaBHBIX KOJWYE-
crBax. [IoaTOMy «aBTOMAaTHYECKH» OOECICUHBaIach KBa3HHEHTPAIIb-
HOCTb, & PE3yIbTHPYIONTUH TOK OTCYTCTBOBaI. [Ipeanonoxum Teneps,
YTO B MPHUIOBEPXHOCTHBINA CJIOH IOJYIIPOBOJIHHUKA BBOJMUTCS (MHIKEK-
TUPYETCsI) TOJBKO OJIMH THIT HOCUTEJIEeH — HeoCHOBHBIX (puc. 1.19).
[Tycth 111 OMpPEAENEHHOCTH OCYIIECTBIACTCS HWHXKEKIHS JHIPOK
B DJICKTPOHHBIN TOJIyIPOBOIHUK. VHKEKTUPOBAHHBIC IBIPKH 0OJIaro-
napsi TPaaueHTy KOHLEHTpauuu OyayT auddyHAupoBaTh B TIIyOb
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KPUCTAJIA, T. €. MOSIBUTCS ABIPOYHBIN TOK. 3apsi/i ABIPOK MPAKTUUECKU
MTHOBEHHO (CO BpEeMEHEM JHMIJICKTPHUSCKON perakcaiuu) OymaeT
KOMIICHCUPOBAH TaKUM K€ 3aps/IOM JJIEKTPOHOB, MPUTITUBAEMBIX U3
TITyOOKHX CJIOEB (HEOOXOIUMOE KOJIMYECTBO JIOMOJHUTEIBHBIX JJICK-
TPOHOB ITOCTYITA€T M3 BHEIIHCH IIETH, 10 KOTOPOW MPOTEKAeT TOK).
B pe3ynbTaTe BOJM3U HMHXEKTUPYIOIIEH IMOBEPXHOCTH OOpa3yeTcs
KBa3MHEUTPAJIBHOE AJIEKTPOHHO-JIBIPOYHOE «O0JIAYKO», MOUTH TaKOe
ke, kak npu Oounonspaodt mudpdysun (cm. puc. 1.18). ObOpasyercs
Takxe nemoepoBckoe mnose. [Ipornece, npu koropom 1udpdyHIUPYIOT
HOCHUTEJIU OJHOTO THUIIA, @ HOCUTEIU JAPYroro TUIA JIMIIL o0ecrnedu-
BaIOT KBa3UHEUTPAIbHOCTD, Ha3bIBAIOT MOHOMOJISIpHOM A dy3ueii.

i = | |s

ApAn

—

K4:
¢C .- - ’¢E(W)

¢£(0) E:;/,,,/””"——x

Pv

Puc. 1.19 — Monononsipaas nuddy3ust B pe3ysbrare
WHKEKIIUU JHIPOK B AJIEKTPOHHBIN MOJIYTPOBOTHUK
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HecMmoTpsi Ha BHeNIHEEe CXOJICTBO B pPacHpeiesieHMH HOCUTEIEH,
MoHomnoJigpHas AuGdy3usi NPUHIUIHAIBHO OTIWYAETCS OT OUMOJIAP-
HOM. OTINYUA COCTOST B CIEAYIOUIEM.

1. NmeeTca pe3ylabTUPYIOMMUN TOK; MO3TOMY MOJYIPOBOIHUK
JOJKEH OBITh JIEMEHTOM 3aMKHYTOM 1ienu. COOTBETCTBEHHO, MTOMU-
MO AeMOEPOBCKOIr0 MOJIs, COCPEAOTOUYEHHOIO BOJIM3U HUHKEKTUPYIO-
el MOBEPXHOCTH, BO BCEU TOJIIIE MOJYIIPOBOJHUKA AECHCTBYET OMMU-
4eCKOe 1MoJie, 00YCIIOBIEHHOE MPUIIOKEHHBIM HAMPSKECHUEM.

2. TIoToKHM ABIPOK M AJIEKTPOHOB HAIPaBJIEHBI B Pa3HbBIE CTOPO-
HBI. JIBIPKU JBUTAIOTCA B I1yOb KPUCTAILIA, & DJIEKTPOHBI — B CTOPO-
HY MHXXEKTUPYIOIIEH MOBEPXHOCTH, B PANOH 3JIEKTPOHHO-ABIPOYHOTO
«o0yayka», rjae MPOUCXOJUT UHTCHCUBHAS PEKOMOMHAIIMS U HE00XO-
MO TIOIIOJIHEHUE OCHOBHBIX HOCHUTENEU. Pe3ylnbTUPYIOIIUN TOK sB-
JIIETCSA CYMMOU JIBIPOYHOW U 3JIEKTPOHHOU COCTABIISIFOIIMX.

3. B cBs3U ¢ MTOCTOSTHCTBOM PE3yJIbTHPYIOIIETO TOKA JbIPOYHAs
U DJICKTPOHHAS COCTABJIAIONIME MEHSIOTCA B pa3sHbIe CTOPOHBI: YOBI-
BaHME JBIPOYHOTO TOKA OT MOBEPXHOCTU B TyOb KpHCTajia COMpO-
BOXJAETCS COOTBETCTBYIOIIMM POCTOM 3JIEKTPOHHOW COCTaBIIAIOLICH.
Ha camMoli MHXEKTUPYIOIIEH IMMOBEPXHOCTU JJIEKTPOHHBIA TOK PaBEH
HYJIIO, TaK KaK B 3JIEMEHTAPHOM MPUIOBEPXHOCTHOM CJIO€ YOBbUIb
AJIEKTPOHOB 3a CUET PEKOMOMHAIIMHA HUYTOXKHA U HET HEOOXOIUMOCTHU
B UX MOIMOJHEHUU MOTOKOM AJIEKTPOHOB W3 IIyOMHHBIX ciioeB. Crie-
JOBATEJIbHO, B HEMOCPEACTBEHHON OJIM30CTH OT MHXKEKTUPYIOIIEH MO-
BEPXHOCTHU TOK OOYCJIOBJIEH TOJBKO JbIpKamMu. B rimyOuHe kpucramia,
r7ie ABIPOYHBIN TOK Ojarogapsi peKOMOMHAIIUU JI€JIA€TCSl PAaBHBIM HY-
10, oOpaiaercst B HyJib U 1P dy3MOHHAST COCTABIISIONIAS JICKTPOH-
Horo Toka. CinenoBaresibHO, B OT MHKEKTUPYIOIIECH MTOBEPXHOCTH
TOK OOYCIIOBJIEH TOJBKO JJEKTPOHAMU U HMMEET YHUCTO ApeiidoBbIi
XapakTep: SJIEKTPOHBI JBUTAIOTCS B OMHUYECKOM IIOJIE, CO3JaHHOM
BHEIIIHUM HANpPsKEHUEM. YKa3aHHbIE OTJIMYMS MPUHIMUIUAIBHBL C
buszndeckoi Touku 3peHus. C mMaTeMaTUYecKOW K€ TOUKH 3pPEHHUS
pactpeneneHus Ap(X) u An=Ap omuchIBarOTCs MO0 ypaBHEHHEM

ounonspaor auddy3un (eciau MoaynpoOBOJIHUK OJIM30K K COOCTBEH-
HOMY), 0O (B ciTydae 3JIEKTPOHHOTO TOJIYIIPOBOHUKA) YPaBHEHUEM
(1.38a). Uro kacaeTcst BeIpaXXCHHS JUIS T0JIA £, TO OHO B JAHHOM CIIy-
yae Oyaet omimuatbes ot (1.43), TOCKONBKY pe3yIbTUPYIOIIHA TOK HE
paseH Hyro. [Toacrasiss (1.33) u (1.34) B (1.32), Jierko Moy4uTh:
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E:%[j+q(Dp—Dn)$. (1.45)

CpaenuBas ¢ (1.43), 3ameuyaeM, YTO IMOJI€ NPU MOHOMOJSPHON
i dy3un CKIaabIBaeTCs M3 MOCTOSSHHOM M JIEMOEPOBCKOM COCTaB-
nsiromux. CTporoe pelieHre 3aa4uu 0 pacrpeelieHud HOCUTeNneH mpu
MOHOTOJIApHOHN M dy3un BcTpedyaeT onpeaeieHHbie TpyaHocTu. [1o-
ATOMY pEeIlIUM ATy 3aJiady IS MaJbIX BO3MYIICHUN U B 1uddy3nuoH-
HOM MPUOIHKESHUHU.

BennurHy BO3MYyIIEHHS TPHUHATO XapaKTepHU30BaTh YPOBHEM
UHIKEKIUU

5_4p_An

Po Mo

T. €. OTHOIIICHUEM KOHIIEHTPAIIMU W30BITOYHBIX HOCUTENEH K paBHO-
BECHOU KOHUEHTPALMU OCHOBHBIX HOCUTENEH. ManoMy BO3MYILIEHUIO
COOTBETCTBYET HEPABEHCTBO O <<1, T. €.
Ap = An << ny. (1.45,a)
DTO HEPAaBEHCTBO HA3BIBAIOT YCIOBUEM HU3KOI'O YPOBHS MHKEK-
nuu. Juddy3nonHoe npubIMKeHUE XapaKTEpPU3YyeTCs TEM, UYTO B
YpPaBHEHUU HEMPEPBIBHOCTU MPEHEOpEraroT COCTAaBJSIONIUMU, CBS-
3aHHBIMU C HAIPSXKEHHOCTHIO 1OJsA. CTalMOHApHBIN U HECTAIMOHAP-
HBIW PEKUMBI MOKHO 3aIMCaTh B BUJIE:

9°Ap Ap T, 9Ap.

- , (1.46)
2 2 2

AX L, L ot
0°Ap  Ap
e 2 (1.47)

Benuuuna L onpenensercs: BoIpaxeHUEM

L =+Dr.

L mMeeT pa3MepHOCTh JUIMHBI 1 HOCUT Ha3BaHUE CpeaHer aud-
dby3uoHHON IIMHBI WK cpenHed amuHbl auddys3uu. OcTaHOBUMCS
CHavajla Ha cTallmoHapHOM perieHnH ypaBHeHus (1.46). Kak u3Bect-
HO, €T0 PEIICHHE SIBJISICTCS CYMMOM JIBYX DKCIIOHCHT:

Ap(X) = Ale_% P+ Aze% P, (1.48)
rae kodpduuueHtsl A U A, ONpenensrorcs U3 IPaHUYHBIX YCIOBHUH

X=0, X=Ww u npunnumna ¢puzndeckon peaauzyemoctu. Ha GeckoHeyHo
OOJIBIIIEM PACCTOSHUM OT TPAHUIBI MHKEKIIUU BEJIMYMHA W30BITOYHOM
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KOHIIEHTpALUM JOJDKHA CTPEMUTBHCS K HYJIIO B pe3yjbTare pPeKoMOu-
HAllMM WHXXEKTUPOBAHHBIX HOCUTENEU. [IepBbI YileH YypaBHEHUS
(1.48) npu X=co ¥ KOHEYHOM 3HaueHHH Kod3(hduiuenta A Bcerma

paBeH HyJ0. BTopoil ujeH mpu X=oco OyAE€T paBeH HYJIIO, €CJIH
A, =0. Yurd 5T ycnoBus, MoxHO 3anucatb A, =0 u A = Ap(0).

Torna:

- X

Ap(x) = Ap(O)e % ", (1.49)
T. €. U30BITOYHBIC KOHIICHTPAIIMH CITaJIal0T 0 SKCIIOHEHTE. DTO OJIMH
U3 XapaKTEePHBIX CIy4aeB B TCOPUH IMOJYIPOBOJIHUKOBBIX IIPHOOPOB.
N3 Boipaxenns (1.49) caenyer, uro nudpdy3noHHasi AJTHUHA €CTh TO
paccTosiHie, HA KOTOPOM KOHUEHTpanus Ju(pPyHIAupyOIIUX HO-
cuTesieil (MW MX HKCMOHEHIMAJIBLHOM pacnpe/iesieHuH) YMeHbIAa-
eTcsi B e pa3. Ha yuactke mimuHol (3—4)L koHIleHTpanys yMeHbIIa-
ercs B 20—50 pa3s, T. e. cTaHOBUTCS MPEeHEOPEIKUMO MAJIOM MO CpaB-
HEHUIO C UCXOJIHBIM 3Ha4YCHHEM. B 3akifodueHne ciaeayeT OTMETHTh,
4TO MaTepuan TMEPBOW TJaBHI SBISCTCA (PYyHIAMEHTOM, HA KOTOPOM
0a3UPYIOTCS MOCACAYIONINE Pa3/ICbl.

Tabmuua 1.1 — OcHoBHBIE NapaMeTPbl HEKOTOPBIX MOJIYIIPOBOAHNKOB

[TosynpoBOIHUK
Hapaverp Kpemnuit ['epmanuii Conas | Cruas
GaAs InSh
3apsn sapa 14 32 — —
ATOMHBIN BeC 28,1 72,6 — —
Jnanextpruyeckasl npoHuULae- 12 16 1 16
MocTh (OTH.€J1.)
Temneparypa nnasnenust, C 1420 940 1280 520
Koaddumuent remnonpoBo-
aoctu A BT 1,2 0,55 — —
" /(em-C)
VY nenbHas TEMNOEMKOCTh
c le 0,75 0,41 - -
/(r-C)

D¢ddexTuBHasT Macca 3Jek-
TpoHOB M, (OTH. ex.) 0,33 0,22 0,07 0,013




Oxkonyanwue tadm. 1.1
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[TomynpoBoIHHK
Hapaverp Kpemnuii I'epmanui Conas | Cruias
GaAs InSb
O¢ddexTuBHAsT Macca ABIPOK
m, (otH. ex.) 0,55 0,39 30, 0,6
[[IvprHa 3anpenieHHON 30HbI
P pett 111 0,67 14 | 018
(¢3,98
DddexTuBHAS IIIOTHOCTH CO-
. -3 2,8-10" 10" - -
crosHuit N, cM
To xe Ny, oM 10 0,61-10% _ -
[ToaABMKHOCTD JIEKTPOHOB
u cm? 1500 3900 11000 | 65000
" /(B-c)
[TonBHKHOCTH IBIPOK L 0
oM 600 1800 450 700
(B-¢)
CoOcTBEHHOE YIEIBHOE CO-
npotusienue P;, OM-cM 2.10° 60 4.10° _
CoOcTBeHHass KOHIIEHTPAIIUS . o .
n, on 3 2-10" 2,5-1 1,51 -
Koadpdumment nuddy3un
2
snextporios D, CM % 36 100 290 | 1750
Koaddumuent nuddysun
2
BIPOK Dp’ cM / 13 45 12 17
C
Kputnueckasi Hanps>KeHHOCTh
noms E ]y 2500 900 - -
KPn? CM
B
To xe Egpy, 4 " 7500 1400 — —
MakcumanbHas CKOPOCTb,
01\% 10 6-10° - -
C
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Tabnmumna 1.2 — OcHoBHbIE pU3MUYECKHEe KOHCTAHTHI, MCN0JIb3yeMble B
TE€OPHUH MOJTYNIPOBOIHNKOB

OcHOBHBIE (PU3UUECKIE KOHCTAHThI [Tpubnn>keHHbIE 3HAYCHUS
DneMeHTapHbIN 3apsi q=16-10"Kun
Macca cBo60IHOrO 3J1€KTpPOHA m=9.-10"kr
IToctostunas Ilnanka h=6,6-10" H%
IlocrostrHas bonsiMana k=137 10 Ib%paﬂ.

DreKkTpuyecKas OCTOSTHHAS (TUAJICKTPH- o =19-107% (Iy
yecKas IIPOHMIIAEMOCTh BAKyyMa) M
MarnuTtHas moctosiHHasi (MarHUTHasI W, =1,25.10° 17
IPOHULIAEMOCTD BAKyyMa) oM
Yucio ABoranpo (KOJIHMYECTBO aTOMOB B N, =6- 10%
1 rpaMM-aTOME BEIIeCTBA)

Bonpocbl Ana camonpoBepKku

1. Kakue Tumsl noJynpoBOIHUKOB Bel 3HaeTe?

2. J11s1 KakuX 1eJiel BBOJAATCS MIPUMECH ?

3. [Touemy npumMecu He OOPa3yIOT 30H7

4. O0bsicHuTe PU3UYECKU CMbICH noTeHana depmu U ypos-
HU €T0 3aJieraHus B Pa3uYHBIX THUMAX MOJYNPOBOJIHUKOBBIX MaTEpu-
aJIoB.

5. O0bsacHUTE (HU3NUECKUA CMBICI TEMIEPaTypHOro MOTEHIIUA-
na @y .

6. Uto Takoe s(pexTuBHAs MITIOTHOCTh COCTOSIHUNA B 30HAaX IMPO-
BOJMMOCTH U BaJICHTHOMN ?

7. OT KaKuX MapaMeTpoB 3aBUCIT KOHIIEHTpAIMU P U N B cOO-
CTBEHHOM IOJYNPOBOTHUKE?

8. UTo Takoe 3JIeKTPOCTaTUICCKHM IMOTSHITHAI TOTYTPOBOTHUKA?

9. JlaiiTe ompeneneHrue TMOHATUIO <«XUMHYECKUM IMOTEHIIHAII»
U YTO O3HauaeT ycyoBue gradeg = const?

10. Kakuie mosynpoBOTHUKHA OTHOCSTCS K HEBBIPOKICHHBIM ?

11. 3anummTe noteHManbl GepMu ISl ABIPOYHOTO U 3JIEKTPOH-
HOTI'0 MOJTYTIPOBOAHUKOB, ECJIH IMOIYIPOBOJIHUKN HEBBIPOKIEHHBIE.
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12. I'ne 3anerator ypoBHH DepMu B ABIPOYHOM, JIEKTPOHHOM
1 COOCTBEHHOM TOJTYTIPOBOJHUKAX ?

13. 3anummre ypaBHeHHE HEUTpalbHOCTU. B ueM ero ¢uzuue-
CKUN CMBICIT?

14. B TUIUYHOM 3JIEKTPOHHOM TOJYIPOBOJHUKE YpoBEHb Dep-

MU MOXXHO 3aIlCaTh B BUAE QO = O + Py In—~. Ecim N, — 0, no-

n

TeHIal PepMH @ — —co, HO 3TO IPOTUBOPEUYUT (PUINIECKOMY

cMmbIcTy. B uem ommbka?
15. Uto xapakTepusyeT MNOJBHKHOCTb HOCHUTENICH 3apsiaa [

U TI0OYEMY TMOJIBU>KHOCTH C TIOBBIIEHUEM TEMIIEPATYPHI MaaeT?

16. 3anumure (QopMysbl yIEIbHONW MPOBOAMMOCTH JiA COO-
CTBEHHOI'O, 3JIEKTPOHHOTO U ABIPOYHOTO MOJYyHpOBOAHMKOB. Hapu-
cyiite rpadMKu 3aBUCUMOCTH YJIEJIbHOW MPOBOJUMOCTH OT TeMIIEpa-
TYpBI.

17. Yto 0o3HAYaEeT MOHATHE «BPEMS JKU3HU HOCUTEIEH» U MOYe-
My C YBEJIMYEHUEM KOHIICHTpPALMW JOHOPOB WJIM aKIIEITOPOB BpeMs
’KU3HU I1a1a€eT?

18. [Touemy BpeMsi ®KU3HU C MTOBBIIICHUEM TEMIIEPATyPhl PaCTET.

19. Ot kakux mapameTpoB 3aBUCAT AU(PGY3UOHHBIE U Jpeido-
BbI€ TOKH B MOJYNPOBOJAHHUKE?

20. O0BsIcHUTE, YTO TaKOe IUAJIEKTpUUYECcKas perakcamus B TO-
JYTIPOBOIHUKAX U CBSI3aHA JIM OHA C YPAaBHEHHUEM HEUTPATbHOCTU?

21. [IpuHUMIIMAIbHOE OTIMYKME HEOJHOPOJIHBIX IMOIYIIPOBOIHU-
KOB OT OJJHOPOIHBIX ?

22. O0BsICHUTE OCHOBHBIE TPOIIECCHl MPU OUmoNIspHON nuddy-
3UH.

23. O0bsicHUTe (PU3UYECKYIO CYIIHOCTh JIeMOEPOBCKOTO OIS
Y HAIPSDKEHHOCTU.

24. B yeM cXOACTBO U NPUHUMUIIUAIBHOE OTIMYUE MEKIY MOHO-
noJIIpHON U OunossipHodt nuddy3uamu’?

25. BeiBenure popmyity 11t M30BITOYHOM KOHIIEHTPAIUU HOCH-
TeJIeH TPU MOHOMOJSIpHON AU dy3un.

26. Yto o3nauaer aud¢y3uonHas aymnHa L ?



56

2 nonynpoBOAHUKOBLIE ANOAbI
2.1 BBepeHue

[ToynpoBOAHUKOBBINA MO MPEICTABISIET COO0N KOMOMHAIIUIO
JIBYX TOJIYIIPOBOJITHUKOBBIX CJIOEB C PA3MUYHBIMU THUIAMU MPOBOIU-
moctu (puc. 2.1). Takas xomOmHanus 00JagaeT CIOCOOHOCTHIO TO-
pa3fo Jydine MpoIycKaTh TOK B OJIHOM HampaBiieHWW (OT ciiost P
K CJIOI0 N) U ropasno Xyxe B ApyroM. [lomsspHOCTs HANpsKEHUS, CO-
OTBETCTBYIOIIAsl OOJIbIIMM TOKaM, Ha3bIBa€TCs MPSMOM, a COOTBET-
CTBYIOILIasi MEHBIIIUM TOKaM — 00paTHOW. OOBIYHO MOJIB3YIOTCS TEP-
MUHAMH «IIpsIMO€ U OOpaTHOE HampspKeHHe» (CMEIIeHUE), «IpsMOoi
1 0OpaTHBIN TOKU.

p-N nepexon

"
Z
n '

a

QE

o

Puc. 2.1 — IliockocTHOM U0
a — YTIPOILIEHHAs CTPYKTYpa; 6 — YCIOBHOE
rpadguueckoe 0003HaYECHUE

Ha puc. 2.1, 6 nmoka3aHbl CUMBOJIMYECKOE M300pakeHUE TUO0MA,
HaIpaBJICHHUE MPSIMOT0 TOKA M TMOJSPHOCTH MPSMOTO HAMPSHKEHUS.
BenTunbHOE CBOMCTBO HOJA SIBISETCS CIACACTBUEM SPKO BBIPAXKEH-
HOM BHYTPEHHEH HEOTHOPOIHOCTH CTPYKTyphbl. CTymeHJarass HEO/I-
HOPOJHOCTH Ja)K€ B TMOJYHPOBOJHUKAX C OJHHUM THUIIOM IPOBOJIMMO-
CTH COTPOBOXKIAeTCs HapylieHneM 3akoHa OMa B CBsI3M ¢ 00pa3oBa-
HUEeM OOBEMHBIX 3apsJ0B W TMOTECHIHAIbHOTO Oaphepa. B manHOM
ClIy4ae, Korja CJIOW pa3HOTHUITHBIC, HEIMHEHHOCTh, €CTECTBEHHO, OKa-
3pIBACTCS €Ile CuibHee. HecMoTpss Ha KaKyIIyrocs MPOCTOTY, JTHO]
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ABJISIETCSL CJIOKHBIM MPUOOPOM, TaK Kak MMEET MHOro ooisacrtei, 00-
JafaroIUX pa3IuIHbIMU (PU3UYECKUMH CBOMCTBAMH.

1. OGnactu, mpueralwIe K IpaHULAM METAJI-TIOTYTPOBOI-
HUK. MeTan HeoOX0auM JJIsl CO3/IaHUsI BBIBOJIOB.

2. O0nmacTy, MpUIIETrarolye K rpaHuile (MeTauTypruieckas rpaHu-
11a), 00pa30BaHHOM JBYMS TIOIYIIPOBOJHUKOBBIMH MaTepraiaMu P 1 N.

3. O6sactd TOJYIPOBOJHUKOB BJAa OT METAUTypPrUu4ecKOun
IPAHULBI.

[ToBEpXHOCTH, TI0 KOTOPON KOHTAKTUPYIOT CIIOU p U N, HA3bIBa-
€TCSl METaJUTypru4ecKor T'paHMIIel, a MpuUJerarlre K Hell odnactu
00beMHBIX (WM TPOCTPAHCTBEHHBIX) 3apsjoB — JJICKTPOHHO-
JIBIPOYHBIM TIEPEXOJOM WJIU p-N MepexojoM. J[Ba Ipyrux BHEIIHUX
KOHTAaKTa B JIMOJI€ JOJKHBI ObITh HE BBINPSIMIISIONIME. MO3TOMY HX
HAa3bIBAIOT OMUYECKUMH KOHTAKTaMH.

[ TpuHIMIIBI TOTYYEHHUS OMUUECKUX KOHTAKTOB PACCMOTPHUM MO3KE.

I11OCKOCTHBIMU JUOJAMU U COOTBETCTBEHHO IJIOCKOCTHBIMU
nepexoaMy Ha3bIBAKOT TaKWE JUOMBI U MEPEXOJIbI, Y KOTOPBIX TPaHU-
a MEXAY CJIOSIMH IUIOCKas, a IUIOMAaad OOOMX CJIOEB OJMHAKOBBI.
OTH yCJIOBUS HE BCEraa COOMIOJAIOTCS HA MPAKTUKE, HO COOJIIOICHUE
ATUX YCJIIOBHM 00JIeT4aeT aHaM3 U B TO K€ BPEMS MO3BOJISIET TMOJTY-
YUTh MNPABUIBHOE MPEJCTABICHUE O MpPOLEccax B PEaTbHOM JIHOJE
U €ro XapakTepucTtukax. Jluogpl — caMoOCTOSITEIbHBIN, BechbMa 00-
IIMPHBINA KJIACC MOJTYNPOBOIHUKOBBIX MPUOOPOB. B TO ke BpeMs nuo
KaK MNPOCTEUIINKA TPUOOP C OJAHUM p-N MEPEXOJIOM SIBISETCS OCHOBOM
MHOT'OTIEPEXOAHBIX MPUOOPOB — TPAH3UCTOPOB U APYrux. Ml U3y-
YUM JUOJbl UMEHHO C 3TOW TOYKH 3PCHHS.

B o0mux wyeprax nporecchl B MOJYNPOBOJHUKOBOM JTUOIE
MOKHO OXapaKTepu3oBaTh CleAyloIuM oOpaszoM. B orcyrcTBHe
BHEIIIHETO HAIpPSIKEHUS MUMEET MECTO OOJbIIMAaHOBCKOE PaBHOBECHE!
BOJIM3U METAJLTyPTUUYECKOW TPaHUIIbl, TJ¢ CKOHIIEHTPUPOBAHBI 00b-
E€MHBIC 3apsJIbl U CBSI3aHHOE ¢ HUMU ToJie, TudPy3uoHHbIE U aperido-
BbIC MMOTOKM HOCHUTEJIEW YPaBHOBEIICHBI M PE3YJbTUPYIOIIETO TOKA
HeT. [IonasipHOCTh MPSMOTro HaIpsHKEHUS! CIIOCOOCTBYET «BBITAJIKMBA-
HUIO» JIBIPOK U3 p-CIIOSl B N-CJION U 3JIEKTPOHOB B OOpaTHOM Hampas-
neHnn. B pesynbraTe MOBBIIAETCS KOHUEHTPALMS ABIPOK B N-CIOE
Y KOHIIEHTpALMs 3JIEKTPOHOB B p-CJIOE, T. €. UMEET MECTO MHIKEKIIUS
HEOCHOBHBIX HOCHUTENIEH B 000MX CioAX nuoja. MHKeKTUpOBaHHBIE
Hocutenu AUGPYHAUPYIOT B TAyOb CIIOEB, W 3Ta MOHOIIOJSpPHAs
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mudPy3us cONpoBOKAAETCA MPOTEKAHUEM MpsAMOro Ttoka. llossp-
HOCTh OOpPaTHOTO HANPSKEHUS CIOCOOCTBYET «BBITATKWBAHUIO» JIbI-
POK W3 N-CI0S M 3JIEKTPOHOB W3 P-ciosi B 00JacTh Mepexona,
T. €. AMEET MECTO DKCTPAKLHS HEOCHOBHBIX HOCUTEIEU U IPOTEKAET
COOTBETCTBYIOIIUNA OOpaTHBINA TOK.

Hudy3noHHBIN TOK OmpeAenseTcss TpPaHUYHON BEIUYMHON U3-
OBITOYHOW KOHUEHTpPAllUM HEOCHOBHBIX Hocutenen. [Tockonbky mpu
HKCTPAKUMUUA MOAYJb M30BITOYHON KOHUEHTPALMK HE MOKET IMPEBBI-
1aTh BECbMa MaJOr0 3HAYECHUs PABHOBECHOW KOHLIEHTpALIUMM, a IIpU
VHKEKIMA TaKOro OrPaHUYEHUs HET, IPAMOM TOK OKa3bIBACTCs
HaAMHOTO OoJibllie 0OOpPaTHOTO, YTO M SABJISIETCSI OCHOBOM BEHTUJIBHBIX
CBOMCTB JUOA.

2.2 ONeKTPOHHO-AbLIPOYHLIN Nepexon,

I11OCKOCTHOM HUOA COCTOUT U3 ANEKTPOHHO-IABIPOYHOIO IEpE-
X071, IBYX HEUTPaNbHBIX (MM KBa3WHEHTPAIbHBIX) CIIOCB U OMHUC-
CKMX KOHTAKTOB. [I0CKOJIBKY IPOIIECCHI B HEUTPATIBbHBIX MOTYITPOBO/I-
HUKax ObUIM JE€TaJbHO M3YyYEHbl B MEPBOU TJIaBe, CIEIYET, MPEKIE
BCETO, PACCMOTPETH MPOLECCHI B p-N MEPEXOAE U YYECTh BO3MOKHOE
BIIMSIHUE HEUTpaJbHBIX 00JIACTEH HAa XapaKTEPUCTUKHU U MapAMETPHI
JTAOJIOB.

Kaaccudukanus p-n nepexoaos
[Ipexne Bcero, 3aMeTUM, 4TO P-N MEPEXO] HENB3S OCYLIECTBUTH

IIyTEM IIPOCTOr0 COIMPUKOCHOBEHUS JIBYX PA3HOPOJHBIX IOJIYIIPOBOJ-
HUKOBBIX IJIACTMHOK, TaK KaK MPU 3TOM HENU30€KEH MPOMEXKYTOUHBIN
(xoTs1 OBl M OYCHHb TOHKHWH) CIIOW BO3IyXa WM MOBEPXHOCTHBIX ITLIE-
HOK. Hacrodmmi nepexox nmoiaydaercss B €IUHOM IUJIACTUHKE IONy-
IPOBOJHUKA, B KOTOPOM TEM MJIM UHBIM CIIOCOOOM MOJy4YeHa JOCTa-
TOYHO pe3Kas IpaHulia MEXIY CIO0SMU p U N. PE3KOCTh IrpaHULbl UI-
paeT NPUHIMIHUAIBHYIO POJIb JUIsi 0Opa3oBaHUsl NEPEXojla, Tak Kak
HEpe3Kasl rpaHulia NPHUBOJIUT K OOpa30BaHUIO IJIABHOTO MNEpexoia,
a KaKk TOKa3bIBae€T TEOpHs, TaKOW MEepexoj] He 00JiaJaeT TeMHU BEH-
TUJIBHBIMU CBOMCTBaMH, KOTOpbIE TPeOyIOTCs 11 paOOThl MOIYHpPO-
BOJIHUKOBBIX JUOJOB U TPAH3UCTOPOB.
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[TonsiTue pe3koctu HOPMYIUPYETCS CIACIYIOMIMM 00pa3oM: rpa-
HUILIA MEXK]y CIOSIMU SIBJISIETCS PE3KOM, €CITA TPAJUECHT KOHIIEHTPALUH
npuMecH (CUMTAIOIIMICS IMOCTOSIHHBIM B TpEJeiax Mepexoja) yio-
BJICTBOPSIET HEPABEHCTBY

dN
—|lp >>n;, (2.1)
dx | |

rae N — a¢pdexTuBHas KOHUEHTpauus npumMecH, | — nedaeBckast

JUTHHA B COOCTBEHHOM TOJIYTIPOBOTHHUKE.

N,

\ N,
:\
|

p : n
' X

n;

Puc. 2.2 — Pacnipenenenue monHbIX U 3QPEKTUBHBIX
KOHIIEHTpALM{ IPUMECH BOJIM3U METaJLUTypTru4ecKon
I'PAaHMIIBI IUIABHOTO NIEpexoaa

[lepexonibl, B KOTOPBIX HMMEETCS CKAauKOOOpa3HOE H3MEHEHUE
KOHIICHTPAIlUX Ha TPAHUILIE CJIOEB (d%xz o), Oy/JieM Ha3bIBaTh CTY-

neHyaTeiMu. OHM MPEJCTaBIAIOT cO0OM MpeaeabHbIN clydail Kiacca
PE3KUX MEPEXO0J0B, B KOTOPHIX TPaAUEHT KOHIIEHTpAUUU HpUMECEH
KOHEYEH, HO YJIOBJIETBOpsieT HepaBeHCTBY (2.1). Ha mpaktuke cty-
NEHYAThIE MEPEXO0bl SIBISIIOTCSA, KOHEYHO, U3BECTHBIM MPUOIMKEHH-
eM. O1HAaKO OHM XOPOIIO OTpakar0T CBOKMCTBA MHOTHUX PEAIbHBIX p-N
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CTPYKTYp U, KpOME TOTO, OKa3bIBAIOTCS Tpolle s anaiu3a. [loatomy
HUXKE UM OYyJIeT yeJIeHO IrJIaBHOE BHUMAHUE.

KoHTakThl, B KOTOpBIX yciaoBue (2.1) He cobimoiaeTces, He Ha3bl-
BAIOT NEPEX0JaMHu, a OTHOCAT K HEOJHOPOJHBIM MOJIYNPOBOJIHHUKAM.
[To COOTHOILIEHNIO KOHIIEHTPAMKA OCHOBHBIX HOCUTENEN B CHOSIX p U N
nepexo bl ACNSATCS Ha CHMMETPUYHBIE U HECUMMETPUUHbIE. B cummer-
PHYHBIX EPEXO/iaX UMEET MECTO COOTHOLICHUE [Py, = Iy, T. . KOHLCH-

Tpaor OCHOBHBIX HOCHUTEJIEH B 000UX CJIOSIX ITOYTH OJHMHAKOBBI.

Takue nepexoapl UCTIOIB3YIOTCS CPABHUTEIIBHO PEAKO U HE SB-
JSIOTCS TUMAYHBIMH. ['opaszmo OoJjblliee pacrpoCTpaHECHUE HMEIOT
HCCUMMCTPUYIHLIC IICPCXOAbI, B KOTOPbIX BBIITOJHACTCA HCPABCHCTBO

Pp >> N, Wi N, >> py, (2.2)

Y KOHLEHTPALMU PAa3IMYarOTCs B HECKOJBKO pa3. lIMeHHO Takue me-
pexoapl OyayT aHAIM3UPOBATHCS B JalbHEHIIEM, MpUYEM ISl OIpe-
JEJICHHOCTH CUMTAEM, YTO CJION p OoJiee HU3KOOMHBIN, YeM CJIOH N,
T.e.p>n.

[TonyuyeHHbIE BBIBOJIBI JIETKO KCIIOJIB30BaTh MpU OOpaTHOM CO-
OTHOLICHUM KOHLIEHTpaluud. B ciydae pe3koll acUMMETpPUHU, KOTrJa
KOHLEHTPAIM OCHOBHBIX HOCUTENIEH pa3inyaroTcs 0oJjiee yeM Ha Io-
PAIOK, MEPEeXoAbl HA3bIBAIOT OJHOCTOPOHHUMH M OOBIYHO OOO3HAua-

10T cuMBoaaMu  (N-p mimm N'-p). UHoraa, 4to0bl OTIAMYHUTE HECHM-

METPUYHEIE MEPEXOALI OT OJHOCTOPOHHMX, UCIOJB3YIOT IS MEPBBIX

0003HaueHus P’ -N (wam N'-p), a 11g BTopeix P -N (mmm N -p).
Crpykrypa p-n mnepexoaa. KoHUEHTpanuu NMPUMECEW U CBO-

OOJIHBIX HOCUTEJIEH B KaXKJIOM M3 CJIOEB JHMOJIa TIOKa3aHbl Ha puc. 2.3,
a, IpUYeM JUIs HATJISJHOCTH PasHHIA B KOHLCHTpamMsx P, U N,

MPUHSTA TOPa30 MEHBIIICH, UeM 3TO UMEETCSI B ICCTBUTEILHOCTH.

[TockoNbKY KOHIIEHTpAIUS JBIPOK B CJIO€ p 3HAYUTEIBHO OO0JIb-
1€, YeM B CJIO€ N, TTOCJI€ COSTUMHEHHMS TTOJTYITPOBOHUKOB YaCTh JIBIPOK
muddynaupyet u3 cnost p B cioi N. [Ipu sTom B cioe N BOIMU3U Me-
TaJUTyPru4ecKON TpaHMIBI OKaXKYyTCS H30BITOYHBIC OBIpKHU. Bcenen-
CTBHEC JMAJICKTPUUECKON peraKcay U30BITOYHBIN 3apsia ABIPOK Oy-
JIET KOMIIEHCUPOBAH 3JICKTPOHAMM MOJIYNpOBOJAHMKA N-Tuna. Hanu-
qyre Pa3HOCTH KOHIICHTPAIUH JIBIPOK B MOJTYMPOBOJHUKE N MPUBEACT
K 00pa30BaHMIO PAa3HOCTH XWMHUYECKHX MOTCHIIMAIOB W K BO3HUKHO-
BeHMI0 TudPy3umn.



Pn
L
n_
® —® —@o
® —® —o
o —® -0
a
Pp
Nn
N —— = pn
N
np\ P
pP- n-
T~ o T o T — —
b+ o+ o+ RBl® | 7% 9
o+ o+ o+ ® © -9
+ e+ o+ ® -® -9
o
nepexon
Ppr
Nn
Na =
Np \ Na Pn
~ \‘_ L~
P- n-
T O (S — —
9+e+e+eeEB _2_29
g e+ o+ o+ ®
+ o+ o+ |19 - % -9
TIEPEX 0T

Puc. 2.3 — Crpykrypa p-n nepexoja: a — Ha4alIbHOE COCTOSHUE CIIOEB;

6 — TIPOCTPAHCTBEHHBIE 3aps/Ibl B PEATLHOM MEPEXO/IE;
6 — MPOCTPAHCTBEHHBIE 3aPsI/Ibl B HJI€ATM3UPOBAHHOM MEPEXO/E;
+ — meIpKa, (O — HOHM3MPOBAHHBIHN AKIETITOP, — — NEKTPOH,
P — uonusupoBaHHbIi JOHOP
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JbIpKM M3 00JIACTH C TOBBIIIEHHOW KOHIICHTPALIMEH HAYHYT
JBUTATbCSI B TJIyOb TOJIYMIPOBOJAHMKA N, TJ€ KOHIICHTPALUS HUXKE.
[To Mepe nBMKEHUS IBIPKU OYIyT PEKOMOMHUPOBATH C JICKTPOHAMHU
JI0 T€X MOp, MOKA UX KOHIECHTPAIUS HE YMEHBIIUTCS 10 PABHOBECHOM.
CoOTBETCTBEHHO B 00JIaCTH, NPWIETAIOIIEH K METaJuTypruuecKoiu
I'PaHUIIC, YMEHBIIUTCS KOHIIEHTPAIINSI CBOOOHBIX 3JIEKTPOHOB U «00-
Ha)KaTcs» HEKOMIIEHCUPOBAHHBIE TOJIOKUTEIBHBIE UOHBI JTOHOPHBIX
atomMoB. CiieBa OT IrpaHUIbl «OOHAXKATCA» HEKOMIIEHCUPOBAHHBIEC OT-
pHUILIATEIbHBIE MOHBI aKIENTOPHBIX aTOMOB, MOCKOJBKY YacCTh JIBIPOK
nepennia oTcioa B ciaoi N (puc. 2.3, 6). AHAJIOTHYHBIC PACCYKIACHUS
JNEUCTBUTENBHBI JJISI DJIEKTPOHOB CJIOS N, KOTOpPbIE YAaCTHUYHO AU(-
GbyHaupyroT B cioil p. OJIHAKO B HECUMMETPUYHOM IEPEXO/ie, B KO-
TOPOM N, < P, AU y3ust JIEKTPOHOB B CION p MANOCYIIECTBCHHA,

IMTOCKOJIbKY PAa3HOCTb KOHHGHTpaHI/Iﬁ nn —np CYIICCTBCHHO MCHBIIC
Pa3HUILIbI pp - pn , d UIMCHHO 3THMHU PA3HOCTAMU ONPCACIIAIOTCA I'pa-

JTUMEHTHl KOHILeHTparui u auddy3nonHsie Toku. OOnactb o0Opazo-
BaBIIIMXCSI TPOCTPAHCTBEHHBIX 3aps/I0OB U €CTh 00JIacTh P-N mepexo-

na. Yacto a1y o0jacTh Ha3bIBalOT OOCAHEHHBIM HJIM HUCTOUIEHHBIM
CJIO€M, UMES B BUJIY PE€3KO MOHMKCHHYIO KOHIICHTPAIUIO TTOABUKHBIX
HOCHUTEJIEH B 00€UX €€ YacTsX.

OnHako, CTpOro roBops, IMepexoj M OOCTHCHHBINM CIOM —
HE OJTHO M TO k€. 00JIaCTh MepexoJa HECKOJbKO IIMPE, MOTOMY YTO
00BbEMHBIE 3aps/ibl U CBSI3AHHOE C HUMM T10JI€ 3apOKIAIOTCS YXKE MpHU
O4YeHb HEOOJIBIIOM (HECKOJBKO MPOIICHTOB) YMEHBIICHUN KOHIICHTpA-
MM HOCUTEJIEN MO CPAaBHEHUIO C PABHOBECHOM, TOrJA KaK IOHSITHIO
00€THEHHOT'O CJIOS COOTBETCTBYET CIaJl KOHIEHTPAIIMU HOCHUTEIECH,
[0 KpanlHEeW Mepe Ha NopsaoK. [IpoMexyTOYHBIE YYaCTKU MEKIY
«TpaHUIlaMU» OOCTHEHHOTO CJIOA W Tepexoja SIBJISIIOTCS ydacTKaMu
SKPAHUPOBAHUSI OCHOBHBIX [P- U N-CJIOEB AMOJA OT MOJsl, Co37aBae-
MOTO 3apsgamMu oOeaHeHHoro cinos. [lpu mepemnane KoHIEHTpalui
HOCHUTEJIEH Ha TpU MOpsKa U 00Jiee MPOTKEHHOCTh 3TUX YYaCTKOB
oObryHO He mpeBbimaeT 0,1 mMkM, Torga kak IMpUHA COOCTBEHHO
00€THEHHOTO CJIOS, KaK YBUJIUM HUXE, B HECKOJIBKO pa3 OoJIbIIIE.

[lo3TOMYy €CTh OCHOBAaHHMSI HJICATM3UPOBATH NEPEXO] TAK, KaK IO-
Ka3aHo Ha puc. 2.3, 6, T. €. IpeHeOpeyb HATMUYUEeM CBOOOIHBIX HOCHUTE-
JIel B MEPEX0JIe U CUUTATh €ro TPAHUIIbl COBMAJIAIONIMMU C TPAHUIIAMU
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o0eTHeHHOro ciod. Takas uaeanu3anus CylIeCTBEHHO YIPOILAET pe-
HIEHUE MHOTMX 3aJa4, 3a HCKIIOYECHHEM, KOHEYHO, TE€X, KOTOpbIE
HEIOCPEICTBEHHO CBS3aHbI C aHAIM30M IIOTOKOB HOcHTenen. llepexon
B LIEJIOM, Pa3yMeeTCsl, HEUTPAJIEH, T. €. OTPULIATEIBHBIN 3apsi/ B JIEBOU
YaCTH W TOJIOKUTEIBHBIM 3apsA] B MPABOM YaCTU OJMHAKOBHL llpum
3TOM YCJIOBUM Pa3jIMuue€ B KOHIICHTPALUAX aKIIENTOPHOW U JOHOPHOMN
npuMeceid HeM30€KHO CBSI3aHO C PA3JIUYUEM B IPOTSHKEHHOCTH 000MX
3apsjI0B. B CJIO€ C MCHbIIICH KOHIICHTpAIMel mpuMecH (B HaIeM CITy-
qae B N-cioe) 00J1acTh 00BEMHOTO 3apsijia TOJDKHA ObITh mmpe. MHa-
4ye TOBOpSA, HECUMMETPUYHBIN MEPEX0]l COCPENOTOUYEH B BBICOKOOM-
HOM CJIOE.

Oco0oe BHMMaHME CJIeyeT 00paTUTh HA TOT (AKT, YTO BHYT-
pH P-N mepexoaa mMeeTcsl YYaCTOK € COOCTBEHHOM (T.e. CHJILHO
MOHUKEHHOW MO OTHOIIEHWI) K OCHOBHBIM CJIOSIM) MPOBOAMMO-
CThI0, TAK KAK B 00JIaCTH Nepexoa OTCYTCTBYIOT NOJABUKHbIE 3a-
psiabl, 00yCJIOBJIEHHbIE IPUMECSIMH.

p.,n p-noaynpoeoonuk N-nOAYRPOBOOHUK
10" 5

104 —

1004 = = =

10° —

102 -

Ilepexoo

Puc. 2.4 — Pacnpenenenrie HOCUTEIEH B HECCUMMETPUYHOM
nepexoze (MoaynorapupMUUECKUil U TMHEHHBINA MacITal).
ITyHKTUpPHBIMY JTUHUSIMHU [IOKA3aHO PACIIPE/ICIICHUE
B CUMMETPUYHOM IIEPEXOJIE

Oo0uacTh nepexo/ia SIBISIETCS. HanboJiee BLICOKOOMHOM YacThiO JU-
OJTHOM CTPYKTYpPBbl. YUaCTOK C COOCTBEHHON MPOBOJIUMOCTHIO B 0OOIIEM
CJIy4ae HE COBIIAJIAECT C METAJUTYPrUYECKON TPAHUILIEH, & CIBUHYT B CTO-
pPOHY TOrO CJOs, TZIE COCpenoToueH mepexod. I[IpocTpancTBeHHBIE
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3apsibl B IEPEXOJIE 00Pa3yIOT JIEKTPUUECKOE I0JI€, KOTOPOE HaIpaB-
JICHO TaK, YTO OHO OrpaHu4YuBaeT JuPPy3rr0 HOCUTEIIEH.

B paBHOBeCHOM COCTOSAHUU AU(PPY3HOHHBIE IOTOKH HOCHTE-
Jieid, 00yCJIOBJICHHbIC TpPaIMEeHTAMU KOHUEHTpPpauuu, B JIO00H
TOYKEe PaBHbI APei(POBbBIM MOTOKAM TeX Ke HOCHUTeJeH, 00yCJI0B-
JICHHBIM T'PaMECHTOM MOTEHIHAJIA U HANPABJEHHBbIM HABCTpeE4y
A Py3MOHHBIM MIOTOKAM.

Ctporuil KOJIMYECTBEHHBI M Ka4eCTBEHHBIM aHaiu3 oOpa3oBa-
HUSI TIEPEX0/1a MOKHO MTPOBECTHU TOJBKO C MO3UIIUK 30HHOW TEOPUH.

PaccmoTpum  pP-N mepexoa ¢ TOYKHA 3PEHUST 30HHOM TEOPHUM.
B orcyTcTBHE KOHTaKTa P- U N-CIO0M XAPAKTEPU3YIOTCSA AUArPAMMOU

Ha puc. 2.5, a, U3 KOTOPOH BUIHO, YTO MOTEHIHANBl DepMH UMEIOT
pa3HbIC 3HAYCHUA.

P-mOJIyIPOBOAHMK N-IMOJIyNIPOBOAHHUK
@c
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Puc. 2.5 — 3onnas quarpamma cioes (a) u P-N nepexona
B PaBHOBECHOM COCTOSTHUH (0)
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IIpu HaIM4YMM KOHTAKTa ypoBeHb depmMmu B cucTeMe, HAXO-
ASIEeHC B TEPMOJAMHAMHUYECKOM PABHOBECHH, [I0JIKEH OBITH
efuHbIM. /laHHOe ycji0BHe ObLIO O0OCHOBAHO B INEPBOM IJIaBe,
a93T0 [JO0JIKHO NPUBOAMTL K HEU30eKHOMY HCKPHUBJICHUIO 30H,
PacCHICIVICHUI0 3JIEKTPOCTATHYECKUX MOTEHIMAJI0OB M 00pa3oBa-
HHMIO MOTEeHUUAJbHOTO O0apbepa. HamomHuM, 4yTo Takoilt 6baprep 00-
pa3yercsi TaKKe€ NPU CTYNEHYaTOW HEOJHOPOJHOCTH B MOJIYIIPOBOI-
HUKE ¢ HEM3MEHHBIM THUIIOM TipoBoauMocTH (puc. 1.29, 6). Eciu Boc-
MOJIb30BATHCSI 0OPA3HON MHTEPIPETALNUEN ABUKEHUSI HOCUTENEH B 30-
Hax, TO PABHOBECHOE COCTOSIHHUE MEPEX0/Ia MOKHO OXAPAKTEPU30BATH
cienyromuMm oodpazoM. OCHOBHasi macca AbIPOK P-cios auddpyHau-

pyeT clieBa HampaBo B O0JIACTh MEPEX0ja, HO HE MOXKET MPEOJI0JICTh
NOTCHITUANBHBIN Oapbep W, NMPOHUKHYB B TIEPEXOJ] HA HEKOTOPYIO
rIyOnHY, «OTpaskaeTCs» W BO3BpaIiaercs B P-cioit (puc. 2.5, 6).

JbpIpKk  N-CJI0S HE3aBUCHUMO OT SHEPruM OECHpEensITCTBEHHO
«BCIUIBIBAIOT» B P-CJION M 00pa3yrOT MOTOK CIIpaBa HaJIEBO. DTOT IO-

TOK YPABHOBCHIMBACTCSA BCTPECUYHBIM IIOTOKOM IBIPOK [P-CilI0s C 3HEP-

THeH, 10CTaTOYHOM, YTOOBI MPEO0JIETh MOTEHIIMAILHBIN Oapbep. AHa-
JIOTUYHAS CUTYaIlUsl IMEET MECTO TI0 OTHOIIICHUIO M K DJIEKTPOHAM.

I'myOuHa NpOHUKAHUSI HOCUTENEH B MEPEeXo]l TeM OOJblle, 4eM
BbIIIIE UX 2Heprusa. B oOnactu mepexoja Ha puc. 2.5, 6 MOKa3aHbI
MOHHM3UPOBAHHBIC aTOMBI aKIENTOPOB (ciaeBa) M JOHOPOB (CrpaBa).
Kak u3BecTHO, YPOBHU 3THUX HOHOB PACIOJIOKEHBI BAOJb BCETO COOT-
BETCTBYIOIIETO CJIOSl, HO MbI TIOKa3bIBa€M UX TOJILKO B Mpejenax Ie-
pexosia, 4YTOOBI TMOJYEPKHYTh HECKOMIIEHCHPOBAHHOCTH 3apsoB
HMOHOB HAa 3THX Y4YacTKaxX U TeM CaMbIM MOJYEPKHYTh, UTO B TIEPEXOIE
HET TOJBWXKHBIX 3apsiioB. B camom nene, pacctosHue MExXAy JTHOM
30HBI MMPOBOAUMOCTH U ypoBHeM DepMU YBEIMYMBAETCS OT TOYKH a
BJIEBO, a 3HAYUT, Ha y4yacTke — 0 OBICTPO yOBIBA€T BEPOSTHOCTH 3a-
MIOJIHEHUST ATOM 30HBI JIeKTpoHaMH. [1o3TOMy eciu cripaBa OT TOUKHU
a DJIGKTPOHBI KOMIIEHCUPYIOT TIOJIOKHUTEIBHBIN 3apsaa JOHOPHBIX
MOHOB U CJIOM N HEUTPAJIEH, TO CJIIE€BA OT TOYKU A KOHIIEHTPAIMS
AJIEKTPOHOB PE3KO MaJlaeT U TaKOW KOMIIEHCAIIMU HET. AHAJIOTUYHbIE
YCJIOBHS CO3JAIOTCS Ha ydYacTKe CIpaBa OT TOYKH O MO OTHOIICHHIO
K aKLIENTOPHBIM MOHaM. OYEBUIHO, YTO MOHBI, TOKa3aHHBIC HA PHC. 2.5,
0, CO3/Iat0T MIPOCTPAHCTBEHHBIN 3apsi/I.
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AHaJIN3 nepexo/ia B pPABHOBECHOM COCTOSTHUH
Crporuii aHamu3 P-N mepexoioB, B O0IIeM BHUJE, BEChbMa CJIO-

»keH. Hanbomnee mpocTo aHanu3upyeTcsi CTyneH4YaThli Mepexo, pac-
CMOTPEHHBIA B TIpeablaylieM pasaeie. Ho gaxe B aTom ciydae HE0O-
XOAUMBI YIIPOIIAIOIINAE A0NyIIeHus. B camoM Jiene, ecnu pemarh 3a-
Jayy CTpOro, T. €. UCXOJIUTh U3 CTPYKTYpPbI IEPEX0/1a, MOKa3aHHO! Ha
puc. 2.3, 6, TO HY>)KHO YUYUTHIBATh PACIpe/ICICHUE TTOABUKHBIX HOCH-
TEJIEH 3apsia U B IIEPEXOJIE.

3azaua aHaav3a ynpoIIaeTcs, €CIU CYUTATh, YTO MEPEXO0]] UMEET
CTPYKTYpY, NTOKa3aHHYIO Ha puc. 2.3, 8, IJie¢ KOHIICHTPAIIMU TOABUXK-
HBIX HOCHUTEJICH BHYTPHU NEpPEX0/a paBHbI HYJIIO U pa3Mephl Mepexoia
MaJibl, T. €. MOXKHO TMpeHeOpeUb MpoIlecCaMu IFeHepaluu U PeKoMOu-
HalluM B Iiepexone. Takoe HOomylIeHHWE BIIOJHE Ipuemiemo. Bo-
MEPBBIX, B 3TOW 00JaCTH JOHOPHI M aKIENTOPhl BCE MOHU3UPOBAHBI,
a BO BTOPBIX, BCIICICTBUE BO3HUKILICH HAMIPSIKEHHOCTHU SJIEKTPUYECKO-
ro TMOoJIsl Ha Mepexojie CBOOOIHBIC 3apsiabl YHOCSITCS B HEUTpaIbHBIC
CJIOM COOTBETCTBYIOIIUX MOJTYIPOBOJIHUKOB.

BbICOTY paBHOBECHOT'O MOTEHIMAIBHOTO Oaphepa MOXKHO MOJY-
YUTh HEMOCPEACTBEHHO U3 pUC. 2.5, a!

APy =Pk, —9F, (2.3)

I7ic BEJIMYUHBI B MPaBOM 4acTH — MOTEHUMaNbl DepMU B MOJTYIPO-
BOJITHUKAX JI0 UX OOBEIUHEHUS.

M3 maHHOTO BBIpaXEHUsI CIIEyeT, 4YTO uyeM Ojuxe ypoBHU Dep-
MU HaXOHSITCSA K pa3pelieHHbIM 30HaM, TeM OoJbiie audPy3uoHHbIM
noTeHuuan. B nepBoil riaBe Mbl MOKa3ajid, YEM BbIIIE KOHIICHTPAIUSI
npuMecei, Tem Oiuxke noreHuran epmMu K MOTEHIMAIaM pa3penieH-
HbIX 30H. CJe0BaTe/IbHO, U3MEHSSI KOHIIEHTPAILIMIO MPUMECEH, MOX-
HO YNPaBJIATh BEIUYMHON 1U(HYy3MOHHOTO MOTEHIINAA.

MakcumanbHOe 3HaueHUe mnoreHunana PepmMu s HEBBIPOK-
JEHHBIX TOJIYIPOBOJHUKOB PABHO T'paHHUIIAM Pa3pPEIICHHBIX 30H IIO-
JyNpoBOJHMKA. MakcuMalibHasi BBICOTA MOTEHIHUAIBHOTO Oapbepa
nepexoAa B HEBBIPOXKICHHBIX MOJYIPOBOJHUKAX PaBHA IIMPHUHE 3a-
MPENIEHHON 30HbI TOJIYIIPOBOIHUKOBOTO MaTepHala.

Bocnois3yemcs ¢popmyitoit (1.18a) u 3amuiieM 3TH MOTCHIIAABI
4yepe3 KOHIEHTPAIMKU CBOOOIHBIX 3JIEKTPOHOB B CIIOSX:

B | Moo )
Or, =07 nT"‘(PEv
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(PTIn n >+ 0,

rae unaaexc O cOOTBETCTBYeT paBHOBECHOMY COCTOSTHUIO KOHIIEHTpa-
Ui, DIIEKTPUIECKUE MOTSHINAIBI B 00OWX TOJTYIPOBOJHUKAX PaB-

[ToncraBnss 3HaueHust moTeHnuanoB Pepmu B (2.3), mpuaem
K BBIPAKCHUIO

AQy = @7 InTho_ (2.4a)
npo
Ecim Bocmosb3oBatbes popmyioii (1.180) mnm B BhIpakeHUH
(2.4a) 3aMeHUTH KOHIICHTPAIMU 3JICKTPOHOB KOHIICHTPAIUSIMH JIBIPOK
¢ ioMoIpio cootHomeHus (1.16), To BeIcOTa MOTCHIMAIBLHOTO Oaphe-
pa 3aruIIeTcs CISAYIONMM 00pa3oM:

AQy = @r Inp—. (2.406)
no

Beaunuyuny A@, unHoraa HasbpIBalOT AH(PPY3HOHHBLIM IOTEH-

HHUAJIOM, TIOCKOJIbKY 3Ta PA3HOCTh NMOTEHIIHAJIOB, BO-NIEPBbIX, 00-
pasyercst B pe3dyabrate Auddy3um HocurTesaell uepe3 mepexol
U, BO-BTOPBIX, NPOTUBOAEHCTBYET TU(PPY3HOHHBIM MOTOKAM HO-
curejiei. Eme ogHO HasBaHue I BEIUYMHBI AQ, — KOHTAKTHasd

Pa3sHOCTh MOTEHIINAJIOB.
Bripaxas B 10001 u3 dopmyi (2.4) KOHIICHTPAIMIO HEOCHOB-
HBIX HOCHTENEH (N, WM Py) 9epe3 KOHIEHTPAUIO OCHOBHBIX HOCH-

TEJEH B TOM e CJIoe C TIoMoIIbIo cooTHomeHus (1.16) u ucnonbs3ys
BhIpaxkeHus (2.46), JIETKO MOJIYYHTh 3aBUCHMOCThH BBICOTHI PaBHOBEC-
HOTO O6apbepa OT yAeITbHBIX conpomBﬂeHHﬁ CJIOEB:

P; (b+1)
rae b = H%p .

PPPnb
JI1sl BBEIYMCIEHUS PABHOBECHOW MIMPHHBI IOTEHIHAILHOrO 0Oa-
pepa |, BoCmosb3yeMest pactpeie/iCHHIME TIPUMeCceil 1 3apsiioB, KO-

AQy = @7 IN—/————= (2.5)

TOpbIE MOKa3aHbl Ha puc. 2.6.
[Tpumem, 4YTO MoOJIE B MEPEXOE HANPABICHO BIOJb OCH X U OT-
CYTCTBYET BO BCE€X JIPYrMxX HampaBlieHUAX. [Ipu BBINOIHEHHH 3TOTO
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JONYIICHHUS JCUCTBUTEIIbHBI ypaBHEeHUs [lyaccoHa, B KOTOPBIX IUIOT-
HOCTH 3apsijia B 00EMX YacTsIX CTYIEHYATOro Iepexojia MOCTOSIHHEI
Y ONPEICIIAIOTCS KOHIICHTPAIIUSIMH COOTBETCTBYIOLIMX MOHU3UPOBAH-
HBIX puMeceit (puc. 2.6, 6):

Ap=—0N,; A, =0dN,.

N3 ypaBHenuit Ilyaccona cinemyer, 4To IUNIOTHOCTH 3apsa B IIe-
pexoJie PSIMO MPOMOPLUUOHAIBHA KOHUEHTPALMUA ITPUMECEN. Y YUTHI-
Bas, YTO JJI CTYIIEHYaTOr0 TEPEX0Ja BBINOJHIETCS YCIOBUE
N, >> N, MoxHO 3akmounts |Ap|>>A . Ilepexon HomkeH GbITE

HEUTpaIbHBIM, T. €.

Q" =Q =ApVo =LV,

n'n?
rae Vp, VN — 00BbeMBI IPOCTPAHCTBEHHOIO 3apsa B IIEPEXOE, pac-

MOJIOKEHHBIE B TMOJYNPOBOJHUKAX P U N TUMA. YUYUTHIBAsI YCIOBUE
PAaBEHCTBA 3apAJ0B B IIEPEXOJe, MOXKHO 3anucark V<< VN, T. e. mne-

pexona cCoCcpea0TOYCH B OCHOBHOM B BBLICOKOOMHOM ITOJYTIPOBO/JHHKC.

p-crou
N 1 N-caoi
N "V IX x
\N )
A - X
-ONg /I— ! \:+qNo
E l | : : X
E ke , !
o :
PEP ' i
! |
i \I |
Ao : ) :
I
a N\ X

Puc. 2.6 — Pacmpenenenue KOHICHTpAIMK TIpumecei (a),
IUTOTHOCTH 3apsina (6), HAPSHKSHHOCTH oIS (6)
u noteHimaia () B crynmenyarom [P-N mepexone
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HamnpspkeHHOCTh 3JIEKTPUYECKOro TMOJis paBHA HYJIIO BHE Iepe-
X0Jla, €CJIM CUMTaTh, YTO COMPOTHBIICHHE TMEPEX0/ia MHOTO OOJbIIe
COTIPOTHBIICHHS] HEUTPAIbHBIX CJIOEB MOJYMPOBOJHUKOB M UCTIOB3YS
ypaBHeHus IlyaccoHa, TO HampsHKEHHOCTh B IEPEX0JI€ U3MEHSETCS
0 3aKOHY, MOKa3aHHOMY Ha puc. 2.6, 8, a BRIPAKECHUS JJIs HUX 3aIlu-
IIyTCs B BUJIC:

_gN
E, =%(x+|p);xso; (2.6a)

—aN, :
E,= (I,—x);x=0. (2.60)
&S
[Ipu 3TOM MOTEHIMAN B Mpenesax nepexoya OyAaeT U3MEHSAThCS
M0 KBAJIPaTUYHOMY 3aKOHY C TOUKOM meperuda B MeCTe M3joMa Kpu-

Boit E(X) (puc. 2.6, 2).

qNa 2. .
- =——2(x+1,)%;x<0; 2.7a
(Pp (pEp 2808( p) ( )
gN
0= Qg =——(x=1,)%x20, (2.76)
2€,€

rae (PEp U Qp, — DJICKTPOCTATHUYCCKUC IMOTCHIHNAJIBI COOTBCTCTBYIO-

KX CJIOEB BHE Tepexoza. [IpupaBHUBas 3HaYCHUST HANIPSHKECHHOCTEH
Ha MeTajuryprudeckoi rpanuie X=0 B BeIpaxkeHusx (2.6a u 2.60)

Ep u Ey, momydaem cooTHOIICHHE MEXIy IMIMPHHOW Mepexoja

B CITOSIX M KOHIICHTpAIMsIMA P 1 N.
p__A (2.8)

Jst HecummerpudHoro mepexoia Np >> N, cienoBaTelnbHO,
|, <<l,, a sHauur, |y =I,, T. e. MOXHO cUMTaTh, YTO MEPEXOA IOIHO-

CTBIO COCPENOTOYEH B BHICOKOOMHOM IOJTYIIPOBOIHKKE .
Ipupasnusas ¢, (0) u @, (0) B BEIpaKenHAX (2.72 U 2.76), Hc-

nosnp3ys coorowenus ly =1, +1, (2.8) u (2.3), moxkHO mONTyUHTH 32-

BUCHMOCTb MEXJy BBICOTOW Oapbepa A@Q, U mUpuHOW mepexoxna |,
B CIICZIYIOIIIEM OOIIeM BHJIE:
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25,CA
= [2o0A% 1 1 (2.92)
q N, N
Jist HecnmmerpuyHoro nepexoaa nmpu N, >> N, monyyaem:
= [2o05A% (2.96)
aN 4

Hcnonw3ys popmymy (1.20B), BeIpaskeHUE SIS MAPUHBI TEPEXO-
J1la MOYKHO 3aIIMCaTh B BUAE!

2€,€0r InNﬂZI\Ia
I = N (2.98)

aN
W13 Beipakenus (2.98) ciemyeT, 4YeM BhIIIE KOHIICHTPAIIHS JTOHO-
pOB, TCM MCHBIIC IJ_II/IpI/IHa Hepexozxa, T. €. BINAHHUEC BBICOKOOMHOTIO
MMOJIYIIPOBOJHUKA 6OJ'I€C CYHICCTBCHHO 11O CPABHCHHUIO C HU3KOOMHBIM.
yBCHI/I‘ICHI/IC KOHI_[eHTpaI_[I/II/I I[OHOpOB HpI/IBOI[I/IT K YBC.HI/I‘IGHI/IIO
IIJIOTHOCTH 3ap5ma B 9TOM CJIO€, HE USMCHJA IIJIOTHOCTHU 3ap5ma B HU3-
KOOMHOM HOJIYHpOBOI[HI/IKe. qu/ITBIBaSI, qTo BapHI[BI B HepeXOI[e CJ1C-
Ba U CIpaBa OT METAJUTYPrUYECKOW TpaHULBbl JOJKHBI OBITh PaBHBI
1o a0COMIOTHOW BEJIMYMHE, IIUPUHA MEPEX0Ja B MOIYNPOBOAHUKE N

YMCHBIIIUTCH.

AHaJIM3 nepexoJa B HEPABHOBECHOM COCTOSTHHH

[ToaxmrouMM HMCTOYHUK HANPSDKEHUS. MEXKAY P- U N-CIIOSMH.
Harnpsbxkenue Hapyiaer paBHOBECUE B CUCTEME U BbI3bIBAET U3MECHEHUE
BEJIMUMHBI TOKa. [Tpy 3TOM BBICOTa MOTEHUMAIBHOTO Oaphepa IOJKHA
U3MEHUTHC, TaK KaK IIPYU PABHOBECHOM 3HA4Y€HUU AQ, IIOTOKU HOCUTE-

Jel depe3 Mepexoj] YPaBHOBEIICHBI M TOK OTCYTCTBYET. Bbiiie ObLIO
MOKa3aHo, YTO YJENIbHOE COMPOTHBJICHUE OOCIHCHHOIO CJIOS Ha He-
CKOJIBKO TTOPSIKOB BBIIIIE, YeM YICITBHOE COMPOTURIICHUE OCHOBHBIX -
U N-cioeB auoza. [losToMy BHENTHEe HANPSHKCHUE TOYTH MTOJTHOCTHIO
naJlacT Ha Mepexo/ie, T. €. K3MEHEHHE BhICOTHI ITOTCHIMAIBHOTO Oaphepa
JOJDKHO OBITh PaBHO BEIMYMHE MPHIOKEHHOrO HampsbkeHus. Korma
BHEIITHEE HATPSHKCHUE MPIJIOKEHO TUTIOCOM K [0-CJI0I0, BRICOTa Oaphepa
yMeHbImaeTcs (puc. 2.7, a) ¥ CTaHOBUTCS PaBHOM:

A =Ag,-U. (2.10)
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p/K _\ n

Apo Ay

o

Puc. 2.7 — Cwmemenue nepexoza B mpsMoM (a)
1 00paTHOM (6) HaPaBICHHUIX

Takoe BKIIFOUEHME NEpEX0aa Ha3bIBaeTcs npsmbeiM. [Ipu orpuna-
TEJIBHOM NOTEHIHMale Ha P-cioe (puc. 2.7, 6) BbIcOTa Oapbepa yBe-
nwuuBaercs, U B Gopmyne (2.10) Hy)kHO mM3MeHUTH 3HaK mepex U .
Takoe BKIIOUCHHE Ha3bIBaeTCs oOpaTHBIM. MI3MEHEHHE BBICOTHI Oa-
phepa C TMOMOIILI0 BHENTHETO HANPSHKEHHUSI PUBOIUT K M3MEHEHUSIM
IIMPUHBI NIEPEXOJa W TPAHUYHBIX KOHILIEHTpalud Hocureneu. Pac-
CMOTPUM DOTH M3MCHCHHUS MPUMEHUTEIHLHO K HECUMMETPHYHOMY IIC-
PEXOy ¢ HU3KOOMHBIM P-citoeM. [loncrasmss 3Hadenne A us (2.10)
B (2.96), nomy4aem:

| = 2§§O(A(p0 _U) :IO A(pO -U , (211)
aN

rne |, — mmpuHa noTeHuManbHOro Oapbepa NpU TEPMOAMHAMHYE-

CKOM paBHOBecuHu Iepexona. [lonoxurenpsHOe npupanieHue NOTEHIHN-
ajla COOTBETCTBYET YMEHBIICHUIO ITOTEHIMAJIBHONU YHEPIUU DIIEKTPO-
HOB, T. €. CIBUT'Y DHEPIreTUUYECKUX YPOBHEU 30HBI IIPOBOAMMOCTH I10-
JyIPOBOJAHUKA P BHHU3, YPOBHEW BAJEHTHOW 30HBI IOJIYNPOBOJHUKA
N BBEpX.
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Kak Buaum, mnepexoja CyKaeTcs IpH MPSMOM HaIPSHKCHHH
(U > 0) u pacmmpsiercs npu oopatHom Hanpspkennn (U < 0). Tlpu
OpSIMOM CMEIIICHUHU BCIICACTBHE HCATU3alliN MepeXojia BhIpaKECHUEC
(2.11) umeeT CyIIECTBEHHYIO TIOTPEITHOCTh M OTPa)KaeT CKopee Kade-
CTBCHHYIO KapTHHY M3MCHCHHUS INMMPHHBI Iepexoaa. B To Bpems kak
npd  OOpaTHOM HANPSHKCHHH, YIOBIICTBOPSIOIIEM HEPAaBEHCTBY
U >> @7, Beipaxkenue (2.11) oka3piBaeTcsi 1OCTATOYHO TOYHBIM U IIIU-

POKO HCIIOJIb3YETCSI Ha IPAKTUKE. B mpakTUUeCcKHUX ciiydasx 4acTo
BBIINIOJIHAETCS YCIIOBUE |U | >> A@,. B 3TOM cCilydae mmpuHy nepexona

MOYKHO 3aIicaTth B BUJIC:
Y
-— (2.12)
Ay

W3 Beipakenus (2.12) cmemgyer, 9To W3MEHEHHS BHEIIHETO
HANpsHKCHUST MPUBOJUT K M3MEHEHUSM HIMPUHBI MEPEexXojia, JaHHOE
CBOWCTBO HIMPOKO HMCIOJIB3YETCs HAa MPAKTHKE B CIEIHATU3UPOBAH-
HBIX TUOJ]aX — BapHKAamax.

Ecmu B ¢dopmynsr (2.4) moacTtaBuTh BBICOTY NMOTEHIIMAIBLHOTO
Oapbepa (2.10) BMeCTO paBHOBECHOTO 3HAYCHUS AQ, U CUMTATh KOH-

HEHTpAaIrN OCHOBHbIX HOCHUTEIEH nno n ppO HCU3MCHHBIMH, IJIA I'pa-

HHNYHBIX KOHHGHTpaHI/Iﬁ HEOCHOBHBIX HOCHUTEICH IMOJIYYUM BbIpaXC-
HUL.

—-Ag —AQ ly
— o _ or or .
pn - ppOe - ppOe €

—-A@ —A@g ty
_ oT _
N, = Noe noe 7% |e/°.

VYuuTtsiBasi, 4TO B CKOOKaX CTOSIT paBHOBECHbIE IPAHUYHBIE KOH-
IIEHTpaIuu, onpezensieMbie Gopmynamu (2.4), 3anuiieM MoTyICHHBIE
BBIpaXXEHUS B cleaytomen popme

)
Pn = pnoe/ T (2.13a)

U
n, = npoe/ T, (2.1306)

Ecnn nanpsokenue U  TpUIOKEHO B NIPSIMOM  HaIlpaBIICHHH,

TO KOHLEHTpauuu P, ¥ N, Ha rpaHuuax nepexopa cormacto (2.13)
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BO3PaCTar0OT 110 CPAaBHCHUIO C paBHOBCCHBIMU 3HAYCHUAMU pnO u npo.

IIpn U = 3¢p; KOHLEHTpalUu HEOCHOBHBIX HOCUTENIEH YBEINYUBAIOT-

cst 6osiee ueM B 25 pa3. MlHaue roBopsi, B K&KJIOM U3 CJIOCB IOSBIISIOT-
sl N30BITOYHBIC HEOCHOBHBIE HOCUTEIH, T. €. UMEET MECTO WHXKCKITHS
(puc. 2.8, a). Eciim Hanpsbkenne U NpHITOKEHO B 0OpaTHOM HalpaB-
JICHMH, TO IPAHMYHBIE KOHLUEHTPAMH P, U N, YMEHBIIAIOTCA TI0

CPaBHEHHIO C PAaBHOBECHBIMU 3HAYCHHSIMH, T.€. UMEET MECTO JKC-
tpakiwus (puc. 2.8, 0).

P-NOJyNPOBOAHMK  N_yjo1ynpoBOAHMK  P-HOJIYNPOBOIHUK N-MOJYNPOBOAHUK

g pn R 4 PN
;O oo ;01 _ Poo
101 Nno
‘ 2
ol \-___L_AE”
_L // pnO
/T- -+ 7 X
Anp nw < I >
lo —
a O

Puc. 2.8 — Pacmnpenenenue HocuTesel B epexo e npu npsMom (a)
u oopatHoM (6) HanpspkeHUsIX. [[yHKTUPOM MOKa3aHbI
pacnpeziesiCHUs] B PABHOBECHOM COCTOSTHUH

N30bITOUHBIE KOHIEHTpAllMM Ha TpaHUIAX Mepexoaa MOKHO

HafITI/I, BbIUyUTass M3 pn 41 np COOTBCTCTBCHHO BCJIMYMHBI PABHOBCC-

HBIX KOHLCHTPAUNH Pp, U Nyo. BbIpaxkenus uist Benu4nH n30bITOY-

HBIX KOHHGHTpaI_II/If/’I MOKHO 3aI1ucaThb B BUJIC.

U

AP, = Pro e/ T—1y; (2.14a)
%

An, =n,,| e -1/ (2.1406)
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CpaBHUM M30BITOYHBIC TPAHWYHBIC KOHIICHTPAIIUU B CIIOSIX P U
n, pasnenuB (2.14a) na (2.140) u 3aMEeHHMB B NPaBO YacTH KOHIICH-
TPaUMK P ¥ Nyg HA Ppo 1 Npgmio Gopmyaie (1.16). Toraa:
A
P _ Peo. (2.15)
Ang Ny

JInsT HECUMMETPUYHBIX TEPEX0JIOB KOHIECHTPAIlUU Ppo ¥ Ny

CWJIBHO PAa3JIM4aroTCsA, MOITOMY KOHUEHTPALUMS HHKEKTHPOBAHHBIX
HEOCHOBHBIX HOCHUTENIE OyJeT ropa3io OoJibllie B BBICOKOOMHOM
clioe, YeM B HU3KOOMHOM. Takum 00pa3oM, B HECUMMETPUYHBIX II€-
pexonax MOXKHO CUMTaTh, YTO MHXKEKLMsS HOCUT OJHOCTOPOHHHM Xa-
pPaKTEP: HEOCHOBHBIE HOCUTEIIM UHKEKTUPYIOTCS B OCHOBHOM W3 HU3-
KOOMHOI'O CJIOSI B BBICOKOOMHBIN. WHIKEKTUPYHOLIUI CJI0H C OTHO-
CUTEJbHO MAJBIM YACJbHBIM CONMPOTHBJICHHEM Ha3bIBAKOT IMHUT-
TEPOM, a CJIOH C OTHOCHUTEJbHO 00JILIIUM YAeJbHBIM CONPOTHB-
JICHHEM, B KOTOPbIii HHKEKTHPYHTCH HEOCHOBHBbIC JJI HEro HO-
cureu, — 0a30u.

@opmynsl (2.13) MOATBEPKIAIOT, YTO B PEKHUME DKCTPAKIIUU
IPaHUYHbIE KOHIEHTPAIlMU HEOCHOBHBIX HOCHUTEIEH MOTryT OBITh
CKOJIb YTOJHO MaJibl, HO BCErAa MOJIOKUTEIbHBI.

2.3 KoHTakTbl MeTann-nonynpoBoAHUK

KoHTaKThI MOJIYIIPOBOTHUKA C METAIUIOM HUIPAIOT BAXKHYIO POJIb
B MOJIYIPOBOJHUKOBBIX Mpubopax. CTpyKTypa U CBOMCTBA 3TUX KOH-
TaKTOB 3aBUCAT B IEPBYKD OYEpEIb OT B3aMMHOIO PAaCIIOJIOKEHUS
ypoBHelr Depmu B MCXOAHBIX ciosx. Ha puc. 2.9 BBepXy nokaszaHbl
30HHBIE AUArpaMMbl Pa3fEeiICHHBIX CJIOEB, @ BHU3Y — 30HHBIC IHa-
IrpamMMBbl COOTBETCTBYIOIINX KOHTAKTOB. [lockonbky ypoBeHp Depmu
B METaJUIe BCErJa pacIlOiOkKEH B 30HE MPOBOJAMMOCTU U I PaBHO-
BECHOM CHUCTEMBI JIOJKEH OBITh €IMHBIM, HETPYJHO B KAXKJIOM CIydae
OLICHUTb XapakTep pe3yJabTupyroiei nuarpammel. Tak, Ha puc. 2.9, a
HMEEM Qg > Q. OTO 3HAYUT, YTO DHEPIeTHYECKUE YPOBHH, COOT-

BCTCTBYHOIIUC 30HC IIPOBOAMMOCTHU IOJYIIPOBOIAHHUKA, 3aIIOJIHCHBI
B METaJlJI€ 6OJIBHIC, 4YCM B IMOJYIPOBOJHHKC. CH@I[OB&TGHBHO, IIOCJIC
COIMIPUKOCHOBCHUA CJIOCB YaCTb J3JICKTPOHOB nepefmeT N3 McCTajuia
B ITOJYIIPOBOJAHHUK U KOHLUCHTPALIUA 3JICKTPOHOB B MCTAJLJIC B O6J'IaCTI/I,
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IIPUJIETalOIEN K METAJIIyPIUYECKOM IpaHule, ymeHbures. Hannyue
JOIIOJIHUTEIIBHBIX 3JIEKTPOHOB IIPUBOJUT K YMEHBIICHUIO PACCTOSHUSA
Mexay ypoBHEM DepMHU U THOM 30HBI IPOBOJUMOCTH B 3TOM 00J1aCTH,
II03TOMY JHEPreTUYECKUE YPOBHHU MOJYNPOBOJHUKA UCKPUBIIAIOTCS
BHU3. 3HAKU IUTFOC U MUHYC TOBOPAT O TOM, YTO B 00JaCTH METaJLTyp-
TMYECKON TpaHUIbl 00pa3yeTcsi paBHOBECHBIM MOBEPXHOCTHBIN I1O-
TeHIHan Qg,. Ha puc. 2.9, 6 nokasan oOpaTHbI ciy4aid, KOraa 1ocie

COIIPUKOCHOBEHHUSI CJIOE€B DJIEKTPOHBI MEPEXOAAT U3 MOIYIIPOBOJIHUKA
B METaJUl U COOTBETCTBEHHO YPOBHU HCKPUBISAIOTCS BBepX. O0macTsb
UCKPUBIICHHS 30H (T. €. 00JIACTh MPOCTPAHCTBEHHBIX 3apPSIOB) UMEET
IPOTSKEHHOCTh MOPSAKA 1€0aeBCKOW JUTUHBI.

IMoaynpoBogHu kK IHosynpoBogHuK
p-Tuma N-Tuma
MeTaJll
MeTaJll Gen
P 3anpemeHHas Pem T 3anperieHHas
rvn =—= 30HA Prp 0 30HA
pr— _ % _—
+
% -
-
& Ra————=
?30 = — — S E———
m: —_—
a O

Puc. 2.9 — 3oHHbIe 1uarpaMMbl BBITPSIMIISIIOIINX KOHTAKTOB
METaJIJIa C TOJIYIIPOBOJHUKOM: @ — KOHTAKT C MOJIYIIPOBOAHUKOM
p-Tumna; 6 — KOHTaKT C MOJIYMPOBOAHMUKOM N-THMa

O0a xoHTaKTa, TOKa3aHHbIE Ha pUC. 2.9, a U 6, XapaKTepHBI TEM,
YTO KOHIIEHTPAIMS OCHOBHBIX HOCUTEJICH Ha TpaHUIIC TTOYITPOBOIHU-
Ka TMOHWKEHA IO CPABHEHUIO C KOHIICHTpAIMEeW BAAJM OT KOHTAKTa.
CrnenoBaTenbHO, TPAHUYHBIN CIIOW 00J1a/1aeT TTOBBIIIIEHHBIM yICIbHBIM
COIMPOTHBJICHUEM M MOATOMY OMpPELISICT COMPOTUBIICHUE BCEH CHCTe-
MbI. B 3aBUCHMOCTH OT MOJISIPHOCTH TPHIIOKEHHOTO HAIPSHKCHUS Me-
HSIETCSI BBICOTA MPUITOBEPXHOCTHOTO MOTEHIIMAIBHOTO Oapbepa.



76

Tax, eciiv BHeIlTHEE HANPSKEHUE MPUIOKEHO TUIIOCOM K METall-
Jy U MHUHYCOM K TMOJYHPOBOJHUKY, TO MOTEHIMAILHBIN Oapbep
Ha puc. 2.9, a noBeIaeTcs, a Ha puc. 2.9, 6 nonmwkaerca. [Ipu 3Tom
T'PaHUYHBINA CJIOM Ha puc. 2.9, a eme Oosbiie 00eIHICTCS ABIPKAMU
1 OyJIeT MMETh TMOBBIIICHHOE COMPOTHUBJICHUE, a TPaHUYHBIN CIIOH
Ha puc. 2.9, 6 oboraiaercst AEKTPOHAMH U OYJIET UMETh TOHMKEHHOE
COIPOTHBIICHUE TIO0 CPABHEHUIO C PABHOBECHBIM COCTOSTHUEM. 3HAYMT,
Takasi MOJSIPHOCTh OyAeT OOpaTHOW JjIsi KOHTakTOB Ha puc. 2.9, a
U TIPSIMOM 1J1s1 KOHTAKTOB Ha puc. 2.9, 6.

Ecmu m3MeHUTh MONIIPHOCTh MPHIIOKEHHOTO HAIPSHKEHUS, TO TI0
aHAJIOTUYHBIM MIPUYMHAM CONPOTUBIICHUE TPAHUYHOIO CJIOS Ha puc. 2.9,
@ TIOHU3UTCS M KOHTaKThl OyayT paboTaTh B MPSIMOM HaNpaBJICHUH,
a COMPOTHUBIICHUE TPAHUYHOTO CJI0s Ha puc. 2.9, 6 TOBBICUTCA, T. €.
cucteMa OyjeT paboTaTh B 0OpaTHOM HaMpaBJICHUH.

Takum 00pa3om, KOHTAKTHI Ha puc. 2.9, a 1 6 XOTs U He obecrie-
YUBAIOT MHKEKIIMH, HO 00J1a1at0T BEHTHJIBHBIMU CBOMCTBAMU U JIKaT
B ocHOBe 110J10B [lloTTku. [IpuHIIMNIMANBHOE OTINYKE TAKUX KOHTAK-
TOB OT CHUCTEMBbI C 00pa3oBaHUEM P-N Mepexojia 3aKII0YaeTCs B TOM,
4YTO TOK OOYCJIOBJIEH OCHOBHBIMU HOCHUTEISIMHU, MOJBHKHOCTH KOTO-
PBIX 3HAYMTENILHO BbIIIE HEOCHOBHBIX. KpoMe Toro, orcyrcTBue pe-
KUMa WHXKEKIIMM HE MPUBOIUT K HAKOIUICHUIO M PACCACHIBAHUIO H3-
OBITOUHBIX HOCHUTEJNIEH 3apsiaa. J[Ba 3Tux ¢akTopa ciocoOCTBYIOT Cy-
IICCTBEHHOMY TMOBBIIICHUIO ObICTpOIelcTBUS B quoAax [IoTTku.

WNuas kapTuHa mojlydaeTcs TOTJa, KOTJa JJii KOHTAaKTa MeTasuia
C MOJYNPOBOJHUKOM P-THIA HMEET MECTO COOTHOLICHHUE Qpy, < Opy,

a JUIsl KOHTAaKTa MeTasuia ¢ MOJyIPOBOJIHUKOM N-TUIIA — COOTHOLIE-
HUE Qp, > Op,. B dTHX ciy4asx UCKpUBIICHUE 30H B IIOIYNPOBOIHU-

KaX MOJIy4aeTcsi OOpaTHBIM MO CPABHEHUIO C TEM, KaKO€ MOKa3aHO Ha
puc. 2.9, a u 6, T. €. TpaHUYHBIE CJION OKA3bIBAIOTCS HE 00ETHEHHBIMH,
a oOoramieHHbIMH OCHOBHbIMH HocutemsimMu (puc. 2.10). CootrBer-
CTBEHHO, YJIEJIbHBIE COMPOTUBIIEHUSI TPAHUYHBIX CJIOEB OKAa3bIBAIOTCS
HIKE, YEM Y OCHOBHBIX CJIO€B MOJIYIPOBOJHUKA BAAIU OT TPAHUIIBI,
TaK YTO HAIMYME TPAHUYHOTO CJIOSI B CUCTEME MAJIOCYIIIECTBEHHO C
TOYKH 3PEHUSA €€ CYMMapHOro comnpotuBieHusa. CieaoBaTenbHO, pe-
3YJBTUPYIOIIEE COMPOTUBICHUE CUCTEMbI OJM3KO K COIMPOTUBIICHUIO
OCHOBHOTO CJIOSl MOJIYIIPOBOJAHWKA U MOYTH HE 3aBUCUT OT IOJSPHO-
CTH W BEJIMYMHBI BHEIIHETO HANPSDKEHUA. TaKne KOHTAKThl HA3bIBAKOT



77

OMUYCCKHUMU, WUJIN HCBBIIIPAMIIAOIINMU. HeBBIHpHMHHIOIHI/IC KOHTAaK-
TBI SIBISIOTCSI OCHOBOM OMHUYECKHUX KOHTAKTOB.

IMosynpoBogHUK
p-THna IHonynposoauuk
N-Tuna
3anpemennas MeTalln
MeTaJll
30Ha Y o @rn_| 3anpemennas
________ p —T
(pFM [— 30Ha
= E
= T
N ———— ' —_—
OF o [ ™ M
%‘— :&E
a o

Puc. 2.10 — 3onHEbIC AuarpaMMbl HCBBIIIPAMIIAIOIIUX KOHTAKTOB MCTAJlJIa
C IMOJIYIIPOBOJHHUKOM: d — KOHTAKT C IIOJIYIIPOBOOAHUKOM p-TI/IHa;

6 — KOHTAKT C MOJYIPOBOJHUKOM N -THIIA
2.4 AHanun3 ngeannsnpoBaHHOro aguoaa

HecMoTpst Ha TO, 4TO UOJ MpEACTaBIseT cOOON OAWH U3 MPO-
CTEHIIIUX MOJYITPOBOJHUKOBBIX MTPUOOPOB, MPOIECCHI, MPOUCXOSIINE
B HEM, JIOCTATOYHO CJOXHBI. JIJisi TOrO 4TOOBI BBISICHUTH OCHOBHBIE
MapamMeTpbl U XapaKTEPUCTUKUA AUOJA, TPOBEIEM CHAdaJla YIIPOUICH-
HBbII aHalii3, a 3aTe€M B MOCJEAYIONMX mnaparpadgax yTOUHUM IOJy-
YEHHBIEC PE3YJIbTATHI.

Hcxoanblie mpeanocbuiku. byneM, Kak v panblie, CYuTaTh P-N

NepeXo]l HECUMMETPUYHBIM U P-CJION 3HAYUTEIBLHO OOJIbIIE JETHPO-

BaHHBIM, 4yeM N-cioi. [Ipu 3TOM, Kak M3BECTHO, MHXKEKIUS U IKC-
TpaKUs HOCSAT OJJTHOCTOPOHHUN XapaKTep, a 3HAYUT, MOXKHO COCPEJIO-
TOYUTh BHUMAHUE HA aHAJIU3€ MPOIIECCOB B 0a3€ U pe3yIbTaThl aHAIU-
3a paclpoOCTPaHUTh Ha aHAJIOTUYHBIC, HO MEHEE CYIIECTBEHHbIC MPO-
LECChI B OMUTTEPE.
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AHaIN3 CyIIECTBEHHO YITPOIIAETCS, €CIU NPUHATH CICIYIOLINE
JOITYLICHUS, a B JAJbHEUIIIEM BBECTH YTOUHEHUS.

1. Cnoii 0a3bl SBASETCA SIPKO BBIPAKEHHBIM 3JIEKTPOHHBIM
NOJIYIPOBOAHUKOM. ODTO 3HAYHUT, YTO BMECTO «OOBEAMHEHHOTO»
AIIEKTPOHHO-ABIPOYHOIO YPABHEHUSI MOXKHO IT0JIb30BaThCSl YPABHEHMU-

oE/ _
em (1.33a) 1 MOJI0KUTH AX =0.

2. KoHueHTparys AbIPOK, HHKEKTUPYEMBIX B 0a3zy, HEBEIHKa,
T. €. BBITIOJIHACTCS YCJIOBHE HHU3KOTO YPOBHS WHXKEKIuu. IIpu 3Tom
NOJHAs KOHLEHTpalus IbIPOK B 0a3e P= P, =Ap OCTaercs 3Ha4du-

TEJIbHO MEHBIIEC KOHUCHTPAOUMN JJIEKTPOHOB N=1,. CJIGI[OB&TCHI)HO,

MOXHO TIpeHeOpeus ApeiihOoBOM COCTABIAIONICH ABIPOYHOTO TOKA
B 0aze. [lo aHa/OrMYHBIM MPUYMHAM MOKHO MPEeHEOpedb ApeidoBoi
COCTAaBJISIFOIIECH 3JIEKTPOHHOrO TOKa B AMUTTEpe. COOTBETCTBEHHO
BMECTO YpaBHEHUSI HEMPEPHIBHOCTH MOXHO HCIIOJIL30BaTh YPaBHEHUS
mudPy3umn.

3. [Nanenue HanpspkeHus B 0a3e (a Tem Oojee B HU3KOOMHOM
SMHUTTEPHOM CJI0€) 3HAYUTEILHO MCHBIIIC BHEITHETO HATIPSHKEHUS, TaK
YTO TMOCJAEAHEE MOXHO CYHUTaTh MPHUIIOKEHHBIM HEMOCPEICTBEHHO
K IIepexoy.

4. [llupuHa mepexo/ia HACTOJIBKO Maja, YTO MpolieccaMu TeHe-
palyMd U peKoMOMHAIMK B OOJACTH MEpEeXoJa MOKHO MpEeHeOpeyb.
OTO AaeT mpaBO CUUTATh IEKTPOHHBIE TOKM Ha 00EMX rpaHUlAx Ie-
pexo/ia OJMHAKOBBIMH; TO K€ CAMO€ OTHOCUTCS K JBIPOYHBIM TOKaM.
Cpasy e OroBopuMcsi, 4TO 3TO JOMYIIEHWE OUYE€Hb YaCTO HE peaun3y-
€TCsl, OCOOCHHO JIJIsI KPEMHHUS U apCeHU A rajiivs, T. €. JJIsl MOJyIpo-
BOJHUKOBBIX MAaTE€pUAJIOB C OTHOCUTEIHHO OOJBIION IMIMPUHONU 3a-
MPEIIEHHOM 30HBI.

5. ObOpaTHble HaNpPsDKEHUS 3HAYUTEIHLHO MEHBINEC HANPSHKEHUS
npo0osi, TaK YTO MOXXHO NMpeHeOpedyb MPEeAnpOOONHBIMU SBICHUSIMU
B IIEPEXO/IE.

6. OTCYTCTBYIOT BCSKOTO pOJa MOBEPXHOCTHBIC YTCUKH, IIYHTH-
pylolue Nepexo, a cle0BaTeIbHO, U TOKH YTEUKH, KOTOpbIEe 100aB-
JISIFOTCS K TOKaM, OOYCJIOBJICHHBIM MHXKEKITUEH U SKCTPAKIIUEH.

YuuTeiBas NMPUHATHIC TOMYIICHHS, pabOTy AMOJAa MOXHO OIH-
caTh clenytomuM odpazom. Ilpu npsmMoMm cMellleHuH nepexojia KOH-
IIEHTpAaIKs IBIPOK Ha ero 6a30BOM I'PaHMIIE TTOBBIIIACTCS, U OTH U30bI-
TOYHbIE ObIpKH AUPYHIUPYIOT B TiiyOb Oa3bl. 1lo mMepe ypanenus
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OT IIepexo/ia KOHIICHTPAIMS JIbIPOK yObIBAET M B YCTAHOBHUBIIEMCS
PSKHUME TTOJTYYaeTCs HEKOTOPOE paclpe/ieicHHe N30bITOYHBIX JIBIPOK
Ap(x) (puc. 211, a). WNmxekuus IbIpOK B 0a3y HapymiaeT ee

HEUTPAILHOCTL ¥ BBHI3BIBAET INPUTOK HM30BITOYHBIX DIIEKTPOHOB
M3 BHEIIHEH LEenr. DTH DJIEKTPOHBI PaCIIPENESIOTCS TaKUM 00pa3oM,
4TOOBI KOMIIEHCHPOBATE II0JIE ILIPOK, T. €. HAKAILIMBAIOTCS B TOM XKe
obxacTy, 4to u ApIpku. IlosTomy kpuBbie AP(X) u An(x) oxa3sbiBa-

I0TCSl IOYTH OJMHAKOBBIMU. HeOomblas pa3Huiia MExXay 3TUMU KpU-
BBIMHM OOYCJIOBJICHA pa3finurieM MOABUKHOCTEH AJIEKTPOHOB M JBIPOK
(addexr dembepa). B ycraHoBuBIIEMcs peknMe B 0a3e MPOTEKAET
T Py3UOHHBIN ABIPOYHBIA TOK, MPONOPLUUOHAIBHBIA TPaJUCHTY
KOHILICHTPAIUH B KAXKION TOUKE KPUBOU Ap(x) .

Tak xak MOJHBIA TOK AMOJA JOJDKEH OBITH OQWHAKOBBIM B JIO-
OOM CEYeHHH, TO YMEHbIIEHUE NU(P(HY3MOHHOTO ABIPOYHOrO TOKA CO-
MIPOBOXKJIAETCS POCTOM JIEKTPOHHOM COCTABJISFOIIECH.

CTpyKTypa MOJHOTO TOKa pacCMOTpeHa HaMM paHblie. OHaKO
BEJIMYUHY TOJIHOTO TOKAa YJAETCsl BBIYUCIUTHh O€3 ydeTa 3TON CTPYyK-
Typbl, €CJIM BOCIOJIb30BaThCSl CJCIAHHBIMU BBIIIE JTOMYIICHUSIMU.
JlelicTBUTENbHO, YUUTHIBas aomyiieHus 2 u 4, MoxeM sl 6a30BOM
IPaHUILIbl IEPEXO/A 3AIUCATH:

j (O) = jp (O) + jn (O) = jp()ugb(o) + jndud;(_l) ’
rje KoopawHaTa X =—| coOTBeTCTBYeT 3MUTTEpHOH rpanuiie. B omHo-
MEPHOM CTydae IUIOTHOCTH ToKa | (0) coxpaHsercst B 1000M CCUCHHH.

PeanbHble CTPYKTYpbl MOJYIIPOBOAHUKOBBIX JHOJIOB U TpPaH3U-
CTOPOB HEOJHOMEPHBIC, OJJHAKO aHAJIN3 MPOBOJUTCS MPUMEHUTEIHHO
K OJTHOMEPHON MOJieNH (B JaHHOM CiTydac MPUMEHUTEIBHO K MOJICIIH,
noka3aHHOW Ha puc. 2.8), mocie 4ero B ciiydyae HEOOXOJIUMOCTH Jie-
JIAI0TCSl T€ WK UHBIE MTOMPABKHU.

Takum 00pa3oM, 4TOOBI pacCUUTaTh TOK JHMOJIa, HYXHO, 3Has
BEJIMYMHY MPWIOKEHHOTO HANPsHKEHUS, HAUTU paclpeieTICHUs TbIPOK
B 0asze U AJIEKTPOHOB B AMUTTEPE, ONPEIAEIUTh IPAAUCHTHI 3TUX pac-
npeeieHni cooTBeTCTBEHHO B Toukax X=0 u X=-| u 3arem c no-
MOIIbI0 (OPMYJI, U3BECTHBIX HAM M3 MEPBOU IJIABBI, MOJIYYUTh KOM-
MIOHEHTBI TIOJTHOTO TOKA | 5,4 (0) ¥ |5, (=)

Pemenne nuddy3nonHoro ypaBHeHuss. YToObl MOJIyUUTh CTa-
THUYECKYH0 BOJIbT-aMIIEPHYIO XApPAKTEPUCTUKY AUOAA, HYKHO HAWUTH
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CTAallMOHAPHOE pachlpeieNIeHue IbIPOK B 0asze. st 3Toro B ypaBHEHHUH

mudPy3un creayeT moI0KUTh JdAp 5= 0, mocJie yero oHO MPUBOAUT-
Csl K BUILY
d?(ap) ap
-—-=0, 2.16
x> L (218

TJie I IPOCTOTHI ONYILEH UHAEKC [ mpu mapamerpe L .
[Tockonbky B 6aze N>> P, kpuBble N(X) OMKHBI ObLTH OB
JIe)aTh HAMHOTO BBIIIE, YeM KpuBble P(X). UToObl 3TOr0 HM30exkarth,

Ha puc. 2.11 cnenaH pa3pbIB Ha OCH OpJIMHAT.

w=L __

p.N
A

An(0) Q\\jzt\n- ewv=L —
l > 4n(0) 1

T[T =

TR T o
Ap(0) k Ap No 4n(0) D

S I
l ™8 T = Ap(0) |2

— I —— 0 1 2 3 x/L
0 1 2 3 X/L

da o

Puc. 2.11 — PacrnipenenieHne HOCUTENEH B THOAaX C TOJICTON M TOHKOM 0a30i:
a — TIpHU MPSIMOM CMEIIEHUH; 6 — MpU 0OPaTHOM CMEILIEHUU

Kak u3BecTHO, pemenuneM (2.16) sBiseTcss cymMMa JIByX 3KCIIO-
HEHT:

Ap(x) = Ale% + Aze%. (2.17)

Jliist Toro uToOsl B periennn (2.17) onpenenuts Ko3hHUITUESHTHI

A 1 A,, Hy)XKHO 3HaTh rpaHuyHble yciosus. B pasznene 1.13 (pasn.

«Mownonomsipras nuddysus») snagenne Ap(0) ucnomb3oBanoch Oe3

paci(pOBKH, a TOJIIMHA 6a3bl IPUHUMAIACh OECKOHEYHO OOJIBILON,
M COOTBETCTBEHHO I10J1aranock Ap(ee)=0. Teneps, yunTsIBas KOHEU-

HbIE pa3Mepbl 0asbl, BHIPA3UM TPaHUYHYIO KOHIEHTpauuio Ap(0) ue-
pe3 MPUIOKEHHOE HAIIPsDKEHUE ¢ moMoIisio (2.14a):



81

Ap(0) = po[y or —1} (2.18a)

BTopyro rpaHYHYIO KOHLEHTPALUIO 3allUILIEM B BUE
Ap(w)=0, (2.180)
IIOCKOJIbKY KOHLEHTpAallU¥ HOCUTEICH Ha OMUYECKOM KOHTAaKTE CO-
XpaHAIOT PAaBHOBECHOE 3HAYCHUE HE3aBUCUMO OT PACIPEHCICHUS
KOHIIeHTparuii B 6a3e. [Ipu BBIONIHEHNN TpaHUYHBIX ycaoBwid (2.18)
ko3 dunrenTsr A 1 A, UMEIOT 3HAYCHHU.

A= Ap(0)_ A, = Ap(0) % (2.19)

7

a pacripenenenne Ap(X) HPUHUMAET BH:

v sh( W[ xj
Ap(X) = po| €77 -1 |——=. (2.20)
W
shl &
( Lj
B ciyuae TosncToii 0assl ‘W> (2—3) L‘ MOKHO TOJIOKHUTH
W — oo Torga ko3(ppunreHTsl A U A, YyIPOLIAIOTCS:

A =0; A, =Ap(0),

a pacnpeaciICHUC AbIPOK OKA3bIBACTCS SKCIIOHCHIUAJIbHBIM
U -X
Ap(0) = po(e/“’T —1je L, (2.21a)

B ciyuae ToHko# 0a3bl |W< O.5L| MOXKHO cuuTath Shz= z. To-

rna u3 (2.20) mosydaeM MpaKTHUYECKH JIMHCHHOE pacIpeiciiCHue
npuMmeceii B 0aze

Ap(X) = po(ey o —1j(1— ij, (2.216)

w

KOTOpoe OoJiee XapakTepHO I pealbHbIX nuoaoB. Ha puc. 2.11, a
pacupenenenus (2.21a) u (2.216) moka3aHbl COOTBETCTBEHHO CILIOIII-
HBIMH W ITyHKTHPHBIMH JHHEIME. J{ist pexxuma skcerpakuuu (U < 0)

BCE BBIBEJICHHBIC (POPMYJIBI OCTAIOTCS B CHJIE, @ COOTBETCTBYIOIIHE
pacripeiesieHus: AbIPOK U JIEKTPOHOB MOKa3aHbl Ha puc. 2.11, 6.
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BoabT-amnepHas xapakrepuctuka. Ui 10JydeHUsS BOJIBT-
aMIICpPHOM XapaKTepUCTUKN TpoauddepeHnupyeM Boipakenue (2.20)
1o KoopauHaTe X W, mojctaBuB B (1.20a), moayduMm pacrpeaesieHre
IJIOTHOCTH JIBIPOYHOTO TOKA B 0a3ze

ch V6 ——X
i (%)= TP Pos (E%T _1j Los (2.22a)
p L W. '
pé6 sh—¢
L s

3nech I ONPEACIICHHOCTH BBEIEHBI MHAEKCHI Uisi 0a30BOIO
cJog U sl «pabouux» Hocutened — apIpok. [lo aHamoruu MoxKHO
3amMcaTh JJIs INIOTHOCTHU JIEKTPOHHOTO TOKA B AMUTTEPHOM CJIOE!

chb =%
U
jn(X):qDLnf,nog (e/w _1] b, (2.226)
no sh—2
L

no

rae L, — nuddy3nonHas 1ivHaA A7 IEKTPOHOB B OMUTTEPE, a KO-

OpAMHATa X OTCYMTBLIBAETCS OT Iepexoja B riry0ob smurrepa. Iloaras
X=0 B popmynax (2.22), ymHOkKass 00€¢ YaCTH Ha IJIOMIAAb S M CKJIa-
neiBast Toku | (0) u | (o) TIOJIyHaEM HCKOMYIO BOJILT-AMIICPHYIO Xa-

PaKTEePUCTUKY HJCaTU3UPOBAaHHOTO Juoaa. HeoOXxoauMo MOMHHTSH,
4YTO yMEHbIIEHUE AUPPY3MOHHOW COCTABISIOMIEH IJIOTHOCTH TOKA
COMPOBOXKAAETCS POCTOM apeidoBoit cocrapmstomieii. OObBIYHO CTa-
TUYECKYIO BOJBT-AMIEPHYIO XapaKTEPUCTUKY 3aIMUCHIBAIOT B CIIEIY-
rolen popme:

U
I =1, e/ 1 , (2.23)
rac

D.s
lo = P Pos + P, Mo, - (2.24)

W W
p6 Lp6 Lna
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I, mA

1 |-

1 1 | 1

—

_40 10 0 1 2 3 Y/er

Puc. 2.12 — Crarnueckasi BOJbT-aMIIepHAs XapaKTepUCTHUKA
UJCATM3UPOBAHHOTO TIIOCKOCTHOTO JTMO/1a

dopmyna (2.23) — oj1HA W3 BaXXHEUIINX B TPAH3UCTOPHOM TEX-
HUKe — ImpenacTaBieHa Ha puc. 2.12. Tok |,, ompeneiasiromiuii

«MacIITad» XapaKTEePUCTHUKH, HA3BIBACTCH TEIJIOBHIM TOKOM.
TepMHUH «TeIUIOBOM» OTPAXKAET CHJIBHYI0 TEeMIICPATYPHYI 3aBH-
CHMOCTb TOKA |, a TaKkKe TOT (P)aKT, YTO OH PABEH HYJIIO IIPH A0-

COJIIOTHOM HYJIe TeMIeparypsbl. {pyrum pacnpocTpaHeHHbIM Tep-
MHHOM SIBJISIETCH «O0PATHBIM TOK HACBHIIEHUN», MPOUCXOKICHUE
KOTOPOT0 CBSI3AHO C T€M, YTO MPH OTPUIATEIbHOM HANPSIKEHUHU

‘U‘ >> (1 00paTHBIN TOK MIEAJTH3HPOBAHHOIO AHOAAa PaBeH — |,

M He 3aBHCHT OT HANIPSKEHUS.

BropbiM ciraraembiM B (2.24) 0OBIYHO MpeHEOperaroT, T. K. HH-
KEKITUS DJICKTPOHOB M3 0a3bl B SMUTTEP OYCHH Majia. Tor/ia TerioBok
TOK paBeH

DS
0= W) 06
W
— | =W
Ecau BeITIOTHAETCS ycaoBrue W<< L th( Lj A :
DS
lo =~ = po. (2.256)
W
Ipu w>> L th(V%_) ~1
Ds
lo = 4= py. (2.26)

L
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CBoiicTBa TEIJIOBOTO TOKA OYIyT MOJAPOOHO pacCMOTPEHHI 1M03-
xe. Cellyac TOJBKO 3aMETHUM, YTO TEIJIOBOM TOK JHOJIa MPOIOPILHO-
HaJIeH KOHILIEHTPAIlMd HEOCHOBHBIX HOCHUTEJICH AJIEKTPOHHOTO MOJY-
IPOBOJHUKA Pp;, KOTOpas ’KECTKO CBA3aHA C COOCTBEHHOW KOHIIECH-

Ttpanuei N,. CoOCTBEHHas KOHLEHTpauus N, y KPEMHHsS TOPa3no

MEHBIIIE, YeM y TepPMaHus, CIEAOBATEIbHO, U TEIUIOBOM TOK Y KpeM-
HUEBBIX TUO/I0B HECPABHCHHO MEHBIIIE, UeM y TeépMaHUEBbIX.

OnHOM U3 BaKHBIX 0COOCHHOCTEH XapakTepucTuku (2.23) siBiis-
eTCs OUYeHb KpyTas (SKCIIOHCHIMANbHASA) MpsiMas BETBb. [loaTomy
BeCbMa OOJIBIIINE TIPSMBIC TOKH MOPSAKAa HECKOJIBKUX aMIIep W BBIIIES
MONy4YalOTCsS Yy TOJYMPOBOJHUKOBBIX JHOJOB TIPH HANPSKEHUU
He Oosiee 1 B, 1. e. HaMHOTO MeHbIIEM, YeM B CIy4yae BaKyyMHBIX U
ra3oHaIOHEHHBIX TUOAO0B. B CBsI3M ¢ OOJIBIION KPYyTU3HOW TPSMOM
BETBM OOBIUHO YyJOOHEe 3a7aBaTh B Ka4eCTBE apryMeHTa TOK,
a HaMpsDKEHWE CYUTaTh ero (yHKIWeH, T.K. 3a7aTh Ha TMPAKTHKE
HANPSHKEHUE C BBHICOKOW TOYHOCTBHIO ObiBaeT TpynHO. COOTBETCTBEH-
HO, hopmyny (2.23) menecoobOpa3HO MpeoOpa3oBaTh K CICAYIOIMIEMY

BUTY
U=o In(%o +1). (2.27)

BenTtunbpHbIe CBOMCTBA TI0O0T0 IMO/Ia BRIPAKEHBI TEM SIpUE, UEM
MEHbIIIE OOpAaTHBIA TOK MPHU 33JJaHHOM OOpAaTHOM HAIPSHKEHUU U YEM
MEHbIIIE MPSAMOE HAMpPsKEHUE MPHU 3aJaHHOM MpsiMoM Toke. K coxa-
JICHUIO0, 3TH JBa TPEOOBaHWSA B JAHHOM Clydae IPOTHBOPCUMBHI.
B camom nene, u3 Gpopmysisl (2.26) BUIHO, 9TO U3MEHEHUE TEIIOBOTO
TOKa, KAKUMH Obl MPUYMHAMHU OHO HU BBI3BIBAJIOCH, CONMPOBOXKAACTCS
W3MEHEHHEM TIPSMOT0 HAIpPSDKEHUSI B MPOTUBOIIOJIOKHOM HarpasJe-
HUM. DTO XOpOILIO BUIHO U3 puc. 2.13, a, rae pasnnuue Tokos |, 00y-

CJIOBJICHO Pa3HUICH B IJIOMIAJAX MEPEXOJ0B MPU MPOUUX PABHBIX
ycioBUsX. BaXHbIM clieIcTBUEM 3TOM OOIIEH 3aBUCUMOCTH SIBJISIETCS
TO, YTO MPSAMbIC HANPSIKEHUSA Y KPEMHHUEBBIX THUOJOB 3aMETHO 0OJIb-
e, 4YeM y F'e€pMaHUEBbBIX, TOCKOJIBKY TEIJIOBOM TOK Y IMEPBBIX HA HE-
CKOJIBKO MOPSIAKOB MEHbIIE. Paznuune B MPsAMBIX HANPSIKEHUSX Tep-
MaHHEBBIX M KPEMHHEBBIX JHOJI0B cocTaBmsieT oopiuHo 0,3—0,4 B
U COXPaHsETCs BILUIOTH JI0 MAJIbIX TOKOB.
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XapakTepucTHYeCKUe CONpoOTUBJIeHUsA. HenuHenHoCTh Xa-
PAKTEPUCTUKHU YJIOOHO OLIEHUBATH, COMOCTABJISISE COMPOTUBIICHUSI JTUO-
Jia TIpY CMEMICHUSX B IPSIMOM U OOPAaTHOM HaIlpaBJICHUSIX.

I, mA |, mA
2 >S5 B
15 6
> Ge
1 S1 g :
100 -50 05 2 I~
U, B 1
I | | | ,
S1 - 0 0204 06 08 0 0,2 04 06 0,8
a 4]

Puc. 2.13 — XapakTepuCTUKH HICATU3UPOBAHHBIX THOIOB C Pa3HBIMH
IUIOIIASIMH TIepeXx010B (a) U pa3HBIMH TEIUIOBBIMUA TOKAMH —
TepMaHUEBOTO U KPEMHHEBOTO ()

Kak u B j1amMmoBod TeXHHKE, pa3inuyaroT IuddepeHnralibHbIe
COMPOTHUBIICHUS U COMPOTUBIICHUS TOCTOSTHHOMY TOKY.
Haiins mpomsBogHyro oT (GyHKmmu (2.26), JErKo TpeacTaBUTh
muddepeHnmansHOoe CONPOTUBIICHNE Kak PyHKIHIO ToKa (puc. 2.14, a)
rﬂ:du S S« o) (2.28)
d I+1, |
[Tpubnm>xeHHOe BbIpaKEHUE, pa3yMeeTcs, ACUCTBUTEIBHO TOJIb-
KO JUIs IpsIMOM BeTBM Ipu yciosuu | >>1,. Ha oOparHoii BeTBH Be-

JUYMHA [; PE3KO BO3pacTacT, a Ha NpPsSMOW BETBHM BEIMYUHA [,

Ha000poT, OBICTPO yMeHbIaeTcs. [Ipu TakoM CONMPOTUBIICHUU HU3ME-
HEHHUE MPsAMOro HampsbkeHus gaxe Ha 5—10 mB npuBoauT Kk 3Ha4u-
TeJIbHBIM M3MEHEHHSM Toka. [loaTomMy 3amath mpsMoe HampshKEHUE
C IENBIO TTOTYYUTh HYKHBIM TOK BECbMa TPYAHO, U JJIS MOJTYIPOBO/I-
HUKOBOT'O JIHOJIa, paboTarolero B NpsiMOM HampaBjieHUH, Oosee Xxa-
pakTepeH peXuM reHeparopa Toka. Ha 3To yka3piBaJloch MpU BBIBOJIE
dopmyitel (2.27). YHacTo nipu pacyere AUOAHBIX CXEM IOJIB3YIOTCS CO-
MPOTUBJICHUEM TMOCTOSIHHOMY TOKY — CTaTHYECKOE COMPOTHUBJICHHE.

W3 dopmyasl (2.23) moiaydyaeM 3aBHCHMOCTb TaKOTO COIPOTHBIICHUS
ot Toka (puc. 2.14, a)

R

Y
T

:“:—Tln |I_+1' (2.29a)
0
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Ry o Ry
A
10 | Tr0 Ryo | Mo

Puc. 2.14 — 3aBUCUMOCTb CONIPOTUBICHUN UI€ATU3UPOBAHHOTO
muona — nudpepeHInanTbHOTO COPOTUBIICHUS [ a1 Ry —

OT TIPSIMOTO TOKA (a) U IPSAMOTO0 HaIpsHKeHUS (0)

N3 Beipaxkenuit 2.28 u 2.29 cnenyer, uto o auddepeHImaibHOM
U CTaTUYECKOM COIPOTUBIICHUSX MOKHO TOBOPUTH TOJBKO JIJISi KOH-
KPETHOM TOYKH BOJIbT-AMIIEPHOU XAPAKTEPUCTUKH.

N3 dhopmynet (2.29a) momydaeM 3aBUCUMOCTh CTaTUYECKOTO CO-
NPOTHUBJICHUS OT HanpspkeHus (puc. 2.14, 6):

U
Ry = 0y

OTtcroga cieayer, UTo Ha OOpaTHOW BETBU XAPAKTEPUCTUKH, KO-
raa U >> @p, conpotusienne R; mpsmo MponopHMOHAIBHO HAps-

(2.296)

KCHHIO'
U
Rﬂ = I_.
0
B nynesoii touke U =0 u | =0 conporusnenus I; u Ry, xak

HETPYJIHO YOEIUTHCS, UMEIOT OJTHO U TO K€ 3HAUCHUE

_ _%r
0
Heobxomumo noq4epkHyTh, 9T0 popmyst (2.27)—(2.29) BeiBe-
JICHBI Ha OCHOBE BBhIpakeHHS (2.23), KOTOpOE HE MOJTHOCTHIO OTpaka-
€T BCE CBOMCTBA peajbHOTO AUO/A.
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[ToaTOMYy Ha MpakTUKE COMPOTUBIICHUS MOTYT 3HAYUTEJIBHO OT-
JUYaThCs OT 3HAYEHUH, MOJYYEHHBIX MO 3TUM (opmynam. [IpaBusib-
HEE, BUJIMMO, TOBOPUTH O XAPAKTEPUCTUUECKUX COMPOTHUBIICHUSX II€-
pexoja B JUOJE U NMPU HEOOXOJUMOCTH B 3aBUCUMOCTU OT 3HAYEHUM
CONPOTUBJICHUI HEUTPAJIbHBIX CJIOEB U BHIBOJOB BHOCUTH MOIPABKH.

2.5 ObpaTHas U npaAMas XxapakTepuCcTUKU pearibHOro gmoaa

OOpaTHas XapaKTepUCTUKA PeaJIbHOI0 JU01a
OnbIT MOKa3bIBAET, YTO OOpPATHBIN TOK JUO/a HE OCTAETCs MO-
CTOSIHHBIM U PaBHBIM |, Kak cienyet u3 popmynst (2.23). OH Bceraa

0oJiee MM MEHEe CHIIBHO PacTeT C YBEJIMYECHUEM OOpaTHOrO Hamps-
xeHust. Ho u npu manbix HanpssKeHUsX oOpaTHBINM TOK OOJbINe Ter-
JIOBOT'0, OCOOEGHHO Y KPEMHHUEBBIX JTMOJIOB, Y KOTOPBIX 3TO MPEBbIIIIE-
HUE JIOCTUraeT 2—3 MOPSAAKOB. [ TaBHbIE MPUYUHBI OTKJIOHEHUS pe-
aTbHOW OOpaTHOM XapaKTEPUCTUKHU OT UACATM3WPOBAHHOW 3aKIHOYa-
IOTCS: B TEPMOTEHEpallui HOCHUTENIe B 00JIacTU Tepexoja, MmoBepx-
HOCTHBIX YTEUKaX, & TAKKe B SBJIICHUAX, KOTOpPbIE MPHU JOCTATOYHO
00JBIIIOM OOpPAaTHOM HAIPSHKEHUH MPUBOJAT K TIPOOOIO Mepexoa.

TakuMm 00pa3om, 0OpaTHBIM TOK AMOJA COCTOUT M3 HECKOJIBKUX
KOMIIOHEHTOB, U3 KOTOPBIX TPU BBHIBOJIE XapakTEpUCTUKH (2.23) MBI
NO3HAKOMUJIUCH JIUIIb C OJHUM — TEIUIOBBIM TOKOM. OHAKO U 3TOT
TOK CJIEIyET paCCMOTPETh MOpOOHEE.

TennoBoii Tok. Hcnonszys B dopmyne (2.26) cooTHOIEHUS
(1.16), (1.21) u (1.28—1.30), HETpyAHO MPEACTABUTH TEIIIOBOH TOK B
CJIETyIOIIEM BUJIE!

b

OrSp;
(b+1)2i
Lp?

lo =

roe b= % . Hanmpumep, miisi repMaHHEBBIX U KPEMHHUEBBIX JUOJIOB
p

npu p,=5 OM cM, T =5 mxcek u S=0,05 cM? MOJTyYrM (IO) o™ 30 MKA,
(Io)si = (3-10) 10 ~'MKA, T. e. pasnHune B TOKax |, COCTABIAET OKOIO

CEMHM IOPAAKOB. MaJeHbKUN TETIIOBOW TOK KPEMHUEBBIX AUOIOB SIB-
JS€TCSL OAHUM M3 MX BAXKHEUIIMX MPEUMYIIECTB, XOTS MOJHBIA 00-
paTHBIN TOK peajbHbIX KPEMHHUEBBIX JIMOJIOB, KaK OyJE€T BUIHO HUXKE,
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3HAYUTEIBLHO OO0Jble. B MOIIHBIX T€pMaHUEBBIX JHOJIAX C OOJIBIION
IUIOLAABIO TOK |5 MOXKET JOXOAUTH 10 HECKOIBKUX MUJLIAAMIIED.

3anmmmeM Gopmyiy (2.24) B HeCKOIbKO HHOHN hopMme. Y MHOKUM
W pa3JeiM cjlaraéMble B TPAaBOM YacTH HA COOTBETCTBYIOMIUE H(]-

(y3UOHHBIE JJIMHBI, TOJIOKUM th(%) =1. Torma

Iozq(Sl_p6)&+q(SLn3)@. (2.30)
Ts e

ITockoNbKY MHOXKHUTENN p(% 151 no% €CTh CKOPOCTHU T'€HEpa-
6

9

UM JIBIPOK B 0a3e W 3JEKTPOHOB B »MUTTEpe, BhIpakeHue (2.30)
MO>HO TPaKTOBATh CIAEAYIOIIUM O00pa3OM: TEIJIOBOM TOK 00YCIOBJIEH
reHepanyell HEOCHOBHBIX HOCUTENE B oObemax I, mpuierarommx
K Mepexoay, OTKy/1a 3T HocuTenu IuPpGyHIupyroT B 00J1acTh MOTEH-
IMaIbHOrO0 Oaphepa M YHOCSTCS IoJieM B Jpyroit cioi (puc. 2.15).
B paBHOBECHOM COCTOSTHUM 3TH MOTOKH KOMIIEHCUPYIOTCSI BCTPEUHbI-
MU TMOTOKAMHU AHAJIOTMYHBIX HOCUTENEH, HMMEIOIIUX JIOCTATOYHYIO
SHEPTHUIO, YTOOBI NPEOI0JIETh NOTEHIIUAIBHBIN Oapbep.

OcoOblli MHTEpEC MPEACTaBISET TEeMIEpaTypHas 3aBUCUMOCTh
TEIJIOBOTO ToKa. Eciu mpeHeOpeub 3JIEKTPOHHOM COCTABIISIONICH, TO
COTJIACHO BhIpaxeHUIO (2.24) TErIoBOl TOK 3aBUCHT OT TEMIIEPATYPHI
yepe3 napameTpbl: kodpduuueHT nuddy3un, BpeMs KU3HU HOCUTE-
JIeWd, KOHUEHTpauuw. V3 HUX TJIaBHYKO pOJb UIPACT PABHOBECHAA
KOHLIEHTPALUsl HEOCHOBHBIX HOCUTENEH .

TIepEx0/1

VI
i,
iz
i
2
prrrontt.

[T

o

I
| o1
Puc. 2.15 — [Ipoucxox/1eHue 31EKTPOHHOTO U JBIPOYHOTO
KOMITOHEHTOB TEIUIOBOT'O TOKa
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[Tpuanmas Bo BHUMaHue BbhIpaxeHue (1.216), MOXHO clenarhb
3aKIIIOYEHUE, YTO TEIIOBOM TOK MPOMOPIIMOHAIEH KBaapaTy coO-
CTBEHHOHM KOHILIEHTpAIMX NOJTynpoBoAHMKA. [loacTaisst 3HaueHne N,
u3 (1.15), BeIpa3uM TEILIOBOM TOK B BUJIE:

—P3
lo(T) =1 7°T. (2.31a)
31ech TOK |y COAEPIKUT BETUUUHBI, MAJIO 3aBUCSILUE OT TEMIIE-

parypel. C pocToM TeMIieparypbl HPUMECHBIH IMOJYIPOBOJIHUK I10-
CTENIEHHO NpeBpallaeTcss B COOCTBEHHbIA. B 3TOM ciydae ¢ ydueTom
(1.15) BeIpaxkeHue ISl TEIJIOBOTO TOKA MPUMET BHI:
—03
lo(T)=1ge 7% (2.316)
Hcnonp30BaTh Ha MPAKTUKE CPABHUTEIBHO IMPOCTYIO 3aBHCH-
MOCTh (2.310) HEBO3MOXKHO H3-3a CJI0KHOCTHU onpeAcieHus | go.
Ha npakrtrke Bcerga uM3BECTEH TEIUIOBOW TOK IIPU HEKOTOPOU
(0OBIYHO «KOMHATHOW») Temrmeparype T,, U TpeOyeTcs ONpeeUTh

ero 3HaueHHUE MpH Jpyrou Temreparype. M3 dopmynsr (2.316) erko
TOJYYHUTh:

(pg( 1 1]

lo (T 2| or. or

L) _g2low o) (2.32)
lo(To)

VYyuteiBas, 4To aOCOIIOTHAS TEMIIEpaTypa B pabodyeM Juana3oHe

2
MEHsIeTCSI He 0YeHb CHiIbHO (T. €. TTy=Ty), momydaem Bmecto (2.32)
POCTOE MPHUOJIMIKEHHOE COOTHOIICHHUE

1o(T) = 1o(Ty) €™, (2.33)
rie a=0,13¢,;
85, = 0,09 rpan*;
ag =0,13 rpazL_l.

OTUMHM 3HAYCHUSIMU KOX(D(PUIIMEHTa a MOXKHO TMOJb30BaTHCA
BILTOTH 110 Temneparyp /0—=80 °C s repmanus n 120—150 °C nns
KpEMHUHI.

Hecmorps Ha nipocToty, hopmyina (2.33) He Bcerma ynoOHa s
OBICTPBIX «IpUKUAOK». [loaToMy 11€NIeCO00pa3HO 3aMEHUTH CTENECHb
YHCIIa e CTENEHbIO Ynciia 2. 3aMEHUB OCHOBAHHUE CTETIEHU 10 U3BECTHBIM
npaBmiaM, popmyiy (2.33) MOKHO MPEACTABUTD B CICIYIONICM BHJIC
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t°C-20
lo(t°C) = lgg=zocy 2 ¥ - (2.34)

Ha nmpakTuke BeCbMa pacnpOCTPaHEHO MPABUIIO: «TEIIOBOM TOK
yaBauBaeTcs Ha kaxaplie 10 °C npupaiienus: temnepaTypb», 4TO CO-
orBeTcTBYeT 3Ha4YeHuto a = 0,07. 13 u310k€HHOT0 SCHO, YTO 3TO Ipa-
BUJIO HE YHUBEPCAJTILHO U OOBIYHO 3aHMKAET (PAaKTUUECKHUE U3MEHEHUS
TEIUIOBOTO TOKAa B HECKOJIBKO pa3. ['J1aBHasi TPyJIHOCTh BBIYMCIICHUS
TEIJIOBOTO ToKa 1o popmyine 2.34 3akiroyaeTcs B TOM, YTO 3HAYCHUE
TEIUIOBOTO TOKA HEM3BECTHO JJIsI KOHKPETHOIO 3K3emIuisipa. [loatomy
BbIpakeHUEM 2.34 MOXXHO TOJIb30BaThCS ISl KAYSCTBEHHOM OIIEHKHU
W3MEHEHUS TOKa JIM0/ia B JUAIa30He TeMIepaTyp.

Bpllie 0TME4anock, 4To TEINIOBOM TOK 3TO TOJIBKO OJIHA U3 CO-
CTaBJIAIOLIUX 0OPaTHOTO TOKA.

Tox Tepmorenepanuu. B nacamu3nupoBaHHOM JUOJIE Mbl CUHU-
TaJdu TEpexo]; OECKOHEYHO Y3KHM M, CJIeIOBAaTEIbHO, MOTJIM IpEeHe-
Opeub reHepanueit 1 pekoMOrHaIMe HocuTenen B 3Tor oodnactu. Pe-
aJIbHBIN TIEPEX0/] UMEET KOHCUHYIO IUPUHY, TIOATOMY 3TH MPOLIECCHI,
UMEIOIINE MECTO TaK K€, KaK B JIIOOOM JIPYrOM CJIO€ TMOIYNPOBOIHU-
Ka, UTPal0T HEMAJIOBAXKHYIO POJIb. JJIEKTPUUECKOE IOJIE, KOTOPOE
BCET/la €CThb B MEPEX0jie, OBICTPO YHOCUT T'€HEPUPYEMbIC HOCUTEIIU
B COOTBETCTBYIOIIMN CJIOM AMOAA. DTO BBI3BIBAET MPOTEKAHUE HEKO-
TOPOr'0 TOKA, KOTOPBIX IOIYYUJI HA3BAHUE TOKA TepMOreHepauuu | .

B paBHOBECHOM COCTOSIHUU IMOJIa 3TOT TOK KOMIIEHCUPYETCSI paBHBIM
€MY BCTPEYHBIM TOKOM — TOKOM pekoMOuHamuu | 5. Tok pexomOu-

HalUu OO0YCIIOBJIEH TEMH HOCUTENISIMH, KOTOPbIE HENPEPHIBHO MPOHU-
KaloT B MEpPEXoJ]l U3 AMUTTEpa M 0a3bl, HO HE UMEIT JOCTATOYHOU
SHEPTUM, YTOOBI MEPENUTH B CMEKHBIN CJIOH. BOMM3KU TOUKK «OTpaxe-
HUS» TaKUe HOCUTEIU UMEIOT MalIyl0 CKOPOCTb U YCIIEBAIOT PEKOM-
OuHUpOBaTh. B HEPAaBHOBECHOM COCTOSIHUM AMOJ1a B3aUMHAask KOMIICH-
canusi TOKOB Hapymaerca. B ciiyyae oOpaTHOro BKIIFOUEHHS IUOAA
IIpEeBAIMpPYyET TOK TEPMOICHEPALMH, TaK KaK BBICOTA ITOTEHI[UAIBHOTO
Oapbepa yBEIMYMBACTCS M MPOHUKAHME HOCUTENIEW B 00JACTh mepe-
X0Jla ¢ Mocieayouel pekomonnanuen 3arpyaasercs. [Ipu Beauunne

CMCIICHUA ‘U >> (PT‘ MPAKTUYCCKU OCTACTCA TOJIBKO TOK TCPMOI'CHC-

panuu, BeIWYMHA KOTOPOTO MPOMOPIMOHATBHA 00BEMYy «TEHEPUPY-
I0IIeT0» 00EHEHHOTO CJIos, T. €. mmpuHe nepexoaa (puc. 2.16). Tox
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| ; HakIaabIBacTCA Ha TEIUIOBOM TOK |, M Pe3yIbTUPYIOIUI 00paT-

HBIA TOK OKa3bIBaCTCs OOJIBINE, UeM 3TO cieayeT u3 GhopMyiibl (2.24).
Bosiee TOro, TOK pacTeT ¢ pacHIMPEHHEM Iepexoia, T. €. C POCTOM
HaNpsDKEHUS, YTO PUBOJIUT K KOHEYHOMY HAKJIOHY OOpaTHOM BETBU
xapakTepucTuku. COOTBETCTBEHHO, TOK TEPMOTEHEpAIMK IO aHaJo-
ruM ¢ BeipakeHreM (2.30) 3anmuIieTcs B CICIyIONEM BU/IE:

o =q(3)" (235)
rae | — mmpuna nepexona. Iycts, Hampumep, S= 0,05 CM2, | =1,25 mxMm,

T.. = 4 MKcek; Torna u3 ¢popmyiisl (2.35) 111 KpEMHHEBOTO MO/ T10-
nyqaeM |5=0,005 MxA. JInsg repmanueBoro auona Tok |g, Oynmer
B 1 000 pa3 Gosb1e, T. €. 0ko10 5 MKA. CpaBHuM TOKHU | H |,. Pa3-

nemus (2.35) Ha mepBoiid wieH (2.30), BhIpa3uB KOHIICHTPAIMH Yepe3
yIeNbHBIE CONPOTHUBJICHUS M Tojlaras Mjisl TMPOCTOTHI T, =T,

W, =W, HOIy4UM:

I I
I—G ~Pilps T (2.36)
0

TIePEX0.T

%
- PV 1. n
— Ty +
— i

2

7///// %,
T

Puc. 2.16 — IlpoucxoxaeHue Toka TepMOreHEPAIIMH B MIEPEX0JIe

g repmanus npu p, OMm em T, | =1 mrm, L= 150 MKM 1 KOM-

HATHOW TeMIlepaType OTHOIIEHHE TOKOB cocTaBuUT okono 0,1. [lns
KPEMHHUS MPU MPOUYUX PABHBIX YCIOBUSIX OTHOIIICHHE TOKOB IMOJTYYHUT-
cst okosio 1000. Takum oOpa3zoM, TP KOMHATHOM TeMIIEpaType TOK
TEPMOTECHEPAIMHU B TEPMaHUH MHOT'O MEHBIIIE TEIIJIOBOTO.
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3Ha4YeHUsI TOKOB TEPMOTCHEpalluyd Npu JI000M TemmepaType
MOJKHO paccuuTarh 1o dopmyie (2.34). 3ameTrM, 4TO y KPEMHHUEBBIX
JMOJI0B TOK TEPMOTE€HEpPALUH SIBISETCA TJIaBHBIM KOMIIOHEHTOM 00-
paTHOTO TOKa MpU KOMHATHOW TemnepaTrype. C MOBBILLIEHHEM TeMIIe-
paTypbl TEIUIOBOM TOK pacteT ObicTpee. OOBIYHO ATO MPOUCXOJUT
npu temneparype +100 °C u Bbie. Y repMaHUEBbIX JUOAOB IPHU
KOMHATHOW TEMIIEpaType TOMUHUPYET TEIUIOBOM TOK, a TOK TE€pMOre-
HEpalU¥ HAYMHAET WIPaTh CYUIECTBEHHYIO POJIb JIMIIL NPU OTpHUIIA-
TEJILHOW TEMIIEpaType.

OpHako B 3TOM JIMana3oHEe BEIWYMHA OOpPATHOIO TOKA JEIaeTCs
BOOOIIE MaJIOCYIIIECTBEHHOM.

Toxk yreuku. [I0BEpXHOCTHBIE YTEUKH MPEICTABISIOT COOOM
HEpEAKO TIaBHbIA (PAKTOp, BIMSIOMINNA HA OOpPaTHYIO XapaKTEpPUCTH-
Ky. TOK yTeuku He Bcerja sBIsETCs pe3yJbTaTOM <«3arpsi3HEHUS» I10-
BepxHOCTH. OH OOYCJOBJIIEH B MEPBYI OYEpPEAb MOBEPXHOCTHBIMU
SHEPreTUYECKUMHU YPOBHSIMHU, KOTOpPbIE CIIOCOOCTBYIOT aKTUBHOU re-
HEpaluu — PEeKOMOMHAINH, a TaK)KE MOJICKYJISPHBIMUA WM MOHHBIMU
TUICHKaMH¥, TIYHTUPYIONUMH Tepexof] (3TO MOTYT OBITh MOJICKYJIBI
OKHCJIOB OCHOBHOI'O MaTepuaa, MOJEKYJbl Ta30B, BOJbI, MOHbI BOJIO-
pojia u T. I1.). [Ipy MOBBIIICHUHM HANIPSDKCHUS TOK YTCUKH PacTeT CHa-
yajia MOYTH JUHEHHO, a 3aTeM Oojee cumibHO (puc. 2.17). Tloutn m-
HEWHBIN HAYaAJIbHBIM YYaCTOK XapPAKTEPUCTUKUA MOKHO OXapaKTEpU30-
BaTh Y9KBHBAJIICHTHBIM COMPOTHUBIIECHUEM yTeukn R .

______-ZLFn_A ________________ 10mkA

. KpPEMHHUU
repMaHuin

losp l ospP I

Puc. 2.17 — OOpatHble XapaKTepUCTUKH peaTbHBIX
JIMOJIOB — TepMaHueBoro (a) u kpeMHUeBoro (6)
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XapakTepHas 4yepTa TOKa YTEUKH 3aKJI0YaeTCA B €r0 BPEMEHHOMN
HECTAOMJIBHOCTH, KOTOPYIO YacTO Ha3bIBAIOT <«MOJ3Y4YeCThio». TOK
YTEUKH 3aBUCUT OT TEMIIEPATypbl CPABHUTENIBHO ci1ado. [Toatomy Oy-
JIEM CUHATATh €r0 MOCTOSIHHBIM IPA U3MEHEHHUSIX TEMIIEPATYPHI.

CooTtBerctBytomias ¢popmyJsia Ajisi TAKON HACATIM3UPOBAHHOMN Xa-
PAKTEPUCTUKU UMEET BUJT

=1, + ri (2.37)
06p
Hecmotps Ha nipuOmkeHHOCTh hopMyitbl (2.37), OHa, KaK U JK-
BUBAJICHTHAsI cxeMa Ha puc. 2.18, 6, mo3BoJIIeT MPOU3BOAUTH IOJIE3-
HbIC KOJIMYCCTBCHHBIC OIICHKH B IMHPOKOM JHAIla30HE HAMNPSIKCHUH.
[TapaMeTphl SKBUBAJICHTHOM CXEMBI ONPEICIISIOTCS 0 JTJAHHBIM CITpa-

BOYHHUKOB WJIN ITyTEM U3MEPEHUN.

losp

I ObP

=)
|:"_
c

Puc. 2.18 — OOpatHas xapakTepuCTHKa peaibHOTO IMOA,
ee uacanu3anys () ¥ SKBUBAJICHTHAS CXeMa JIN0J1a
npu oOpaTHOM BKItoueHUH (0)

IIpsaiMast XapaKTepHCTHKA peaJbHOIo JH0Aa
IIpn manpsoxkenun U > @ npsMas BETBb XapaKTEPUCTHKU CO-

rimacHo (2.23) nomkHa OBITh AKCIIOHSHIHMATLHOW (yHKITMEH. Mexmy
TEM, aHaJHM3 MOKA3bIBAET, YTO PEATbHBIC XAPAKTEPUCTUKH COCTOST U3
HECKOJIbKMX YYacTKOB C pPa3HBIMH HAKJIOHAMH, Tak 4TO Qopmyia
(2.23) mpexacraBnseT coOOW IUIIE HEKOTOpPOE MpUOIMKeHHE. Pac-
CMOTpPHM TJIaBHBIE MPUYHHEI, IO KOTOPHIM pealibHas XapaKTepUCTHUKA
0COOEHHO TPH MPSIMOM CMEIICHUU CYIIECTBEHHO OTJIMYAETCS OT Hje-
aJM3UPOBAHHOM.

Tox pexomOMHanum. M3BECTHO, UTO B PaBHOBECHOM COCTOSTHUM
TOKM TEPMOTEHEpAIi ¥ PEKOMOWHAIIMU B MEPEX0/Ie B3aUMHO KOMIICH-
cupyrorcst. [Ipu nmpsiMoM cMerieHny mepexo/ia KPyTH3HA MOTEHITHATIBHOTO
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Oapbepa YMEHBIIIAETCS 1 HOCUTEH, HE CIIOCOOHBIE MTPEOI0JIETh Oaph-
ep, MPOHUKAIOT B Mepexo ropa3ao riayosxke. COOTBETCTBEHHO yBEJU-
YUBACTCS BEPOSTHOCTh WX PEKOMOMHAIIMU B MEPEX0Je, YTO MPUBOIUT
K TOSIBJICHHIO TOKa peKoMOMHaIMu. PaccMoTpuM yd4acTok mepexo/a,
B KOTOPOM KOHIICHTPAIIUH 3JICKTPOHOB M JBIPOK OJHMHAKOBHI (TaKoH
y4acTOK BCEIJa HMMeeTcs BHyTpH mepexozia). Ilosaras p=n u

U > 2(pT , IOJIyJaeM JUIA 3TOI'O y4acTKa.
U
p=n=nJZ“’T >>n = p;
U
pn = rfe/z‘” >> 1 Py,

Torma cKkOpoCcTh pEKOMOMHAIINY paBHA

U
VN (2.38)
T,

YMHOXHUB MOIYJIb ‘V‘ Ha 3apsij SJIEKTpoHA ( U 00bEM mepexoma

S, MBI momyuyuM NpUOIMKEHHOE 3HAYEHUE TOKAa PEKOMOWHAIMH
(puc. 2.19). IIpubmmxeHne 0O0YCIOBIECHO TEM, YTO CKOPOCTh PEKOM-
OWHAIIMY BHYTPH TIEPEX0/1a HETIOCTOSTHHAS.

‘In(I/Io)

2 4 6 8 10 12 14

Ulpr

7
I N N TR N SR TR SR E

0 2 4 6 8 1012 14 16 18

Puc. 2.19 — XapaktepucTiku peajabHbIX T10I0B
IpU MPSIMOM CMEIIEHHUH — TePMaHUEBOTO
U KPEMHHMEBOI'O — B MOJIYJIOTapU(PMUUIECKOM
Mmaciiradoe

[{udpsl xapakTepU3yOT HAKJIOH KPUBBIX.

JUIsi TONydeHWsT TOYHOTO BBIpaKEHUSI TOKAa PEKOMOMHALIUU
HEO00XOJMMO B35ITh MHTETPAN OT CKOPOCTH PEKOMOMHAIINH,

Tok pekoMOMHAKMK MOKHO 3aMKCATh B CJIEAYIOIIEM BUE
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U
— q(S)Lﬂe/Z(PT. (2.39)
Kak BuguMm, Tok | mOIOOHO TOKY |, MpONOPLMOHANEH COO-

CTBEHHOW KOHIEHTpAllM{, a TOTOMY €ro BEJIMYMHA U JOJIs €ro B 00-
1IEM, IPSAMOM TOKE MO/ CYIIECTBEHHO 3aBUCAT OT Marepuaya. Tok
pPEKOMOUHAIINY, TaK K€ KaK U TOK TEPMOTIEHEpaIu, UTPAET TJIABHYIO
pOJIb B KPEMHHEBBIX AMOAAX. B TrepMaHMEBBIX AUOJAX €ro pojiab MO-
KET CTaTh 3aMETHOM NMPU MTOHWKEHHOU TEMIIEPATYype, KOra TEMIOBOU
TOK |y cunbHO ymeHnbmaerca. COOTBETCTBEHHO HAKJIOH TAKOW Xapak-
TEPUCTUKU MUMEET JPYryio BenuuuHy. OueBHAHO, 4TO IUPy3HOH-
HBI TOK CWJIbHEE 3aBUCHUT OT HAIPSIKCHUS, YEM TOK PEKOMOWHAIIUM.
[losToMy nmaxke Torma, Korga TOK |g Wrpaer IJIaBHYIO pOJb IIPU Ma-
JIBIX HAMNPsHKEHUSIX, ¢ POCTOM HAIpPSHKEHUST OH HEUM30€KHO YCTYIaeT
3Ty posib TU(P(PY3MOHHOMY TOKY. B KpeMHUEBBIX AUOJaX 3TO UMEET
MecTo nipu Hanpsbkenun U =0,2—0,3 B.

ConporusJjieHue 0a3pl. byem cunTtarb, YTO B OTCYTCTBUE HH-
KEKIMU WIHA [IPU MAJIOM €€ YPOBHE, CONMPOTUBIICHUE 0a3bl OMpEneis-
eTcst 00bIYHOM HOPMYJIION:

_ w

's =Ps g (2.40)
rae W — ToJuHa 0aspl; S — IUIOMmaab MONEPEYHOTO CEUCHHS.
OObr4HO I, nexuT B npeaenax or 1—2 ngo 20—30 Om. Ilagenue

HaIpsKEHUs Ha 0a3€ COCTaBJISIET:
U, =1Ir, = jp;W. (2.41)
OTO HaNpsLKEHUE SIBJSIETCS TOW MOIMPABKOM, KOTOPYHO, BOOOIIIE
TOBOps, cieayeT BBecTH B dopmyie (2.23), yToObl ydecTh pa3inune
MEXIy TaJCHUEM HANpsOKEHUS Ha TEPeXoJie W BEIMYMHON MPHUIIO-
YKEHHOT'O HAIPSDKCHUSI.

U53—|r6
| =1y,(e 7 -1 (2.42a)
Uy, =¢rIn II—+1 +Ir;. (2.420)

0
C yBemmueHuem Toka HanpsbkeHne Uy, pacTeT JMHENHO,

a Hanpsbkenue U — norapudmuuecku, T. €. 6osiee cinabo. [loaromy
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IpU J0CTaTOYHO OOJBIIOM TOKE BCErJa MPEeBATUPYET HAMPSIKEHUE
U, ¥ 9KCIIOHEHIMANIbHAS XapaKTEPUCTHUKA JUOA BBIPOKIACTCS.

Cnenyer yka3arh, 4To AudPEepeHIIMAUIBHOE U CTAaTUYECKOE CO-
MPOTUBJICHUSI JUOJOB MOTYT CYIIECTBEHHO OTIMYAThCA OT aHAJOTUY-
HBIX CONPOTHUBJICHUH, BBIUUCICHHBIX IJIsI MEPEX0Ja, M3-3a BIUSHUS
CONPOTUBJICHUS Oa3bl.

2.6 NMepexoaHble XxapaKTePUCTUKU NITIOCKOCTHOro aguoaa

Hanvune peakTUBHBIX KOMIIOHEHTOB (Iapa3HTHBIC EMKOCTH
U MHAYKTHBHOCTH) IPHBOJIUT K IOSBJICHHIO IEPEXOIHBIX IIPOLIECCOB
B YCTPOMCTBAX, YTO OIPAHUYMBACT UX OBICTPOJACHCTBHE M YMEHbIIACT
I10JIOCY MPOIYCKaHHSI.

[TonynpoBOMHUKOBBIN AMOJ TaKXe SBISCTCS HHEPIMOHHBIM
9JIEMEHTOM I10 OTHOIICHHMIO K OBICTPBIM H3MEHEHHSM TOKa HJIH
HAIPSDKCHHMSI, TIOCKOJIBKY HOBOE pacIpeIeicHUE HOCUTCIICH YCTaHaB-
JIMBaeTcs He cpady. MHAYKTHBHOCTAMHU BBIBOJIOB IpeHeOperaeM. Kak
U3BECTHO, BHEIIHEE HANPSHKEHUE NPHBOIUT K M3MEHEHHUIO IIHPHHBI
nepexoa, a 3HAYUT, ¥ BEJIUYHMHBI MPOCTPAHCTBEHHBIX 3apsI0B B IC-
pexoae. Kpome Toro, mpu uHKEKIUH (MM SKCTPAKIUH) MCHSIOTCS
3apspl B 00gacT 6a3bl. Cem0BaTeIbHO, HAPSAY ¢ IPOBOAMMOCTHIO,
KOTOpas B IEPBOM MNPUOIMKCHHH XapaKTePU3yeTCs BhIpaKCHHUEM
(2.23), nron 06magaeT eMKOCThIO, KOTOPYIO MOYKHO CUUTATh ITOIKIIO-
YEHHOW MapajljieJibHO P-N mepexoay. DTy eMKOCTh MPUHATO pasjie-

JSITh HA JIBE€ COCTABJIAIONINE. 0APhEPHYIO EMKOCTh, OTPAXKAIOIILYIO TIe-
pepacrnpeaesieHle 3apsaaoB B nepexoje, U I1uPpEGy3uoHHYI0 €MKOCTb,
OTpaXKaIOIIYIO TiepepacipeaeieHue 3apsaoB B 6aze. [lonstue nuddy-
3MOHHAsI €MKOCTh SIBJIIETCS BOOOIIE-TO YCJIOBHBIM, T. K. (pU3MUECKHU
3TOM emMKocTh HeT. BBenenue mnouHsaTus «audPy3uoHHAs €MKOCTH»
MO3BOJISIET MPOBOJIUTh AHAJTUTUYECKHUE pacyeThl, HE Mpuoderas K pac-
4eTy pacnpenesieHus: Hocutenen B 6aze. Takoe pasneneHue, B 001eM,
BEeChbMa YCJIOBHO, HO YJIOOHO Ha MPAKTHUKE, TeM 00Jiee YTO COOTHOIIIE-
HUE 00€MX eMKOCTEN Pa3IuyHO MPU PA3HBIX MOJISIPHOCTIX CMEIICHHUS.

[Ipu mpssMOM CMEIICHUH TJIABHYIO POJIb UTPAIOT 3apsiabl B Oaze
U COOTBETCTBEHHO nu(dy3uoHHast emMKkocTh. [Ipu oOpaTHOM cMmele-
HUM (PEXKUM DKCTPAKITMK) 3apsibl B 0a3e MEHSIOTCS MaJlo, ¥ TJIaBHYFO
poJib UrpaeT OapbepHas €MKOCTb. XapaKTEPUCTHUKA HHEPIIMOHHBIX
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CBOMCTB JIMOJIa C MOMOIIBI0O €MKOCTE OCOOEHHO YJI00Ha B ciyyae
MaJbIX TIEPEMEHHBIX CUTHAJIOB, IEUCTBYIONUX Ha (hOHE OOJBIIUX IO-
CTOSIHHBIX CMeIlIeHui. [Ipu 3ToOM e€MKOCTH OKa3bIBAIOTCS IMOYTH JIH-
HEHWHBIMU M BeChbMa HATJISIHO JOTOJHSIOT SKBUBAJICHTHYIO CXEMY -
ona. B ciyyae OoJbIIMX CUTHAJIOB HCIIOJB30BAHUE €MKOCTEH, OCO-
0eHHO NG (Py3MOHHOM, CTAHOBUTCS HEIIEIECOO00pa3HbIM, TaK KaK HMX
HEJTMHEHHOCTD MPOSBIIETCS B TAKOM MEpe, YTO YKBUBAJICHTHAs CXeMa
TEpsIeT CBOIO HATJIAIHOCTD, a aHAJIU3 JIeJIaeTCsl OTHIONb He OoJiee mpo-
CTBIM, Ye€M IIPU HMCIOJIb30BAaHUHM YpPaBHEHHMU HempepbiBHOCTH. [locie
ITUX TPEBAPUTEIBHBIX 3aMEUYaHUl Mbl PACCMOTPHUM CHauaja CBOM-
cTBa OapbepHOl U AU HY3MOHHOM EMKOCTEH, a 3aTeM HCClIelyeM Tie-
PEXOJIHBIN TIPOIIeCC MpH OOIBIIIOM CHUTHAJIC.

BapbepHas eMkocTh (eMKOCTH mepexoaa). OnpeaenuM BeH-
YuHy OapbepHON E€MKOCTH, CUUTas, YTO MEPEeX0] HECUMMETPUYECH
U cocpefioToueH B 0aze Tuma. 3apsjibl Ha IUIACTHHAX BOOOPakaeMoro

KOHJEHCcaTopa — Iepexojla — OJUHAKOBBI (—Qp :Qn). Haiinem

OJIMH U3 HUX, HanpuMep Q,,, A ciaydas CTyIeH4aToro nepexona

Qn==gN, (S)),
rae S — miomans nepexona; | — mmpuHa nepexona. I[loacrasiss
crioa BeipaxeHnue (2.12) u muddepenmupys (Q,)mo ‘U‘, noJry4aem
i depeHnuaIbHy0 0aphepHYI0 €MKOCTh CTYNEHYAaTOTO Mepexojia
pu 0OpaTHOM CMEILICHUH

_ SJ05E8N,; _ EE,S [Ag,
Ul o VY]
Bropast dopma BeipakeHust yI00HA T€M, YTO €€ MEePBbIA MHOXKU-

TEJIb SIBJIAETCSI EMKOCTBIO OOBIUHOIO TUIOCKOIO KOHJIEHCATOpa € paccTo-
SHUEM MEXy IUIACTMHAMM, PaBHbIM |, — PaBHOBECHO IIMpHHE Iie-

(2.43a)

11

pexoja, onpenensemoit mo gopmysie (2.96). Kak Buaum, eMKOCTh miepe-
XOJla 3aBHCUT OT MPHUJIOKEHHOTO HampshkeHus. BennunHa OaphepHOM
EMKOCTH COBPEMEHHBIX [IHOJOB JIGKUT B mpenenax (2—200) md.

B obmem citydae, ncnons3ys (2.11), mis GapbepHON eMKOCTH OyeM
UMETh:

_ 558 |_A% (2.436)
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Ota Gpopmyna MOXKET JaBaTh OOJBIIYIO MOTPEIIHOCTh HPH MOpsi-
MbIX HanpspkeHusx (oosee 0,1—0,2) B, Tak Kak B MCXOJHBIX BBIpa-
xkeHusax (2.9) He yuTeH 3apsj MOABMXKHBIX HOCHTEIICH B IEpexoje,
CYIIECTBEHHBIN NpU NpsAMbIX cMmenleHusx. Heo0xoammo 3amMeTHTh,
YTO0 HM3MEHEHHe IIHPHUHBI mnepexoaa (T.e. mepe3apsa €MKOCTH)
TpedyeT NPUTOKA HJIH 0TBOJA OCHOBHBIX (VI KasKI0r0 CJIOSI) HO-
CHTeJIeH, 2 HA BBICOKMX YaCTOTAX He TOJbKO T0J/KEH YMEHbIIATh-
¢l KOIPPUUHUEHT MHKEeKIMH HEOCHOBHBIX HOCHUTEJIEH, HO U CTa-
HOBHUTCH KOMILIEKCHBIM.

JIns ciiyyas TJIaBHOTO TIEpexoja, CMEIIEHHOr0 B 00paTHOM
HanpaBJICHUU

S |A
c,, = 505 A% (2.43)
o Y VI
0
3aBUCHMOCTb OApbEPHBIX €MKOCTEH OT 0OpaTHOrO HANpPSKEHUS
nokazana Ha puc. 2.20. EMKoCTh mepexona MpH MPOYHX PaBHBIX
YCIIOBUSX 3aBUCUT OT KOHIIGHTpAIlMU NpPHUMECEH, UK OT YIECIBbHOIO
COMPOTHUBJICHUS Marepuana. Yem Ooiblie yAEeIbHOE CONPOTHUBIICHHUE,
TEM MEHBIIIE EMKOCTh

-20 15 -10 5 0 UB

Puc 2.20 — 3aBHCHMOCTb EMKOCTH CTYIIEHYATOTO (@)
¥ IJIaBHOTO (6) Mepexo/I0B OT 00PATHOTO HANIPSHKCHHUSI

JAuddy3uonnass eMkocTs. [Ipu npssMoMm cMmemeHnu nuona re-
pexoji, KaKk U3BECTHO, CYKAeTCsI U COOTBETCTBEHHO pacTeT OaphepHas
eMKOCTh. OIHAKO 3Ta €MKOCTh OKAa3bIBAETCA MEHEE CYIIECCTBEHHOM,
4eM €MKOCTh, OOYCJIOBJICHHAsi BO3PacTalOIIUM 3apsioM HOCHUTEJEH
B 0a30BOM clio€, KOTOPYIO Ha3blBatOT AUG(PY3UOHHOM, TaK Kak 3TOT
3apsi IEKUT B ocHOBE MU dy3un HocuTenen B 6aze. Juddy3nonnas
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eMKOCTh Cj «3apshKaeTcs» KaK MHKEKTUPOBAHHBIMU JIBIDKAMM, TaK
Y 3JIEKTPOHAMY, KOMIICHCUPYIOIIUMU 3apsi]] UHXKECKTUPOBAHHBIX JIbI-
POK, TTOCKOJIBKY M30BITOYHBIC 3aPsi/Ibl JICKTPOHOB U JBIPOK OJMHAKO-
Bbl. HaliieM OMH M3 HUX, 2 UMEHHO 3apsij AbIPOK, UCXOAs U3 pac-
npenenenus (2.20):

AQ = quAp dx—qSLAIOj ( A)

|
L

Hozcrasmss ciona Ap(0) u3 (2.20), Tok |, 13 (2.26a), nomyyaem:
AQ = m(l— secWL). (2.44)

Ecnu mogenuts 3TOT 3apsia Ha HanpsibkeHue U |, To uHTerpaibHast
nuddy3rnoHHAs €eMKOCTh 3aMUIIETCS B CIEAYIOIIEM BUJIE:

Cﬂ:AU—Q RT(l sechWL)

rre Ry :l% — COMNPOTUBJIEHUE JIMOJIa MOCTOSTHHOMY TOKY J{udde-

peHuuanbHas aud@y3roHHas €MKOCTh OyJeT UMETh aHaJOTUYHYIO
(opmy:

_d(AQ) 1 It
C, = 1-sechW 1-sech (2.45)
T )= (mseh ).
rae =JU 4| — CONPOTHBJIEHHE JMOa NEpeMeHHOMY Toky. Kak

BUINM, TU(y3uOoHHAS eMKOCTh (2.45) sBisiercs GyHKIUEH MPsSMOTO
TOKa, TOJOOHO TOMy, Kak OaphepHas eMkocTh (2.43a) sBisercs
dbynkiueit oopatHoro HampsikeHus. Kpome toro, nuddysnonnas em-
KOCTh HaXOJUTCS B MPSMON 3aBUCUMOCTU OT TOJIIUHBI 0a3bl, YMEHb-

AsACh C YMEHBIIEHUEM OTHOLIECHUS V%_ B ciyuae ToncToit 6a3bl mo-

TydaeM:
AQ=IT; (2.46a)
Cp=t=1" (2.466)
Hampumep, ecnmu T = 5 Mkcek, | =10MA, To Cp =2 Mx®D. Takue

3HAQYCHUS Ha HECKOJBKO TMOPSIKOB MPEBOCXOIAT BEIUYHUHY Oapbep-
HOU €EMKOCTH.
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B ciydae ToHkoi 6a3bl C;; IPUBOIATCS K BULY

AQ = Itp; (2.47a)
Cp=2, (2.476)
"1
V\l2
e th =— 2.48
' D~5p ( )

ecTh cpeaHee Bpems audPy3un Uil cpeHee BpeMs mpoJieTa HOCHUTE-
Jel yepe3 TOHKYI 0a3y npu 4ucto AudPy3uOHHOM MEXaHU3ME JIBU-
YKEHUS.

[Ipu BO3AEHCTBUY MMIYJIbCHBIX CUTHAJIOB MPOTEKAKOT MEPEXO-
HBIE MPOLECCHI, KOTOPHIE BOZHUKAIOT MU3-3a JACUCTBUSA 3apAIHONU EMKO-
CTH NEPEX0Jia U MPOLECCOB HAKOIUICHUSI WM PAacCachlBaHUS HOCUTE-
JieH 3apsiga B 6a30BOM 00J1acTH.

Y106HO paccmaTpuBaTh NEPEXOAHBIE MPOLIECCHl B JIUOJIE B OT-
JEILHOCTU MPU OTIUPAHUU U 3alUPAHUU TIepexoa.

OTnupanune P-n nepexona. UMmyabCHOE CONPOTHBJICHHUE.

Bpemsi ycTaHOBJIEHUS] TPSIMOTO CONPOTHBJIEHUS

PaccMoTprum nepexoaHbIi npoLece B P-N mepexoe npu ero or-
MUpaHUU CKauYKOM TOKa. TakoW pekruM MO>KHO OOecCIeuuTb, BHIOpAB
cormporuBneHne R B cxeme (puc. 2.21) Ha mopsok u OoJiee TMpPeBHI-
maromuM auddepeHiaibHOe CONPOTUBIICHUE TIepexoa, T. €. odec-
MEYUTH PEXKUM TeHEpaTopa TOKa.

R R’
R
— [

ur@_> |VD§EUII

Puc. 2.21 — Cxema BKIIIOUEHUS] ICTOYHUKA UMITYJILCHOTO
Hanpsokenus U . npu otnupanuu P-N nepexona
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OMopbl TOKa W HaNpsDKEHUM Toka3zaHbl Ha puc. 2.22. Kak u3-
BECTHO, HANPSDKEHUE HA DJIEKTPOHHO-IBIPOYHOM Tiepexone U ; ckia-
IBIBACTCS U3 HANPSDKEHUS Ha 00BEMHOM conpoTuBicHun 0assl U, 1
HaIpsDKEHU Ha nepexogHom cioe U, T. e.

U, =Ups+Up.

ITpu nmonaye cryneHbKM TOKa HampsbkeHue U ,p, CKaYKoM yBe-
JUYUBASACH, 1OCTUraeT BeIUYuHbl U ,p = I1.

Harmpsixkenue ke Ha nepexone

Uy =0¢7In—
Q
BO3pAaCTaeT [0 Mepe HaKOIUICHHsI HEOCHOBHBIX HOCHTENEH B Gase.

Bpewmst ycTaHOBIEHHS Ty, ONPENEISIETCS B OCHOBHOM CPEIHUM
BpPEMEHEM IIpOJIeTa HOCUTENEH uepe3 001acTh 6a3bl (ToHKas 6a3a).

3anupanue pP-N mepexona. PaccachiBaHue HOcHTeJIel 3aps-
na. Bpemst BocCTaHOBJICHHUS 00PATHOI0 CONMPOTUBJICHUSA

PaccmoTpum 1mepexoaHbie MPOLECCHI, KOTOPbIE BO3ZHUKAKOT MPU
3alUPAHUU AIICKTPOHHO-IBIPOYHOIO TIEPEX0/Ia.

IM tol

Irg

Puc. 2.22 — Dmtopsl ToKa U HAMIPSHKEHUNA TTPU OTIHPAHUT
P-N mepexona
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B HCXOJHOM COCTOSIHMM IEpeXO0]l OTKPBIT HampshkeHuem E,,
(puc. 2.23), v yepe3 Hero nporexkaet npsAaMoi Tok | ; =1 p.

B MoMeHT BpeMmeHu 1, BKItouaercs Iepenaj Hamnpsbkenus U
(puc. 2.23). AMIUIMTyIa STOro HaNpsDKEHUS BBIOpaHa Tak, YTOOBI
MOJIHOCTBIO  3amepeTh nepexon. Ilpu srtom U, ~—(U,—Eqy)

41 I,Z] z_IOBP'
Uﬂ

P
Ur @ Ly
al

,_

Puc. 2.23 — Cxema BKIIIOUCHHSI HCTOYHUKA UMITYJIHCHOTO
Hanpsokennst U - npu 3anmpannu P-N nepexona

Ecny ucxoauTh U3 BOJIBT-aMIIEPHON XapaKTEPUCTUKHU, TO MOKHO
OBLIO OXMJATh CJIEIYIOIIEE. B MOMEHT BPEMEHH t; ¢ BKIIFOUCHUEM 3a-

MMUPpAromero Ieperiaga TOK 1nepexoga AO0JIKCH OBLIT YMCHBIOIUTBHCA 0O
BEJIMUYMHEI | opp W AAJICC OCTABATBHCSA ITOCTOSHHBIM.

Ha puc. 224 sta smiopa Moka3aHa IITPUXOBBIMU JIMHUSIMH,
B MOMeHT BpeMeHM {; TOK CKAaYKOM YMEHBINACTCS O BEJIMUYUHBI

| opp sirs7 + B AECATKH U COTHU PA3 MPEBBILIAIOIICH BEIUYUHY TOKA | ) pp .

B TeueHne HEKOTOPOro BPEMEHH ITOT BCIUIECK TOKa IpaKTHYe-
CKkH He m3MmeHsiercs (puc. 2.24). 3aTeM HauWHAETCs craj 0OpaTHOTO
TOKa 10 CBOET0 YCTAaHOBUBIIETOCS 3HAYCHUS | pp -

Bpewms, B TedeHHEe KOTOPOrO MPOMCXOAUT PACCACBIBAHUE U30BI-
TOYHOI'O 3apsja, IIOKa MEPEXOJ] BKIIOYEH B IPSMOM HAIIPABIICHUHU,
Ha3bIBACTCS] BpEMEHEM paccachiBanus U,

Bpems, B TeueHue KOTOPOro TOK 4Yepe3 JUOJ CHajaeT
oT | pgp yyr 20 ypoBHA 11l .-, HasbIBaeTCA IIUTENBHOCTBIO CpeE3a

t.p. Bpems BoccTaHOBIIEHUSI OOPATHOTO CONPOTHUBIIEHHSI MOKHO CUH-
TaTh PAaBHBIM CYMME BPEMEH CPE3a U PaccacblBaHUs.
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C poctoM mOpsIMOTO TOKa BBICOTA MOTEHIIMAIBHOTO Oapbepa
YMEHBIIAETCsl, CTPEMSCh B mpeaerne K Hymto. ClienoBaresbHO, MpU
OOJIBIIMX TOKaxX HaJu4ue Mepexojia JIETaeTCsd BCE MEHEE CYILECTBEH-
HbIM, U JAMOJl TIOCTENEHHO MPEBPAIIAETCS B JBYXCIOWHYIO MOJIYNpO-
BOJHUKOBYIO IJIACTUHKY, B KOTOPOM TJIaBHYIO POJIb UTpaeT clioi Oa-
3bl. OLIEHUM BEJIMYMHY TOKA, MPHU KOTOPOM HACTYIAET BBIPOXKICHUE
HKCIIOHEHIIMAIBbHON XapaKTEPUCTHKU.

JI71s1 3TOTO MpOIIE BCETO MOJOKUTH TP depeHIinaIbHoe Conpo-
THUBJICHHE [, PaBHBIM CONPOTHBIEHMIO [,. Mcnonb3ys (2.28), npuxo-

JIUM K COOTHOIIICHHIO.
=1/ (2.49)

OMuHYecKuil y4acTOK MOKET COCTABJISITh 3HAUUTEIIbHYIO, a UHO-
I71a U OCHOBHYIO pa00O4yI0 4acTh XapaKTEPUCTUKH puc. 2.24.

| 1 |

_I lOEP

U r I OBP.UMII

t 1

tPAC
Puc. 2.24 — BonbT-amnepHas XapakTepUCTHKA U BPEMEHHBIE JarpaMmbl
TOKQ, IPOTEKAIOLIEro uepe3 [P-N mepexon npu ero 3anupaHuu

4

|z U Us

VHaACmoK

Puc. 2.25 — Bnusiaue 00beMHOTO CONTPOTHUBIICHUS 0a3bl
Ha MPSIMYI0 XapaKTePUCTUKY PEaIbHOTO IU0a
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3aBHCMMOCTH NMPSMOr0 HANPSKEHUsI 0T TeMmepaTtyphl. Pac-
CMOTPHM CHavaja WIACATM3MPOBAHHBIA JTUOJ, MOJIB3YSICh (OPMYIIOH
(2.27). Ilpenebperas egununeit B dopmyne (2.27), moacrasmis |,

u3 BeIpaxkeHus (2.31a) u jorapuMupys, IoJydaem:

I
U(T)=0 In|—+(p3.
00
YuutsiBas, uTo |y 1 @, cnabo 3aBUCAT OT TeMuepaTypsl, QyHK-

g U (T) onuzka K sauHerHo#l. Ilomaras, uyro Ilgp=const wu

In(1/1g0)=const u muddepernupys U mo 7, MOIydUM TEMITEPaTypPHYIO
qyBCTBUTEIHHOCTD HAMPSDKEHUS TIepexoia
_dU U -g;, <
YA T
OTpuIaTeIbHBIN 3HAK TEMIIEPATYPHOH YyBCTBHTEIHLHOCTH 00Y-
CJIOBJIEH OUYEBHUIHBIM HepaBeHCTBOM U < A@, < ¢3. DTO HEpPaBEHCTBO

0.

BBITEKACT U3 YCJIOBUS, YTO JIsI U3TOTOBJIEHUS AUOJOB UCIIOJIb3YHOTCS
HEBBIPOXKICHHBIE TOJIYIIPOBOJHUKUA. B mepBOM riaBe Mbl JTOKa3aIH,
YTO B HEBBIPOXKIACHHBIX IOJYIIPOBOJHHUKAX JIOJPKHO BBINOJHITHCA
ycioBue AQq < @4. C yBEeIUYEHHEM MPSIMOrO HANPSLKEHMs, a CIEIO-

BaTEJIbHO, U MPSIMOTO TOKa MOJYJIb TEMIIEPATypPHOU UYBCTBUTEIHHO-
CTH yMEHbINaeTcs. [ peasbHBIX JAMOJIOB TEMIIEpaTypHash 4yBCTBH-
TEJbHOCTh C YBEJIWYEHUEM TOKA YMEHBIIACTCS 3HAYUTEIIBHO OBICTpEE,
yeMm cieayeT u3 (popMyibl, U MPU HEKOTOPOM TOKE TeMIlepaTypHas
qyBCTBUTEILHOCTh CTAHOBUTCS PaBHOW HYJIIO, a 3aTEM MEHSET 3HaK.
DTO CBS3aHO C TE€M, UTO MPHU OOJBIINX TOKAX MaJCHUE HANIPSHKCHUS Ha
00BEMHOM COTIPOTUBJICHUHU 0a3bl I; PacTET U ¢ yBEITWYECHHUEM TEMIIe-
paTypsl Bo3pacTaeT COMpPOTUBIIeHHE 0a3bl. VIcmoap30BaTh TOUKY C HY-
JIEBOM YyBCTBUTEIBHOCTBIO ISl 00€CTICYCHUS BBICOKON TeMmIleparyp-
HOM CTAaOMJIPHOCTH Ha MPAKTHUKE HE MPEICTABISICTCS BO3MOXKHBIM H3-
3a 0OJIBIIION BEIMYUHBI TOKa Yepe3 auoAd. [Ipu paspaboTke mpakTuye-
CKHX CXEM C IPUMEHEHHUEM JUOJ0B, KaK IIPaBUIIO, 3aJal0T TOK B IIETH
JIMO/1a, 3alUThIBasi €ro yepe3 00JIbIoe cCompoTuBieHue. B atom ciy-
gae TOK 4epe3 JAMOJ M3MEHATHCS HE OyJeT, T. €. oOecreunBaeTcs pe-
KUM cTaOuiau3anuu Toka. HampspbkeHue Ha auojae OyAeT M3MEHSThCS
C UI3MEHCHUEM TEeMIIePATYPHI.
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Bonpochbl ona camonpoBepKu

1. Kakast moBepXHOCTh Ha3bIBAE€TCS] METAJLTYPIHUECKON TPAHUTICH ?

2. Uto Ha3pIBaeTcs o0gacTsIMu 00BEMHOTO 3apsiaa?

3. 3anumuTe ycioBUe 00pa3oBaHUs pe3KOro nepexoaa?

4. HapucyiiTe quarpamMMmy pacrpeiesieHus: HOCUTENE B HECUM-
METPUYHOM MEPEXOJIE.

5. Hapucyiite 30HHYI0 quarpamMmmy pP-N nepexojaa B paBHOBECHOM
COCTOSIHUM.

6. O0ObsicHUTE, TTOYEMY JIBIPKU N-CJI0f, a SJIEKTPOHBI P-CI0SI MO-
I'yT CBOOOJHO MEPEXOAUTH COOTBETCTBEHHO B P-CJIOM U N-CII0M?

7. O0bsicHuTe NoHATHE NUPPY3MOHHOTO MOTEHUHANA U TPUH-
ITUTI ero 00pa3oBaHMs?

8. OOBsicHUTE, TOUEMY TIPU PABHOBECUM TOK Yepe3 Mepexo/l pa-
BEH HYJIIO?

9. [louyemy B paBHOBECHOW CHUCTEME @, =Qp,, B TO BpeMsl Kak

J10 00BEIMHEHHS MOy IPOBOHUKOB @ py # Oy

10. Ot kakux mapaMeTpoB 3aBUCUT BeIWYMHA AUPEHY3MOHHOTO
MOTEHI[MaJa U TToYeMy?

11. ITouemy mepexoJ B OCHOBHOM COCPEAOTOUYEH B IMOIYMHPO-
BOJIHUKE C 00Jiee HU3KOM KOHIIEHTpallue npuMeceii?

12. IloueMy mMpuHa MepexoAa C YBEIUYECHUEM KOHIICHTPAIUU
HOCHUTEJICH YMEHBIIAETCS?

13. Kak u3MeHseTcs MIMpUHa Mepexojia B 3aBUCMMOCTH OT TO-
JSPHOCTH MPUIJIOKEHHOTO BHEIITHETO HAIIPSYKESHUS ?

14. Vi3meHseTcst U pacrpeieiieHue HOCUTENEH B Mepexojie Mpu
psIMOM U 0OpAaTHOM CMEIIICHUH Ha Tiepexoie?

15. Kakue Tumbl epexoa0B, KpoMe pe3koro nepexona, Bel 3Ha-
eTe?

16. IIpuniunsl 0O6pa3oBaHUs BEITPSAMIISIONINX KOHTAKTOB.

17. IlpuHuunel 0Opa30BaHUs HEBBITPAMIISIONINX KOHTAKTOB.

18. O6pazyercs i mepexo ] B BEIIPAMIISIONINX KOHTAKTaX.

19. IloueMy npu aHaIU3€ MEPEX0/ia MOKHO MOJIb30BATHCS ypaB-
HeHussMu auddy3un, a He YpaBHEHUSIMH HEPEPHIBHOCTH ?

20. BeiBenuTe BBIpaKCHHUE MJIs paclpeaesieHHs IBIPOK B 0asze
OT BEJIMYMHBI BHEIITHETO HAIPSKEHUS .
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21. BeiBenute ¢GopMyiy, OMUCHIBAIOIIYI0 CTATUYECKYIO BOJIBT-
aMIEPHYIO0 XapaKTEPUCTUKY IUOAA.

22. O0bscHUTe (HU3UYECKYIO0 MPUPOAY TEIUIOBOTO (MacmTaOHO-
T'0, HACKIIICHUS) TOKA.

23. Yto Takoe XxapakTepUCTUUYECKUE COPOTUBIICHUS TUOJIA U YEMY
OHU PaBHBI?

24. Tlouemy nipu peaibHOM HCTIOJIb30BaHUU JTUOJIOB, KaK MpaBu-
J10 3a/1a10T MPSIMOM TOK, a HE MPSAMOE HaNpsKeHue?

25. 3anuumTe BhIpaXKEHHE, ONPEEIIsIolee TeMIIepaTypHYIO 3a-
BUCHMOCThH TEIIJIOBOTO TOKA?

26. O0BsICHUTE, TMOYEeMY C TOBBIIMICHUEM TEMIIEPATypPbhl TEILIO-
BOM TOK YBEITUYHMBAETCS, UCIOIB3YS TOJBKO (PU3NUECKHE OCHOBBI T0O-
JTYTIPOBOTHUKOB.

27. B yeM mpuynHa TOKAa TEPMOTEHEPALMHU U €r0 3aBUCUMOCTb
OT TEeMIIEpaTyphl?

28. IIprunHa BO3HUKHOBEHUS TOKOB YTE€UKHU B MEPEXO/IE.

29. 3aBUCHUT JIU CTaTUYeCKas BOJIbT-aMIIEpHAas XapaKTePUCTHUKA
JIM0J1a OT TeMIIepaTyphl MPU MPSMOM CMEIICHUH HA TUOJIE?

30. HapucyiiTe 3KBHBAJICHTHYIO CXEMYy JUOJia TPHU MPSIMOM
CMEIICHHH,

31. O6bscHUTE NPUPOY OAPHEPHOU EMKOCTH U €€ 3aBUCUMOCTh
OT BEJTMYUHBI IPUIIOKEHHOTO HATIPSKEHMUSI .

32. ®uznueckas npupojaa nospieHUs AUG Y3nOHHON EMKOCTU
U €€ 3aBUCUMOCTD OT BEJIMYMHBI TOKA, IPOTEKAIOLIETO Yepe3 Mepexo/.

33. IlepexoiHble TpOLIECCHl B JAMOJE MPHU PE3KUX H3MEHEHHUSIX
BXOJIHBIX HANPSKECHUM.
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3 PABHOBUOHOCTU nNonynpoBOAHUKOBbLIX AMOOOB

Teopust U CBONCTBA MIOCKOCTHBIX MOJYNPOBOJHUKOBBIX IHO-
JIOB, U3JIOKEHHBIC B TIPEABIYIICH TJIaBe, JIEKAT B OCHOBE BCEX JIPYTHX
TUTIOB JMOJIOB, KOJMYECTBO KOTOPBHIX B HACTOSIIEE BPEMs JTOBOJBHO
Benuko. Crnenuduka Kaxa0ro U3 3TUX CHEeHHATbHBIX THOJI0B TpeOyeT
0CcO00T0 aHaiM3a, HO Mbl OTPAHUYUMCS OIICHKOM WX Kad4eCTBEHHBIX
Y KOJIMYECTBEHHBIX XapaKTEPUCTHK B TOM Mepe, B KaKOW 3TO TMOJIE3HO
pU pa3paboTKE CXEM.

3.1 ToyeuyHble guoAabl

Toueunsie auozs! (puc. 3.1) MOSABUIMNCH HAMHOTO PAHBIIE ILJIOC-
KOCTHBIX J10JI0B. OJIHAKO MPOIECChI, TPOUCXOAIINE B HUX, CIOKHEE
U JI0 CUX MOP €I MOJHOCThIO HE N3y4eHbl. DP(EKT BHIIPAMIICHUS Ha
TPAHUIIC MEXIY METAUIMYECKOW WIJIOM U IUIACTUHKOW MOJYIPOBOJ-
HUKA UMEET MECTO JIaXKe MPU MPOCTOM UX CONMPUKOCHOBEHUU. OTHAKO
B HACTOSIIIIEE BPEMsI TOUCUHBIA KOHTAKT IMOJIY4YaroT, KaK MpaBwWio, my-
TeM Tak Ha3biBaemoul (opMoBku. IIporecc GpopmMoOBKH 3aKiIFOYaeTCS
B MIPOITYCKAaHUM YE€Pe3 COOpPAHHBIM TOYEYHBIM JUOJ] CPaBHUTEIBHO
MOIIHBIX, HO KOPOTKHX HMMITYJIbCOB TOKAa B MPSIMOM HWJIM OOpPaTHOM
HamnpapieHud. KoandecTBo, BeIMYMHA U JIUTEILHOCTh (hOPMYIOIINX
MMITYJIbCOB BBIOMPAIOTCS HA OCHOBAHUM OTIBITHBIX JJAHHBIX.

Hrna
-Ge
Ema P n-Ge
< 1 /
Ge \/ /

H

a 4]

Puc. 3.1 — KouncTpykius ToueqHoro auoja ()
U CTPYKTYypa ero mnepexoja (0)

OOuiel 1enpo GOPMOBKHU SIBIIAETCS CUIILHBIA MECTHBIM HAarpen
KOHTaKTa, IPH KOTOPOM MPOUCXOIUT CBOECOOpPA3HOE CIUIABJICHUE
KOHUMKA HWIJIBI ¢ TOJYyNpoBOAHMKOM. CIiaBieHue oOecreunBacT
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CTaOWJIPHOCTh U MEXAaHWYECKYI0 MPOYHOCTh KOHTAKTA, YTO U OBLIO
nepBOHAYaIBHON 11e/1bI0 POpMOBKHU. OJTHAKO, KaK BBISICHUIOCH TO3/I-
Hee, IPY CIUIABJICHUU IIPOUCXOIUT TaK)Ke M3MEHEHHUE THUITA IMPOBOIH-
MOCTH B TOHKOM CJIO€ TIOJYITPOBOJIHHKA, MPHUJIETAIONIEM K UIJIe. ITO
npeBpainieHue oObsacHseTcs Auddy3uel nmpumeceid U3 UIiIbl B MOJY-
MIPOBOJHHUK TIPU CHJIBHOM pa3orpeBe M YaCTUYHOM PACIUIABICHUU
000X 2JIEMEHTOB B MECTE KOHTAKTA.

Hampumep, B ciiydae KOrja HCXOJHas IUIACTUHKA TepMaHUs
UMEeT 3JICKTPOHHYIO TPOBOJUMOCTH, @ MaTEPHUAJIOM WIJIbI SIBIISICTCS
OepwyneBasl OpoH3a, MOXET MNPOUCXOAUTh AUGPy3uss Oepuiuius
B repmanuii. bepuinuit, Oy1y4yu akienTopoM, Mo OTHOIICHUIO K rep-
MaHUI0, 00YCIIOBIMBACT HAIMUNUE TOHKOTO p-CJIOS B TepPMaHUU BOJIM3HU
uriel (puc. 3.1). Kak BuauM, B JaHHOM ciIydae Mmojydaercs p-N mepe-
X071, TMpaBja, CBoeoOpa3Hol (He IUIOCKOW) KOH(UTYparuu ¥ Mayiok
momaau. OObIYHO NpH aHau3e GOopMy MEepexojia B TOUCUHOM JUOJE
NPUHATO CYUHMTATh ToJyc(hepuueckoil, 4YTO, HECOMHEHHO, OJU3KO
K JICUCTBUTENBHOCTH. He mpoBojas camMoro aHaiansa, OTMETHM JIMIIIb
XapaKTepHbIe 0COOCHHOCTH TOUCUYHBIX MEPEX0JI0B U a1u0a0B. OUueBuU/I-
HO, YTO Majasl IJIONIA/lb Mepexojia 00YCIOBIMBAET HE TOJIBKO MATyIO
€MKOCTh Mepexoja, HO U MaJIyl0 JOMYyCTUMYIO MOIIHOCTh. BenuunHa
JOMYCTUMBIX TIPSIMBIX TOKOB y TOYEYHBIX JHOJIOB 3HAYUTEIHLHO
MEHBbIIIE, YEM Y IUIOCKOCTHBIX, a 3()PEKTUBHOE COMPOTUBIICHUE Oa3bl
Oonplie M3-3a Majoil mmiomaan sMurtepa. ConmpoTuBiIeHUsT 0a3bl
y TOYEYHBIX JUOJIOB COCTABJISAIOT MECATKHA M cOTHH OM, a TIpsiMbIe TO-
k1 00b14HO He Oonbiie 10—20 MA. CyliecTBeHHOE MPEBHIIICHHUE J10-
IIyCTUMOTO TOKa (J1a’ke B TEYCHHE KOPOTKOTO WHTEPBAa BPEMCHU)
MPUBOJUT Y TOUEUYHBIX JUOJIOB K «Iepe)OPMOBKE» KOHTAKTa U yXY/I-
HICHUI0O WJIM YTpaTe BBINPSAMIISIOIIMX CBOWCTB. [lJI1 mpsMOW BETBU
BOJIbT-aMIIEPHON XapaKTePUCTUKU TOYEHYHOTO JUOJA BBIPAKECHHE
(2.23) HeneHCTBUTENBHO, TAK KaK Ja)Ke IIPH OYCHb HEOOJBIITUX TOKAX
YPOBEHb MHKEKIIMM OKa3bIBAETCSI BECbMAa BBICOKMM HM3-3a MaJIOW IJI0-
maau nepexona. [lpu 6oabIIMX TOKaX YPOBEHb MHXKEKIIMU MOJTyYaeT-
Csl HACTOJILKO BBICOKHMM, YTO AKCIIOHCHIIMAIbHAS XapaKTEPUCTHUKA BbI-
poKaaeTcs W IMpuOMMmKaeTcs K mapadonndeckoi. OCOOCHHO CHIIBHO
pa3IyaloTCsl CTATUYECKUE XapaKTEPUCTUKU TOYEUHBIX U TUIOCKOCT-
HBIX JIMOJIOB B 001acTH 00paTHBIX TOKOB (puc. 3.2). ITocKOIBKY ILI0-
maab I[epexoja Majga, MaJl U TeIoBOM TOK |,. OpgHako ydacTok
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HACBIIICHUSI HEOOJIBIIONW M OOBIYHO IJIOXO 3aMETEH, TAK KaK YK€ MpHU
CPaBHUTEIHFHO HEOOINBIIMX HANpPSOKEHUSIX (HECKOJIIBKO BOJIBT) 00part-
HbI TOK CYILECTBEHHO BO3PACTAET 3a CYET YTEYEK, a TAKXKE 3a CUET
3aMETHOIO TMOBBIIICHUSI TEMIIEPATYPHI MEPEX0/1A, TEIIOOTBOL 3aTPYyA-
HEH M3-32 MAJIOHM IUIOMIAIM KOHTAKTa, U OOJIBILIOTO TEIIOBOTO COIPO-
THBJICHUA.

Puc. 3.2 — Crartnueckast XxapakTeprucTUKa
TOYEYHOTO JMO0Ja

BaxxHoli 0COOEHHOCTBHIO OOpaTHOM XapaKTEPUCTUKH SIBISETCA
Y4acTOK C OTpHIATeIbHbIM AudPepeHITMaIbHBIM COMPOTHBIICHUEM,
KOTOPBI 00YCIIOBJIEH TEIJIOBBIM ITPOOOEM.

HecMoTpst Ha TPUHIMITHAIIBHYIO 1IEHHOCTh YKa3aHHOTO y4acTKa,
€ro TPaKTUYECKOE HCIOJIb30BaHUE HEIEeIeco000pa3sHO BCIICJCTBHE
OoJpIIOTO pa3Opoca BEIUYMHBI OTPHULIATEIILHOTO COMPOTUBIICHUS
¥ KOOpJAWHAT Hayajga W KOHIIA Yy4yacTKa, IJIOXOH CTaOMIBHOCTH BO
BPEMEHH W MaJIOr0 CPOKa CIIY»KObI JUO0/Ia B TAKOM IEpEeHANPsHKEHHOM
pexume. [lepexoaHbie mporecchl NpOTEKalT B TOUYEYHBIX JUOJAX Ka-
YECTBEHHO TaK K€, KaK M B IJIOCKOCTHBIX. KonuecTBeHHbIE pa3andus
CBSI3aHBI C MEHBIIIECH IJIOIIAIbI0 TIEPEeX0/1a U BpeMeHEM KU3HU. Bpems
KU3HU Y TOYECUHBIX JUOJIOB MEHBIIE, YeM Y IJIOCKOCTHBIX, TaK Kak
pPOJIb TTOBEPXHOCTHOM PEKOMOWHAIIMM BO3PAcTaeT C YMEHBIICHHEM
TJI0IIAN Tepexo ia. TodeuHble AUOIBI IMPOKO HCIIOIB3YIOTCS B BbI-
COKOYACTOTHBIX CXE€MaX M UMMYJbCHOU TexHuke. OOIMIMPHBINA U CBOE-
oOpa3HbId KJIACC TOYCHHBIX MOJIYIPOBOJHUKOBBIX JHOJOB COCTABIIS-
I0T TEPMAHUEBbIE U KPEMHHEBBIC JETCKTOPHBIC IHUOJbI, TTPUMEHSIO-
nyecs riaaBHBIM oOpa3oMm B TexHuke CBY, 4ro 00yclOBI€HO OYEHB
MQJIBIM BPEMEHEM KXU3HU HOCHUTEJIEH, & BMECTE C MajoOM IUIOLIAJbIO
KOHTaKTa 00€CTIeUMBAIOTCS XOPOIIME YaCTOTHBIC CBOMCTBA, HEOOXO-
nuMble 171 paboTsl B ooactu CBY.
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Puc. 3.3 — Crartnueckast XapaKTepuCTHKa TETEKTOPHOTO
oA

JIJig Takux IUOA0B, MIOMUMO paboyel 4acTOThl, BaXXHBIMU Tapa-
METpaMu SIBJISIFOTCS Takhe, Kak Ko3(pPuuueHT myma, Kod3PpQUireHT
npeoOpa3oBaHus U JIp. DTH HapamMeTpbl MOTYT ObITh 1OCTATOYHO XO-
POLIMMH, HECMOTPS HA «IUIOXYI0» (C TOYKHU 3pEHUS] «OOBIYHBIX>» JTHO-
JIOB W JJICKTPOHHBIX CXEM) BOJIBT-aMIIEPHYIO XapakTepucTuky. KoH-
CTPYKIUSI JI€TEKTOPHBIX JAUOJIOB OOBIYHO MPHUCIIOCOOJIEHA K COUJICHE-
HUIO C AJIEMEHTAMH BOJIHOBOJOB, U3MEPHUTEIBHBIX FOJIOBOK U JPYTHX
neraneit cucreM CBY (puc. 3.4). [IpumeHeHne Takod KOHCTPYKITUU
MO3BOJISIET CYIIECTBEHHO YMEHBIIWTH MAapa3UTHbIE €MKOCTH JTUOIOB
U TEM CAMbIM YBEJIUYHUTH UX OBICTPOJEHCTBHUE.

1-i1 anexkmpoo

2-1t 31eKmpoo
Puc. 3.4 — KoHCTpyKTHUBHBIE BapUAHTHI
JETEKTOPHBIX JHOJ0B
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B nacrosiee BpeMs 0ojiee NMEpCHEKTUBHBIMU AUOAAMU JJIsi 00-
nactu CBY sBisitorcst nuonbl [IIOTTKM, KOTOpBIE MMEKOT BBICOKOE
OBICTpOJICHCTBYE, paOOTAIOT MPU OOJBIIUX MPSIMBIX TOKAX U OOJBIINX
MPSIMBIX HAMPSHKEHUSIX .

3.2 NMonynpoBOoAHUKOBbIE CTAOUNUTPOHDI

OHUM U3 OCHOBHBIX YCIOBUN HOPMalIbHOTO (DYHKIIMOHUPOBA-
HUS JTI000M 3JIEKTPOHHON CUCTEMBbI OCOOCHHO C MPUMEHEHUEM HHTE-
IPaJIbHBIX MHUKPOCXEM SIBIIACTCS BBICOKAS CTAOWMIBLHOCTH MHUTAIOIINX
HaIPSKCHUM.

OCHOBHBIM 3JIEMEHTOM TMPAKTUYECKH JI000r0 CTabuIu3aTopa
HANPSDKEHUS! SIBISIETCSl CTAOWMJIUTPOH — KPEMHHUEBBIN IJIOCKOCTHOM
MO, paboTaroMINi B 00J1aCTH BOCCTAHOBHUMOTO TIPOOOSI.

Takol «moJIyTpOBOAHUKOBBIA CTaOUIUTPOH» IO OOJBIIMHCTBY
napaMeTpoB MPEBOCXOAUT Ta30pa3psAHBIA, U, TJIABHOE, OH MOXKET
UMETh 3HAYUTEIHLHO MEHBIINE padoyue HaNpsiKEHUs CTaOWIU3aIlny,
YTO COBEPIIEHHO HEOOXOJUMO B TPAH3UCTOPHBIX CXEMax, OCOOCHHO
B MHTETPAIBHBIX CXEMax, KOTOPhIC MPAKTHUYECKH BCETJa HU3KOBOJIBT-
Hble. BbIOOp KpeMHHUs B Ka4eCTBE MaTepuayia JJis MOJyIpPOBOAHUKO-
BbIX CTAOMJIMTPOHOB OOYCIJIOBJIEH TJIABHBIM O0pa3oM MajbiM oOpart-
HBIM TOKOM, CJI€IOBAaTEIbHO, HEBBICOKOW MOIIHOCTHIO paccerBaHUs
B IpeanpoOoiHoi obnactu. Ilpu 3ToM camopaszorpeB Auoja B Mpe-
poOOIHOI 00J1aCTH OTCYTCTBYET, U MEPEX0] B 001acTh mpoOos 1o-
Jaydaetcs goctaTouHo pe3kuM (puc. 3.5). Kpome toro, B camoii o6a-
CTH Tpo00s, AaxKe TIPH OOJIBIITIOM TOKE, HAarpeB JAUO0a HE HOCUT JIaBH-
HOOOpPA3HOro XapakTepa, T. K. B 3TOM ciiydae auddepeHimaibHoe co-
MPOTHUBJICHUE AMOJIa PE3KO YMEHBIIIAETCS U pacceuBaeMasi MOITHOCTh
HE TMPEBBIIACT JOMYCTUMOro 3HaueHus. M3 pucynka 3.5 BUAHO, UTO
CTaTH4YecKasl BOJbT-aMIIEpHAsl XapaKTEPUCTHKA CTAOUIUTPOHA OJIM3Ka
K CHMMETPUYHON M OTIMYAETCS TOJbKO BEIMYMHON HANPSIKEHUS CTa-
onmsammu U -, .

[lpu Toxkax |,;>5 MA nuddepeHmanbHbIE COMPOTHBICHHS
TAKKe PaBHbI [ 4, = I . [loaTOMY IpH aHannse paboThl CTAOUIUTPO-

Ha Kak dJIEMEHTa cTabuan3aTopa He OyaeM JenaTh pa3audui, 1 Ka-
KOT'0 BKJIFOUCHHS TIPOBOJIUTCS aHAIIH3.
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Puc. 3.5 — Cratunueckasi xapakTepucTuka
MOJIyITPOBOJTHUKOBOI'O CTA0MIIUTPOHA

Ha puc. 3.6 npuBeaeH temmnepaTypHbli KO3()PUIMEHT HecTa-
OWJIBHOCTH CTAOMJIMTPOHA B PEXHUME CTAOWIM3AlMU TP OOpaTHOM
BKJIFOUCHUU. JIJ1s1 IPsIMOTO BKJTIOUEHHUS 3Ta 3aBUCUMOCThH PacCCMOTpEeHa
paHblIIIE.

Ocr ‘?%/ 2pao
01 [

0.06 |~

0.02 | | Uer

/ 10 40
— -0,04

Puc. 3.6 — 3aBucumocts TKH Ha pabouem
y4acTKe KPEMHHEBOTO CTaOMIUTPOHA
OT HaNPSDKEHUsS TPoOos

VY HHM3KOBOJIBTHBIX CTAOUJIUTPOHOB MPOOOW HOCHUT TYyHHEJIbHBIN
3¢ dexT, T.K. 0aza BBHINOJHEHA M3 HU3KOOMHOI'O MOJYHPOBOJIHHKA,



113

a B 3TOM CJIydae HanpspKeHHE MPpo00s pSIMO NPONOPLIMOHAILHO IIUPHUHE
3aIIpPELICHHOM 30HbI, KOTOPOE C MOBBIIIEHUEM TEMIIEPATYPHI [1a1a€T.

B BBICOKOBOJIBTHBIX CTAOMJIUTPOHAX MPOOON HOCUT JIABUHHBIM
XapakTep, a ¢ MOBBILIECHUEM TEMIIEPATypPhl IMOJABUKHOCTb HOCUTEIEU
najaeT U pacTeT HalpsKEHUE MpoOosl.

' 1
11—
T
_||;| VD ZS Ry [:I Uecr -IE " + Fer ]RH
] -
a o

Puc. 3.7 — [punnunuanshas (a) u SkBUBaJICHTHAS (0) CXEMBI
cTabuM3aTopa HanpsoKeHus. 31ech U ., — HapsoKeHHe CTabMIn3aumy,

E —nneanbHelil reHEpaTOp HANPSLKEHUS, [, = I, — nuddepennunansHoe
COMNPOTHUBIICHUE CTAOMIUTPOHA

AHanu3upys SKBUBAJICHTHYIO cXemy puc. 3.7, 0, ypaBHEHUS
KOHTYPHBIX TOKOB 3aITUIIIEM B BUJIEC:

E-U =1,(r+rqp)+ 0o (3.1

U =l + 1, (rer + Ry )- (3.2
PemmB cucremy ypasuenwii (3.1) u (3.2), momyunm:
R, (Er; +Ur)

Uer = 12Ry :URH = (3.3)

Ry (r+r;)+rr,
Jliia HaxoxkaeHus HecTaOWiIbHOCTH Ucr Npu M3MEHEHUU Harpsi-
YKCHHS TISPBHYHOIO UCTOYHMKA IuTaHus £ npoauddepermupyem (3.3)
du Ry
T - Ho (34)
dE R, (r+r;)+rr,

[lepeiins k kKoHEUHBIM TpuparmeHusM (3.4), 3amuiieM B BUIE:
R
M+ Ryp
Ryls

rne R =—
OKB Ry + 1y
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Hnsa ocnabnenusa HectabuinbHOCTH AU, IpH HU3MEHEHUSAX

HaIIpsZKCHUS MCPBUYHOI'O MCTOYHHKA ITUTAHHUA H€O6XOI[HMO BBIITOJI-
HHUTH YCJIIOBHUEC.
r>>Ryep. (3.6)

HepagenctBo (3.6) TOBOPUT O TOM, YTO IMUTAHHUE BBIXOIHOM Iie-
1 He00X0 MO obecrieunBaTh OT FeHepaTopa TOKa.

[Tpu pabore pagno3JIeKTPOHHOTO YCTPONCTBA TOK HArPy3KH W3-
mensiercs, T.e. R, #const, a cnenoBarenbHo, u3Mensiercs U Ucr.

[Ipoananuzupyem HecTaOUIbHOCTE Ucr IPU M3MEHEHUSX BEIWYUHBI
Harpy3KH, Ipy 3TOM CUMTAEM [, =, = CONst.

Ipoguddepennupyem (3.3) o Ry . Torna:
AR, 12
r(Ry +1g )2 |
JIis yMEHBIIICHUS BIMSHHUS W3MEHEHUH HArpy3kd HEOOXOIUMO
BBIMOJIHHUTD YCIIOBHUE

AU =E

(3.7)

Ry, >>r1y; (3.8)
2
r
AU = ES, =2, 39
r =B 2", (39)
rae Oy = & — OTHOCHUTEJbHAsI HECTAOMIIBHOCTh Harpy3KH.
H

Amnanu3 Beipakeruit (3.8) u (3.9) mokaswiBaeT, 4TO IS YMCHb-
IICHUS BIUSHUS Harpy3u HEOOXOAUMO, YTOOBI TOK HAarpy3KH ObLT Kak
MOKHO MEHBIIIE TOKA, TPOTEKAIOIIETO Yepe3 CTAOMITUTPOH.

3.3 TyHHenbHbIe anoAabI

TynHenpHBIE AMOJBI, pazpaboranHbie B 1958—1959 rr. smon-
ckuM ¢u3ukoMm Ecaku, MHTEPECHBI TEM, YTO, OYy4YH JABYXMOJIOCHU-
KaMH{, OHU MOTYT YCWJIMBATh CUTHaIbl. DTO OOBSICHSIETCS HAJUYHUEM
y4acTKa ¢ OTPULATEIBHBIM CONMPOTUBIICHUEM HA UX BOJIBT-aMIICPHOM
XapakTepUCTUKE. B OTIMYMe OT TOYEUHBIX OUOAOB OTPULATEIIBHOE
CONPOTHUBJICHUE y TYHHEJbHBIX JHOJIOB MMEETCS HE Ha OOpaTHOW,
a Ha MIPSIMOU BETBU XapaKTEPUCTUKH.

PaccMOTpuM TMPOUCXOXKIEHUE TaKOW (POPMBI XapaKTEPUCTUKH,
BOCIIOJIb30BABIIMCh SHEPreTUUECKUMHU JAMarpaMMamMu p-n mepexona.
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OTIUYUTENBHBIMA OCOOEHHOCTSIMU TYHHEJBHOTO JHOJA SIBJISIFOTCS
OYCHb MaJible Y/CJIbHBIC COMPOTUBJIEHUS p- U N-CIOEB U COOTBET-
CTBEHHO OYEHb Majas IIMpUHA nepexoaa. B aToMm cimydae, kak oTMe-
4aJioch B TUI. 1, MOYMIPOBOIHUK BBIPOXKAACTCS, IPEBPAILIASACH B MOJY-
MeTasul. YPOBHU MPUMECHBIX aTOMOB CJIMBAIOTCS B 30HBI, & MOCIEI-
HUE B CBOIO OU€pe/b CIMBAIOTCS C COOTBETCTBYIOIIUMH OCHOBHBIMU
30HaMu cioeB. B pesynbrare ypoBHu depmu, Kak U B MeTajlie, pac-
MOJIAratoTCsl HE B 3allpElICHHBIX 30HaX p- U N-CJIOEB, a B pa3pelicH-
HBIX 30HaX. B BaJICHTHOM 30HE p-CJIOSl U B 30HE MTPOBOJUMOCTH N-CIIOA.
[Ipu sTOM sHepreTuyeckas auarpaMMa CHMMETPUYHOIO Iepexoaa
B PABHOBECHOM COCTOSIHUM OyAET MPUMEPHO TaKOM, Kak MOKa3aHO Ha
puc. 3.9, a. Kak BuguM, HIKHSS 9acTh 30HBI MPOBOJUMOCTH B cJioe N
Y BEPXHsISl YacTh BAJCHTHOW 30HBI B CJIOE p OKA3alIUCh Pa3eICeHHBIMU
BeCbMa y3KUM 3alOpHBIM cjoeM. Eciu muMprHa €ro He MPEBbIIIacT
0,01—0,02 Mk, TO HOCHTEIM HUMEIT BO3MOXXHOCThH IEPEXOJUThH
B CMEXHBIM CIION «I10 TOPU3OHTAIIN», T. €. HE MPEOI0JIeBasi OTCHIIN-
albHOrO Oapbepa. DTO SBJICHHE OOYCIOBJIEHO TYHHEIbHBIM 3(dek-
TOM, OTKYJla ¥ TIPOMCXOAUT Ha3BaHWE JAMOJI0B. Hke MBI paccMOTpUM
paboTy nrojaa, aHAIU3UPYs BUXKEHUE AJIEKTPOHOB. [loBeaeHue bI-
POK COBEPIICHHO AHAJIOTHYHO, & OTHOCHUTEJIbHAsI POJib 00OUX THUIIOB
HOCHUTEJEH, KaK 0OBIYHO, 3aBUCUT OT CTENIEHU CUMMETPUU JUOJIA, T. €.
OT COOTHOILIECHUS YAEIbHBIX CONPOTUBIICHUU Cl0eB. PacmpeneneHue
AJIEKTPOHOB IO SHEPTUSIM OTPaKeHO Ha puC. 3.9 pa3HBIMHU PACCTOSTHU-
MU MEXAY KpyXXKaMu, 0003HA4yaroluuMHU 3JIeKTpoHBI. CTpenakamu
CHA0XXEHBI T€ AIEKTPOHBI, KOTOPBIE CIIOCOOHBI MEPEUTH B CMEXKHBIM
CJIOM TEM WIIM WMHBIM IyTeM. Pe3ynbTUpyrOmMi TOK YeEpe3 IMepexo.
OlleHUBaeTcs Ha puc. 3.9 KaK pa3HOCTh AJIEKTPOHHBIX MOTOKOB, MPO-
XOJSUIMX U3 OJTHOTO CJI0sl B Apyroi. B paBHOBECHOM COCTOSIHMM TIO-
TOKH 3JIEKTPOHOB B 00OMX HAINpPaBJICHUAX YPaBHOBEIIMBAIOTCS, U TOK
orcytctByeT (puc. 3.9, a). llpunoxxuM K 1Oy BHEUTHEE HAPSHKEHUE
oOpaTHOM MOJAPHOCTH (T. €. IUIFOCOM K N-CII0K0). DHepreTHYecKas
ararpaMma Jijisi 3Toro ciiydasi mokasana Ha puc. 3.9, 6. Tak kak komnu-
YeCTBO DJIEKTPOHOB C DHEPIUeH, MIpeBbllaroed ypoBeHb depwmu,
HEBEJIUKO, TO MOTOK S3JIEKTPOHOB U3 p-CJOS B N-CJIOW yBEITUYUTCH,
a oOpaTHBIM MOTOK OCTAHETCS MOYTH HEM3MEHHBIM. CleoBaTeIbHO,
pe3yJNbTUPYIONMN TOK OyAeT MpoTeKaTh B HANpaBlIEHUH OT N-CJOA
K p-CJIOI0. DTOT TOK OYEHb OBICTPO BO3pacTaeT C yBEIWYEHUEM O0-
paTHOTO HampspkeHUs (cM. puc. 3.8), MOCKOJIBKY IUIOTHOCTh 3JICKTPO-
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HOB B INIyOMHE BAJIEHTHOW 30HBI OTPOMHA M Majeiliee npupaiieHue
PasHOCTH @y — @, CONPOBOXKIACTCS CYLICCTBCHHBIM H3MCHCHHEM

IIOTOKA AJIEKTPOHOB M3 p-CIIosA B N-CoMl. Teneps NpuitokKuM K THUOLY
HEOOJBIIIOE TPSIMOE HAIpsKEHUE. DHEpreTudeckas auarpamma s
ATOTO Ciiy4as TokazaHa Ha puc. 3.9, 6. Jlerko 3amMeTuTh, 4TO MOTOK
AJIEKTPOHOB U3 p-CII0si B N-CJIOM CHIJIBHO yOBIBAE€T, @ OOPATHBINA MOTOK
MEHSIETCS CpaBHUTENBHO ciabo. CrneaoBarenbHO, pe3yIbTUPYIOIIUMA
TOK MPOTEKAET B HAMPABJICHUU OT p-CJ0S K N-CIIOI0 U MPU HEOOIbIITUX
NPSIMBIX HAMPSOKEHUSX BO3PACTaeT C YBEJIWYEHUEM HANPSKCHUS
(puc. 3.8). Ha puc. 3.9, 2 n300pakeHbI 30HHBIC THArPAMMEBI IIEPEX0/1a
IPU HATIPSHKEHUU MEXKIY TOuKaMu 1—2 cTaTuueckoi BOJIbTaMIIEPHON
xapakrepuctuku (puc 3.8, a). Ha puc. 3.9, 0 30HHBIC AHarpamMMbl CO-
OTBETCTBYIOT HAMPSHKEHUAM MEXIY TOUKaMu 2—3.

v

Puc. 3.8 — Crartnueckas xapakrepucTuka
TYHHEJIBHOTO THOAA

TyHHENbHBIM U0 MPEACTABISET COOON YHHMBEPCAIbHBIM MpH-
00p, CIIOCOOHBIN BBITOIHATH BCE (DYHKIIMHU, CBOMCTBEHHbBIE AKTUBHBIM
AJIEMEHTAM DJIEKTPOHHBIX cxeM. [103TomMy BOmpoChl NpUMEHEeHUs TyH-
HEJBHBIX JUOJ0B COCTABIISIIOT OTAEIBHYIO 00JIaCTh MPUKIIATHON dJIEK-
TPOHUKHU. 3aMETUM JIMIIb, YTO JAUOJHBIE CXEMbI HACTOJIBKO CHIIBHO
OTJIMYAIOTCS OT TPUOJAHBIX, YTO TPEOYIOT MEPECMOTpPa MHOTUX MpPHU-
BBIYHBIX METOAOB [IOCTPOCHHUS U pacuyeTa JIEKTPOHHBIX CXEM.
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@Pcp

Ovep 3

Puc. 3.9 — DHepreruueckue quarpaMmMbl TYHHETBHOTO
JM0/Ia Ha Pa3HbIX Y4acTKaxX XapaKTEPUCTUKH.
a — PaBHOBECHOE COCTOSIHUE, 6 — 00paTHOE BKIIIOUCHHUE,
6 — mipsiMoe BKItoueHue,; e — U,;<U<U,; 0 — U>U,

Becbma MHTEpECHBIM BapUAaHTOM TYHHEJIBHOTO JHMOJA SIBISETCS
TaK Ha3bIBAEMbI OOpallleHHbIN AMOJ, XapaKTepUCTUKa KOTOPOTo Io-
kazaHa Ha pwuc. 3.10.
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Loy

o — 1

Puc. 3.10 — Crarnueckas xapaKTepuCTHKA
oOparieHHoro quoaa

Kak Buanm, 0COOCHHOCTh OOpaIIEHHOT'O JMOJIa COCTOUT B TOM,
9TO OTCYTCTBYeT (WJIM OYEHb MaJl) MaKCUMyM Ha TPSIMOHM BETBH.
B 3TOM citydae JIoruuHO OBEPHYTH XapakTepucTuky Ha 180° (mokazaHo
IYHKTUPOM) M CUUTATh MPSAMYIO BETBb OOpaTHOM, a 00paTHYr0 — Mpsi-
Moi. TakuM 00pa3omM, OOpalieHHbIA U0 UMEET 3HAUUTEIHLHO MEHb-
1Iee MpsMOe HAIPsHKEHUE, YeM OOBIYHBIE IJIOCKOCTHBIC AUOBI (Y KO-
TOPBIX OHO COCTAaBJISCT JECATKH M COTHH MHIIMBOJIBT), YTO OYCHb
IIEHHO JJI1 MHOTHX NMpUMeHeHU. OTHAKO ero oOpaTHOE HAMPSIKCHHUE
Toke BecbMa Majio (0,3—0,5 B), u ¢ 3TUM HYXHO CUMTATHCS MIPH pac-
yeTe cxeM. TeXHOJOrus TYHHEIbHBIX U OOpAIlCHHBIX THUOJOB MOYTH
OJIMHAKOBA, PA3JIMUU€ COCTOUT TJABHBIM 00pa3oM B MOJI00pPE MCXO/I-
HBIX MarepHalioB (y OOpaIleHHBIX JHOOB KOHIICHTpAIUs MpUMeceH
MEHBIIIE, YeM Y TYHHEIbHBIX).

3.4 Ovnopbl LUoTTKK

B ocHoBe auonoB IIIOTTKM JIEKUAT KOHTAKT MEXAY METAILJIOM
Y TIOJYIPOBOAHUKOM. Takol KOHTAKT, KaKk OTMEYaloCh, IIPU OMpeje-
JICHHBIX YCJIOBUSIX MOXET 00JaJaTh BBINPSIMUTEILHBIMUA CBONCTBAMM.
JIist 3TOro HEOOXOAUMO, YTOOBI MPUITOBEPXHOCTHBIN CIION MOJIYITPO-
BOJIHHKA B PaBHOBECHOM COCTOSIHUM ObLI 0O€IHEH OCHOBHBIMHU HOCH-
TEISIMU U YTOOBI COMNPOTHBIICHUE OOETHEHHOIO CJOSi ObLJIO MHOTO
0O0JIbIIIE COMPOTUBIICHUSI OCTAIBHON YacTH MOJYIPOBOIHUKOBOM IJIaCTH-
Hbl. HecMOTps Ha TO, 4TO TEOpHUST KOHTAKTa MEXIY METAUIOM U TOJTyTIpO-
BOJIHUKOM ObL1a pazputa Oosnee 60 yieT Hazaj, peann3oBaTh JAHHBIA THIT
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JMOJIOB ynajoch juilb B /0-e roasl. Ha myTu peanusamuu takoro, kKa-
3aJI0Ch OBI, TTPOCTOr0 MPUOOpPA CTOSIU CIEAYIOIINE TPYAHOCTH. BO-
MIEPBBIX, HY’KHO ObUIO OCYIIIECTBUTh KOHTAKT METAJT — IMOJIYIPOBOJ-
HUK 0e3 Kakux ObI TO HU OBLJIO MPOMEKYTOUHBIX CIOEB, (MPMKUMHOM
KOHTaKT HE OOCCIICUMBAJI ATOrO YCJIOBHS); BO-BTOPBIX, HY)KHO OBLIO
JTOOUTHCSI MAJIOrO0 COMPOTHUBIICHUS TMOJYITPOBOJHUKOBON IUIACTUHBI,
HE JKEpPTBYS MPU ATOM €€ YJEJIbHBIM CONpPOTUBIECHHEM. OCHOBHBIM
npenumMynecTBoM aAuoAoB IIIOTTKM MO CpaBHEHWIO C JUOJaMHu C p-N
MEPEX0J0M SIBJISIETCA TOT (PAKT, UTO Y HUX OTCYTCTBYET SIBJICHUE WH-
YKEKIIMA HEOCHOBHBIX HOCHUTEJNICH MPHU MPSIMOM CMEILCHUH, a 3HAYMT,
Y SBJICHUS] HAKOIUICHUS W PacCachbIBAHUS 3TUX HOCUTEJIEH.

COOTBETCTBEHHO MHEPIIUOHHOCTH Au0A0B LlloTTKM 00ycioBIeHa
TOJIBKO OaphepHON €MKOCTBHIO KOHTaKTa U MOXKET ObITh CJIeJIaHa BECh-
Ma MaJIOW IIyTEM YMEHBIICHUS Pa3MEpPOB CTPYKTYpPhl. THIUYHBINA
JUaras3oH pabounx 4acTtoT coctamiser 3—I15 I, a BpemeHa mepe-
kmoueHus goxoAaT 10 0,1 ue. Eme ogHMM mpeuMyIecTBOM THUOA0B
[IIoTTKYM SABISETCA TO, YTO SKCIOHECHIIUAIBHBIN XapaKTEP CTATUYECKOU
BOJIbT-aMIIEPHON XapaKTEPUCTHUKA COXPAHSETCSA Uil HUX B TOpas3jo
0oJiee MUPOKOM JUara3zoHe TOKOB, YeM JJIsl OOBIYHOTO p-N Mepexoa,
MTOCKOJIBKY OTCYTCTBYET MOJIYJSAINS CONMPOTHBJICHUS Oa3bl HEOCHOB-
HbIMU HocutessiMu. OOpatHblii TOK auoz0B IIIoTTKM BBIpakaeTcs
dbopmyJion:

1

OOpaTHBICE TOKH MOTYT COCTaBJISATh BCEr0 HECKOJIBKO MHUKOAM-
nep. OOpaTtHble HanpsikeHud JexaT B npenenax ot 10 no 250 B. Be-
JUYUHBI MPSAMBIX TOKOB 3aBUCST, KOHEYHO, OT IUIOMIATN CTPYKTYPHI
U KauecTBa TEIJI00TBOJIa. B HacTosiiee BpeMs pa3paOOTaHbl AMOJIbI
[oTTku Ha npsmbie Toku nopsaka 50 A u 6osee. [Ipu 3TomM npsimoe
najieHue HamnpsbkeHus: cocrapisieT Bcero 0,5 B, T. e. Benuuuny, npu-
MEPHO BJIBO€ MEHBIIIYIO, YeM Y KPEMHUEBBIX A1M0/10B. OCHOBHBIM I10-
JYyNPOBOJHUKOM — MaTepHaIoM, UCNOIb3yeMbIM B nuoaax IlloTTkwy,
ABJISIETCSI KpeMHU. B kadecTBe METAJJIOB UCIOJIB3YIOTCS MOJIMOJICH,
HUXPOM, 30JI0TO, & TAKKE AITFOMUHUM.
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3.5 ®doTonpnEMHUKN (MPUEMHUNKUN ONTUYECKOrO U3NYHYEHURA)

B xuBoM mpupoae onTtuyeckas CBsI3b PACIPOCTPAHEHA BEChbMa
HIMPOKO; €€ (PYHKIMU Ype3BbIYAiHO pa3HOOOpa3Hbl. YenoBEK MOYTH
JEBSHOCTO MPOLIEHTOB HH(POPMALIMH MOIYYAET C IOMOILBIO 3PEHUSL.

OCHOBHBIM 3JIEMEHTOM (POTONPUEMHUKOB SIBJIAETCS MPEoOpaszo-
BATEJIb ONTUYECKUX CUTHAJIOB B DJICKTPUYECKUE.

M3 Bcex H3BECTHBIX MOJYMPOBOJAHUKOBBIX (POTONMPUEMHUKOB
(doTOpe3uCTOp ABIISIETCS HAMOOJIEe MPOCTHIM, HO U HauboJiee yHUBEP-
CaJIbHBIM JATYUKOM.

[To OTHOUIEHUIO K CUTHAJIBHOU 1enu (HOTOPE3UCTOpP MPEICTaB-
asieT coO0M ABYXIOJIFOCHUK, MIEPEMEHHBIM MMAPAMETPOM KOTOPOTO SIB-
JSETCS €70 UMIeAanc 2.

Ipu stom Z, = f (B,A,m,,t,T), oTKyza criexyior OCHOBHBIE Xa-

PaKTEPUCTUKU (DOTOPE3UCTOPA: CBETOBAsI, CIEKTpaJIbHAs, YAaCTOTHAs,
nepexoaHasi, TeMrepaTypHasi.

B — cBeTOBOI1 MOTOK, A — JUTMHA BOJIHBI ONTHYECKOTO M3JIyde-
HUS, O — YacToTa, t — Bpems, T — temneparypa.

Ha puc. 3.11 nokasaHsl 1Be BO3MOKHBIE KOHCTPYKITUU (poTope-
3UCTOPOB: Toriepeunas (a), mpoosibHas (0).

[ |
R h
, AT 9
. — /(3 —— _\1_
- -+ P b
° UO/\ a Uo
= O
a 4]

Puc. 3.11 — IlpunnunuanbHble KOHCTPYKIIUU (OTOPE3UCTOPOB:
a — TornepeyHasi; 6 — MNpoJojibHas; 3 — JIIEKTPOIbI
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B nepBoM ciydae npukiiaabiBaeMoe K POoToOpe3ucTopy 3JEeKTpu-
YEeCKOe MoJie U BO30YKIAroUUi CBET JEUCTBYIOT BO B3aUMHO TIEPIICH-
JTUKYJISIPHBIX IIOCKOCTSIX, BO BTOPOM — B OJIHOM TIJIOCKOCTH.

CaeT, NOTJIONIAACHh B MOJYIPOBOJHUKE, BO3OYKIaeT B HEM CBO-
OOJTHbIE HOCUTEIH 3aps0B. SJEKTPOHBI U JIBIPKH, KOTOPHIE U3MEHSIOT
€ro MpoBOJAUMOCTh. Eciu Kk (HOTOpE3UCTOpy MNPUIIOKEHO AFJIEKTpUYE-
CKO€ T10JI€, TO C U3MEHEHHUEM OCBEIIEHHOCTH OYJIET UBMEHATHCS U TOK
B LIETIH, B KOTOPYIO BKJIFOUEH (POTOPE3UCTOP.

JI71s1 IONEepeYyHoro U NpoJI0JaLHOT0 (hOTOPE3UCTOPOB TOKH MOXK-
HO 3aMuCaTh:

. =qa;—‘;kHBu@, (3.10)
1
ly :%BU@, (3.12)

rae  — 3apsij JEeKTPOHA; @ — KBAHTOBBIM BBIXOA; T, L — CpelHee
BpEMs KM3HU U TOJIBU)KHOCTh HOCHUTENEH TOKa B MOJYNPOBOJHHKE;
d — paccrossHue MEXIy 3JICKTPOJAaMH (POTOPE3UCTOPA; k,} — KO3 (-
(PMLIMEHT MOIJIOIIEHUS B MOIYIPOBOIHUKE; K, — Oe3pa3MepHbIi KO-

3 PUIMEHT, MOKA3BIBAIONIUN JOJII0 MOTJIAIIEHHOTO B 00pa3ie HU3iy-

yeHUs. J(Mama3oH OCBEIICHHOCTEH (HOTOPE3UCTOPORB JICKUT B Ipejie-
’3 2
nax (107—10%) k.

3.6 doToanoabl

[Ipunmmn paboTel ¢hoToauoAa ¢ P-N mepexoaa OCHOBAaH Ha IIO-
TJIOIIEHUY CBETa B 00J1aCTH 0a3bl, MU B TIEPEXOJIE, B PE3YyJIbTATE YETO
00pa3yrTCsl IBIPKHA W DJICKTPOHBI, YTO MPUBOAUT K U3MEHEHHUIO PaB-
HOBECHBIX KOHIICHTpAIMil B 0a3e U SMUTTEPE, a CJIeI0BATENIbHO, K I0-
ABJICHUIO ()OTOTOKA.

OCHOBHBIE COOTHOIICHUS, OTIPEICIIAIONINE XapaKTePUCTUKU P-N

Mepexoia Kax HpI/IéMHI/IKa U3TYYCHUA, MOXXHO 3aItMCaTh B BUJIC.

J, =adk,B; (3.12)

%
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I71€ @ — KBAaHTOBBIN BBIXOJl BHYTpEHHETO (POoTO3(P(EKTa,; jqb, Jos —

IJIOTHOCTH ()OTOTOKA M 0OpaTHOTO TOKa [P-N mepexojia, 00yCIOBIICH-
HbIC HCOCHOBHBIMHU HOCUTEIISIMU TOKA B IMOJYTPOBOTHUKE.

VYpaBuenne (3.12) orBeuaer cemeiictBy (o mapamerpy B)
BOJIbT-aMIIEPHBIX XapakTepucTuk (oroauona. B dorommoanom pe-
KUME Ha P-N mepexon nogaércs odbpatHoe cmenieHue. [Ipu atom ce-
MEWUCTBO BOJIbT-aMIIEPHBIX XapaKTEPUCTUK (HoToanOoaa OyJIeT BBITIIS-
JIeTh, KaK 3TO MoKa3aHo Ha puc. 3.12, a.

OpauHata y4acTKOB HACBIIICHHUS] MPSIMO MPOMOPLHUOHATBHA
ypoBHIO BO30yxkaenuss B. Ilpm obparHom cmemennn U <O

U ‘U ‘ >> @ (3.13) ynporaeTcst 1 IpUHUMAET BUJ

J=Jp+Jp. (3.149)
|y, A4
” 10°°
10°°
®=0= Y 107 A
D, / A
P, 10
D; = 10 10 10 B,Bm
a o
Puc. 3.12 — Xapaxrepuctuku (hoToauonaa;
a — BonbT-amnepHas @) < D, < Pg;
6 — cBeToBas (KpeMHHUEBBIN (OTOIUO.T)
doTtoanos — OBICTPOJACUCTBYIOMMI TTPUOOP, UHEPITMOHHOCTD

KOTOPOTO MPAKTUYECKHU HE 3aBUCUT OT YPOBHS BO3OYXKICHUS.

[Tpumenenue (Gotoano 0B Ha OCHOBE KOHTAKTOB IIlOoTTKM BO-
obrie perraer mpodsieMy ObicTpoaelicTBus (Bkitouas CBY-auamas3oH).
Pexxum paboThl 1MOJIa TP OOpPaTHOM CMEIIEHUM Ha3bIBaeTcs (PoTo-
JMOJIHBIM, & TIPU NPSAMBIX CMEIIEHUSIX — BEHTUJIbLHBIM.
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Bonpochbl ona camonpoBepKu

1. TexHONMOTUS U3TOTOBJICHHS TOYEHUHBIX TUOOB.

2. OCOOEHHOCTH CTAaTUYECKOW BOJIBT-aMIIEPHON XapaKTepUCTU-
KM TOYEYHOT'0 JAHO/JIA.

3. O0bsicHUTEe NPUYMHY OTPULATEIBHOIO Yy4YacTKa Ha BOJIBT-
aMIEPHON XapaKTEePUCTHUKE TOYEUHOI'O JUO/IA.

4. TToueMy TOYEYHBIEC TUOJBI MPUMEHSIOTCS B OCHOBHOM B JIMa-
nazone CBY?

5. [TomynpoBOAHMKOBBIE CTAOUIUTPOHBI U UX OCHOBHOE MpUME-
HEHUE.

6. [louemy a1 POU3BOJICTBA CTAOMIUTPOHOB B OCHOBHOM HC-
MOJIb3YETCS KPeMHUI?

/. Kakue (u3nyeckre NpUHIMIBI JIEXKAT B OCHOBE pabOTHI AHO-
noB llorTku?

8. OcHoBHbIe ocTOMHCTBA 1100B LIloTTKH?

9. Kakue moiynpoBOJHUKH HMCIOIB3YIOTCS MPU M3TOTOBICHUU
TYHHEJIBHBIX TUOO0B?

10. B €™M 0c0OEHHOCTh CTAaTUYECKOW BOJIBT-aMIIEPHOM Xapak-
TEPUCTUKHU TYHHEJIBHOTO JM0J1a TP MPSIMOM CMEIICHUH Ha TUOAe?

11. Yem oOBsICHSIETCS BBICOKOE OBICTPOACHCTBUE TYHHEIIbHBIX
INOJIOB?

12. ®dusznyeckue NMpUHLIUINBI oOpazoBaHus (HOTOTOKa B (GoTope-
3UCTOpaXx.

13. Kakue koHCcTpyKIH GoTope3uctopoB Bl 3Haere?

14. Tlpuniun odpa3oBanus poroToka B hoToMOAE?

15. Cratrdeckue BOJIbT-aMIIEPHBIE XapaKTEPUCTUKH (DOTOMOIOB.

16. OT kakux mapaMeTpoB 3aBHCHUT YyBCTBUTEIHLHOCTH (POTOJIU-
0J10B U ()OTOPEZUCTOPOB?
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4 BUNONAPHbLIE TPAH3UCTOPBLI
4.1 BBepeHue

bunonsipuelii TpaH3uCTOp HauWOoOJIEe PaACIPOCTPAHCHHBIN THIT
TpaH3UCTOPOB. OH MOMKET C YCIIEXOM BBINOJIHATh KaK YCHJIUTEIbHbBIE
(GyHKIMM, TaK U PYHKIHUUA NEPEKIIIOYATeNis, T. €. MPEACTaBIAET COOOM
YHUBEPCAIBHBIN 3JIEMEHT AJIEKTPOHHBIX CXEM. TpaH3uCTOp MpecTaB-
nsieT coboit aByxmnepexoaubiii mpubop (puc. 4.1). I[lepexoast oOpasy-
I0TCSI Ha TPAaHUIAX TEX TPEX CIOEB, U3 KOTOPBIX COCTOUT TPAH3UCTOP.
KOHTakThl C BHENIHUMHU 3JIEKTPOIAMU — OMHUYECKHE. B 3aBUCMMOCTH
OT THUIIA IPOBOJAUMOCTH KPAaHHUX CJIOEB Pa3IMYAIOT TPAHIUCTOPHI p-N-p
U N-p-N ¢ B3aUMHO NPOTUBOIOJIOXKHBIMU PA00OYUMU TOJISIPHOCTSIMH,
YTO HE HMEET AaHAJIOTMU B JJICKTPOBAKYYMHOW TexHHUKE. UTOOBI
HEe AyOIuMpoBaTh BCEX PACCYKIECHHI M BBIBOJIOB, MBI OyJleM B Jajib-
HEWIIEM pacCMaTpUBATh TOJBKO TPAH3UCTOPHI p-N-p. Y cIoBHBIE 000-
3HAUYECHHUSI 00OMX THUIOB TPAH3UCTOPOB, paboure MOJIIPHOCTU Hamps-
KEHUW W HaIlpaBJIeHUs TOKOB IMoka3aHbl Ha puc. 4.2. [lepexon, pado-
TalOIIUMK B MPSIMOM HaINpaBJICHUU, HA3bIBAECTCS IMUTTEPHBIM, a COOT-
BETCTBYIOIIMM KPAWHUW CIIOM — SMUTTEPOM. Takoe Ha3BaHUE, Kak
Uy TUOJI0B, OTPakaeT (PaKT MHKEKIMHU HEOCHOBHBIX HOCUTENEHN Uepes
nepexoa. Cpennuii ciioi Ha3bIBaeTcst 0a3zoil. BTopoil mepexos, HOp-
MaJbHO CMEUICHHBIH B 0OpaTHOM HANpaBJICHUH, HA3bIBACTCS KOJICK-
TOPHBIM, @ COOTBETCTBYIOIIMKA KPAMHUW CIIOM — KOJUIEKTOPOM. JTO
Ha3BaHUE OTPAXKAECT (PYHKIHUIO «COOMPAHMS» WHKEKTUPOBAHHBIX HO-
cuTesel, npomeAmmux yepe3 ciaoil 0as3el. s Toro 4robbl Takoe «co-
OupaHue» ObIJIO BO3MOXHO, 0aza JOJKHA UMETh JOCTATOYHO Majylo
TONIIMHY. B MPOTHBHOM cllyyae MHXKEKTUPOBAHHBIE HOCUTEIU YCIE-
I0T peKOMOMHHUPOBATH B MPOIIECCE MEepeMENICHUs yepe3 0a3y, 4TO MbI
BUJICJIM HA TPUMEpPE JIHOJIOB C ToJicTod 0Oazoil. Heobxoaumo mon-
YEpKHYTh, YTO TPAH3UCTOP MpEACTaBIsieT cOO0M oOpaTUMbIA TTPUOOP,
T. €. ODMUTTEP U KOJUIEKTOP MOXXHO IOMEHSTh MECTaMH, COXPAaHUB
B TOM WJIM MHOW Mepe paboTocnocOoOHOCTh mpubopa. Takoil BBIBOJ
BBITEKAECT M3 OJHOTUIIHOCTH KpallHuX cioeB. OIHAaKo B CBS3H
C HECHMMETPHYHOCTBIO peaTbHOM CTPYKTYpHI (puc. 4.3), a Taxke pas-
JUYUEM MATEPUATIOB SMUTTEPA U KOJUIEKTOpA B OOJBUIMHCTBE TUIIOB
TPaAH3UCTOPOB HOPMAJIbHOE U MHBEPCHOE BKIIFOYEHHS] HEPABHOLICHHHI,
B YeM MbI YOeIMMCsl TIO3/HEE.
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IMUTTEPHBIH
nepexon

Kosuiekropubii
b nepexon

Puc. 4.1 — VYnpoiieHHas CTpyKTypa MI0CKOCTHOTO
TpaH3UCTOpa

Imummep Konanexmop

|5 I baza
0

Imummep Konnexkmop

Puc. 4.2 — YcnoBHble 0003HaUYE€HUS TPAH3UCTOPOB
a — TPaH3UCTOp p-N-p; 6 — TpaH3UCTOP N-p-N

B tpanzucTopax tuma N-p-N pabOYyMMH HOCUTEISIMH SIBJISIFOTCSI
AIEKTPOHBI U MOJISIPHOCTH MOJYYAKOTCS TAKUE KE, KAK Y AIIEKTPOHHBIX
nami. B TpaH3ucTopax Tuma p-N-p paboYyuMU HOCUTEISIMU SIBJISIIOTCS
JIBIPKA U TOJISIPHOCTH COOTBETCTBYIOT MOJIIPHOCTSIM BOOOpakaemoit
MTO3UTPOHHOM JIAMIIBL.
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Tpan3ucrtop uHoOrga padboraer B pexuMme, Korga oba nepexoa
CMELIEHBI B NPSAMOM HarpasiieHUH. [Ipu 3TOM, 10 CyliecTBy, UMEIOT-
Csl IBYCTOPOHHSISI MHAKEKIIUS U JBYCTOPOHHEE «COOMpPaHHE» HEOCHOB-
HbIX HOcutenied. Ecnu QyHKUMS MHXKEKIMU NpeBaJupyeT Ha o0OMX
nepexoaax, TPaH3uCTOp MpeBpalaeTcs B ABOMHOW nuoja. OnHako va-
e Ha OJHOM M3 TEpexo/I0B (OOBIYHO KOJICKTOPHOM) TPEBATUPYET
(GYHKIUS «COOMPAHUS», U TOTIA TOK YEPE3 HETO MPOTEKAET B HAIIPAB-
JIEHUH, HE COOTBETCTBYIOIIEM MOJIIPHOCTH CMEIIECHMS. Takon pexum
Ha3bIBAETCS PEKUMOM HACHIIICHUS.

n

=
P ~_

epexo nepexon

b

Puc. 4.3 — PeanbHas cTpykTypa
OUMOJIIPHOTO TPAaH3UCTOPa

M3 Bcero Cka3zaHHOIO CJIEAYET, YTO IUIOCKOCTHOM TPaH3UCTOP
SBJIIETCA CUCTEMOM JBYX B3aMMOJIEHCTBYIOIIUX p-N NEPEXOA0B U YTO
HEMIPEMEHHBIM YCJIOBHUEM TAaKOr0 B3aWMOJICHCTBUS SIBJIAETCS J10CTa-
TOYHO Masasi TojmmHa 0a3el (W<< L, rne L — muddy3nonnas mm-
Ha HEOCHOBHBIX HOCHUTEIICH).

OCHOBHBIE CBOMCTBa TPAH3UCTOPA OIMPEIECIISIIOTCA IMPOILIECCAMU
B 0ase, 1 UM B JajbHElIeM OyAeT yJeJleHO INIaBHOe BHUMAaHHUE. Xa-
paKkTep MBWKECHUS WHXKEKTHUPOBAHHBIX HOCUTEJEH B 0aze B oOleM
clly4yae 3aKirovaercd B couetannu nuddys3un u aperda. Snexkrpuye-
CKOE€ 10Jie, B KOTOPOM MPOUCXOIUT Jpeiid, MOKET ObITh Pe3yIbTaTOM
BBICOKOT'O YPOBHSI MHKEKIIMH, a TAKXKE PEe3yJIbTaTOM HEOJHOPOIHOCTH
cnos. [locnegnuii cmy4yaii UMeeT 0COOCHHO OOJIbIIIOE 3HAYEHUE, TaAK
KaK COOCTBEHHOE MOJI€ HEOJHOPOIAHOTO MOJYIMPOBOJHUKA OOYCIIOB-
JauBaeT Jper(oBBIA MEXaHU3M JABUKEHUS HOCHUTENIEH HE3aBUCHUMO
OT YPOBHSI MHXEKLMH. TpaH3uCTOphl 0€3 COOCTBEHHOTO MOJs 0a3bl
Ha3bIBatOTCA MU(PPy3uOHHBIMU WU Oe3apeihoBbIMHU, a C COOCTBEH-
HbIM mojieM — japeidoBbiMu. O0a Ha3BaHUS OTPaXKAOT TJIABHBIN
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MEXaHU3M TIepeMeIleHNus] HOCUTEeNIeH, X0Ts, Kak mpaBwio, auddy3us
u Apeid coueratorcsa. bonee mpocTeIMU NI aHaNM3a  SBISIOTCS
oe3apeiioBble TPAH3UCTOPHI, KOTOPHIM HIIKE YJEICHO OCHOBHOE
BHUMaHKE. OCOOEHHOCTH JIPEe(OBBIX TPAH3UCTOPOB OYAYT PaccMoOT-
peHbl B OT/AeNbHOM maparpade. Briiie moapazymeBanoch, 4yTo o0a
HanpspkeHust (U, 1 U ;) OTCUUTBIBAIOTCS OT 0a3bl, IPUHATOM 32 OCHOB-

HOM 3JICKTPOJ, KOTOPBIA SIBIIICTCS OOIIUM JIJISI BXOAHOTO M BBIXOJIHOTO
HANpPsOKCHUH TpaH3ucTopa. Takoe BKIIIOYeHHe TpaH3ucropa (puc. 4.4,
@), TIO3BOJISIONIEE CTPOTO U HATJISIHO U3YYHTh €T0 (PU3NICCKUE CBOM-
CTBa W TapameTphl, HA3bIBAIOT BKJIIOUEHHUEM «C OOIel 0azoi». 1o
BKJIIOUCHHE OyJIeT B JaibHeleM o0o3HavyaThes OykBamu Ob. OnHa-
ko cxemMa Ob gBisieTcsd HE TOJIBKO HE €IUHCTBEHHO BO3MOKHOM, HO
naxke He HamboJIee pacmpoCTpaHESHHON Ha MpaKTUKE. DTO OOBICHSICT-
Csl PSAZIOM OOCTOSATENILCTB (HampuMep, OTCYTCTBHEM YCHUJICHUS TOKa),
KOTOpPBIC OyAyT SICHBI U3 MOCIEAYIONTUX raparpados.

[
< o K K ls = —0
—
O 0 B K
O
Bxo00 Boiroo ros Buixoo
5 l B ]
y } y {Af A :)
b D
a o
) 3
—0
51
O Buixoo
Bxo0
lx l
O C
K

Puc. 4.4 — CxeMbl BKIIFOUEHHSI TPAH3UCTOPA!
a — c o01eit 0a30ii; 6 — ¢ OOLIUM SMUTTEPOM,;
6 — C OOIIMM KOJIJIEKTOPOM
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OCHOBHOE NPUMEHEHHUE B CXEMax HAXOAUT APYroe BKIFOYEHUE
TPAH3UCTOPA, KOTOPOE IO BIIOJHE MOHATHBIM IIPUYMHAM Ha3bIBAIOT
BKIIFOUCHHEM «C O0IIMM smuTTepom» (puc. 4.4, 6), 1 cxeMa BKIIFOYe-
HUS «C OOILMM KOJJIEKTOPOM,

Mps1 Oyaem o6o3nayaTh ux OykBamu OO u OK. [IpeumyiectBa
cxeMbl OO BBISCHATCSA YyTh MO3)KE; OAHAKO MOXHO Cpa3y OTMETHUTH,
YTO OHA JAE€T YCWJIEHHUE IO TOKY, MOCKOJIbKY TOK 0a3bl, SIBISIOIIMIICS
IUIl HE€ BXOJHBIM, TOpPa3 0 MEHbIIE TOKOB AMUTTEpPA U KOJUIEKTOPA,
3TO MO3BOJISIET MOJYYUTh OOJBIIEE YCUIEHUE MO MOIIHOCTA B OTHO-
CUTEJIBHO Y3KOM I10JI0CE YacTOT. TpeTuil BapuaHT BKIIFOUEHUS — CXe-
Ma «c¢ oommM kojutektTopom» (OK) — mokasan Ha puc. 4.4, 6.

HecMoTpss Ha mpakTHYECKHE HEAOCTAaTKH, KOTOpbIE B OOJbIIEH
CTeneHu HeBEpHbI, cxeMa Ob sBIisIeTCSI OCHOBOW IIPU PACCMOTPEHHUH
($u3nYecKux MpoueccoB B TpaH3ucrope. [loaTromy oHa sIBIISIETCS OCHO-
BOI1 IPU aHAJIM3€ OCHOBHBIX MTPOLIECCOB B OUIIOJISIPHOM TPAH3UCTOPE.

4.2 OCHOBHbIE nNpoueccbl B OMNONsIipHOM TpaH3uUCTOpe

Ha puc. 4.3 mokazan paspe3 0e3apeipoBOro TpaH3UCTOpA
CO CIUIaBHBIMM TI€PEXOJIaMH, MMEIOIIET0 JUCKOBYIO CTPYKTYpY.
[lo cpaBHEeHUIO C IPYrUMH TUTIAMH TPAH3UCTOPOB CIJIABHOW TpaH3U-
cTOp Hambosee NpocT U yao0eH /it aHaiu3a. baza sToro Tpansucropa
OJIHOPOJIHA, TIO3TOMY MEXaHW3M JBUXKEHUS HocuTenel — auddysu-
OHHBIN. Y JIEJbHBIE COMPOTUBJICHUS CJIOEB ASMUTTEPA U KOJUIEKTOPA
MPaKTUYECKU OJMHAKOBBI, TaK 4TO (PaKTOpPOM, 0OYCIOBIMBAIOIIIM
ACUMMETPHUIO TPAH3HUCTOPA, SIBJIAETCS paziauuue mmomaned S u Si.

AcCUMMETpHUST TPaH3UCTOpaA MPECIEAYET Ty 1I€b, YTOOBI JIBIPKH, WH-
KEKTUPYEMbIE AIMUTTEPOM U AUGPYHIUPYIOIIKE MO HEKOTOPHIM YT-
JIOM K OCH TPaH3UCTOpPa, MO0 BO3MOXKHOCTH IOJIHEE COOMPATUCh KOJI-
JekTopoM. baza ciuiaBHOTO TpaH3UCTOpa OTJIMYAETCA OT Oa3bl ujeca-
JM3UPOBAHHOW CTPYKTYpHI (cM. puc. 4.1) HajauuueM TpeX y4acTKOB,
KOTOPBIC HA3BIBAIOT aKTUBHOM, IPOMEKYTOUHOU (FITH KOJUIEKTOPHOM)
U MacCUBHOM oOnacTsiMu 0a3bl. AKTMBHOW 00JIACTBIO 0a3bl SIBJISETCS
MAJTUHAPUYECKUM O00BEM C BBICOTOM W W IUIOIIA[bIO, PaBHOM IIO-
BEPXHOCTH dMUTTEpa S, . IIpomexxyTouHoil 001acTBIO 0a3bl ABIAETCS

KOJIBLIEBOM 00BEM C ILIOIIAJbI0 OCHOBaHUS S¢ — S, U BBICOTOH, paB-
HOW PACCTOSIHUIO OT KOJUIEKTOPA JI0 MPOTHUBOMOI0KHON MTOBEPXHOCTH
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0a30BOI IacTUHKU. HakoHel], macCUBHOU 00JaCThIO 0a3bl SABIISIETCS
ee 00beM, pacIlOIOKEHHBIN BHE KOJIJIEKTOPA.

JlJis mepBOHAYAILHOTO O3HAKOMJICHUSI C TPAH3UCTOPOM MOXHO
npeHeOpeyYb MacCUBHOM M MPOMEKYTOUYHOW 00JslacTsIMu 0a3bl U CUU-
TaTh TPAH3UCTOP CUMMETPHUYHBIM, UMEIOIIMM OJIMHAKOBYIO TUIOIIAb
S, = S; Bo Beex ceueHnsix (cMm. puc. 4.1). O6b1aHO cobmronaercs co-

OTHOLICHHE W<<+/S T.e. pa3mMepbl TPaH3UCTOpPa B HAIIPABIICHUSX,
NEPNEHAUKYJSPHBIX TJIaBHOM OCH, MHOTO OOJIbIIIE€ TOJIIMHBI 0a3bl.
B takom TpaH3ucTope KpaeBble 3P(EKThl HE OYEHb CYILECTBEHHBI, U
€ro MOKHO CUMTAThb OJHOMEPHBIM, T. €. MOXKHO IPEANOJIONKUTD JIBU-
KEHHE HOCUTEJIEH TOJBKO BOJIb IJIaBHOW OCH, 0€3 OTKJIOHEHUS B CTO-
ponbl. Takasg onHOMepHas MoAenb OyAeT Bcerja Mojapa3yMeBaThC,
€CJIM HE CIEJIaHO CIIEIUAJIbHBIX OTOBOPOK

Nuxexkuuss u coOMpaHHe HEOCHOBHBIX Hocuresaen. Ha
puc. 4.5, a noka3aHa 3HepreTuyeckas [1uarpaMma TpaH3ucTopa B paB-
HOBECHOM COCTOSIHMM. JlMarpamma IOKa3bIBaeT, YTO 3MUTTEP U KOJI-
JEKTOP TPEICTABISIIOT CO00W HU3KOOMHBIC ciou (ypoBeHb Depmu
JeKUT BOJM3U YPOBHEH aKIENTOPOB), a 6a3a — CPaBHUTEILHO BHICO-
KOOMHBIH ciioii (ypoBeHb dDepMu pacIioyiokeH BOJW3H CEPEIMHBI 3a-
NpenieHHON 30HbBI). JIeTKO BUIETH, YTO 3JEKTPOHBI 0a3bl U JBIPKU
AMUTTEPA U KOJUIEKTOPA HAXOJATCA B «IOTEHUIUAIBHBIX IMAX», U3 KO-
TOPBIX OHU MOTYT TMEPEUTH B CMEXKHBIA CJIIOW TOJBKO Ojlaromaps A0-
CTATOYHO OOJIBIION TEIIOBOM »3Hepruu. Haobopot, AbIpku 0a3bl
Y DJIEKTPOHBI IMUTTEPA U KOJUIEKTOPA HAXOMATCS Ha «IOTEHUMUAJb-
HBIX IPEOHSAX», C KOTOPBIX OHH MOTYT CBOOOJIHO NEPEXOAUTH B CMEX-
HBII cJI0M. B paBHOBECHOM COCTOSIHUM Ha 00OMX Mepexofax UMEETCs
JMHAMUYECKOE PABHOBECHE MEKIY MOTOKAMU JBIPOK (a TaKkKe MEXIy
NOTOKaMH D3JIEKTPOHOB), MPOTEKAIOMIUX B Ty W JPYTIYIO CTOPOHBI.
[lycTp Ha SMUTTEPHOM IEPEXOAE 3aJaHO HOPMAIIBHOE IS HErO IO-
JIO)KUTEJIBHOE CMEUIEHUE, a KOJUIEKTOPHBIM IEPEXO0] MO-NPEKHEMY
3aMKHYT (puc. 4.5, 6). Torna moTeHIMAILHBIA Oaphep 3MHUTTEpA TIO-
HU3UTCS U HAYHETCS MHXKEKIUS AbIPOK B 0a3y U 3JIEKTPOHOB B IMUT-
tep. Ilpu OonpuIOi pasHULE B yAENbHBIX CONPOTHBJIEHUSX CJIOEB
AIIEKTPOHHAs COCTABJIAIONIAs TOKA, KaK U3BECTHO, HE UTPAET OOJIBIION
poJid, U €10 MOKAa MOXHO NpeHeOpeub. MHKEKTUpOBaHHBIE JIBIPKH,
npoias 6azy, JOXOAST 10 KOJUIEKTOPHOIO Mepexo/ia U CBOOOIHO MPo-
XOJAT B KOJUIEKTOP. 3HAYUT, B BBIXOJHOM LIenu Oy/ieT MpoTeKaTh TOK,
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OJIM3KHUI K TOKY SMUTTEPA, TOCKOJIBKY PEKOMOWHAIIUS B TOHKOM 0a3e
HeBenuka. HebOomblliasg pa3HOCTh MEXIY IMUTTEPHBIM M KOJLJIEKTOP-
HBIM TOKaMH CBsI3aHa C TOKOM 0a3bl, KOTOPbIA 00YCIOBIIEH 3JEKTPO-
HaMH, TTOCTYTNAIOIIUM U3 BHEIIHEH Ieny. DJICKTPOHBI BHEIIHEH IeTH
KOMIICHCUPYIOT YOBUIb 3JICKTPOHOB B 0a3e B pe3yJjbTaTe X PEKOMOU-
Hauuu ¢ apipkaMu. ITockonbky Hanpspkenue U, paBHO HYJIO, IIOJIE3-

Hasi MOILIHOCTb HE BBIAEISACTCA U YCUJIEHHWE OTCYTCTBYET. ECiin B BbI-
XOJHYO IIETTb BKJIFOUYHUTh Pe3nucTop Harpys3ku (puc. 4.5, 6), To maaeHue
HaIpsUKEHUS. HA 3TOM CONPOTHUBIIEHUH CO3JACT MOJIOKUTEIBHOE CMe-
nieHue kosuiekTopa. IIpu sToMm, Hapsimy ¢ coOupaHuEeM ABIPOK, J0-
HISAMNUX OT AMUTTEPA, OYAET MPOUCXOAUTH UHKEKIUS JBIPOK CAaMUM
KOJUIEKTOPOM. B pe3ynbTaTre KOJUIEKTOPHBIM TOK CTAaHET 3aMETHO
MEHbIIIE TOKa AMUTTEpPA U MOIIHOCTHh B Harpy3ke OyJeT OYeHb HEBe-
nvKa. B HOpMabHOM YCUJIMTEIIBHOM PEXMME HA KOJUICKTOPHBIN Tie-
pexoll 3aAaeTcss JOCTATOYHO OOJIBIIOE OTPUIATEIBHOE CMEUIEHUE,
B pe3yJIbTaTe 4Yero MOTEHUHUAIbHBIA Oapbep y KOJUIEKTOpa COOTBET-
CTBeHHO yBenuuuBaetcs (puc. 4.5, 2). Temepr MOXHO BKIIOYATH
B BBIXOJIHYIO 1I€IIb PE3UCTOP CO 3HAUUTEIbHBIM COMPOTUBJIECHUEM O€3
ONACEHUs BbI3BATh MHMKEKIMIO 4Y€pe3 KOJUIEKTOPHBIM mepexon. [lpu
TOM «COOMpAaTeNbHbIe (PYHKIMU» KOJUIEKTOPHOTO Mepexoda HUKaK
HE YXYIIIATCS.

[Ipr 3TOM MOKHO MOJIYYHUTh 3HAYUTEIBbHYIO BBIXOJHYK) MOII-
HOCTb, a TJIABHOE — YCHJIEHUE MOIIHOCTH, TaK KaK TOKH |, u | 1o-

YTU OJAWHAKOBBI, & COIPOTUBICHUE HArpy3KH IPEBBIIIAECT COINPOTUB-
JIEHWE DMUTTEPHOIO IIepexoaa.

YTOoObl KOJUIEKTOPHBIM MEPEX0J HE CMECTWICS B MPAMOM

HaIIPaBJIEHUH, JOJKHO BBIIIOIHATHCS YCIOBUE.
-E« + 1« R« <O0.

[IycTe Teneph KOJUIEKTOPHBIA MEPEXOJ CMEIIEH B OOpaTHOM
HaTpaBJICHUH, a SMUTTEP «obopBan» (puc. 4.5, 2).

Bricokuii TMOTEHIMAIBHBIA Oaphep KOJUIEKTOpa MPAKTUYECKU
VCKJIIOYAeT yXOJ IBIPOK M3 KoJulekTopa. ClenoBaTesibHO, TOK 4Yepes
KOJUIEKTOPHBIN nepexo]1 OyeT oOycloBIE€H HEYpaBHOBEIIEHHBIM T10-
TOKOM JABIPOK U3 0a3el B KoyuiekTop. Toku |,y u |5, B 3TOM citydae
HEBEJIMKU M, KOHEUHO, PaBHBI APYT APYTY. DKCTPAKIMS IbIPOK U3 Oa-
3bl Yepe3 KOJUIEKTOPHBIN MEPEXO CO34AET OTPULIATENBHBIN IPAJUEHT
KOHLICHTPALIMM UX BJIOJb BCcel 0asbl. B pe3ynbprare TOT MOTOK ABIPOK
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u3 0a3pl B OMUTTEP, KOTOPHIH OBLI B PaBHOBECHOM COCTOSHUH
(puc. 4.5, a), yMcHBIIIaeTCA U OCTAETCS HEYypPaBHOBEIICHHBIH IMOTOK
JOCTaTOYHO <«IHEPTUYHBIX» IBIPOK M3 dMuTTepa B Oasy. CoorBer-
CTBEHHO B 3MHUTTEPHOM cjioe 00pa3yercsi OTPHIATEIbHBIA 3apsi,
a B 0A30BOM CJIOE€ TaKOM K€ IMOJIOKHTEIBHBIN 3apsijl; SHEPreTHICCKHUC
YPOBHHU DJICKTPOHOB B DMHUTTEPE IOBBIIIAIOTCS, 3aTPYAHSIS IEPEX0T
JBIPOK CJICBA HAMPABO. DTOT MPOLECC MPOAOIDKACTCS 10 TEX MOp, MOo-
Ka TTOTOKHU JBIPOK M3 SMUTTEPA U B IMUTTEP CHOBA HE YPAaBHOBECSTCS.

4] 2

Puc. 4.5 — 3oHHbIE AMarpaMMBbI J1s1 IIIOCKOCTHOTO TPaH3UCTOPa
P PA3IUYHBIX PEKUMAaX €ro padoThl
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Bo Bcex cnyuasx y TpaH3uctopa p-N-p TIaBHBIMU pabOYUMU HO-
CUTEJIIMH, 00pa3yIOIUMH TOKH Yepe3 MEePEeXOJibl, SIBISIOTCS JBIPKH,
TOTJla Kak TOK 0a3bl Bcerjga oOyCIIOBIEH 3JEKTPOHAMH; IOCIEIHUE
KOMIIEHCUPYIOT U30BITOUHBIN 3apsij ABIPOK B 0a3€ U 00€CTIEUNBAIOT €€
HEUTPAILHOCTh KaK BO BPEMS MEPEXOJIHBIX MPOIECCOB, TaK U B CTa-
[IMOHAPHOM PEXKHUME, KOrja yObUIb JBIPOK OOYCIIOBJIEHA TOJBKO pe-
KOMOUHAIIUEH.

Pacnpenesienne HocuTe el B 0a3e. [[pIpku, MH)KEKTUPOBAHHBIE
AMUTTEPOM, AOCTUTAIOT KOJUIEKTOpa HE cpaszy, a C HEKOTOpOM 3a-
JEP>KKOHM, 00YyCIOBICHHOM X MepemMelieHneM BAoJb 6a3el. Kpome To-
ro, B CBA3U C XAOTUYHOCTHIO JIBHIKEHHS JBIPOK KOJUIEKTOPHBIA TOK
HapacTaeT HE CKauKOM, a IJIaBHO.

COOTBETCTBEHHO TOK 0a3bl B MEPBbIA MOMEHT PABEH TOKY SMUTTE-
pa, a 3aTeM MOCTENECHHO YMEHBINAETCS JO0 CTAlMOHAPHON BEIMYWHBI.
[TpumepHas kapTUHA NIEPEXOHOTO IMpoliecca NoKa3ana Ha puc. 4.6, rie
t, — Bpemsi 3aJepiKKy, a T, — MIMTeNbHOCT PpOHTa.

A to
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I

—’: td’ —
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M t
Puc. 4.6 — [lepexoaHbie MpOIIECCH TPH TO1a4e
CTYIIEHbKU OYMUTTEPHOTO TOKA

Pacnipenenenue Aplpok B 0asze MOYTH JIMHEHWHO, KaK IMOKAa3aHO
Ha puc. 4.7. Ha camoM pene rpaiIueHT KOHIIEHTPAlUU OKOJIO KOJIJIEK-
TOPHOI'0O MEPEXO0JIa HECKOJIBKO MEHBIIE, YEM OKOJIO SMUTTEPHOIO, MO-
CKOJIBKY TOK KOJUIeKTopa (M3-3a peKOMOWHAIIMHA) HEMHOTO MEHBIIE
AMUTTEPHOIO TOKA. ITy pa3HUIly B IPaJUCHTAX CJIEIYET UMETh B BUIY,
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HO €€ TPYAHO OTpa3uTh Ha rpaduke. JINHEHTHOMY pacnpenesiCHUIO Jbl-
POK JIOJDKHO COOTBETCTBOBATh IOUYTH JIMHEWHOE PACIIPEICIICHHE KOM-
NICHCHPYIOMUX (M30BITOYHBIX) AJIEKTPOHOB B 0asze (puc. 4.7). 3apssl
U30BITOYHBIX HOCUTEJCH MPOMOPIMOHAIBHBI IUIOIAIASIM IO KPUBBIMU
ux pacmpenencHus. [lockonbky 6a3a B 1e7I0M HEUTpalibHA, MOYKHO CUH-
TaTh 3T IUIONIAI OJWHAKOBBIMHU. J[J1s1 OTIEHKHM 3apsia BOCIIONB3yeMCS
pacnipeziesieHueM JIbIpoK. OUYeBUIIHO, YTO 3apsi IBIPOK MPOTOPIIMOHA-
JieH ToimuHe 0a3bl M TOKY TPaH3HCTOPa, OTPEICIISIONIEMY HAKJIOH JIH-
Huu p (x). Bonpoc o Tom, kakoMy 13 1ByX TOkoB (|, nmu | ) mponop-

ITMOHAJICH 3apsl, He OYCHb CYIIECTBEH, TaK KaK 3TH TOKH B CTaIlMOHApP-
HOM pEXHUME MOYTH OJMHAKOBBI. B OOJIBIIMHCTBE Cily4aeB yaoOHEe
CUUTATh 3aps]l MPONOPIIMOHATIBLHBIM TOKY KOJIJIEKTOpA, TaK Kak B CXe-
Max 3TOT TOK OOBIYHO HE MPETEPIEeBACT CKAYKOOOPA3HBIX M3MEHEHMI.
DKBUBAJICHTHYIO €MKOCTb, 00YCJIOBJICHHYIO U3MEHEHHUSIMU 3apsifa B Oa-
3€, Ha3bIBAIOT, KaK U B 110, TM(PHy3nOHHON €MKOCTBIO.

4an p
B
3 AN
N pw | ¥
An N
Po Y
- ~
< W >

Puc. 4.7 — Pacnpenenenue 1pIpok
U U30BITOYHBIX JIEKTPOHOB B 0aze

Monayasiiius ToJuHbI 0a3bl. Kak u3BecTHO, mmpuHa p-N niepe-
X0/1a 3aBUCUT OT HaIPSLHKEHUS HA HEM. [10CKOJIbKY OMUTTEPHBIN MIEPEXO]
CMEILIEH B IPSIMOM HAIMPABJIEHUH, €r0 IIUPHUHA Majla U U3MEHEHUS dTOU
IIMPUHEI IIPA U3MEHEHUAX U  HEe UMEIOT CYIIECTBEHHOIO 3HAYEHUS,

KosnekTopHbIil e nepexoji, CMEIICHHbIM B 00OpaTHOM Hampas-
JICHUH, UMEET CPABHUTEJILHO OOJIBIYIO IIUPUHY, U U3BMEHEHHUS €€ MPU
U3MEHEHUsAX HanpsbkeHuss U BaxHblI A1 pabOThl TPaH3HUCTOPA.
A WUMEHHO, TTOCKOJIBKY KOJIJIEKTOPHBIM MEPEX0]I COCPEOTOUECH B Oase
(kax ©o0jIce BBICOKOOMHOM CJIO€), MPHUPAIICHUS €ro IMHUPUHBI OKa3bl-
BAIOTCSI MPAKTUYECKUA PAaBHBIMM MPUPAIICHUSM TOJIIIMHBI 0a3bl. B pe-
3yJbTaTE IMOJYyYaeTCsl 3aBUCUMOCTH W(UK ), KOTOPYHKO HAa3bIBAIOT
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MOAYJISILIMEN TONIMHBI 0a3bl Win 3¢ dexrom Dpiu. [Ipoananuzupyem
s ekt Mmoaysiuu 0assbl.

Bo-nepBbIX, U3MEHEHUE TOJIIMHBI 0a3bl BIUSET HA Ty JAOJIO
WHXEKTUPOBAHHBIX JBIPOK, KOTOpas JOXOIUT A0 KOJUIEKTOpa, u30e-
KaB pekomOuHanuu. YeM MeHbIIE TOJIIMHA 0a3bl, TEM 3Ta JOJIA
OoJplIe. 3HAYUT, IPU HEM3MEHHOM TOKE SMUTTEpa MOAYJSLHUS TOJ-
HIMHBl 0a3bl MPUBOAMT K M3MEHEHMSIM TOKa KoJuiekTopa. CoOTBeET-
CTBEHHO KOX(DQUIMEHT mnepeaayd SMUTTEPHOIO TOKA OKa3bIBAETCS
GyHKIMEH KOJUIEKTOPHOTO HAMPSIKEHMS, a KOJUICKTOPHBIM mepexo
uMeeT KOHeUHoe quddepeHmanbHoe CONPOTUBIICHHE.

Bo-BTOPBIX, MOIYJIALMS TOJIIMHBI 0a3bl COMPOBOMXKIAETCS W3-
MEHEHHUEM 3apsiia AbIpOK B 0aze; mHaue roBOPsi, UMEET MECTO 3aBU-
CUMOCTB 3apsJa OT KOJUIEKTOPHOI'O HAIPSKEHUs, T. €. KOJUIEKTOPHBIN
nepexoji 00nanaer HEKOTOpou MUPPYy3MOHHON E€MKOCTBHIO JOTMOJIHU-
TEJIBHO K 0OBIYHOMN OapbEPHOM.

B-TpeTbuX, MOAYJIALMS TOJIIMHBI 0a3bl MEHAET Bpemst TudPy-
3UM ABIPOK uepe3 0a3y; TEM caMbIM KOJUIEKTOPHOE HAIPSKEHUE BIIUS-
€T Ha YaCTOTHBIE CBOMCTBA TPAH3UCTOPA.

B-ueTBepTHIX, MOCKOJIBKY TEIUIOBOW TOK AMUTTEPHOIO IEPEXO-
na |,y Ipu TOHKOM Oa3e OOpaTHO NMPONOPLUOHATIEH €€ TOJIIIMHE,

HarpspkeHue U , MOy IHpys TONIMHY 0a3bl, MOAYJIHUPYET TaKXkKe TOK
| 50, @ BMECTE C HUM, coriacHo (2.33), BCIO BOJIbT-aMIIEPHYIO XapaK-

TEPUCTHKY SMUTTEPHOTO mepexona. CieaoBaTenbHO, €CIM OJHA W3
BXOAHBIX BenuuuH (|, wmm U,) 3amaHa, TO BTOpas OKa3bIBaeTCA

dbyHKIMEH KoJieKkTopHOTO HampspbkeHus (puc. 4.8). Taxoe BausHUC
pPa3yMHO Ha3BaTh BHYTPEHHEN 0OpaTHOM CBSI3bIO IO HAIPSIKEHUIO.

dU,=f,[dp(0)]  pt di,=f,[d(grad(p))]

W N dw
Puc. 4.8 — BiusiHue MOIy/ISIUH TONIIMHBI 0a3bl Ha BXOHEIE
Benmmuuesl: a — |, =const; 6 — U, = const
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4.3 CTaTU4ecKne xapakTepucTUKM TpaH3nUcTopa

Beinie Obuta paccCMOTpeHa MACAIM3UPOBAHHAS MOJIEIb TPaH3M-
cTopa. aeannsanus 3aknrodanach HE TOJIbKO B TOM, YTO MOJENb CUH-
Tanaach OJTHOMEPHOM, HO U B TOM, YTO HE YYUTHIBAIUCh OObEMHBIE CO-
npoTuBiIeHUs ¢i10eB. CONPOTUBIIEHUS CIOEB AIMUTTEPA U KOJIJIEKTOPA
CYILIECTBEHHBI TOJBKO B HEKOTOPBIX KIIOYEBBIX pexnumMax. CornpoTus-
JeHue ke 0a3bl CYUIECTBEHHO MOYTH BO BCEX CIy4asix, HO 4YTOOBI
HE YCIIOXKHSATH MPEJIBAPUTEIbHBIN aHAIIN3, Mbl YUTEM €T0 MO3/IHEE.

®opmyasl Mosia-Jd0epca. st TpaH3uCcTOpa MOKHO MPUHSTH
HKBHBAJICHTHYIO CXEMY, KOTOpas okazaHa Ha puc. 4.9. 3aech Kax bl
U3 TIEPEX0J0B M300PAKEH B BUAE JUO0/1A, 4 B3aUMOJICUCTBUE UX OTpa-
KEHO TeHepaTopaMH TOKOB. ECiu SMUTTEpHBIN Mepexo1 OTKPHIT U ye-
pE3 HETO MPOTEKAET TOK |;, TO B LIENH KOJIIEKTOPA, KaK U3BECTHO, OYy-

JIET TIPOTEKaTh HECKOJIBKO MEHBIINM TOK, MTOCKOJIBKY YaCTh UHKEKTH-
POBaHHBIX HOCUTEJIEH PEKOMOUHUPYET.

0‘1' 2 aNl 1
I ) IK
@ + p}— — ¢ 2
9 U — K
11=f2(U5) s l | ,=f2(Uxg)
U3 — Up —
4, I3 /)
Puc. 4.9 — DKBUBAJIEHTHAs CXEMA UEAIU3UPOBAHHOIO
TPpaH3HUCTOpa

OTOT MEHbIIMH TOK OOECNEYMBAETCS HA CXEME T'€HEepaTopoM
ol THe oy < 1 — ko3dduumeHT nepenadn SMUTTEPHOTIO TOKa.
Nunexc N o3HayaeT HOPMAJIbHOE BKIJIKOYEHHE TpaH3ucTopa. Ecim
TPaH3UCTOP pPabOTAaET B HWHBEPCHOM BKIIOYCHHUU (TIOJOXKHUTEIHHOE
CMEIIIEHNE Ha KOJUIEKTOPE W OTPHIIATEIhHOE Ha AMUTTEpE), TO Mps-
MOMY KOJUIEKTOPHOMY TOKY |, COOTBETCTBYET SMUTTEPHBIN TOK O | ,,

BBbITEKarOIMK U3 amuTTepa. Koadduuuenr o; ects koappuumeHr me-
peayu KOJUIEKTOPHOTO TOKa.
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TakuMm oOpa3oMm, B 00IIEM CIydae TOKH SMUTTEpPaA U KOJUIEKTOpa
CKJIaJIBIBAIOTCS M3 JBYX KOMIIOHEHTOB. MHXKEKTHPYEMOTO U coOupae-
MOT'0

CBs13b MH)XXEKTUPYEMBIX KOMIIOHCHTOB C HAIPsDKCHHUSMH Ha Tie-
pexodax Takas ke, Kak U B OTACIBHOM JHOJE, T. €. B MPOCTEHUIIIEM
cily4yae BbIpaxkaeTcs (popMynamu:

Us

l,=13,] € Yor -1|; (4.2a)
Uk

I, =1k, eAT—l, (4.26)

1 1
rae |59 u |3y — TemnoBbIe TOKM SMUTTEPHOTO M KOJUIEKTOPHOTO JIU-
1
on0B (coorBercrBeHHO pu U =0 u U, =0). TermoBele Toku |55 u

Ill{o MOKHO BBIPa3UTh YEPE3 TOKH, KOTOPHIE OOBIYHO 3a/1aI0TCA B TE€X-
HUYECKOM TOKYMEHTAllUU Ha TPAH3UCTOP, a UMEHHO Y€pPE3 TOKU | 545 U
| « o» U3MEPSIEMBIE IIPU OOPBIBE COOTBETCTBEHHO KOJUIEKTOpA M OMUT-
Tepa. DTU TOKH CBA3aHbI COOTHOIIEHUSIMU:

1 _ ko
l g =—"", (4.3a)
1-o0y
AHAJIOTUYHBIM IIYTEM ITOJTYYHM.
1 _ Iy
5 =——. (4.30)
1- o0l

[ToncraBuB Toku u3 (4.2) B cootHomeHus (4.1), moiy4yum ypaB-
HEHUS, OMKCHIBAIOIINE CTATUUECKHIE BOJIbT-aMIIEPHBIC XapPaKTEPUCTH-

KU TPaH3UCTOPA;
Us Uk
1, =13, e o 1 —ayll, eAT—l; (4.42)

Uj Uk
I = a5 e@—l—lﬁo eAT—l. (4.46)
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3anuineM TOK 0a3sbl.

=1y =l

Uk
I, =(1-oy ) 150 /“’T—l |§0e@—1. (4.48)

dopmynsl Momma-D6epca (4.4), HecMOTpsi HA MX TPHUOIIKEH-
HOCTb, OYEHb IOJIE3HBI JJIsl aHAJU3a CTATUYECKHX PEXKUMOB, TaK Kak
XOpOILO OTPaXar0T OCHOBHBIE OCOOEHHOCTU TPAH3UCTOPOB IMPH JIFO-
ObIX COYETAHUSAX HaANpsDKeHHM Ha mnepexoaax. OOpaTHbIE TOKHU
y KPEMHHUEBBIX TPAH3UCTOPOB HEJb3sl CUMTATH TEIUIOBBIMH, MOCKOJb-
Ky ropa3fo OOJIbLIYIO pOJib UTPAOT TOKH TepMmoreHepaiuu. [lortomy
KOJIMYECTBEHHBIE pacdeThl o ¢opmynam (4.4) B cirydae KpeMHHEBBIX

TPaH3UCTOPOB JAIOT 3HAYUTEIbHYIO OTPEIIHOCTb.

B TpaH3ucTOpax BBINOJIHSAETCS COOTHOLICHUE!
oyl = 0l ko (4.5)

DTO COOTHOIIEHNE UHOT/IA TIO3BOJISICT YIIPOCTUTH (popmyisl (4.4)
U BBIBOJABI M3 HHX. B mepBoM MNpUOIMIKEHMH MOXKHO II0JlaraTh
l50 = Iko-

NneanusupoBaHHble CTATHYECKHE XapaKTepucTuku. B ri. 2
OBLJIO TIOKa3aHO, YTO 3aJaTh MPsSMOE HAMpspKeHHWE Ha p-N mepexoe
TpyaHo. [lo3ToMy B OOJBIIMHCTBE CIydaeB IIEIECOOOPA3HO CUUTATH
3aJaHHOM BEJIMYMHOM SYMUTTEPHBIN TOK, & HE SMUTTEPHOE HAIIPSLKEHUE.

o 1 (4.6)

Ik =0l —1kol €

DTO BBIpAKEHUE MPEJICTABISAET COO0N CEMENCTBO KOJIEKTOPHBIX
XapakTepucTuk |y (UK) ¢ napameTpoM | ,. Takoe ceMelcTBO MOKa-
3aHo Ha puc. 4.10, a.

CemeiicTBo sMuTTepHBIX XapakTepuctuk U, (1) ¢ mapamerpom
U, momywaercst u3 BeipakeHus (4.4a), eciim pa3peuinTs ero OTHOCHU-
TenbHO U 5. Mcnons3yst cooTHomeHue (4.5), nomydaem

Uk
e %T -1 (4.7)

U, =¢;In

20
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OMUTTEPHOE CEMEICTBO XapaKTepUCTHK MOKa3aHo Ha puc. 4.10, 6.
N3 puc. 4.10, a sicHO BUIHBI JIBa PE3KO Pa3IMUYHBIX pPEKUMa PabOThI
TPaH3UCTOPA: AaKTUBHBIM PEKUM, COOTBETCTBYOIMM 3HaueHmsM U <0
(mepBBIi KBaJpaHT), W PEKUM HACHIIICHUS, COOTBETCTBYIONIUI 3HA-
yeHmsiM U > O (BTopoii kBaapaHT). AKTUBHBIN PEXUM SBISETCS OC-
HOBHBIM B YCUJIUTEJIBHOW TEXHUKE U OyAeT MOJpPOOHO M3Y4YEH B IO-
clenyroumx naparpagax. Pexxum HachIIeHHUs] XapaKTepeH AJis KO-
YEBbIX UMITYJILCHBIX CXEM U OyIET pacCMOTpPEH Mo3:xe. JJisi akTUBHO-
ro pexxuma xapakrepssl yciuoBusg Uy <0 u ‘UK‘ >> (P, IpU KOTOPBIX

dopmyiel (4.6) u (4.7) ynporarorcs

Ik =oly+ 1o (4.8)
I9=(pTInI9/1 . (4.9)
150
IK |3 A UK‘:_OO
K-:
1,>0
Ux>0
lo } ) -Ug
— 4 — .
0 I 0 Uy

Puc. 4.10 — CraTudeckue XapaKTepUCTUKH H1€aTM3UPOBAHHOTO
TPaH3UCTOPA: @ — KOJUIEKTOPHBIE; O — SMUTTEPHBIE

B dopmyne (4.8), mmpoko uCmoab3yeMoOil Ha MpakTUKe, IS
IPOCTOTHI OomyHieH nHAeKC N mpu koadpunueHTe o, a IpU BEIBOJE

dopmyner (4.9) s mpocToThl MONokeHo 1—oy =0, 49ro BHoJHE

onpaBaaHo. PeanpHble XapaKTEpPUCTUKUM HMEKOT KOHEUYHBIM HAKJIOH,
OOyCIIOBJICHHBI HEY4YTeHHBIM B (opmynax (4.4) compoTHBICHUEM
KOJUICKTOPHOTO Tiepexona (CIeICTBUE MOAYJISITNHM TOJIIMHEI Oa3bl).
OTtHOCUTEIIBHO 3MHTTEepHOTO cemelictBa (puc. 4.10, 6) MoxHO cle-
naTte caenyromue 3amedanus. Kpusas ¢ mapamerpom U, =0, ecre-

CTBEHHO, SIBJISIETCA OOBIYHOUN TUOAHON XapakTepucTukou. ITpu 3Have-
HuAx U, >0 KpuBbIe CABUIalOTCS BIIPABO U BHU3 B CBA3U C HapacrTa-

HHCM co6HpaeMoro KOMIIOHCHTA SMHUTTCPHOI'0 TOKA. HpI/I 3HAYCHUAX
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Uy <0 KpuBbIE HECKOJIBKO CMEILAIOTCSA BJIEBO U BBEpX. Ha peabHbIX

XapaKTCPpUCTHUKAX, KadK YBHIUM HHWKC, BIUAHHUC OTPHULATCIBHOI'O
HaIIPsZKCHUA U k TOXKE HCBCJIIMKO, HO BCC K€ NMMECT MCCTO IIpH JIIO-

ObIX 3HadeHMAX U, H3-3a BHyTpPEHHEH 0OpaTHOW CBS3H IO HampsKe-

HUIO (CIIEACTBYE MOIYJISITIY TOJIUHBI OA3bI).

PeanbHble cTaTHdeckue xapakrepuctuku. B dopmymax
Momna-D0epca HE Y4YUTBHIBaeTCs LEJbIA psAl (aKTOPOB, TaKHUX, Kak
s dext Dpau, npoOoi nepexoaa, 3aBUCUMOCTh O OT Toka u Jp. [lo-
TOMY XapakTepuCTUKH puc. 4.10 B 3HAUUTEILHOW CTENEHU HIcallv-
3UpoBaHbl. PeanbHble KOJJIEKTOPHBIE U SMUTTEPHBIC XapaKTEPUCTUKU
noka3anbl Ha puc. 4.11. Kpuble KOJUIEKTOPHOIO CEMENCTBA UMEIOT KO-
HEYHBIM, XOTS ¥ OYCHb HEOOJIBIION, HAKJIOH, KOTOPBIM B 00J1acTH, OH3-
KOl K mpo0or0, pe3ko yBenuuuBaercs. PaccTosHue Mexay KpUBBIMU
HEMHOTO YMEHBIIIACTCS MPU OOJIBIIUX TOKAX U3-3a YMEHBIICHUS O .

Ha puc. 4.11, a npoBeaeHa runepooia J0MyCTUMON MOIIHOCTH,
paccenBaemMoil B OCHOBHOM Ha KOJUIEKTOPHOM niepexojie. [Tpu Harpese
TPaH3UCTOpPA KPUBBIE CMEIIAIOTCA BBEPX B 00JACTh OOJBIIUX TOKOB
u3-3a pocTta Toka | ;. B aktuBHOM pexxume (1-if kBagpaHT), ycpeaHss

HEJIMHENHOE CONPOTUBIICHUE [, MOXKHO XapaKTepU30BaTb KOJUICK-
TOopHOE ceMencTBO Ob 1OCTaTOYHO CTPOTUM COOTHOIICHUEM

U

[Tpu HarpeBe TpaH3UCTOPA KPUBBIE CMEILIAIOTCS BJIEBO B 00J1aCTh
MEHBIIUX HamnpsokeHuil. [Ipu OJHOM W TOM KEe IMUTTEPHOM TOKE
OMUTTEPHBIC HANPSHKEHUS Y KpeMHUEBBIX Tpan3uctopoB Ha 0,3—0,4 B
0O0JbIlIe, YEM Y T€pMaHUEBBIX, HO BCE K€ OOBIUHO HE MPEBBIIIAIOT
0,6—0,7 B. [Ipu noctaTouHo OOJIBIIIOM TOKE BXOJIHBIE BOJLT-aMIIEp-
HBIE XapaKTEPUCTUKU AEPOPMHUPYIOTCH.

PaccMOTpUM OCOOEHHOCTH BBIXOJHBIX XapaKTEPUCTHUK B 00Ja-
ctu nipoOos. Ecnu mo00# U3 nepexo/10B TPaH3UCTOPA UCTI0JIb30BATH B
KauecTBE AM0Ja, TO MPOOOM mpu 0OpaTHOM HANPSKEHUU OYJIeT UMETh
TaKOM K€ XapakTep, Kak B U30JMPOBAHHOM IEPEXO/IE.

Hamnpumep, npu 000pBaHHOM SMUTTEPE KOJJIEKTOPHBIN TOK Oy-
ner paseH Ml , (rne M — xoapduuueHT ynapHOW HOHHU3AIMN),

a HallpsDKEHHWEM JIaBUHHOIO ITpo0ost Oyner BenuuuHa U, , Ipu KoTo-
poii M =co. [Ipu nMHOOOM KOHEYHOM TOKE 3MUTTEpa TOK |, TOXKE
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yBEIMUYMUBAEeTCSI B M pa3 M, CIEeIOBAaTEIbHO, HAIPSHKEHUEM MPOOO0s
OIATh OyneT BenmunHa U, .

HeobxonuMo, ofHako, 3aMETUTh, YTO YHUCTO JIABUHHBINA MpoOOH
UMEET MECTO TOJBKO MPHU JOCTATOYHO OBICTPOM TMOBBIIICHUU KOJUICK-
TOPHOT'O HAIPSDKEHUWS, KOTJa TemrepaTypa Mmepexojia He yCIeBaeT 3a-
METHO TIOBBICHThCS. B pesynbrare, yuanthiBas (4.3a), MOJyduM SKBUBa-
JICHTHYIO CXEeMY, MOoKa3aHHYI0 Ha puc. 4.12, 6 1 COOTBETCTBYIOIIYIO BbI-
paxxernnto (4.8). Takas cxema TojIe3Ha IS pacdyera PeKUMa YCHITHTEITh-
HBIX KaCKaJIoB.

IK 7

- EE Em mm - — —= = Em =

Puc. 4.11 — Craruueckue XapakTepUCTUKU TPAH3UCTOPA MPHU BKIIIOUCHUH
10 CXEeME € 00IIeN 0a30i. @ — BBIXOJHBIE, O — BXOIHEIE
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COHpOTI/IBHGHI/IH CJIOCB KOJUJICKTOpPA U OMUTTECPA 31CCh OITYIUICHHI,
TdK KadK B YCHHHTGHBHOﬁ TCXHUKC OHH HCCYUICCTBCHHBI. OHHaKO
BKJIIOYCHHUC 3TUX COHpOTHBHCHI/IP’I B CXEMY HC IIPUBOAUT HHU K KAKUM
3aTPYAHCHUAM, TAK KaK 4YCpPC3 HUX IMPOTCKAKOT 3aAaHHBIC TOKH, H,
3HA4YUT, COOTBCTCTBYIOIIHUC HAIIPSKCHUA JICTKO paCCHUTATH U I[O6a'
BUTD K HAIIPSAKCHHUAM Ha IICPCXOJ1ax.

4.4 CtaTU4ecKne napamMeTpbl TpaH3UCTOpa

Henunelinple S5KBUBaJICHTHBIC CXEMBI, TTIOKa3aHHbIE Ha puc. 4.12,
UCIIOJIB3YIOTCS MPU AHAIU3E PEKUMOB, CBA3AHHBIX C OOJIBIIIMM CHUTHA-
joMm. IIpu pacuere MasbIX MEPEMEHHBIX COCTABIISIONINX, XapaKTEPHBIX
JUISl YCUJIMTENBHOW TEXHUKH, 3TH CXEMBI 1€JI€CO00pa3HO JTIMHEApH30-
BaTh.

Bo3bMeM 3a ocHOBY cxeMy Ha puc. 4.12, 6. ['enepaTop nocTosH-
HOro TOKa |, o UCKIIOUNM, IOCKOJBKY HAC MHTEPECYIOT IIEPEMEHHBIC

COCTaBJIAIOIIME, U BBEJAEM BMECTO Hero aAud@epeHiunanibHOe COmpo-
TUBJICHHE KOJUIEKTOPHOIO mepexofa [y . OMHUTTEPHBIA JHOJ TaKkKe

3aMEHUM €T0 IHU(PepeHIUAIBHBIM COIIPOTUBICHUEM [. OOpaTHyIO

CBA3b 10 HAIIPS’KCHHUIO OTpasuM I'€HCPATOPOM 3.4.C., BKIIHOUYCHHBIM
MoCJICA0OBATCIIBHO C COIIPOTHUBJICHUCM r3 .

Hakonern, nis ydera 4acTOTHBIX 3aBUCUMOCTEH BKIIFOYMM TIa-
paJUIeIbHO CONPOTHUBIIEHUSM [, U I OapbepHbIE €EMKOCTH, a KOd(-

bunueHT o OyJieM CUUTaTh ONEPATOPHOU WIIM KOMILJIEKCHOW BEUYU-
HoM. Torna nuHeitHas SKBUBaJICHTHAsI CXE€Ma TpaH3ucTopa OyJer Ta-
KOM, Kak moka3aHo Ha puc. 4.13. Ee nerko AOMOJHUTH Mapa3uTHBIMU
€MKOCTSIMH, OJTHAKO 3TO PEAKO HEOOXOIUMO.

CxeMa Ha puc. 4.13 X0opo1o oTpaxkaeT CTPYKTYpY TpaH3UCTOpa

1
U COIEPXKUT (hU3MyYecku OOOCHOBaHHBIE TapameTphl. Touka b~ Ha
CXEME Ha3bIBACTCS BHYTPEHHEW 0a30BOM TOYKOW B OTJIMYME OT BHEIII-
HEro 3a)kuMma 0a3bl.
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Puc. 4.12 — DkBUBaJIEHTHBIE CXEMBbI TPAH3UCTOPA [Tl IOCTOSHHBIX
COCTaBJISIOIIUX: @ — O0I11asi CXeMa C y4e€TOM COIIPOTUBIIEHUH CIIOEB;
6 — cxema JIsl HOpMaJIbHOTO aKTUBHOTO PEXXHUMa

C
o I
9 1
O_@-I-O_ b — ald _._KO
+, — —+
1, 2 U |
) MaxYxk 1 K
| IS |
rg f -
O O
b

Puc. 4.13 — DkBuBajieHTHas cXeMa TPAH3UCTOPa
TSI IEPEMEHHBIX TOKOB
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K 4nciy OCHOBHBIX MapamMeTpoB, HEOOXOAUMBIX IIPH IOCTpOE-
HUU SKBHUBAJICHTHON CXeMbI TpaH3UCTOpa (I MEPEMEHHBIX COCTaB-
JSIFOTIHX), oTHOCSTCS cienyromue: 1. Jlnddepennmanpapii kodhdu-
IUCHT TIepeJadyd SMHUTTEPHOTO TOKAa MPU HOPMATbHOM BKIIFOUECHUM
o\ - B manpHeimem OyneM mucathk ero 0e3 uHzaekca N, Tak Kak uH-

BEPCHOE BKJIIOUEHHE OTHOCHUTCS K CIelualibHbIM citydasMm. Koaddu-
IIMEHT O OMPEIETSAETCS CICTYIONUM 00pa3oM:

o= dl . (4.11a)
dl, Uk =const
2. luddepeHmanbHOE CONPOTUBIEHUE IMUTTEPHOTO MIEpexoia
ry = dJ, (4.110)
di Uk =const

3. MuddepenimaibHoe CONPOTUBICHUE KOJUIEKTOPHOIO Tepe-
X0/1a
_— du
“Ld
K /U ,=congt
4. KoapduimeHT BHyTpeHHENH 00paTHOM CBSA3M MO HANIPSIKEHUIO,

XaPAKTEPU3YIONIMN BIUSHUAEC KOJUJICKTOPHOTO HAIPSHKCHUS HA SMUT-
TEPHBIN MePEeXO0] B CBS3U C MOIYJISIIIMEH TOJIIMHBI 0a3bl,

du,
dU

5. O0peMHOE comnpoTHBIIEHHE 0a3bl [. B orTnmume ot npensl-

(4.11 )

T (4.11r)

I 3:COI’IS

OyIIUX [apaMeTpPOB COMNPOTUBJIEHUE 0a3bl OJKHO ONpPENesThCS
HE JJI1 OTHOMEPHONU MOJENH, a Uil PEaIbHON CTPYKTYpPhl TPAH3UCTO-
pa. Tok 6a3bl mpoTEKaeT B HAMPABICHUH, IEPIICHAUKYIJISIPHOM MTOTOKY
IBIPOK, M, CIEIOBATEIbHO, HEOOXOJAMMO YYHMTHIBATHh PEAIbHYIO KOH-
durypanuio 0a3bl, T. €. aKTUBHYIO M MAacCUBHYIO €€ yacTu. [lomumo
nepeurciaeHHbIX auddepeHmaIbHbIX MapaMeTpoB, BAXKHYIO pPOJIb
B pabOTe TPaH3UCTOpPA UIPAET TEILUIOBOU TOK |y, KOTOPBIKA ompene-

JISI€TCS CIEAYIOIUM 00pa3om:
lio=(l),—0r  [Uk|>>er.
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Koa¢ppuuueHr nmepexaum 3MUTTEPHOr0 TOoKa. BenuunHa o,
crosmiast B gopmysie (4.8), B oTiimuue OT BEJIMYUHBI O B (popmyrie
(4.11a) sBnsieTCs MHTETPATLHOM, TaK KaK CBA3BIBACT HE NPUPAIICHUS
dl 5 u dl, a monHble TOKK | ¥ | .

Oy = 'KIJ (4.12a)
€
Ecnu 05! k03¢ (unueHT ¢ He 3aBUCEI OT TOKa |, TO, KakK cie-
nyet u3 (4.8), nuddepenimanbapii KOIPPUITUCHT TTepenadn ObLT ObI
paBeH MHTerpaibHOMY 3HaueHuto. Ha camom nene oH siBnsiercs: PyHK-
IIUCH SMHUTTEPHOrO0 TOKa, W IMo3Tomy, npoauddepenimponas (4.8)
0 TOKY | 5, MOIXy4HM ClIEeIyOIEee COOTHOLIEHHE:

—== (4.126)
d ,

Bripazum ko3 puuueHT nepenaund Toka 3MUTTEpa yepe3 Ppusu-

YeCKUE NapaMeTphl TPaH3UCTOpa. JTa 3aj1a4a OyAeT JINHEHHON TOJIBKO

B TOM CcClly4yae, €clii MpeHeOpeub 3aBHCHMOCTBHIO OL( | 9), cyuTas
O = 0. - [loaTOMY B fanbHelmeM Mbl OyleM pasindaTh HHTErPajb-

HbI U TuddepeHunanbHblii KO3()PUUKUEHTH Iepeaadu JUIb TOT/a,
KOrjJa 3TO NPUHIUIHaIbHO HeoOxoaumo. KoadduiumeHnt nepenauu
AMUTTEPHOTO TOKA MOXKHO 3aIHUCATh B CIEIYIOIIEM BUJIC!

o =YX, (4.13)
rae Y — K03 QUIIMEHT UHXKEKIUU ABIPOK; Y — K0dP UIIMEHT Tiepe-
HOCa JBIPOK yepe3 0asy, MOKa3bIBAIOUINM, Kakas JIOJIsl WHKEKTHUPO-
BaHHBIX JILIPOK JOXOAMT 10 KoJiekTopa. Ha Hu3kux dacroTax kodg-
(UUMEHT MHXKEKIHMH B TPAH3UCTOpPAX HE MMEET creluu(UKU MO CpaB-
HEHUIO C JUOJIaMH U BbIpakaeTcsl u3BecTHbIMH (hopmynamu. [TorTo-
My, TPEXAE BCEro, MpoaHanu3upyem KoddduuueHt nepeHoca. [ns
aToro pemmM ypaBHenue muddysun (1.39a) s cranmoHapHOTo pe-

KHMa 8% =0. B aToMm ciiydyae ypaBHeHHe Oyner mo ¢opMe TakuMm
xe, kak (2.16); 3anuIem ero s MOJIHONH KOHIICHTPAIHH

dp p Po
————=—. 4.14
dx* L* L (419
OO1ee penieHre 3Toro ypaBHEHUS OyIeT TakuM ke, Kak (2.17),
a YaCTHBIM peIIeHHEM OYyIeT Py, TO3TOMY
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X X
p(x)=Aet +Ae L+ p,. (4.15)
['paHnuHbBIE YCIIOBUS 3aNUILEM, HCXOAS U3 TOTO, YTO B AMUTTEP-
HOM LIETIH 3aJaH JBIPOYHBIN TOK, |, =Yl 5, @ Ha KOJUIEKTOPHOM IIEpe-

xone — Hampsokenne U, . YuurteBas (1.34a) u (2.13a), momyyaem
npu X=0 u X=W COOTBETCTBEHHO:
I
_@ =_2F . (4.16a)
dX|x_o 9Ds
Uk
p(w) = pee’, (4.160)

r7e S— Kak W paHbllle, MIIOAaau MMepexoaoB. Mcmonb3ys rpaHuyHbIe

ycioBusi (4.16), onpenensieM kodpduuueHtsl A u A,, BXOZSIINE

B ypaBHeHue (4.15). Ilocie 3Toro pacmpeneiacHue KOHIICHTPAIUH
MO>KHO TIPHBECTH K CJICIYIOMEMY BUY:.

| Lsh(wlxj Ue Ch(WEXj
p(x)=—2£ e’ —1|———2+1|. (4.17a)

= + Py
aps ch(w) ch(w)
L L

Ilpu HOpmaspHOM pabouem pexume (U, <0 u ‘UK‘>> ¢r),

a TakKe IPH YCIOBHM W<<L BTOpBIM YJICHOM B IpaBOM YacTH
(4.17a) moxxHo npeHedpeys. Torxa:

)
p(x)=2x W L L J (4.176)

DS Ch(vv)
L

Ecinu npeneOpeub pexoMOuHaiue B 0asze, MOJ0XKUB L — oo,

YTO BBIIMOJIHACTCS IajeKo He Bceraa, To dopmyna (4.170) npuHumMaer
BU/]I

p(X) =M(1— 5). (4.178)

gDS W

Kak BuauM, cTalimoHapHOE pacnpeiesieHue IbIPOK B TOHKOW Oa-

3¢ OJIM3KO K JIMHEWHOMY, Ha 4TO Y€ o0paliajoch BHUMAHUE BBIIIEC

npu aHanu3e auonaa. Juddepennupys (4.176) nmo x, yMHOXkast 00¢ Ja-
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CTH Ha —DqS U IIpUHHAMAas BO BHHMAaHHEC, 4YTO X=W, IOJy4YacM 1A
KOJUICKTOPHOI'O TOKAa BBIPAKCHHUC

I3P

|, =—2
ch(W,)
beps npou3BoaHy0, HAXOAUM KO3(PPULIMEHT NepeHoca
w L
ch| —
7]

®opmyna (4.18) sBusieTcss oHON U3 PYHIAMEHTAIBHBIX B TEO-
puu TpaH3ucTopoB. C yBEIWYEHHUEM TONIIMHBI 0a3bl KOA(PUIUEHT
nepenoca corjacHo (4.18) HEOrpaHWYCHHO YMEHBINASTCS W IIPH
W> L 06130k K HYJIIO, T. K. HECOCHOBHBIC HOCUTEIU YCIEBAIOT PEKOM-
OuHUpOBaTh B 0a3e, HE JOXOAs 10 KOJUIEKTOpHOro nepexoxa. [loaro-
My B TPaH3UCTOpE, KAK YK€ OTMEYaJIOCh, 0a3y NENarT KaK MOXHO
0oJiee TOHKOM, Tak 4TOOBI BCEr/ia BBIMOJHIIOCH yciaoBue W<< L. To-

raa, pasjiaras Ch(Z) B psa C TOYHOCTBIO IO TPEX MEPBBIX YJICHOB,

MIPUXOJIUM K BBIPAKECHUIO
1

1(w)? 1(Wj4.
1+ — | +—| —
2\ L 24\ L

YuureiBas, 4TO BTOPOW U TPETUM WIEHBl 3HAMEHATEsd MHOTO
MEHBIIIE €TUHULIBI, MOKHO MOJIb30BaTHCA MPUOTMKEHUEM:

x=1- E(WT (4.196)
|3 .

3ameTuM, 4TO A pacyera KodduuueHTa mepeHoca BTOPOU
YJICH BOOOIIEC HECYIIECTBCHEH (HE3aBUCUMO OT PEKHUMa M TOJIIUHBI
0a3bl), TOCKOJIBKY B HETO HE BXOAUT SMHTTEPHBIA TOK.

Koaddumnuent nepenaun toka o cornacHo (4.13) mosrydaercs
MyTeM YMHOXeHUs J1to0oro u3 BeipakeHui (4.18) wnmm (4.19) Ha Ko-
sbduimeHT uHxKeKkuU. Tak, U3 HauMOOJee CTPOroro BBIPAKECHUS
(4.18) cenyer

Y = (4.19a)

o= ysech(%j, (4.20)
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a npuommwkeHHble BhipakeHus (4.19a) u (4.190) naroT COOTBETCTBEH-
HO.

az%; (4.21a)
1(w
1+ | —
o
T 216
oc~y[l—§(f)]. (4.216)

HecmoTpst Ha psig orpaHuveHHil, o0IIell TeHACHIIMEH TIpU pas-
paboTKe TPAH3UCTOPOB SABJISIETCS MPUOTMKEHUE KO3 PUIeHTa nepe-
Ja4yu O, K €JUHHUIIE, TOCKOJIBKY IMPU 3TOM, KaK YBUJIUM HUXKE, YIyd-
IIAI0TCSl YCUJIUTENIbHBIE CBOMCTBA TPAH3UCTOPA.

O0beMHoOe comporuBiaeHue 0a3bl. MacanusupyeMm CTPYKTypy
oe3npeiioBOro TpaH3UCTOpa Tak, Kak moka3zaHo Ha puc. 4.14. Kak
BUIUM, 0a30BBIN TOK (€CIIM CYUTaTh, YTO OH IPOTEKACT OT IICHTpa Oa-
361 K ITepUQEeprn) BCTPEUAST pa3InIHBIC COMPOTHRIICHUS HA TPEX pas-
HBIX y4acTkaX. [lepBelii — BHYTpeHHHH — yd4acTOK (aKTUBHas 00-
JacTh 0a3bl) ABJISCTCS TUCKOM.

Puc. 4.14 — Vneanu3zupoBaHHas
CTPYKTypa TPaH3UCTOpa

ConpoTuBieHusl Kojiel B paJuajibHOM HampaBlICHUU BbIpaka-
10TCSl POPMYJIaAMH
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Ry

In—,
2, R,

Ile Py — YAEIbHOE CONPOTHUBIICHUE 0a3bl. C y4eTOM CONPOTUBIICHUS

lgo =

JUCKa
05 1 1
= Ps PN S R
2rlw, w, R w R
J1st O0BIIEHCTBAa MAJIOMOIIHBIX TPaH3UCTOPOB I, =100 Om.

4.5 IuHaMmnyeckue napameTpbl TpaH3UCTOpa

BapbepHble eMKOCTH. DTH €MKOCTH HE MMEIOT 0COOO0M CIeIu-
(GUKM 10 CpaBHEHHIO ¢ €MKOCTSAMH p-N miepexona (amoaa) WU MOTYT
ObITh paccunTanbl 10 Gopmynam (2.82). IIpu 3ToM, Kak yxke oTMeua-
10ck, hopmyna (2.820) oka3pIBaeTCs HETOYHOH IPH CKOJIBKO-HUOY b
3HAYUTENbHBIX MPSAMBIX CMEIICHHSIX. YUYHUThIBas, YTO NHPU MNPSIMOM
CMEIICHUH Ha Tiepexoje OapbepHasi eMKOCTh BO MHOTO pa3 MEHBIIE
i Py3noHHOHN, €€ BIMSHUEM MOXKHO INpeHeOpeub. OTHOCHUTEIBHO
eMKOCTH CK HY>KHO 3aMETHTh, UYTO OHA MPEACTABIIAET COO0I EMKOCTh
KOJIJIEKTOPA, COOTBETCTBYIOIIYIO aKTMBHOW oOjiactu 0a3bl. EMkocTH
KOJUIEKTOPA, COOTBETCTBYIOIIUE MPOMEKYTOYHOM U MACCUBHOM 00J1a-
CTsIM 0a3bl, MOTYT CUMTATbCS COEIMHEHHBIMU MapajuieIbHO U TOJI-
KITFOUEHHBIMU MEXIY BHEIIHUMH 3JIEKTPOJAMH KOJUIEKTOp — 0a3a.
OTa MEXIJIEKTPO/IHAS eMKOCTh YacTO CpaBHUMA ¢ BelnuuHou Ck, oJI-
HAKO MpU pacyeTax €€ MOXKHO OTHOCHUTh K Harpy3Ke TpaH3UCTOpA.
Heo0xoauMo OTMETUTD, YTO TaKOE YTBEPXKJICHHUE HE BCEr/ia CIpaBe/-
JIMBO U 3aBUCUT OT KOHKPETHBIX CXEMHBIX perieHuil. Tak, eciu B 1enu
0a3bpl TPAH3UCTOPA MUMEETCS] BHEILIHEE COMPOTHUBIICHHE, TO 3TH €MKO-
CTH HEJIb3s1 CUUTATh BKIIOYEHHBIMHU MapajieIbHO HArpy3Ke.

OcoOblil UHTEpeC MpU aHaIU3€ MEPEXOJHBIX W YACTOTHBIX Xa-
PAKTEPUCTUK TPAH3UCTOpPA MPEACTABISAET KOIPPUIMEHT mnepenadut
Toka ¢ . [lockombky cormacHo (4.13) koadduimenr o CcocTouT
U3 JIBYX MHOXHUTEJIEH — KO3 (PUIIMEHTa HHXXEKIUHU U KO3 DUIIMEeHTa
NEPEHOCA, PACCMOTPUM 3TH MHOMKUTEIH Pa3/IEIbHO.

Koy puuuent nnxekuuu. HanoMHuM, 4TO TOK, 3apsKarOLIAN
OapbepHyt0 eMKOCTh (3, 00pa3yeTcsi OCHOBHBIMU HOCUTEISIMU U TO-
TOMY HE MEpeAaeTcsl B LENb KOJUJIEKTOpa. 3HAYUT, YBEJIMYEHUE €M-
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KOCTHOT'O TOKa Ha BBICOKMX YaCTOTaX PaBHOCHJIBHO YMEHBIIICHUIO KO-
aPunreHTa NHKEKIINH:

—iX
y=y—a2c - ¥ (4.222)
Koot W
Wy
CoO0TBETCTBEHHO M300pakeHre KOA(PUIMEHTa HHKEKIIUN UMe-

eT BHU/I

S (4.226)
1+ pr,
B dopmymnax (4.30) mocrosiaHast BpeMEHH T, ONPENENSETCs Bbl-
pakeHHEM
1
T, =—=1,C,. 4.23
Y W ™0 ( )

Kak BuuM, 4aCTOTHBIE U TIEPEXOHBIE CBOMCTBA KOA(DPUIIMEHTA
Y YJIy4dlIalOTCsA C YBEJIMYECHUEM pabouyero TOKa, TaKk Kak IMpH 3TOM

YMEHBIIAETCS. CONPOTUBIIEHUE [, & yBEINYEHHE 0apbepHON EMKOCTH

AMUTTEPHOTO MEPEX0/1a MPOUCXOIUT MEIJIEHHEE.

VY ApeioBbIX TPaH3UCTOPOB, XapAKTEPHBIX OOJBIIUMHU pado-
YUMH TOKaMH W MEHBUIMMHU €MKOCTSIMH, YacTOTa JOCTHIaeT COTEH
U THICAY Merarepil, 1 4aCTOTHbIE CBOICTBA KO3 PUILIMEHTA Mepeaadu
TOKa 3aBUCAT B OCHOBHOM OT KO3()pUIMEHTa MepeHoca, No3TOMY Iie-
pENIEM K paCCMOTPEHUIO O .

Koy¢ppuuuent nepenaum toka. B oOuieM ciaydae nuHamuye-
CKHE XapaKTEepUCTUKU Kod(pduimenta o omnpenenstorcs kodhduim-
€HTOM TiepeHoca U KO3 OUITMEHTOM UHKEKITUU

o(p) = ysech(vtv«/ljt mj. (4.24a)
Hcnonw3ys npubanxeHne, MOXKHO 3aIicaTh:
o(p)=—2 (4.246)
1+ pr,
rac
W2
Ty =T, =Xlp = E; (4.25a)

Ta =Cr015.0.- (2.256)
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Opuruaanom uzoOpaxeHus (4.240) sBIsSETCS SKCIIOHCHITHAIb-
Hast QyHKITUS

oft) = 0{1— e_%a j (4.26)

YacToTHas XapaKTEPUCTUKA, COOTBETCTBYIOMIAS H300paKCHUIO
(4.24), momyyaeTcs 3aMEHOM oriepaTopa P Ha JW 1 UMEET BU]

o=—2 (4.27)

1+jg

Puc. 4.15 — Ilepexoaubie XapaKTePUCTUKH KOI(PPHIeHTa
nepenaun: 1 — mepBoe NpuoIImKeHne; 2 — CTPOroe perieHune

AMIUTUTYJHO-4aCTOTHAasT W (pa304acTOTHAS XAPAKTEPUCTUKH

nerko noiydarorcs u3 (4.27):
(x .
2 1
(%,
0)0(

¢ =—arctg ( % ) ) (4.280)

['pannunas gacrora (Ha yposHe 0,7) paBHa:

(4.28a)

o) =

W, =— =~ (4.29)
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Nzo6pakenne (4.24) u csazanHble ¢ HUM (yHKnun (4.25) —
(4.27) mMpoOKO WCIONB3YIOTCS NMPU aHAIM3E CXEM, €CIIH 3aJepiKKa
(¢bpoHTa U cIBUT (ha3bl HE UTPAIOT EPBOOUECPETHON POIIH.

la]

4 do

06 [~

02 |-

Puc. 4.16 — YacToTHble XapaKTEPUCTUKU KOAhDUIIMEHTA TTepeadn
@ — aMIUIUTYAHO-4aCTOTHbIE, 6 — (pa304aCTOTHBIE.
Kpussie: 1 — npubnuxeHHOe pelieHue; 2 — CTPOroe pelieHne

Nudpdy3nonnbie eMkocTu. [lonsarue nudpy3noHHON €MKOCTH
ObLIO BBEJEHO IPHU PACCMOTPEHUHU TUOJOB KAaK MapaMeTp, Xapakre-
PU3YIOLIMHI 3aBUCUMOCTD MPUpPAIICHUS 3apsa B 0a3e OT MpupalleHus
HanpspkeHust Ha niepexoze. COOTBETCTBEHHO B TPAH3UCTOpaX pas3iu-
yaroT ABe AP Y3MOHHBIE €MKOCTH — 3MUTTEPHYIO M KOJUIEKTOP-
Hyto. bynem cuutaTh pacnpeneinieHue IbIpOK B 0a3e JHHEHMHBIM
(puc. 4.17), uro umeer Mecto mpu yciaoBun W< L. Torma HepaBHO-
BECHBIN 3aps ABIPOK OyIeT BhIpaxarbcs Gpopmydioi (2.47a), eciii TOK
| 3ameHuTh Ha | .
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AQ= |9%= Loto. (4.30)

Huddepenpys (4.30) mo HampspkeHuto U, U yduThIBas
(2.28), nonyyaem nudPpy3HOHHYIO €EMKOCTh SMUTTEPA.

Cyy = ' _ |9t£. (4.31)

[
Hudpepentmpys (4.30) no nanpsoxkenuto U (npu |, =const)
1 ucnonb3ys Beipaxkenus (4.23) u (4.24), moxxHo npuBectu quddy3u-
OHHYIO €MKOCTh KOJUIEKTOPA K CIEAYIONIEMY BHILY:

20N ; DUy _rK

S5 oW _ T (4.32)

Ve awsfen] N awrfan,

doin)? T "

P L)_ ' dg

g5

p(0)
p(0)
Ly=const T4
w <
dw
a 9]

Puc. 4.17 — V3menenue 3apsiaa B 6a3e, mpuBOsIIEe
K oOpazoBanuio U Py3noHHBIX eMKoCcTel SMUTTEpHOTO (@)
¥ KOJIJISKTOPHOTO (6) Iepexo10B

Juddy3rnonHas eMKOCTh KOuieKTopa CKO UTPaeT OTHOCUTEIHHO
MaJIyI0 POJib, TOCKOJIBKY €€ BEJIMUMHA 3HAYUTEJIbHO MEHbIIIE Oapbep-
HOU emkocTH Ck. [1oaTOMY npu aHanu3e SKBUBAJECHTHBIX CXeM aud-
(dy3uOoHHAss EMKOCTh KOJUIEKTOPHOTO TMEpexXojia HE YUYUTHIBACTCA.
Huddy3nonHass €eMKOCTh 3MUTTEPHOTO MEPEX0oJa HE H300pakaeTcs
Ha DKBUBAJICHTHBIX CXEMaX, a YUUTHIBACTCS B KO3 UIIMEHTE nepe/a-
YU TOKA SMUTTEPA.

IMocTosinHAs BpeMeHH 0a3bl
Jlo cux nop conpoTuBiieHrHe 0a3bl Mbl HE YUYUTHIBAIIH, T. €. CUMTA-
JA¥ paBHBIM Hym0. U, CUMTAIOCh IPUIIOKEHHBIM HEIOCPEACTBEHHO
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K KOJUISKTOpPHOMY Tiepexomy. Tok reHepatopa ol, (cm. puc. 4.13)

HE NOJIHOCTBKO HACT BO BHCINHIOKO LENb. YaCThb TOKA OTBCTBJIISACTCS
BO BHYTPCHHIOIO L CIIb rK CK . B o0acTi HU3KHUX U CpCAHUX 9aCTOT BJIU-

SIHUEM €MKOCTH KOJUIEKTOPHOTO MEPexo/ia MOXKHO TMpeHeOpeub. B aTom
Cllydae BEJIMYMHA KOJUIEKTOPHOIO TOKA, |, CTpOro roBOpsi, 3aBUCHT OT

I} PepeHINAIBHOIO CONPOTHUBIICHHA KOJUIEKTOPHOrO Iepexona Iy,
OOBEMHOIO CONPOTUBICHUS 0a3bl [ W BHEIIHETO CONPOTUBIICHUS

Harpy3ku. Eciu TpaH3ucTop padoTaeT B aKTUBHOM PEKUME, BIUSHUEM
COIPOTUBJIEHUH [ U [ Ha TOK KOJUIEKTOpa MOYKHO IpeHeOpeus. Ta-

KM 00pa3oM, B peaIbHOM TPAaH3UCTOPE NPU 3aJaHHOM TOKe |, TOK |

3aBHCHUT HE TOJIbKO OT KO3(pPUIIMEHTa Ol , HO U OT COOTHOIIEHHSI COIPO-
TUBJICHUHA KOJUIEKTOPHOTO TIEpex0/ia, 0OBEMHOTO COTIPOTHBIICHUS Oa3bI
W BHEIIHETO COMPOTHUBIICHUS HArpy3kW. B 00macTé BBICOKHMX YacTOT
(MabIX BpeMeH) OapbepHast EMKOCTh KOJICKTOPHOTO TepeXo/1a OKa3bl-
BACT CYIIECTBEHHOE BIHMSHUE HAa BETMUMHY KOJJICKTOPHOTO TOKA BCIIEI-
CTBHE YMEHBIIICHUS PEAKTHBHOTO CONpOTHBICHUSI Cy, a 3TO MPUBOIUT
K TOMY, YTO YacTh KOJUICKTOPHOTO TOKa OTBETBIIIECTCS BO BXOIHYIO
1enb. BenmunHa KOJUIEKTOPHOTO TOKa YMEHBIaeTcs. TOK KOJIeKTopa
OyzeT cBA3aH C TOKOM SMUTTEPa OYEBUIHBIM COOTHOIIICHUEM

_ Xe(P) ., olp)
|K—Oc(p)|3xc(p)+r5—|91+ PTs (433

rac
T, =1,Cp. (4.34)

Breipaxkenue (4.33) crnpaBe[yivBO TPU BBITOJHEHUU YCIIOBUS:
TOKa KOPOTKOI'O 3aMbIKaHUS Ha BBIXO/IE.

Kak mpaBuiio, TpaH3UCTOpP SBISETCA 3JIEMEHTOM HEKOTOPOIO
YCTPOWCTBA, HAIPUMED, YCUIUTENBHOTO Kackaja v B LENH KOJIJIEKTO-
pa BKJIIOYEHO CONPOTHUBIIEHHE HArpys3ku. B srom ciryyae emkocts Cy

SBJISICTCS DJIEMEHTOM IICTIH, KOTOpasi CO3J1aeT OTPHUIIATEIbHYIO 00part-
HYIO CBSI3b, T. €. YaCTh BBIXOJTHOTO TOKa B NMPOTHBO(A3e OTBETBIISACTCS
Ha BXOJI, YTO NMPUBOJUT K YMCHBIIICHUIO TOKA KOJJICKTOPA Ha BHICOKHUX
gactoTax (MaJibIX BpeMeHax). Takum oOpa3oM, B OOJIACTH BBICOKHX
YacTOT BBIXOJHOH TOK |, yMEHbBIIaeTcs Kak 3a CYeT WHEPIHMOHHBIX

CBOKCTB KO3(ppHIIMEeHTA ITepeladyl TOKA SMUTTEPA, TaK U Mapa3uTHOM
E€MKOCTH KOJUICKTOPHOTO TIEPEX0/1a, KOTOpask CO3/1aeT OTPUIIATCIIHHYIO
0OpaTHYIO CBS3b.



154

4.6 3aBUCUMOCTb NapaMeTpoOB TPaH3UCTOpA OT pexmma
U TeMnepaTtypbl

3aBuCcMMOCTh MapaMeTPOB TPaH3UCTOPa OT pe:kuma. [lapa-
METpPBI TPAH3UCTOpA 3aBUCAT OT paboueil Touku. bynem cuutath Be-
JUYAHAMH, ONPEACIAIOMINMA PEXKUM TPAH3UCTOPA MO MOCTOSTHHOMY
TOKY: TOK |, 1 Hanpsokenue U ;.

PaccMoTpuM, Kak MOTYT MEHSATHCS IapaMeTphl TPaH3HCTOPa
B 3aBHCHMOCTH OT 3TuX BennduH. KoadduimeHT nepegaun Toka o
cornacHo (4.20) 3aBucut ot HanpspxeHus U, u3-3a MOIYJSIMU TOJ-

muHBI 0a3bl. Uem Oosbire (1o MOYITI0) KOJUIGKTOPHOE HampshKeHHUE,
TeM yxe 0aza u TeM Onmxke K eAuHuIEe KodPQUIMEHT NepeHoca Jbl-
pok. CnenoBarenbHO, k03 uuueHT o yBeauuusaercs ¢ poctoM U ;.

BTopbiM (hakTOpOM, IPUBOJSIINM K 3aBUCUMOCTH OC(UK ), SIBJIIETCS

yIapHasi MOHU3alUs B KOJUIEKTOPHOM nepexoje. Ilockonbky oTHOCH-
TeNbHBIC U3MCHECHMSI O HEBEIWKH M UX TPYJHO OTOOpa3WTh Ha rpa-
¢uke, Ha puc. 4.18, 6 mokazana kpuBas 1/(1—ao ), xoTopas Gonee
HATJISTHO WJUTFOCTPHUPYET ATH W3MEHEHUS, COXPaHssl KaueCTBEHHBIN
XapakTep 3aBUCUMOCTEH. 3aBUCHMOCTh O OT TOKa 3MUTTEpa
(puc. 4.18, 6) oOycioBiieHa TIIaBHBIM 00pa3oM M3MEHEHHEM Ko3(du-
ITUEHTA MHXCKIINU.

YMenblieaue kodpduureHTa 0@ B 00JaCTU MajbIX TOKOB 00b-
SICHAETCS JBYyMS MpUYMHAMU. Bo-1epBbIX, yMEHbBIIIAETCS] SKBUBAICHT-
HbIM ko3 Punment nuddysun. Bo-BTOpHIX, BO3pacTaeT BIUSHUE TOKA
peKOMOMHANMKY B 00JIACTH AMUTTEPHOTO mepexona. Tok pexkoMOuHa-
1IMA 00YCJIOBJIEH YXOJ0M 3JIEKTPOHOB U3 0a3bl, 00K KOIPUITUEHT
WHKCKIIUA YMEHBIIACTCS, YTO MPUBOJIUT K YMEHBIICHUIO KOA(hPHIm-
€HTa Iepeaadu Toka sMuTTepa. [lepBas npuyrHa NPUBOAUT K YMEHbB-
IICHUIO Ol BCEro Ha €JAMHMIIBI MPOIIEHTOB, T. €. HE OKa3bIBACT MPUH-
[IUTTHATBHOTO BIUSHUSA HAa KOA(P(UIIMEHT IMepeayd ToKa SMUTTEpA.
Bropas mpuunna, koTopasi 0COOCHHO CHUJIbHO BBIpa)KE€HA Y KpEMHHE-
BBIX TPAH3UCTOPOB, MOKET MPUBECTU K 3HAYUTEIHBHOMY YMEHBIIICHUIO
o. . B HacTosee BpeMsi, 0COOEHHO B CBSI3M C Pa3pabOTKONW MaIOMOIII-
HBIX WMHTErPaJbHBIX CXEM, MOBEICHHUE TPAH3UCTOPOB B OOJACTH Ma-
JIBIX TOKOB M HaINPsDKEHUN MPUBJIEKAET 0cO00€ BHUMAHUE.
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B o65nacti MUKPOTOKOB MOYHO BEJIIMYUHY ZI/ (1-a) (puc. 4.18),

KOTOopas 00Jiee HarjIsiTHO XapaKTepU3yeT U3MEHEHUS O , IPEJICTaBUTh
B BUJIE!

J— 1+ -
1-o b T\ Ag,D
r7ie T — BPEeMs )KM3HU HOCUTEIICH.
[TpuBeacHHBIE COOOpaKEHUS MOATBEPKIAIOT M KOHKPETU3HUPY-
IOT ClajJ O C YMEHBIIICHHEM TOKa, a TaK)Ke WILTIOCTPUPYIOT 3aBUCH-
MOCTB 3TOTO CIaja OT psjaa (pakTopos.

1 1\/Ei ho O [250EWS

rs, N, Mo, Y/1-a
A

| 5=const
s

V1-a

s, N, Mo, Y1-a
A

I's Uyx=const

v

Puc. 4.18 — 3aBUCUMOCTD CTATHYECKUX
MapaMeTpOB TPAH3UCTOPA OT PEKUMA:
a — TIpY TTIOCTOSTHHOM TOKE 3MUTTEPA,
6 — TIPY TTIOCTOSTHHOM KOJIJIEKTOPHOM

HaIpsHKCHUU
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B nepByto odepensb clienyeT OTMETUTh NPSIMYIO 3aBUCUMOCTh O
OT BPEMEHU KU3HU T U TEM CAMBIM OT CBOMCTB M COCTOSIHHS ITOBEPX-
HOCTU B oOnactu nepexona. Cnaa xkoadduiiuenra nepeaayu B ooia-
CTU OOJBIIUX M MaJbIX TOKOB IMPUBOJUT K HAJWYHUIO MaKCUMyMa
Ha KPUBOU O , KOTOPBIA UMEET MECTO MPU HEOOIBIIIOM TOKE.

3aBHCHMOCTb OT TemmepaTtypbl. [lapameTpsl TpaH3ucTopa 3a-
BHUCAT OT TeMIIEpaTyphl NpH HEM3MEHHOH paboueii Touke (|, = const

n U, =const). Koapduuuent nepenaun o cornacuo (4.20) u (2.35)
3aBUCHUT OT TeMIeparypsl yepe3 napameTpel T D u p,. U3 31ux na-

pamMeTpoB IIABHYIO POJIb UTPAET BPEMS KU3HU, KOTOPOE CYIIECTBEH-
HO BO3pacTaeT ¢ TEMIIEPATypPOi.

[ToaTomMy KO3(PIULIMEHT Of pacTeT MpU HArPEBaHWUU TPAH3UCTO-
pa 1 ymMeHblaeTcs npu ero oxnaxaeHuu. Ha puc. 4.19 nns Oonbiiei
SICHOCTH TTOKa3aHa TeMIIepaTypHas 3aBUCUMOCTh BeauanHbl 1/(1—a ).
CormpoTHuBICHHE SMUTTEPHOTO Mepexoaa I, coryacHo (4.22) nuHeiRHo

3aBUCUT OT TCMIICPATYPhI. Jlerko ITI0Ka3aThb, 4YTO BCIIMYMHA r3 MCHJCT-

cst mpuosm3utenbHo Ha 0,33 %1 rpag. ConpoTuBIEeHUE KOJIJIEKTOPHO-
ro mepexoaa coriacHo (4.24) 3aBUCUT OT TemrepaTyphl B OCHOBHOM
yepes audy3nonnyo ey L (T. €. yepe3 BpeMs KU3HH) B TOHKHO
YBEJIUYMBATHCS TIPU HArpeBe TPAH3UCTOPA.

1 s, I'e,lk, 1/1-a’

T

»
>

Puc. 4.19 — 3aBUCUMOCTb CTATUYECKUX MTAPAMETPOB
TPaH3UCTOPA OT TEMIEPATYPHI

OOBemMHOE conpoTuBIcHHUE 0a3bl Iz MEHAETCS ¢ TEMIEPATypoi

B pe3yJIbTaTe U3MEHEHHUsI YISTLHOTO COITPOTUBIICHUS MaTepuara.

OcHOBHOE 3Ha4yeHUE ISl CTAOMIBHOCTH PaOOThI TPAH3UCTOPHBIX
CXEM MMEET TeMIIepaTypHasi 3aBUCHMOCTb TEIUIOBBIX TOKOB KOJUIEKTOP-
HOT'O W SMUTTEPHOTO MEePeXoI0B. byyun HeOOMbIIMMHU TP KOMHATHON
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TEMIIEPATypPE, OHU CHUIIbHO BO3PACTAIOT IPU HArpeBe TPaH3UCTOPA,
a 3TO, Kak BUJIHO U3 puc. 4.11, a, cMemaer Bce KpUBbIE KOJUIEKTOPHO-
0 CEMEUCTBA XAapaKTEPUCTUK. XAPAKTEPUCTUKUA JJIs IOBBILIEHHOU
TEMIIEpATypbl HA PUCYHKE IMOKa3aHbl MMyHKTUPOM. B pesynbrare no-
JIy4aeTcsd KOCBCHHAs TEMIIEpaTypHas 3aBUCUMOCTh napameTpos. Ilo-
JTpOOHO 3aBUCUMOCTH TEIJIOBOIO TOKAa OT TEMIIEpaTyphbl aHAIU3UPO-
BaJIach paHee.

Heo06xoammMo 0TMETHTh, YTO HECTAOMIHFHOCTh MapaMeTpPOB TpaH-
3UCTOpa OT PEKUMOB U OCOOCHHO OT TEMIEpaTyphl HE SBISICTCS Mpe-
NATCTBUEM JJISI  CO3JIaHMSl  BBICOKOCTAOMJIBHBIX  TPaH3UCTOPHBIX
yCTpOUCTB. [IprMEHEHHE IONOJHUTEIBHBIX JJIEMEHTOB, HAIPUMED
TEPMHUCTOPOB (PE3UCTOPBI, CONMPOTUBIICHUE KOTOPBIX HM3MEHSICTCS
C I3MEHECHHUEM TEMIICPATypPhl), BBEACHUEC OTPHIIATCIBHBIX OOpaTHBIX
CBSI3EH, PSJI IPYTUX METOJ0B MO3BOJISIOT CO3/IaBaTh BHICOKOCTAOUIIb-
HbIE YCTPOMCTBA U OOJIBIIIME CUCTEMBI. 3aBUCUMOCTh TEIJIOBBIX TOKOB
OT TEMIEPATypbl MO3BOJISIET MCHOJIB30BAaTh TPAH3UCTOP B KAyECTBE
JIATYMKA B DJIEKTPOHHBIX TEPMOMETPAX.

4.7 XapaKTepucTUKM U NnapaMeTpbl TpaH3MCTOpa
npu BKITIOYEHUU C OOLLUM IMUTTEPOM

Cratudeckue XapakTepUCTUKU U TapaMmeTpbl. [Ipu BKiIrOUeHUM
TpaH3ucropa mo cxeme OD (puc. 4.4, 6) BXOJHBIM TOKOM SIBJISCTCS
TOK 0a3bl, KOTOPBIM U MPUMEM 3a MapaMeTp KOJJIEKTOPHOTO CEeMEii-
CTBa XapaKTepUCTUK. CTaTUYECKUE BOJIbT-AMIIEPHBIC XapaKTEPUCTUKHU
nokaszansl Ha puc. 4.20, a u 6, >KBUBaJICHTHasI cxema Ha puc. 4.21.

I'maBHbBIC OTMYUTENIBHBIC YEePThl BKItOUCHUST O3, BBITEKAIOIINE
u3 cpaBHeHus puc. 4.21 u 4.11, cBongTcs K CAeAyOeEMY.

1. KpuBble KOJJIEKTOPHOTO CEMENCTBA HE MEPECEKAIOT OCh Op-
JIMHAT U MIOJIHOCTHIO PACMOJIOKEHBI B | KBajipaHTe.

2. KpuBble KOJUIEKTOPHOTO CEMEMCTBA MEHEE PEryJIsipHbI, YeM
B cxeMe OB, onu umeroT ropas3fao OOJbIINKA U HEOJAMHAKOBBIA HAKJIOH
M 3aMETHO CTYIIAIOTCS Npu OONbIIKMX TOKax. TOk mpu 00OpBaHHOM
0a3ze (xorma |;= O) HamHOro Gousibiie TOKa |y, UMEIOIIETO MECTO

IPU BKJIFOUEHUM TPAH3UCTOPA B CXeMe ¢ 001Iei 0a30il. ITO CBA3aHO
¢ TeM, YTO B ITOM CJIy4ae TelJI0BOil TOK KOJUIEKTOPHOIO INepexo-
a MPOTEeKAaeT Yyepe3 IMUTTEPHBIH Mepexo] U U3MeHsIeT BeJIUYNHY
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HHKEKTHPOBAHHBIX HOcHUTeJ el u3 3mutrepa. Eciim comporusiie-
HHe B Henu 0a3bl CAeJAaTh PABHBIM HYJII0, TEILUIOBbIE TOKH IJIs
cxeM BKJIKYeHHs ¢ Ob 1 OJ npakTH4YecKU PaBHHBI.

4
e Prnax

s >0

5P
b g K
—e
r I :(O [
€]
S
O
Puc. 4.20 — Cratuyeckue BOJIbTaM- Puc. 4.21 — DkBuBajicHTHAS
MIepHBIE XapaKTEPUCTUKHU TPAH3UCTO- cXeMa TpaH3UCTopa

pa O3: a — BBIXOJHBIE CTATUYECKUE
BOJIbT-aMIIEPHBIEC XapPaKTEPUCTUKH,
6 — BXOJIHbIE CTATUYECKHUE BOJIBLT-
aMIIEpHBIC XapaKTEPUCTUKHU

B ananmuTudeckoM BUIE CEMEHCTBO KOJUIEKTOPHBIX XapaKTepH-
ctuk O3 nipu pabote TpaH3uCTOpa B akTUBHOM pekume (U < 0) mo-

nay4yaetcss u3 BeIpakeHus (4.10), ecin B MpaByrO YacTh IOJICTABUTH
o4YeBHJHOE cooTHomeHue |, =1y +1, ¥ BBIpa3UTHL TOK KOJUIEKTOpA

4yepe3 TOK 0a3bl:

|
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Koaddunuent npu toke | ABiIseTCA HHTErpaibHbBIM KO3 Hu-

OUCHTOM IICPpCaAadIn 0a30BOr0 TOKA. J_-[JIS{ ATOr0 Ba)KHEMIIIEro ImapamMeT-
pa BBCIACM CIICHUAJIBHOC 0003HaYCHUE:.

B=—> (4.35)
1-o
Torma TOK KOJJIEKTOpa MOKHO 3aIucaTh B clieyroliei hopme,
|K=[3|6+|;0+U—*K, (4.36)
Ik
IS

lo=@+B)kos (4.37)

N

Yacro nocneaanM wieHoM B (4.36) mpeHeOperaroT; Toraa moiry-
gaeTcs aHasor BeipakeHus (4.10)

I =Bl + 1o (4.39)
Beanuuna B, Bxomsmias B Gopmyisl (4.35) u (4.39), sBasercs

uHTerpabHoi. M3 dopmyiel (4.39) jerko Mmoyiy4uTh WHTETPATBHBIN
ko3 puureHT nepenayn

I —1
a =8, (4.40a)
Huddepennmanbapiii KO3QPUIMEHT nepeaadn onpeaeisieTcs mno
aHayoruu ¢ (4.11 a) kak

_di
dig |,

WuTterpanibubiii 1 quddepeHuanbabii KodhPUIuenTsl nepeaa-
4YM TOKa 0a3bl CBA3aHbI (OPMYJION:

dp

_ UH

B=Bux + {5 +1ko) a. (4.41)
6

JAuHamMu4yeckne mapamerpsl. [Ipy BKIrOYEHHMM TpaH3UCTOpA

1o cxemMe OD 4YacTOTHBIE W BPEMEHHBIE 3aBUCMMOCTH CBOWCTBECHHBI

HE TOJBKO KOO(P(GUIHMEHTY, B HO U KOJJIEKTOPHOMY COIPOTHBIICHHMIO,
KoTopoe cornacHo (4.36) 3asucur or 3.

B = const. (4.400)
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JIiis BBIACHEHUS HMHEPIMOHHBIX CBOMCTB Ko3((dHIMEeHTa mepe-
naun Toka 6asel noacrasum B Qopmyiy (4.35) mzobpaxenne o p)
u3 (4.22) ¥ KOMIUICKCHYIO BEIIMUHHY OL( j(x)) u3 (4.27). Toraa nocie

HECJIOKHBIX TPeoOpa3oBaHUM MOITYUHM:

B

B(p)= I+ pr, ; (4.422)
B(w) = Lﬂ); (4.426)
1+ —
g
Ty = 11_0‘ = +B)T,; (4.432)
g = (1- o), = 1010‘[3. (4.430)

OxkBUBajieHTHas cxeMa ¢ OD s BBICOKMX YacTOT MPUBEACHA Ha
puc. 4.24.

*

Cx

Puc. 4.22 — DxBuBasieuTHas cxema OD
JUIA BBICOKHUX YaCTOT

B npuninune, SKBUBAJCHTHYIO CXEMY C OOIIUM SMHUTTEPOM
MOKHO TIOJIYYUTh U3 CXEMBbI ¢ 001Iel 06a30, MpUMEHsIsl MpaBuia mnpe-
oOpa3oBaHusl OAHON CXEMBI B JIPYTYIO.

Ha puc. 4.23 npuBeneHa 3aBUCUMOCTh KOd(hPUITMEeHTa nepenayu

TOKa 0a3bl B( f ) OT 4acToThl. [lyHKTUPHOU JTMHHUEN MOKAa3aHA 3aBUCH-
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mocts B( ), Berancnennas no popmymne (4.426). Vcnions3osanue -

HEWHOM aInmpoOKCUMAIIUU TIO3BOJISIET TTPOCTO BBIYUCIUTH KOIDPHUITUEHT
nepeaadyu Toka 06a3bl Ha J000# yacTtoTe. B cipaBoYyHUKAX MPUBOINT-
csi MOyJb KO3(PUIIMEHTA Mepe1aun ToKa 0a3bl, U3MEPECHHbBIN Ha BbI-
cokoit vacrore f,, . Yacrora, Ha KOTOpON KOA(PPHUUHUEHT Nepenayn

‘B‘ =1, HazpiBaeTcs yacToTOit cpesa fr .

Bo

‘:Buwu‘ \\
B=1

foo 1 1

Puc. 4.23 — 3aBucumocTts k03 puiiuenTa
nepenayn Toka 0a3bl OT YaCTOTHI

Cxema ¢ 00IIUM KOJIJIEKTOPOM.

Ora cxema (cM. puc. 4.4, ) UMEET MHOIO OOIIEr0 CO CXEMOM
O3, noTomMy 4TO B 00€UX YIPABJISIIOIIMM TOKOM SIBJISIETCA TOK 0asbl,
a BbIXoHbIe TOKH (|, mim | ) pa3nuuaroTcst He3HAUYUTEIBHO.

ITosTOMy CeMENUCTBO BBIXOJHBIX XapaKTEPUCTUK OYAET MpaKTHU-
YECKM TaKuM ke, Kak Ha puc. 4.20, a, eclii TOK KOJUIEKTOpa 3aMEHUTD
TOKOM 3MUTTEpA. UTO KacaeTcsi BXOJHOIO CEMEWCTBA, TO OHO IPE.-
CTaBJISIETCSI KPUBBIMH, MOKa3aHHbIMU Ha puc. 4.20, 6, HO CIBUHYTHIMU
BIPaBO HAa BEJIWYMHY HAIPSOXKEHUS HAa KOJUIEKTOPHOM IEepexojie, Ko-
TOPOE B IAHHOM CJIy4ae UTPacT poJjib BXOJHOTO HAIIPSHKEHUS.

ITepexonnbie n yacToTHBIE CBOMCTBA cxeMbl OK mouTtu coBma-
JAI0T Co CBOMCTBaMM cxeMbl OO, Tak Kak OHU OMPEACIAIOTCA KO3(-
buLMeHTOM nepenadu

dl
—2 =1+,
dl
MaJto OTIUYAIONIUMCS OT [3.
B 3akimoueHHe TIIaBbl PACCMOTPUM IIapaMeTPhbl yCHUIMTEIbHBIX

KaCKaZaOB IIPHU PA3JIMYHBIX CXCMAX BKIITOYCHHA TPAH3UCTOPOB. By,Z[GM
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CUMTATh BBIXOJHBIE CTATUYECKHUE BOJBT-aMIIEPHBIE XAPAKTEPUCTUKU
JUISL BCEX CXEM BKJIFOUECHMSI OJMHAKOBBIMM AHAIN3 CXEM IPOBEAEM
JU1s1 00JIACTH HU3KHUX YacTOT.

Ha puc. 4.24 npuBeaeHbl NPUHIIUIIAATIBHBIE CXEMBI YCUIUTENb-
HBIX KacKaJoB Ipu BKItOUeHHH TpaH3zuctopoB ¢ O3, OK, Ob coot-
BeTcTBEeHHO. Ha puc. 4.25 — SKBHUBaJICHTHBIE CXEMBI B 00JIACTH HU3-
KHX Y4acCTOT JJISl KaKJIOr0 YCHWJIMTENBHOr0 Kackaja. Yamnie noa conpo-
TUBJICHHEM R, MMeeTcs B BUIY BBIXOAHOE CONPOTHUBIICHUE IIPEIbI-

AYLICIro KackKazia.

1L
VT

DEx

ECM
_O_I_ )|
6

Puc. 4.24 — IlpuHuunuanbHbIE CXEMbl YCHIIUTEIbHBIX KAaCKaI0B
npu BKIroueHuu tpanzuctopos O3, OK, Ob cooTBETCTBEHHO

Cxema ¢ oOuiei 0a3ou

BxonaHoe compoTuBiieHHE KacKaja, €CIM Y4eCTb, YTO BIUSHUEM
mudPepeHImaIbHOrO0  COMPOTUBJICHUSI  KOJUICKTOPHOTO — TEepexojia
MO>KHO MpeHeOpeyb, 3alUIIeTCs B BU/IC:

Ryx = '9r9|+ iy (4.49)
3
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|5

Tox 6a3sl CBsi3aH ¢ TOKOM dMHTTEpA | = o IToxcraBus 3Ha-
-
yeHHe Toka 0a3bl B hopmyiry (4.44), momydnm
BpIxogHOE CONPOTUBIIEHUE KACKAAA!
Rppy =Tk - (4.46)

Koadduiment ycuieHus mo TOKy MOXHO 3alucaTh KaK OTHO-
IICHUE BBIXOJTHOTO TOKA K BXOJHOMY

5

) <—I Ru -—
UF K Ur R3 IK
o
a 9]
Iy Mk
LI \ ¢
S—
Rr I h;l[] s
ai
s 2 Ru
Ur 'K

Puc. 4.25 — DKBUBaJICHTHBIE CXEMbl YCUIUTENBHBIX KacKaI0B JJIsi 00JacTu
HU3KHUX YacTOT NpH BKIKOYEHUH TpaH3uctopoB ¢ O, OK u Ob

KoaddunmeHnt ycunenus no Hanps»KeHUIo:
K. = Upsix _ Ryl 5 Ry
U= =

= . (4.48
U, Ia(r3+RF+rE(l—oc)) r3+RF+r5(l—oc)( )
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Ecnu B dbopmye 4.48 BBITIOJIHSICTCS YCIIOBHE
R->>r,+1, (1— Oc) C y4eToM, uTo O =1, BeIpaskeHue mjisg kodhdu-

OUCHTA IIEpeAa4yu II0 HAIIPSDKCHHUIO 3aIIMIICTCS B BHJC. KU :&,

RF
T. €. HC 3aBUCHUT OT MMApaMCTPOB TPAH3UCTOPA U €ro pCKUMaA. OI[HaKO
npu sToM CJIICAYyCT IMIOMHHUTL, 4YTO JIA oOecIieueHUs YCUIICHHUA 110

MOIIHOCTHA HEOOXOAUMO BBINONHATE ycioBue R, > R,.. Takum oOpa-
30M, YBEIMYEHUE CONPOTHBIICHUSA R, MOBBIMIAEeT CTaOMIBHOCTH KO-

s duiieHTa yCUIeHus, HO CHUXAET YCWJICHUE MOIIHOCTH BXOJHOIO
CUTHAJIA.

Cxema ¢ 00lIUM IMUTTEPOM
Bxo/lHO€ ¥ BBIXOJIHOE€ CONPOTHUBIICHMS, YUWUTHIBAs JIOMYIICHUE
KOTOPOE MBI CJIETIAN BBIIIIE, PABHBI

U [ N
Ryy = IF: EBI 22 ==, +1, (1+P); (4.49)
b b

Koadgduimentsl ycusieHUs Mo TOKY M HaIpPSHKEHUIO COOTBET-
CTBEHHO PaBHBI

K, =B; (4.51)

- BRy _ R, . (452)
(1+B)+rs + R ry+ (s +R)A-o)
13 popmynsl 4.52 BUIHO, UTO CONIPOTUBIIEHNE R, IpH BKIHOUYE-

HUU Tpan3ucropa ¢ OD He obecrieynBaeT BHICOKOM CTAOMIIBHOCTU KO-
s ureHTa yCuaeHus o HaMPsHKEHUIO.
Ecin B ienu sMUTTEpPa BKIIFOUYUTH JOIOIHUTEIBHBIN pe3nucTop R,

, KOO DUIHEHT yCHUIIEHHSI 110 HANIPSDKEHUIO MOKHO 3aIicaTh B BUJIE:
K — oRy
U R 41+ (r.+R)(1 '
5+ + (g F)( _0‘)

Ecnu Bemonuuth yenoue Ry >>ry+(ry + Ry )(1-0a), moxuo
: Ry
3anucath. K = —", T. €. KOO(Q(ULINEHT yCUJICHUS HE 3aBUCUT OT Ia-
9
pamMeTpoB TPaH3UCTOPA.
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Cxema ¢ 00IIIUM KOJIJIEKTOPOM
Bxo/lHO€ ¥ BBIXOJIHOE€ CONMPOTHUBIICHMS, YUWUTHIBAS JIOMYIICHUE
KOTOPOE MBI CJIeJIaiv BbIIIE, PABHBI

Rs :|5r5+|i’(r9+R9):r5+(r9+R9)(1+[3); (4.53)

Resx = e (4.54)

Koadduuyentsl ycuineHuss Mo TOKY M HaNpPsIKEHUIO COOTBET-
CTBEHHO PaBHBI
K, =B+1 (4.55)
_ PR, _ R,
V() +Ry)(1+B) 1y M+ Ry +ry(l-a)

(4.56)

AHanu3 yCUJIUTENBHBIX CXEM MPHU PA3IUYHOM BKJIIOUYEHUU TpaH-
3MCTOPOB IMOKa3bIBacT (00JIACTh HU3KUX M CPETHUX YACTOT):

1. Cxema ¢ Ob uMeeT camMo€ HHU3KOE€ BXOJHOE COMPOTHUBIIEHUE.
CaMoe BBICOKOE BXOJIHOE conpoTuBiieHHe uMeeT cxema ¢ OK. OgHako
cleAyeT UMETh B BHY, 4TO, €ciiu B cxeme ¢ OO B 1enu 3MUTTEpa
BKJIIOYUTH conpoTtuBiieHuEe R,, xak B cxeme ¢ OK, BXomHBIE cOIpPO-

TUBJICHUS 111 000MX KacKaloB OyAyT PaBHBI.

2. CaMoe HM3KO€ BBIXOJHOE conmpoTuBieHue nmeet cxema ¢ OK.
Kak npaBuio, oHO JexkuT B mpeaenax aecatkoB Om. brnarogaps Hu3-
KOMY BBIXOJHOMY COTNpOTHBICHHIO Kackan ¢ OK (aMuTTepHBIA MO-
BTOPHUTEIH) OYCHb YaCTO HCIIOJIB3YETCS MPU paboTe Ha HHU3KOOMHYIO
Harpy3ky. /IBa Jpyrux kackajga MMEIOT BBICOKOE BBIXOJHOE COINPO-
TUBJICHHE — JIECATKU U COTHU KOM, T. €. MOXHO CUUTaTh, YTO BbI-
XOJIHOM TOK HE 3aBUCHUT OT BEJIMYMHBI COIPOTUBIICHHS KOJUIEKTOPHOTO
pe3uctopa (pekMM reHepaTopa ToKa).

3. Bce paccMoTpeHHbBIE CXEMbl MPUHIMIUAIBHO MOTYT oOecrie-
YUTh YCUJICHWE MO MOIIHOCTH, mpuueM cxema ¢ OD obecreunBaeT
MAaKCUMAaJIbHOE YCUJIEHUE 11O MOIIIHOCTH Ha ITOCTOSTHHOM TOKE.

4. OueHb 4aCTO Ha OCHOBAHUM 1.3 JeNat0T OMMOOYHBII BBIBOJ,
yto cxema ¢ OO sBigercsa 0oJiee MPeANnOYTUTENLHON 0 OTHOIIEHUIO
K JIBYM ApYruM. Mbl aHAIM3UPOBaAIN 00JIaCTh HU3KUX YACTOT, YTO SIB-
JSI€TCA YACTHBIM CITYy4YaeM.



166

JI1si COBpEMEHHOM paIuO3JIEKTPOHUKN HanOoJIee XapaKTEePHbIM
ABJISIETCSl pab0Ta yCTPOMCTBA B IIUPOKOM MOJIOCE YACTOT, U TOra BCE
TPU CXEMBI C TOUYKH 3PEHUS YCWICHUS IO MOIIHOCTH CTAHOBATCS PaB-
HOLICHHBIMH.

4.8 PasHOBUOHOCTU 3KBUBANEHTHbIX CXeM

T-o0pa3Hble IKBUBAJICHTHBIE CXEMbI, KOTOPbIE MBI PACCMOTPEHU
U KOTOpPhIMH OyJeM TOJIb30BaThCsl B JaJIbHEHIIEM, HE SIBJISIOTCS
€IMHCTBEHHO BO3MOXKHBIMU. B nuTeparype MOKHO BCTPETHUTH PsJl
JIPYTUX CXEM, M3 KOTOPBIX Yalle Bcero BcTpeuaercs [1-oO0pasnas sk-
BUBaJIcHTHas cxema. Kpome toro, Hepenako (0COOCHHO B CIPAaBOYHOM
JMTEpaType) TPaH3UCTOP pacCMaTPUBACTCS KaK OeCCTPYKTYPHBIN de-
TBIPEXIIOIFOCHUK C TOW WUJIM MHOM CUCTEMOW NapaMETPOB.

I1-o0pa3nble JxkBUBaIeHTHbIE cxeMbl. OcHoBHas [[-o0paszHas
cxema st BkiatoueHuss OO mokaszaHa Ha puc. 4.25, a, a ee BapuaHT,
B KOTOPOM BBIJICJICHO COMPOTUBJICHUE 0a3bl, Ha puc. 4.25, 6. Kak Bu-
MM, B 00€MX CXeMaxX HMCHOJIb3YIOTCS MPOBOJMMOCTH, KOMIUICKCHBIC
(Y) win aktuBHbIC (), a B Ka4eCTBE YCHIMTEILHOTO IapaMeTpa Hc-

MoJIb3yeTcsl KpyTu3Ha S. OcTaHOBUMCS MOJAPOOHEe Ha «THOPHIHOM»
[1-o6pazHoii cxeme (puc. 4.25, 6) kak OoJiee pacIpoCTpaHEHHOH U 60-
aee crenuUIHON IS TPAaH3MCTOPOB. YCTAaHOBHMM CBSI3b MEXKIY ITa-
pametpamu I1- m T-o0pa3Hoii cxeM (puc. 4.25, 6 u 4.24). JIns storo
CHauajga pacCMOTPHM OOJAcTh HU3KUX YacTOT, MpeHeOperas eMKo-
CTSIMU M YaCTOTHOM 3aBUCHMOCTBIO ITapaMEeTPOB.

Kpome Toro, UCKIIOUMM M3 PACCMOTPEHUS COMPOTHUBIICHHUE [,

OJIMHAKOBOE JUIA 00enX cxeM. Torma B KaKJOou CXEME OCTAHETCS IO
*
YeThIpE MapamMeTpa: 9531’ 95}7 » Op5, SH I, Wog, T, B.

YToOBI BBIPA3UTh OJHHU MapaMETPhl Yepe3 Apyrue, HeoOX0 UMbl
YeThIpe ypaBHEHHS. Takue ypaBHEHHUS MOJTYYarOTCs, €CIIH, HalpUMep,
IPUPABHATH BXOJHBIC (0a30BbIe) U BBHIXOJHBIC (KOJICKTOPHBIC) TOKH
B 00CHX CXeMax IPH 3aJIaHHOM BXOJHOM HampspKeHUH (MEXIy TOY-
kamMu b' 1 D) U KOpOTKOM 3aMbIKaHWUHU Ha BBIXOJIC, a 3aTEM IPUPAB-
HATH BBIXOJHBIC (KOJUIEKTOPHBIC) TOKK M BXOJHBIC (0a30BbIC) HAIps-
JKCHUS TIPU 33JIaHHOM BBIXOJIHOM HAIIPSKCHUU W XOJIOCTOM XOJC Ha
Bxosie. TOYHBIC pEIICHUS HECKOJIbKO TPOMO3AKH, MOITOMY HMEET
CMBICJT IPUHSTH HEKOTOPHIE HECYIIECTBEHHBIC OTPAHNYCHHUS, @ IMEHHO:
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y <rc; WUo, <1. Torma ¢ ydetoM cooTHOUIEHHS 2 ('y—oc)rK =1,
CBsI3b MEX]y lTapaMeTpaMy OKa3bIBACTCs BECbMa IIPOCTOM:

S=—: (4.57a)

(4.576)

Hord=0) _ 1. (4.575)

T (4.57r)

9 Y OBbP

O~r

Uy

Y Bx-Y oBp l Y Boix-Y oBP

S—Yosr) U1

o O

C) [ b—ll_C/n.L
o— M+ 1}
gﬁlc

Tcﬁa 9
O O

b

o=

<
SUp

O

Puc. 4.25 — I1-o0pa3Hble 3KBUBaJIEHTHBIE cXeMbl O
@ — OCHOBHasl; 6 — MOIUPUIIMPOBAHHAS

[TogoOHO TOMY, KaKk BHyTpeHHUE napameTpbl T-oOpa3Hoil cxe-
MBI CBSI3aHBI COOTHOIIEHHEM 2l (Y—O)F =T, mapamerpsr II-

00pa3HOM cXeMbl, KaK JIETKO YOeIUThCS, CBSI3aHbl COOTHOIIICHUEM:
9k 960 = Yok - (4.58)
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Teneps paccMOTpUM 00J1aCTh BBICHIMX YaCTOT. Toraa METOIMKa,
AHAJIOTUYHAS MPEABIIYILEN, TPUBOJUT K CIEAYIOIIUM pe3ybTaraM

(04
S(w) = @) _ % 2 (4.59a)
r, 1+ jot,
Yoo = Qs (1+ J@0T3); (4.596)
Yor = Qgrc 1+ jOT ); (4.598)
1+ jory

Yir = Qo 459

KD KOq7 j(MB ( r)

4.9 CocTaBHble TPaH3UCTOPbI

Jls1st TOro 4ToOBI MOBBICKTH 3HaUeHKE KO3 duImenTa ycuneHus 3,

HY>KHO YMEHBIIUTh TOJLIMHY 0a3bl, 4TO, KOHEYHO, PEJCTABISET HEKO-
TOpbIE TPYIHOCTU TEXHOJIOTMYECKOTO XapakTepa, a camoe TIJIaBHOE,
CHIDKAET JIOMYCTUMOE 3HAYeHHE Ha KOJUIEKTOpPHOM Tmepexoje. [IoBbI-
CUTh KOA(PPUIIUEHT Nepeaun ToKa 0a3bl MOKHO, COSIUHSIS OTNPEICIICH-
HbIM 00pa3oM JIBa TPaH3UCTOPA, pacCMaTpHBas JiBa TPAH3HCTOpa Kak
enuHOe Tienoe. Takas koMmOuHaIus (MHOTAA BBITIOIHAEMAsh Ha OJHOM
IUTACTUHE C BHYTPEHHUMHU COEIMHEHUS MU U TPEMsI BHEILIHUMH BbIBOJA-
MH) HA3bIBACTCSI COCTaBHBIM TPAH3UCTOPOM WM cxeMol JlapiuHrToHa
(puc. 4.26, a). IlokaxkeMm, 9TO COCTAaBHOW TPAH3UCTOP JCHCTBHUTEIHHO
nuMeeT Ko3hGHUIUeHT B, 3HAYUTETHLHO OOJIBIINI, YeM y 000X €ro KOM-

MIOHEHTOB. 3aaBas npupauieHue Toka dl ; = dl 5;, momydaem:
di 5, = @+p)dl;;

dig =dl,+dly, =PBqdl; +Bo[(1+B,)dl,].
Hens dl nHa dl;, HaxonuMm pe3yabTUpyOIMI AuddepeHuu-
aJbHBINA KO3 (UITMEHT Nepeaaun:

BZ =By + B, + BB, (4.60a)
ITockonbKy Beerga 3 >>1, MOKHO CUMTATH
By =B (4.606)

Jlerko BUACTH, YTO BCJINMYHHA BZ MOKET COCTABJIATh HECKOJIb-

KO TbICAY IIPHU HCIIOJIB30BAHUU PAOOBLIX TPAH3HUCTOPOB. J_—[JIS{ 9TOI'O
00a TPAH3UCTOPA JOJDKHBI HAXOAUTHCSA B AKTUBHOM PCIKUMCE.
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Puc. 4.26 — CoctaBHOIi TpaH3UCTOP (@) ¥ €ro SKBUBAJICHTHAs cxema (60)
4.10 lonycTMMasa MOLLUHOCTb

ITockoNbKYy B aKTUBHOM pexume TOKU |, u |, mourn ogunHako-
Bbl, a HanpspkeHue U, 3HauuTenpHO Oonblue, yeM U, TO OCHOBHas

4aCTh MOIIHOCTH MOTEPb BBIJEISAETCS B 00JIACTH KOJUJIEKTOPHOTO Me-
pexona. Kaxaplii TpaH3UCTOp XapaKTEPU3YETCS MPENCIbHO JOMYCTH-
MO TEMIIEPATYPOM MEPEX0A, IIPU NMPEBBILICHUN KOTOPOU IMapaMeTpbl
pe3ko yxyamarorcs. Mcxons u3 cootHomeHus (2.41) yerko mpuidth
K CJIEAYIOIIEH 3aBUCUMOCTH MEXKIY JOMYCTUMOM MOIIHOCTBIO pacce-
AHUSA, JOIYCTUMOW TEMIIEPATypPOM MEPEX0Ja U TEMIIEPATYPOU OKpY-
YKAIOIIEH CPEIBL:
T -T
Paon _ nep.do;;t OKD ’ (461)

rae R — TemnoBoe CONPOTHUBIIEHUE MEPEXOH — Cpella, KOTOPOoe, KaK

¥ BemunHa |, YKa3bIBACTCs B CIIPABOYHMKAX. THUIMMYHON BEIUYH-

ep.oon’
HOM R, 1u1s MasomMomnHbIX Tpanzuctopos sBisiercst 0,5 — 0,7 rpay/MBT.

JI1st MOIIHBIX TPAH3UCTOPOB ATa BEJIIMYMHA B JIECATKH pa3 MEHBIIIC.
TunuaHbIMA 3HAYEHUAMUA T 0per gon ABIAOTCA 90—100 °C 11 repma-
aus u 150—200 °C mns kpemuwms. M3 dopmyner (4.119) crenyer,
YTO JOMYCTUMasi MOIIHOCTb YMEHBINAETCS C POCTOM OKpPY’KaroIieh
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TEMIIEPATypPbl U YTO I'JIABHBIM MYTEM MOBBIIEHUS] MOIIIHOCTH SIBJIAET-
Csl YMEHBIIECHUE BEJIMUUHBL R, T. €. yiydlleHue Ternnoorsona. Mou-

HBIC TPAH3UCTOPBI XapaKTEPHbI OOJBIINMH PaOOYUMU TOKAMU U COOT-
BETCTBEHHO OOJIBLIMMHY IUIOMAMIME p-N mepexonoB (1o 1 cm?), oba
(bakTOpbl OTPaXKAIOTCS HA BEJIMYMHE OCHOBHBIX MapameTpoOB U MpH-
JAI0T MOIIHBIM TPAaH3UCTOpPaM ONpeAcNieHHYIo crienuduky. Tak, mpu
OOJBIION TIOIIAAN MEPEXOJ0B TPYIAHO peaanu3oBaTh TOHKYHO 0a3y,
OCOOCHHO CIJIaBHBIM METOJIOM, a 3TO MPUBOJUT K CPABHUTEIHLHO HU3-
KOM TPaHUYHOM YacTOTE. Y MOIIHBIX CIUJIABHBIX TPAH3UCTOPOB 4aCTO-
ta He npeBbimaeT 100—200 kI'11, HO gaxe y AperOBBIX MOITHBIX
TPaH3UCTOPOB, Y KOTOpbIX yactoTa nocturaet 20—40 M, ona Bce
Ke HIDKEe, YeM Y MAJIOMOIITHBIX JIPeH()OBBIX TPAH3UCTOPOB, Y KOTOPBIX
B HACTOSIIEE BPEeMsl IOCTUTHYThI 3HAYEHHUS B HECKOJIBLKO TUTarepil.
Kpome TOro, KoJIeKTOpHasi €MKOCTh Yy MOIIHBIX TPAH3UCTOPOB
OOBIYHO COCTABIISIET COTHHU, a MHOT/A M THICAYU MUKodapasd, TaK 4To
B LIEJIOM MOIIHBIE TPAH3UCTOPHI SIBJIAIOTCS CPAaBHUTEIBHO HHM3KOYa-
CTOTHBIMH. Bosbiiine pabodyne TOKH MPUBOIAT K PE3KOMY YMEHbIIIE-
HHUIO CONPOTHUBICHHUH I, U fy . W3 BeIpaxenus (4.22) ciemnyer, 4To

npu Toke Oonpiie 100 Ma CONMpOTHUBICHHE SMHUTTEPHOTO TEpexoja
HUYTOXKHO MaJio, M C HUM MPAKTHYECKHW MOXKHO He cuuTaThes. [1oaTo-
My B cxeMe OD BXOJIHBIM COMNPOTHUBICHHEM OyJET MO CYIIECTBY
TOJIbKO COIIPOTHUBJIEHUE 0a3bl Iy, KOTOPOE MPHU BHICOKUX YPOBHSIX HH-

KEKIIMU MOYJIUPYETCS W OOBIUHO JIekKHUT B npeaenax a0 10 Om. Ma-
Jasi BEJIMYMHA BXOJHOTO CONPOTHUBIICHUSI HE SIBISIETCA NPENSATCTBUEM
JUISl IPUMEHEHUST MOITHBIX TPAH3UCTOPOB, €CIU CBSI3b C UICTOUHUKOM
CUTHAQJIa OCYIIECTBIsieTCs uepe3 TpaHcpopmarop. CompoTHUBIICHHE
KOJUIEKTOPHOTO MEPEX0Jia MPU TOKax mopsiaka 1A cocTaBisieT BCETO

*
HECKOJIBKO KMJIOOM, a CONpOoTHUBIIeHUE [l B cxeme OO — cotau Owm.

TennoBoOM TOK KOJUIEKTOPA, MPONOPIHUOHAIBHBIN TUIOMIAN MIEPEXOA,
JOXOJUT Y MOIIHBIX TPAH3UCTOPOB JI0 JIECATKOB Muiunammnep. C npu-
OJIKEHHEM HAIPSHKEHHS] K MaKCUMAJIbHO JIOIMYCTUMOM BEJIMYHMHE
TEIJIOBOM TOK YBEJIMYMBAETCS B HECKOJIBKO pa3 B CBSI3U C BO3PacTaro-
HIEM POJBI0 TEPMOICHEpPAMM W YNAPHOW WOHW3ALHUHM B TEPEXOJE,
a Takke camopaszorpeBa. Kak u3BeCTHO, pU OOJBIINX 3MUTTEPHBIX
TOKax HAOJI0IaeTCsl yMeHbIeHHe K03 PUIIMeHTOB repeaaun o u 3.
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Y MONIHBIX TPAH3UCTOPOB 3Ta 3aBUCUMOCTh BEChbMa CYIIECTBEH-
Ha: kKoo durmeHT B B paboueM auana3zoHe TOKOB MOKET YMEHBIINTh-

Csl B HECKOJIBKO pa3.
B CBsI3M ¢ 3TUM XapaKTEPUCTUKUA KOJJIEKTOPHOTO CeMEiCcTBa 3a-
METHO COJMKAIOTCI B 00JaCTH OOJBIINX TOKOB, OCOOEHHO B CXEME

0D (puc. 4.27).

| 4 lk 14 1,2500m4
.: _ 
10 1,=10 4 o
| ;=300 mA
6 |3:6A 6
2
I o N B
0O 20 40 60 0 20 40 60

Puc. 4.27 — KonnekTopHble XapaKTEepUCTHUKN MOIIIHOTO TPaH3UCTOpa!
a — B cxeme Ob; 6 — B cxeme OD

Pe3ynpTaToM Takor HEOAHOPOAHOCTH XAPAKTEPUCTHK SIBIIIFOTCH,
KOHEYHO, HEJIMHEHNHBIC UCKAXKEHUSI MPU YCUJIICHUU CUTHAIOB. OqHOU
U3 TJIaBHBIX MPOOJIEM MPU KOHCTPYUPOBAHUM U IKCILTyaTal[dd MOIII-
HBIX TPaH3UCTOPOB SIBJIAETCS OOECIEUEHHE TEIUIOOTBOAA. DTa Mpo-
OJieMa pelaercss MyTeM HEMOCPEICTBEHHOTO KOHTAKTa KOJUIEKTOpa
C KOpIYCOM TPaH3UCTOPa U MPUMEHEHUEM BHEITHUX PATUATOPOB.

B 3akirodueHHe OTMETHM OJHO SIBIIEHHME, KOTOPOE XapaKTEPHO
JUISL MOILHBIX TPAH3UCTOPOB B CBSI3U C OOJIBIIIMM JIUAMETPOM AMUTTEP-
HOTO TIEPeX0/Ia U MaJION JUIMHON «IIaCCHBHOT0» y4acTKa 0a3bl (MEKITY
¢¢ BHEIIHAM BBIBOZOM M SMHTTEpOoM) (puc. 4.28). D10 sBIIeHUE BbBIpa-
KaeTCsl B HEOJMHAKOBOW IJIOTHOCTH TOKA HA PA3HBIX YYACTKaX SMHUT-
Tepa, IJIOTHOCTh TOKAa MakKCHUMaJlbHA Ha mepudepur SMUTTEPHOIO Tie-
pexona U MUHUMAJIbHA B LIEHTPE nepexona. lIpuumHor Takou Hepas-
HOMEPHOCTH SIBJISIETCSI MPOTEKaHWE O0a30BOTO TOKAa B pPaJAHaIbHOM
HaIpPABJIEHUA — OT IIEHTPA K BHEIIHEMY KOJBIIEBOMY 3JIEKTpOay. B
pe3ynbTaTe MOTeHIMan 0a3bl BAOJIbL paguyca yMEHBIIACTCs, a Hamps-
KEHUE IMUTTEp — 0a3a COOTBETCTBEHHO PACTET. Y MaJIOMOIIHBIX
TPaH3UCTOPOB HEPABHOMEPHOCTh MHXKEKIIMHM OOBIYHO HECYIECTBEHHA,
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TaK KaK 3HAYUTEIbHAS YacTh MAJCHUS HANPSHKCHUS TMPUXOIUTCS
Ha «TIaCCUBHBIN» y4acTOK 0a3bl, KOTOPBIM y 3TUX TPAH3UCTOPOB 3HA-
YUTEIHLHO OOJIBIIE JUAMETPA SMUTTEPA MO KOHCTPYKTUBHBIM COO0Opa-
KECHUSIM.

Puc. 4.28 — CtpykTypa MOIIIHOTO CIJIABHOTO
TPAaH3UCTOPA; ITYHKTUPHBIMU CTPEITKAMHU
MOKa3aHO MpOoTEeKaHue 0a30BOr0 TOKA,
00yCIIOBJIMBAIOIIEE HEPABHOMEPHYIO
WHXKEKIIHIO

4.11 OpencoBble TPAaH3UCTOPDI

B HeogHOpoaHOM 0a3e nmeeTcs COOCTBEHHOE JIEKTPUUYECKOE M0JIe
HE3aBUCUMO OT YPOBHSI MHKEKUMU. [103TOMYy MeXaHU3M JIBUKEHHS UH-
KEKTUPOBAHHBIX HOCUTEJIEH y TPAH3UCTOPOB C TAKOW 0a30l mpenmMy1ie-
CTBEHHO JperdOBBIi, OTKYy/1a CIIeIyeT UX 00IIee Ha3BaHUE — Jperdo-
BbI€ TPAH3UCTOPBHI.

[TockonbKy, 0IHAKO, HEOJTHOPOIHOCTh 0a3bl JOCTUTAETCS MMyTEM
i dy3un NpUMECHOTO MaTepuaia, MOKHO BCTPETUTHCS C TEPMHUHA-
MU «Tpuoj ¢ 1u(dPy3noHHON 0a30i» I JaxKke TPOCTO «IupPy3noH-
HBI TPAaH3UCTOP», KOTOPHIE OTPAKAIOT TEXHOJOTUIO U3TOTOBJIICHUS,
a HE MEXaHU3M JIBHOKCHUS] MH)KEKTUPOBAHHBIX HOCUTETIEH.

Oco0enHocTH Apei(POBBIX TPAH3ZUCTOPOB

Ha puc. 4.29 u300pakeHbl IBE CTPYKTYPhI ApeiihOoBOro TpaH3U-
CTOpa, pa3INIHe MEXKY KOTOPHIMU OOYCIOBJICHO TEXHOJIOTHYCCKUMHU
OCOOEHHOCTSIMH.
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CpaBHHBasE CTPYKTYpbl ApeidoBoro u 0e3apeiihoBOoro TpaH3u-
cropoB (cMm. puc. 4.3), BUAMM, YTO OHH 3aMETHO pa3JIMYaArOTCS.
A MMEHHO, Npel@OBBI TPaH3UCTOP 3HAYUTEIBHO 00JIeE€ HECUMMET-
PHUYEH. KOJUIEKTOPHBIM CJIOM MHOTO TOJIIIE IBYX APYTUX CJIOEB, BEIU-
Ka pa3HMIla B IUTOLIAJSX SMUTTEpPA U KOJUIEKTOpA, MO CYUIECTBY OT-
CYTCTBYET IMacCUBHasi 00nacTh 0a3bl. Bce 3T 0coOeHHOCTH 00yCI0B-
JIEHBl TEM, YTO B cliy4ae APEeU(OBBIX TPAH3UCTOPOB MCXOJHAs ILIa-
CTHHA MOJIYIPOBOJHUKA CIIY>KUT OCHOBOM [IJIsl CO3J]aHUSl CIIOEB 0a3bl
Y OMUTTEpPA, a CaMa OHA B JIaJIbHEWILIEM WUrPAET PoJib KOJJIEKTOPA, TO-
r7la Kak B ciydae 0e3npeiidoBbix (CIUIABHBIX) TPAH3UCTOPOB HCXOI-
Has IUIACTUHA CIIYy>KUT OCHOBOM ISl CO3/IaHMSI CJIOEB SMUTTEPA U KOJI-
JIEKTOpa, a cama OHa B JAJIbHEHIIEM UrpaeT posib 0a3bl. Pe3kas acum-
METpusi APEU(POBBIX TPAH3UCTOPOB AENACT UX MPAKTUUYECKH HeoOpa-
TUMBIMU NPUOOPAMHU.

Kpome Toro, oHa OCIOXHSIET aHaIU3 TE€X CIIy4aeB, KOrja Cylie-
CTBEHHA HEOJIHOMEPHOCTh TpaH3ucTopa. OgHAKO TMpU aHAIMU3E HOp-
MaJIbHOTO YCHJIMTEIIBHOTO PEXUMa UCMOIb30BAaHUE OJHOMEPHOU MOJIE-
JIM BIIOJIHE OMPABJAHO, MOCKOJIbKY JTBUKEHUE MHKEKTUPOBAHHBIX HOCH-
TeJel B aKTUBHOM 00J1acTH 0a3bl TPOUCXOUT IMOYTH CTPOTO MO OCH X.

Kak yxe oTmeuanoch, 6a3a Jpei(oBbIX TPAaH3UCTOPOB MOJTyda-
ercs myteMm AudQy3un nmpuMeceil B IIyOb MCXOTHOW TUTaCTUHBI (Ha
puc. 4.29 Brmonb ocu x). CormacHo 3akoHam qudPy3uu pacrupenene-
HUE NMPUMECHBIX aTOMOB B CJ10€ 0a3bl JOHKHO BBIPAXKAThCA JAOIMOIHH-
TEIbHON (QYyHKIMEN OIHOOK.

J b

w
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\
\

\
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Puc. 4.29 — VYnpoieHHbIe CTPYKTYPBI ApeiihOBBIX TPAH3UCTOPOB!
@ — BBIBOIBI DJICKTPOJIOB B PA3HBIX IIOCKOCTSX (Me3a TEXHOJIOTHUS
crutaBHO- AU (D Py3MOHHAS TEXHOJIOTHS); 6 — BBIBOJIBI DJIEKTPOIOB B OTHOM
TUTOCKOCTH (TUTaHapHast TeXHOJorus). [IlyHKTHpOM MOKa3aHbl TMHUN TOKA
OT AMUTTEPA K KOJIJIEKTOPY
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N, (x) = N, (O)cerf Li ,

N
I1I€ X — PACCTOSIHUE, OTCUUTHIBAEMOE OT 3MHUTTEpa B IIyOb 0a3bl;
Ly — cpeansis guHa nuddy3un npumecu. Ilockonbky (yHKIUs

OomMOKM OJIM3Ka K CMAJaroliedl SKCIIOHEHTE, MOXKHO 3amucaTh Mpu-
OJIN’KEHHOE BBIPAXKEHUE!

N, (x) = N, (O)e—%_N . (4.62)

OTO BBIpAKEHUE IIMPOKO HCIOJB3YETCsA MPU aHAIU3€e Japendo-
BBIX TPAH3UCTOPOB.

JHuddy3uoHHas TEXHOJIOTUS MO3BOJISIET MOJYYUTh OYEHb TOH-
Kyro 0a3y, 4ro caMo 1o cebe (maxe Oe3 ydeTa pacupeaciCHHs IMpUMe-
ceil) MPUBOUT K PsITy BAXKHBIX CIEJCTBUI. A IMEHHO IPH MPOYUX PaB-
HBIX YCJIOBHUSX CYLIECTBEHHO YMEHbIIAETCS BpeMs TUPPy3Ur U yBEIH-
uynBaeTcs Kod(pduImenT nepenaun B, MOCKOIBKY 00a 3TH Iapamerpa
3aBUCAT OT KBaJpara TOJIIMHBI 0a3bl. TosuHa 0a3bl y apeidoBbIX
TpaH3ucTOpoB B 5—10 pa3 MeHblle, yeM y ciuiaBHbIX. [loaTOMy Bpe-
M 1APy3ur U NMOCTOAHHAs BPEMEHH T, OKA3BIBAKOTCS MEHBIIE

B JICCSITKU Pa3; COOTBETCTBEHHO YBEJIIMUMBAETCS TPaHUYHAS 4YaCTOTA
f,. Koadhouument nepenaun  mo tem xe COOOpaKCHUSIM JTOJDKCH

obu1 ObI qoxoauth 10 1000 u Gonbire. Ha camoMm aeste OH 3HAUUTEID-
HO MeHblle U 00biuHO He mpeBbimaer 100—500. DTo oOBscHsETCS
TEM, YTO BEJIUYMHBI O U [} 3aBHCAT HE TOJBKO OT TOJIIMHBI 0a3bl,
HO TaK»e€ OT BPEMEHU KU3HU U KO PUIIMEHTA HHKEKIUH.

B CBA3M ¢ TMOBBIIEHHOW KOHIIEHTpauuen MNpuMeceil BOIU3H
AMUTTEpaA BpEMS KU3HU B 0aze Apei(hoBOTO TpaH3UCTOPA 3HAYUTEIb-
HO MEHbIIE, 4eM y cruiaBHoro. Koadgduument umxexkuuu 0osee 3a-
METHO OTJIMYAETCs OT CAMHUIILI. TeM HEe MEHEe y CreIMalbHbIX TUIIOB
ApeiOBBIX TPAH3MCTOPOB yaaeTcs MONydnTh 3HaueHus B go 5000
u 0ojiee, yMeHbIIasi TOJMIMHY 0a3bl 10 Aojied MukpoHa. OJIHAaKoO Ta-
KWE 3HAYCHUS [} MOJyJaroTCs 3a CUET PE3KOr0 YMEHbIICHUS pabounx
HaIPsHKEHUN: HANPsHKEHUE CMBIKAHHUS COCTABISAET y ATUX TPAH3UCTO-
POB €IMHULIBI BOJIBT.

YacTtoTHblEe CBOMCTBA Aper(POBBIX TPAH3UCTOPOB MOTYT OTpaHU-
YMBATBCSI HE BPEMEHEM IIPOJIETA, & OCTOSHHOM BpeMeHH T,. Jlist To-

IO YTOOBI YMCHBIINUTL BJIIMAHUC CMKOCTH CB, qaCTO HCIOJb3YIOT
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npei(oBbie TPAH3UCTOPHI MPU OOJBIIEM TOKE AMUTTEPA, HAPUMEP
4—5 MA BMmecto 1 MA. Toraa conpotuBieHue 5 yMEHBIIAETCS U TO-
CTOSIHHAs BPEMEHHU I 5C5 OKa3bIBACTCA TOCTATOYHO MAJIOM.

KoneuHo, BennuuHbl OapbepHbix emkocTted Ck u (Co 3aBUCAT
HE TOJIbBKO OT COOTHOLICHUS YAEIbHBIX COINPOTHUBICHUM CJIOEB, HO
U OT TIomazed nepexo/ioB. TeXHOJIOTUsS M3rOTOBICHUS JIper(POBBIX
TPAH3UCTOPOB OOECIEUMBAET TOPA3J0 MEHBIINE IUIOMIA[N, YeM
CIUTaBHAs TEXHOJIOTHS, U 3TO CIIOCOOCTBYET YMEHBIICHUIO OapbEepPHBIX
E€MKOCTEN.

Bonpocbl Ana camonpoBepku

Ha3nauenue nepexo/1oB B OUMOISPHOM TPAH3UCTOPE.
PexxrMbl pabOThI OUTIOJISIPHBIX TPAH3UCTOPOB.
CxeMbl BKIIIOUEHUS OUMOJISIPHBIX TPAH3UCTOPOB.
du3n4eCcKre OCHOBBI PA0OTHI OUMOJISIPHBIX TPAH3UCTOPOB.
Pacnpenenenue Hocuteneit B 6a3e TpaH3UCTOpA.
K yemy npuBOIUT MOTYISIIUS TOJIIUHBI 0a3b1?
HauepTuTte SKBHUBAJICHTHYIO CXEMY HICAIM3UPOBAHHOTO OH-
MOJISIPHOTO TPAH3UCTOPA.

8. BeiBenute ypaBHeHUs1 D0epca-Moua.

9. 3anumuTe ypaBHEHHS HJICATM3UPOBAHHBIX CTATUYECKHX Xa-
PaKTEPUCTHK.

10. HauepTute cTaTUYECKUE XAPAKTEPUCTUKHU PEaJTbHOIO TpaH-
3UCTOpA JIJII CXEMBI ¢ 00111ei 0a30M.

11. HapucyiiTe 5KBUBAJIEHTHYIO CXEMY TPaH3UCTOpPA MPU MAIIOM
CUTHaJIe Npu BKItOUeHUU ¢ OB 1151 HOCTOSAHHBIX COCTABJISIOIIMX.

12. HapucyiiTe S5KBUBaJICHTHYIO CXEMY TPaH3UCTOpa MpPHU MajoM
CUTHAJIE JUIsl IEPEMEHHBIX COCTABIIAIOIIMX MTPHU BKItOUeHUu ¢ Ob.

13. 3anumure craTUYecKue napaMeTpbl TPAaH3UCTOPA.

14. 3aBUCUMOCTh OaphEPHON EMKOCTH KOJJIEKTOPHOIO TIEPEX0/ia
OT HANPSKEHUS Ha MEPEXO/IE.

15. IloueMy YacTOTHBIE CBOWCTBa KOA(DPUIMEHTA WHKEKIUU
yJIy4lIaloTCs C YBEJIMUEHUEM TOKa IMUTTEpa?

16. Ot kakux mapameTpoB 3aBUCUT KOIPIUIIMEHT Nepeaadu To-
Ka SMUTTEpPA O ?

17. Yto 03HaYaeT MOCTOSIHHASI BpeMEHU 0a3bl?

18. 3aBUCUMOCTh TapaMETPOB TPAH3UCTOPA OT TEMIIEPATYyPHI.

NogokowdE
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19. OcHOBHBIE MapaMeTpbl TPAH3UCTOPA NP BKIroYeHUU ¢ O3.

20. Cratuueckue XapakTepucTUku Tpansucropa ¢ O3.

21. DKBUBAJICHTHAasi CX€Ma TPAH3HCTOpPA HA IMOCTOSTHHOM TOKE
IIPY MAJIBIX CUTHaJax B cxeme ¢ 00,

22. DKBUBAJICHTHAsI CXeMa TPaH3UCTOpa MJisi MEPEMEHHBIX CO-
crasiromux ¢ O0.

23. Kakue pa3HOBUIHOCTH SKBUBAJICHTHBIX cxeM BrbI 3HaeTe?

24. 3anummTe BbIPAXKEHUS ISl BXOJHOIO CONPOTHUBIIEHUS IMPHU
BKJIIOUEeHUH TpaH3ucropa ¢ Ob, 00 u OK.

25. Beisenure (Gopmyiibl KO3I(P(OUIMEHTOB YCHJICHUSI MO TOKY
JUISl BCEX CXEM BKJIFOYEHUS TPAH3UCTOPA.

26. Beisenure Gopmyiibl KO3P(UIIMEHTOB YCUIICHUS IO HANps-
KEHUIO JIJI1 BCEX CXEM BKJIFOUEHHS OUMOJIIPHOTO TPAH3UCTOPA.

27. OCHOBHBIE TapaMEeTPbl COCTABHOI'O TPAH3UCTOpPA U €r0 K-
BHUBAJICHTHAs CXEMa.

28. OcoO0EHHOCTH MOIIHBIX TPAH3UCTOPOB.

29. OcHOBHBIE OTJIMYMS APEUPOBBIX TPAH3UCTOPOB OT TUDPy-
3MOHHBIX ?
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5 MNONEBBLIE TPAH3UCTOPLI

[ToyleBBIMH TpaH3UCTOPAMH HA3bIBAIOT TAKHE IMOTYIPOBOJTHHKO-
BBIC MTPUOOPHI, paboTa KOTOPHIX OCHOBAaHA HA HMCIIOJIb30BAHUHM HOCH-
TEJeW 3apsiia OJHOTO 3HAKa: TOJBKO JBIPOK WIIM TOJBKO JIEKTPOHOB.
C 3TO¥ TOYKHM 3pEeHUS OOBIYHBIC TPAH3UCTOPBI, PACCMOTPEHHEIC paHee,
MOJKHO Ha3BaTh OMIOJIIPHBIMH, TaK KaK B HUX BXKHYIO POJIb HIPAIOT
o0a THIIa HOCUTENCH: WHKEKIIUSI HOCUTEIIEH OTHOTO 3HAKa COMPOBOXK-
JaeTcs KOMITGHCAIMel o0pa3yronierocst 3apsijia HOCUTEISIMU JAPYTOTo
3HaKa.

BTopoli TepMHH — <«IIOJIEBBIC TPAH3UCTOPHI» XapaKTepU3yeT
MEXaHU3M YIIPaBJICHUS TOKOM. C IOMOIIBIO JJICKTPUYECCKOTO IOJIS
(a He TOKa, KaK B OHWIOJIAPHBIX TpaH3ucTopax). CTporo roBops,
yIPAaBIICHUE BBIXOAHBIM TOKOM B 00OWX TPaH3UCTOPAX OCYIIECTBIIS-
CTCS 3aPSIOM.

YHUNOISIpHBIC TIOJICBBIC TPAH3UCTOPHI MMEIOT HECKOJBKO pa3Ho-
BuaHOocTel. [Ipocreiinnyto n3 Hux, npeasioxkeHnyto B 1952 r. lllokmu, —
HA30BEM ITOJICBOM TPAH3UCTOP C YIPABIISIONIUM P-N TIEPEXOT0M.

5.1 NMoneBoun TPaH3UCTOP C yNpaBIALWNM
p-n nepexoAoM (YHUTPOH)

Ha puc. 5.1, ¢ nokazaHa ymnpolleHHas CTPYKTypa, KOTopas
NPEJICTABISIET COOOW TUIACTUHKY TOJMYMpOBOaHUKA THma N (P), v KO-
TOPOW HAa TOpPLAX UMEKTCA OMHUYECKHE KOHTAKThl, & HA 000UX 0OJIb-
IIMX TpaHsixX — cJiou Tumna p. [lociaeanue o0pa3yroT ¢ MIACTUHKOMN p-N
nepexoanl. O0a p ciosi COeNMHEHBI MEXKy co00M U 00pa3yroT eau-
HBIA DJIEKTPOJ, KOTOPBIM Ha3bIBAC€TCSA 3aTBOPOM, /[IByms apyrumu
AJIEKTPOIAMHU SIBJISIFOTCSI OMUYECKUE KOHTAKTHI.

[Ipy 3TOM KOHTaKT, OT KOTOPOTO JIBHMXKYTCS OCHOBHBIE HOCHUTE-
i (B HAIIEM ciydae — D3JICKTPOHBI), HA3bIBACTCS MCTOKOM, a TOT,
K KOTOPOMY OHHU JBHXKYTCS, — CTOKOM. CJie1I0BaTeIbHO, B YHUTPOHE
TUIA N CTOK MUMEET IMOJOKUTEIIbHYIO MOJSPHOCTh OTHOCUTEIBHO HC-
Toka. O0a p-n nepexoaa padoTaroT B oOpaTHOM HampaieHuu. s
3TOr0 Ha 3aTBOP MOJAETCA OTPULATEIBHOE CMEIIEHUE OTHOCUTEIBHO
WCTOKA, KaK ToKa3aHo Ha puc. 5.1, 6 (manwpme mox Us Oyaer moHwH-
MaThCS MOJTYJIb HATIPSDKEHHUS).
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C nepexoabl

1 n 1/
+ [e—
a O

Puc. 5.1 — Konctpyxkmwus [T ¢ p-n mepexonom (a)
U cXeMa ero BKIIOUYCHHS (0)

[IpyHIMI NEWCTBYS OUYE€HB MPOCT U 3aKJIKOYAETCS B TOM, UTO HPH
W3MEHEHUHU TMOTEHLMANa 3aTBOPA MEHSETCA IIUpPUHA p-N NEPEXOI0B,
a 3Ha4YuT, U pabouee CeUeHHE MIACTUHKU. B pe3ynbTate MEHAIOTCS €€
CONPOTHBIICHUE U COOTBETCTBEHHO TOKM MCTOKA U cTOKA. [I0CKOJIBKY
p-N nepexopl paboTaroT B 00paTHOM BKJIKOYEHUHU, UX CONPOTUBIICHUE
JUIS BXOJHOT'O CUTHAJIa BEJIMKO M BXOAHAS MOIIHOCTh Mala.

[lonme3Hass MOIIHOCTB, OIpPENEISIEMAass BEJIUYMHOW MUTAKOLIETO
HaIPSKEHUS. U COOTHOUIEHUEM CONPOTHUBIICHUH IJIACTUHKU U HArpy3-
KM, MOKET 3HAUUTEJIbHO MPEBBIIIATh BXOAHYIO MOITHOCTh. TakuM 00-
Pa3oM, YHUTPOH SIBJISIETCSl YCWJIMTEIbHBIM TPUOOPOM THUIIA YIIpaBJIsie-
MOTO aKTUBHOI'O COINPOTHUBJIEHUS, IPUYEM OH MMEET MHOTO OOILEro
C DJIEKTPOHHOW JIaMHOi. OTO CXOJACTBO BBIPAXKAETCS HE TOJBKO
B OOJIBIIIOM BXOJIHOM COINPOTHUBJIECHUU, HO U B TOM, YTO MPHU HEKOTO-
pPOM OTPHULIATEIBHOM CMEUIEHUHU 3aTBOPa PACIIMPUBIIHECS MEPEXOIbI
MEPEKPHIBAIOT BCE CEUCHUE IUIACTUHKHU, YTO BBI3OBET OTCEUYKY TOKA
CTOKA B KaHaJI€ — SIBJICHUE, AaHAJOTUYHOE 3aIMUPAHUIO JIAMIIBI.

HazoBem kaHajoMm pabounii (mepeMEHHBIN) 00bEM ILIACTUHKH,
PacIONIOKEHHBIA MEXy p-N nepexonamu. [IpeHeOperas moka ydact-
KaMH IUIACTHUHKH, MPWIETAIONIMMU K UCTOKY M CTOKY, MOXHO MpE.-
CTaBUTh CTPYKTYPY YHUTpOHA B ympoieHHoM Buje (puc. 5.2). O6o-
3HAYMM MaKCUMAJIbHYIO TOJIIMHY KaHAJIa YEPE3 @, €ro MUPUHY YEPE3
z u yuny vepes L. Ilycts U= O, Torna kanan OyJaeT SKBUIMOTEHIIU-
albHBIM CJIOEM M HalpsbKEHUE Ha p-N mepexojax Oyner paBHO Uy
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Ha HpOTH)KeHI/II/I BCEIrO KaHalia. COOTBGTCTBGHHO B JIIO6OI>'I TOYKE IIIHU-
pHUHa 1epexo/a paBHa |, a — ToNuHa KaHaa.
w=a-2l.

3aTBOP

nepexo/bl
3aTBOP PexoA

Puc. 5.2 — Pabouas yacTb 1oseBoro TpaH3ucTopa
C YIIPaBJISIOMUM [P-N IEPEX00M

[Moncrarmsist croma Beipakenue (2.12) mis mmpussl | 1 mosaras

N, =gn= %H , TOJTy4aem:
n

w=a—2,/28.EpuU;.
U3 ycnoBust W= 0 J1erko HalTH HANPSHKCHUE OTCEUKH:

a2

Uso=—5—
T
Wcnonb3ys (5.1), 3amuiem TOIIMMHY KaHalla B 0ojiee KOMIIAKT-

HOH opme:

(5.1)

(5.2)

B pabouem pexume, korga U #0 kaHan He SBISETCA 3KBUIIO-

TCHIMAILHBIM CJI0EM; B Pa3HBIX TOUKAX X MOTCHIIMAN PA3IMUCH. OH Me-
usiercs oT Ux=0 okomno ucroka 10 Ux= +Uc okono croka. [ToaTomy 06-
paTHOE HAIpsDKEHHE Ha p-N TepexoiaX YBEIMYUBACTCS B HAIPaBIICHUH
OT UCTOKa K CTOKY. COOTBETCTBEHHO IIIMPHHA IIEPEX0/ia B 3ITOM HaIpaB-
JICHUH pacTeT, a KaHai cyxkaercs (puc. 5.3, a) B Hanboee y3koM Mecte
(okoo croka) HampsbkeHue Ha nepexone pasHo UstUc. C poctom Uc
9TO HAIpPSUKEHHE B KOHIIC KOHIIOB JIEIAETCS HACTOJIBKO OOJIBIINM, YTO
HIepEX0JIbl MMOYTH CMBIKAtOTCA (puc. 5.3, 6), HO 3TO HE MPUBOIWT K OT-
CEUKe TOKa, TaK KaK CaMO CMBIKAHHE SBJISICTCS CJICACTBUEM YBEITUUCHUS
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TOKa. BMECTO OTCEYKM TOKa NPOUCXOAUT OTCEYKA €ro NPUPALLICHUH,
T. €. pe3koe Bo3pacTtanue audPepeHnanbHOro CONPOTURICHHS KaHaa.

Ipu sTom Ha kpuBoii |- (U ), Hadunas ¢ HexoTopoil Touku H, moy-
qaeTCs MPAKTUIECKH TOPU3OHTATLHBIN y4acTok (puc. 5.4).

A
y (42]
— o~ =
Q
% —T%= i« | S %  g=)
W > & = Am
= i = o~ = o
< <
g e D= g
- I3) - o 5]
Usy Us Us
« 3aTBOP ) _I 3aTBOP ! —I 3aTBOP
-— -_—
=t @Y . il TAY =)+
\/ U/ S
Ucn1 Ucn 2 Ucuz
a 1] 8

Puc. 5.3 — Cedenne kaHaa pu HEHACKHIIIIEHHOM PEXKHUME TTOJIEBOTO
TPaH3UCTOPA C YIPABISIIONMM P-N repexooM (a), Ha TpaHUIIe
HACBIIIEHUS (6) U B HACBIIIEHHOM pekuMe (8)

Takol pekuM MOXKHO HA3BaTh HACBIIICHUEM TOKAa CTOKA. Takum
00pa3oM, B pEKUME HACHIIICHUS MPOUCXOIUT MOYJISLUS JJIMHBI Ka-
Haa. [Ipu pacdere XapakTEpUCTUK IIOJEBOrO TPAH3UCTOPA C YIIPAB-
JSIOMAM  P-N OEPEXOO0M CIEAYET YUECTh, YTO COMPOTHUBJICHUE KaHA-
Jla MEHSETCA BJIOJb OCH X, IIOCKOJILKY MEHsieTCs TolmuHa W. [lanenue

HaNpsDKEHUS Ha 3JICMEHTApHOM ydJacTke 0X cocTaBisieT
-1

Puc. 5.4 — CemelcTBO BBIXOAHBIX XapaKTEPUCTUK
MOJIEBOTO TPAH3HUCTOpPA C P-N Mepexoi1oM
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Tok |- octaercss HEU3MEHHBIM B JIOOOM cedeHuu. IlosTomy,
pazaensisi MepeMEHHbIE M MHTErpupys 00€ YacTh COOTBETCTBEHHO
B nipenenax oT O 1o Uc u ot O 10 L, MOKHO TIpeICTaBUTh UCKOMYIO

ko | ~(U ) B cnenyromiem Bue
Yy c\¥Yc y

% _ %
I -1 UC+3U3 (Us +Uc) . (5.3)
3 7
0 Usé

3nech uepe3 Rxp 0003HaueHO MHHMMaNbHOE nU(depeHInAIb-
HO€ CONPOTHBIICHUE KaHAJIA.

pL
Rko="7" (5.4)
Toxk HACbIIICHUS IMOJTYYACTCA paBHBIMZ
1|1 2 |U
ol 3 3\ U5,

[ToCKONBKY y4acCTOK HACBIILIECHUS SIBJIIETCS OCHOBHBIM pabouuM
Y4aCTKOM, OMPEeIeIMM KPYTU3HY S MMEHHO B 3ToM obsactu. Judde-
penrupys (5.5) mo U3, monyyaem:

Us; R Uso

JuddepeHnmanbHoe CONPOTUBIIEHUE I« B 00JACTU HACHIIICHUS
coritacHo (5.5) paBHO OeckoHewHOCTH. [IpakTHYECKH OHO MOXKET CO-
CTaBIIATh HECKOIBKO MOM.

Ilepexonss K OLIEHKE OBICTPOACHCTBUS YHUTPOHA, HAIIOMHHUM,
4TO ero paboTa He CBs3aHa C WHXKEKIIMEH HEOCHOBHBIX HOCHTEIICH
U pacOpoCTpaHEHHEM HMX JI0 CTOKa. HEpLIMOHHOCTh YHUTpPOHaA OO0Y-
CJIOBJICHA 3aps0M OaphEePHBIX EMKOCTEHN MEePEXOI0B.

EMKOCTH TTepexo10B 3apsSKarTCs Yepe3 CONPOTUBIICHUE KaHAaa.
[Ipy 5TOM pa3HbIE YYaCTKM €MKOCTEW 3apsKAIOTCS Yepe3 pasHbIe Co-
MPOTUBJICHUS] B 3aBUCUMOCTH OT PACCTOSIHUS JIAHHOTO y4acTKa OT HC-
toka (puc. 5.5). UToObI HE YCIOKHATH aHAIHM3a, TIPUMEM, YTO KaHaJ
MMEET OJIMHAKOBOE CEYEHHWE Ha BCEM MPOTSHKEHUHU. Torga cpemaHsis
€MKOCTb OJTHOTO U3 P-N MEPEXO0/I0B U CPEIHEE COMPOTUBIICHUE KaHAJIA
OyIyT UMETh CIAEAYIOUIUE 3HAUCHUSI:

_ EE(LZ)
7 0,5a-w)’

s Jaw _ 1[5 |Ys | (5.6)

(5.7a)
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_0,50L
R =—v. (5.76)

[TocTostHHAs BpeMEHHU 3aTBOP-UCTOK OYAET paBHA yIABOCHHOMY
MMPOM3BEACHUIO 3TUX MApaMETPOB, TAK KAK YE€PE3 COMPOTUBIICHUE Ka-
HaJsa 3apsyKaroTCsl OJHOBPEMEHHO 00€ EMKOCTH

284EpL°
1, =2R.C, = 20— 5.8a
s =Gy = (5.80)
I/ZT3aTBOp
I/ICTOK _VV__VV-_VV_-V__VV_-
|/21 3aTrBoOp

Puc. 5.5 — IIporiecc 3apsina eMKocTH 3aTBOpa
B MTOJIEBOM TPAH3UCTOPE C P-N Mepexo oM

ITocTosiHHAas BPEMCHHU T; 3aBUCUT OT TOJIIIHUHBI W.

12
Uy = 8‘:0&9?- (5.86)

B 3akiroueHue 3aMeTHM, UYTO B PEXKUME HACHIILICHUS BOJBT-
amnepHas xapakrepuctuka (5.5) xopomo anmpokcuMupyeTcst 0ojiee
IPOCTOU KBAAPATUYHON XapaKTEPUCTUKOM.

1 (Uz-Uj)°

5.9
T (55

IC:

Huddepenmmpys (5.9a), mosydaeM BeIpaKCHHE TS KPYTH3HBI

2
s=/U3O_U3’. (5.96)
RKO aJ3’0
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Puc. 5.6 — Cxema BKJIFOYEHHUS TTOJIEBOTO
TpaH3UCTOPa ¢ P-N Mepexoa0M

JKBUBAJEHTHasi cxeMa. AHAJIOTUsI MEXIY MOJEBbIMU TpaH3U-
CTOpaMU U 3JIEKTPOHHBIMU JaMIaMu OOBSICHSET CXOJICTBO MX 3KBUBA-
JICHTHBIX cXeM (puc. 5.7); KaHaT W YIOPaBISIOMUN P-N TIepexo;1 Mpe-
CTaBJICHbl COCPEJIOTOYECHHBbIMU MapaMerpamu. Kanan mnpencraBieH
muddepeHInaIbHbIM COMPOTUBICHUEM U MEXIJIEKTPOJHON €eMKO-
CTbIO, BEJIMYMHA KOTOPOM OIPEHEIIIETCS I'e€OMETPUEN U MaTepuaIoM
npubopa.

Yhpasinaomui P-N nepexon NpPeACTaBIEH COMPOTHUBIECHUEM
U YCpeIHEHHOM eMKOCThI0. CONMpOTHUBIEHHEM 3aTBOpPA-UCTOKA YacCTO
npeHeOperaloT B CBS3M C €ro OOJIBIION BEJIMYMHOM, TOITOMY
Ha puc. 5.7 OHO MOKa3aHO MyHKTUPOM Y CHIIUTEIbHBIE CBOMCTBA TPaH-
3UCTOpa OTpaxkeHbl reHepatopoM Toka Uz, CompoTHBIICHUS] MCTOKA
U CTOKa IOKa3aHbl YCJIOBHO, TaK KakK WX BJIMSHUE aBTOMAaTUYECKU
YUUTBIBAETCS MTPU U3MEPEHUU TTApPAMETPOB.

3@ i ] i —s
I
b -- Rk
Lk,
m— C3y1 Ru
e e e e e e _————
n

Puc. 5.7 — DxBUBajeHTHAs cCXeMa YHUIIOJISPHOTO
TPaH3UCTOPA JIJISl HEPEMEHHBIX COCTABIISIFOIINX
TOKOB U HaIIPSIKEHNUU
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5.2 NoneBble TPAH3UCTOPbI C N30JSIMPOBaAHHbLIM 3aTBOPOM

Crpykrypa M kiaaccupuxanus. Cnenudukoil yHUTPOHOB $SIB-
JSI€TCSl MAKCUMAJIbHAsI MPOBOJUMOCTh KaHaja IPU HYJIEBOM CMeIlle-
HUM Ha 3aTBOpe. C pocToM cMemieHHUs (10 MOJIYIIIO) TPOBOJIUMOCTb
KaHalla YMEHBIIIACTCA BIUIOTh JO MOJHOW OTCEYKH. CMEIIEHHE MOXKET
MMETh TOJIBKO OJIHY MOJISIPHOCTh, COOTBETCTBYIOIIYI) OTCYTCTBHIO
VHXXEKIMU YEPE3 MEPEXO.

VY NOJIEBBIX TPAH3UCTOPOB C M30JMPOBAHHBIM 3aTBOPOM IOCIE-
HUW TIPEJCTaBISICT COO0M METAUIMYECKUN CJIOM, W30JIMPOBAHHBIA OT
IOJIYIIPOBOIHUKA TOHKOM JHAJIEKTPUYECKOMN TUICHKOW. Hamnuue nu-
AJEKTPUKA CHUMAET OrPAaHUYCHUE HA TMOJAPHOCTh CMENICHHS: OHA
MOXET OBITh KakK MOJIOKWUTEJIbHOM, TaK W OTPHUIIATEIBHOM, MpUYEM
B 000MX Clly4asix TOK 3aTBOpa OTCYTCTByeT. CTpyKTypa Takux TpaH-
3UCTOPOB (METAT — JUAJIEKTPUK — TIOJYIPOBOJIHUK) JIGKUT B OC-
HOBE LIMPOKO pacupoCTpaHeHHOro ux HazBanuss M/III-TpaH3uctopsi.
B ToM BecbMma pacnpoCTpaHEHHOM Cllyyae, Korja JUAJIEKTPUKOM SIB-
asiercst okucen (IBYOKHCH KpeMHUs), ux Ha3pBatoT MOII-TpaH-
3ucropamu. JIse ocHOBHBIE CTPYKTYpbl M/III-TpaH3uCTOPOB NOKa3aHbI
Ha puc. 5.8. [lepBas u3 Hux (puc. 5.8, a) xapakrepHa HATMIHEM CIICITH-
aJIbHO OCYIIECTBIICHHOT0 (COOCTBEHHOIO WM BCTPOSHHOIO) KaHala,
IIPOBOJMMOCTh KOTOPOIO MOZYJIMPYETCSl CMEIICHUEM Ha 3aTBOPE.
B ciiyyae kaHana p-Tumna moJjioKUTEIbHbIN nmoTeHnuan Uz «oTTankuBa-
eT>» NBIPKY 13 KaHana (pekuM 0OCHEHUS), a OTPHUIIATEIILHBIN — «IIpH-
TaruBaeT» ux (pexum obdorameHus). COOTBETCTBEHHO MPOBOANMOCTE
KaHaJ1a MO0 YMEHBIIAETCs, JIUOO YBEINYMBACTCS 10 CPABHEHUIO C €€
3HAYEHHUEM MPU HYJIEBOM CMEIICHUM.

HCTOK  3aTBOP : HCTOK 3aTBOP
2 TOK
NN D\
+ +
p P
N-IO1JI0KKA N-IO1J10KKA
a O

Puc. 5.8 — Crpykrypst MII-TpaH3ucTopoB ¢ COOCTBEHHBIM (@)
Y MHYIIMPOBAaHHBIM (6) KaHATaMU
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Bropas crpykrypa (puc. 5.8, 6) xapakTepHa OTCYTCTBHEM
CTPYKTYPHO BBIP@&XEHHOTO KaHaia. IloaToMy npu HyneBoM cMmele-
HUU HA 3aTBOPE NPOBOAUMOCTb MEXKY UCTOKOM U CTOKOM OTCYTCTBY-
€T. UCTOK U CTOK 00pa3yroT C MOJI0KKON BCTPEYHO BKJIFOUECHHBIE p-N
nepexoabl. TeM Oosiee HE MOXKET ObITh MPOBOJAMMOCTU MEXKIY HCTO-
KOM U CTOKOM MPH IOJIOKUTEIBHOU IOJSPHOCTH CMEIIECHUs, KOrjaa
K IOBEPXHOCTU MOJYHPOBOAHUKA IPUTATUBAIOTCA JOIIOJIHUTEIbHBIE
JJIEKTPOHBI.

OpnHako mpu A0CTaTOYHO OOJIBIIOM OTPULATELHOM CMEILCHHH,
KOrJja IPUMOBEPXHOCTHBIN CII0M CHJIBHO O0OTaIlaeTcsl MPUTSHYTHIMU
IBIPKAMH, MEKIYy UCTOKOM M CTOKOM 00pa3yercsl CBOEro pojaa WHIY-
ITUPOBAaHHBIA (HAaBEJICHHBIM ITOJIEM) KaHaJI, IO KOTOPOMY MOJXKET IPO-
TEeKaTh TOK. B Hacrosmee BpeMs TPaH3UCTOPHI C MHAYLIMPOBAHHBIM
KaHaJIOM MMEIOT HauOoJblliee paciupoCTpaHEHHUE, IaBHbBIM 00pazoM
Y3-3a IPOCTOTHI UX U3TOTOBJICHUS.

O6a tuna M/II-TpaH3uCTOPOB MOTYT M3TrOTOBIATHCA KaK C p-,
TaK U C N-KaHAJIOM, YTO JONOJHUTEIBHO PACIIUPAET BO3SMOXHOCTH UX
CXEMHOI'0 IPUMEHEHHMUS.

®usnuyeckne mpoueccbl. Paccmorpum padory MII-Tpan3uc-
TOpa ¢ UHAYLIMPOBAHHBIM p-KaHAJIOM. Bech aHanu3 cupaBeyivuB U IS
TPaH3UCTOPOB C N-KAHAJIOM.

Hwuxe Bce HanpshKEHUs U ITOTEHUMAIIBI 3alIMCBIBAIOTCS B BUIE UX
MOJyJiel, 4TOOBI M30€XXaTh 3HAKOB MUHYCA, XapaKTEPU3YIOIIHUX OTPH-
IATCIBHYIO MOJIAPHOCTh CMEIIICHUH B TpaH3UCTOpax (- WK N-THIIA).

B orcyrcTtBue CMEIIEHUM NPUIIOBEPXHOCTHBIM CIIOW MOJIYIPO-
BOJHMKA OOBIYHO 0OOTaIIeH 3JEKTPOHAMH M3-32 HAJIMYUS JIOBYLIEK Ha
rpanurie S-SO, U HaMWUUS TONOXUTEIHHBIX MOHOB B TUICHKE JU-
ekTpuka. COOTBETCTBEHHO JHEPrETHUYECKUE 30HBI HMCKPUBIICHBI
BHM3, U Ha4aJbHbIA IOBEPXHOCTHBIA IMOTEHIUAT (O3, OTpPULATEICH

(puc. 5.9, a).

[To Mepe pocta oTpunaTebHOTO cMenieHus: Uz 3IEKTPOHBI OT-
TaJIKUBAIOTCSI OT TOBEPXHOCTHU. [Ipy 3TOM 3HEpPreTU4ecKue 30HbI CHAa-
yaja COpsSMIISIOTCS, a 3aTeM UCKPUBJISIIOTCS BBEPX, T. €. IOBEPXHOCT-
HBIM MOTEHUMAT ACIACTCS MOJOXKUTEIBHBIM.

OpnHako 10 TeX Mop, MoKa MPUMOBEPXHOCTHASI 00J1aCTh COXPaHSIET
AJIEKTPOHHBIN THUI MPOBOJIUMOCTH WJIM, TOYHEE, MOKa CTOK U UCTOK 00-
pPa3yloT C 3TOH 00JIACTHIO BBHIIPSIMIISIFOIINE KOHTAKTBI, MTPOBOINMOCTH
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paboueil 1enu ocTaeTcsl KpailHe Majiol U MPOTEKaHWE TOKA B ATOM I1e-
M HEBO3MOXKHO. CylIECTBYET HEKOTOPOE ITOPOrOBOE HAMPSIKEHUE
Us=Up, npu npeBbIIEHUA KOTOPOTO 3HEPreTUYECKUE 30HbI UCKPUB-
JISIFOTCSI HACTOJIBKO CHIJIBHO, YTO BOJIM3M MOBEPXHOCTH 00pa3yeTcs NH-
BEPCUOHHBIN JBIPOYHBIN CJIOW. UMEHHO 3TOT CJIIOW UrpaeT posib UHAY-
IIMPOBAHHOTO KaHana (puc. 5.9, 6). [IpuHATO cunTaTh, YTO MOPOTOBOE
HaIPsHKEHUE COOTBETCTBYET IMOBEPXHOCTHOMY MOTEHLHALY @, = 20

(3mexTpocTaTHYECKUH OTEHIMANT (O MPUHUMAETCS PABHBIM HYJIIO).

Puc. 5.9 — Pacnipenenenue HocuTenel 1 30HHBIE TUArPaMMBI
B MOII-Tpan3ucTope ¢ HHIYLIUPOBAHHBIM p-KaHAJIOM:
@ — PaBHOBECHOE COCTOSIHUE; 6 — IPU OTPULIATEIILHOM
CMELICHUH Ha 3aTBOPE
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JanpHenmuii pocT HanpsbkeHuss Usz ciiabo BIMsEeT Ha BEIUYUHY
(g, MOCKOJIbKY U3MEHEHHS IOCIIEIHEH BCETO HA HECKOIBKO (O IO-

CTaTOYHO ISl U3BMEHEHUS KOHLIEHTPALIMU IBIPOK B IECATKH Pa3s.

Hapsiny ¢ oOpazoBaHueM AbIpOYHOTO KaHAJa MOJ 3aTBOPOM 00-
pasyercs Takke OOCIHEHHBIN CJI0i, B KOTOPOM IOJIOKUTEIbHBIN 3a-
psa 00yCIIoBJICH OOHAXECHHBIMHM HOHAMH JTIOHOPOB (puc. 5.9, 6). O6pa-
30BaHUE OOEAHEHHOTO CJIOSA BBI3BAHO OTTAJIKMBAHMEM OCHOBHBIX HO-
CUTENEN MOII0KKHA — JJIEKTPOHOB — OT NOBEPXHOCTH.

HBEpCUOHHBIN €TI0 3HAYUTENBHO TOHBIIE 00CTHEHHOTO CJIOS.
Tonmmua nocneaHero oOBIYHO COCTABIISIET COTHU AHICTPEM, a TOJI-
IIHA MHAYIHPOBAHHOTO KaHana cocTapiseT Bcero 10—20 A,

Kak Buaum, IbIpky OYKBaJbHO <«IIPUKAThI» K MOBEPXHOCTH TO-
aynpoBojgHuKa. OTCro1a SCHO, YTO CTPYKTypa M CBOWCTBA T'PaHUIIbI
IIOJYIIPOBOJIHUK — IUAJIEKTpUK urparor B MJIII-Tpan3ucropax wuc-
KJIFOUUTEJIBHO BaXKHYIO POJIb.

Ecnn B HayanpHOM COCTOSIHMM Bce 3yeKTpoasl MJIII-TpaH-
3UCTOpa HAaXOJWJIMCh MPU HYJIEBOM MOTEHIMANE, a 3aTEM Ha 3aTBOpP
ObUTa moaHa cryneHbka HanpsbkeHuss Us>Ug, To B nepBbIi MOMEHT
noyie OyJieT UMETh MPUMEPHO TAKYI0 KOH(PUTYpallrio, KaKk MOKa3aHO
Ha puc. 5.9, a.

ITox nmercTBHEM ATOrO TOJISA BJIEKTPOHBI MEPEMEIIAIOTCS B CTO-
pPOHY OT MOBEPXHOCTH, OOHAXkasi MOHBI JOHOPOB U 00pa3yst 0OeTHEH-
HBII CJIOM, a ABIPKU ABUKYTCS K MMOBEPXHOCTH, HAKATUIMBAIOTCS BOJIU-
31 TPAHULIbI C TUDJIEKTPUKOM.

C yBenMuYeHUEM HAIPsDKEHUS Ha CTOKE (P IMOCTOSHHOM TIO-
teHnuane U,,) TOk |- cHayama HapacTaeT HOYTH JHMHEHHO (TOKa

JBIPOYHBIN KaHAJI BOJIM3HM CTOKa ¢1abo neopMUpoOBaH), 3aTeM Hapac-
TaHHE TOKA 3aMEJIJISIETCS.

CemerictBo xapakrepuctuk MJIII-Tpan3ucropa nokasaHo Ha
puc. 5.10.

B wmemom cemMencTBO BOJIBT-aMIIEpHBIX Xapaktepuctuk MJIII-
TPAH3UCTOpPAa HANIOMHUHAET CEMEWCTBO XAapaKTEPUCTHK YHUTPOHA

(puc. 5.4).
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lcu2

lcm

' <
Ucm Ucme U;=0

Puc. 5.10 — Craruueckue BOJIbT-aMIIEPHBIC
xapakrepuctuku M/III-Tpan3ucropa

XapakTepucTUKH U napaMeTrpsl B 1-m nmpubauxkenuu. Pac-
CMOTPUM CaMyl0 NPOCTYHO alIPOKCUMAIMIO BBIPAXKEHUS, KOTOPOH
yA00HO T0JIb30BATHCS MPU MHKEHEPHBIX pacyeTax.

. :b[(ug—uo)uc—%ué] (5.10)

b= MZ2Cy _ GSoZ
L Ld
PAKTEPUCTUKH, HA3BIBACTCS YAEIbHOW KPYTU3HOM.
Takas annpokcuManuys BCErJa JIEUMCTBUTEIbHA MPHU MaJbIX CTO-
KOBbIX HanpsokeHUsIX (U < @gyp)-

rIe

— TapaMeTp, OMpPeeIIIONNN «MacmTad» xa-

N3 Beipakerus (5.10) yerko HalTH HampsoKEHHWE HACHIIICHHS,
noJiaras dic =0
du.

Uy =U; -U,. (5.11)

Kak yxe ormeuanocs, Benmuuna toka | (U 5, ) coxpausercs

nipu Bcex 3HaueHUAX Ucs>Ucy,.

[Toatomy, moacraBmsas (5.11) B (5.10), momydaeM BOJBT-
aMmrepHyro xapakrepuctuky M/III-tpaH3ucTopa B pexuMe HachIIe-
HUSA:

1
lc =b(Us ~U,)%. (5.12)

B ycumurensHon texnuke MJIII-TpaH3ucTopsl yame HUCHOJIb3Y-
I0TCsl B PEKMME HACBIICHUS, [IOCKOJIbKY UM CBOWCTBEHHBI HAUMEHBIIINE
HEJIMHEWHbIE UCKAKEHUSI M ONITUMAJTbHBIE 3HAYECHUS TU(PPepeHITaTbHBIX
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ol
napamMeTpoB: KpyTH3Hbl S=" 0 53U, BHYTDEHHErO COMPOTHBIICHHS
3
oU
R=""C ) U COOCTBEHHOTO  KOX(PQUIMEHTA  YCHUIICHUS
C

dU ~
nw="-¢ du..- OTHU mapaMeTphl CBSI3aHbl MEXAY COOON <«J1aMITOBBIM
3

COOTHOILIEHUEM:
u=sR. (5.13)
KpyTusHa B pexrmMe HACBIIMICHUS OMPEACISIETCS U3 BBIPAXKEHUS
(5.12):
s=b(U; -U,). (5.14)
Kak BuamMm, KpyTH3HA JHMHEHHO 3aBUCHUT OT 3(h(PEKTUBHOTO
HanpspkeHus Ha 3atBope Uz — Up, a npu 3aganHoM 3¢ PekTUBHOM
HaNpsHKEHUH TTporopiroHansHa mapamerpy b. Kpyruzna M/II1-Tpan-
3UCTOpPA OJTHO3HAYHO CBSI3aHA C TOKOM. JTY CBSI3b JIEFKO YCTAHOBUTH C
nomoisto BeipakeHuit (5.12) u (5.14):

s=,/2bl:. (5.15)
13 Beipaxenus (5.14) scuo, uto kpyru3Ha M/III-Tpan3ucropa
BO3PACTAET C YMEHBIIICHUEM TOJIIIUHBI AUAJICKTPUKA, a TAKXKE C yBe-
JUYCHUEM IIUPUHBI KaHama Z.
OnHako 00a 3Ti (pakTopa OJTHOBPEMEHHO CITIOCOOCTBYIOT YBEJIU-
YEHUIO €MKOCTH MEX]y 3aTBOPOM M KaHAJIOM, KOTOpas OMHUCHIBACTCS
BBIpa)KCHUEM

C, = Cy(ZL) = éozi_ (5.16)

[TorToMy Takoi riao0abHBIA HapaMETP BCSIKOTO YCHIUTEIBbHOIO

npubdopa, Kak J0OPOTHOCTh, onpeesieMas OTHOIICHUEM % oc He

3apucut ot BenuunH Z u d. IToxenus (5.14) na (5.16), noaydaem 100-
potHocts M/III-Tpan3ucTopa B ciieayromem BUAE:

w
A=z =Uo) (5.17)

OTtcrona cieayer, YTO OCHOBHBIM CPEJICTBOM IOBBIIIECHUS J00-
POTHOCTH SIBJISIETCSI YMEHBIIECHHE IMHBI KaHana L. B oTiamume ot
KPYTU3HbI BHYTPEHHEE CONPOTUBJIICHHWE U KOAI(PDUIIMEHT YyCUIICHUS
M/II-Tpan3ucropa HEe MOTYT OBITH OMNpEIETICHbl U3 BBIPAKECHUS




190

(5.12), mockonbKy oHO He coaepxkuT HanpsbkeHus. CoriacHo (5.12)
XapaKTEPUCTUKHU B PEKUME HACBIIICHUS JOJKHBI OBITh TOPU30HTAIb-
HBIMHM, & 3HAYUT, R= oo, [l =00,

PazymeeTcs, B 00J1aCTH JOCTATOYHO OOJbIIMX HampsbkeHuit Uc
HACTYMAIOT MPeanpoOoitHbIe SBJICHUS, a 3aTEM U MPOOOI, COMPOBOXK-
JAIOUIUICS PE3KUM BO3pAacTaHUEM TOKa |lc M CTONb e pPEe3KUM
yMeHblIeHHEeM conpotuBieHus R, B ummynbcHbix cxemax MJIII-
TpPaH3UCTOp paboTaeT B KayecTBE KJIKOYa, U OCHOBHOM MHTEpEC Mpe/l-
CTaBJISIIOT JIBE KpailHHe paboune TOYKH, COOTBETCTBYIOIIME 3aMEpTO-
MY ¥ MaKCHMaJbHO OTKPBITOMY COCTOSIHHIO Kifoua (puc. 5.12).

3ameptoe cocrosiHue (Touka |) Xapakrepusyercs YCIOBHEM
U3<Uy. IIpu 3TOM B LlenH CTOKAa MPOTEKAET JIMIIb HEKOTOPBINA OCTa-
TOYHBII TOK, OOYCJIOBJICHHBI yT€UKaMHU IO MOBEPXHOCTH, a TAKKE
OOpaTHBEIM TOKOM p-N mepexoia CTOKa (eCiH TOJUTIOXKKa HAXOIUTCS
0] HYJICBBIM HJIH TTOJIOKHUTEIBHBIM ITOTCHIIMAIOM). B KauecTBEHHBIX
MOII-TpaH3ucTopax 3TOT TOK HE MPEBBIIIAET HECKOJIBKUX HAHOAM-
nep. MakcuMalibHO OTKPBITOE COCTOSIHHE KiTfoda (Touka 2) xapakTep-
HO OonpluMu 3HaueHUsAMH 3¢ dextuBHoro Hampsbkenus Uz — Ug
Y pacroyoKEeHUeM paboueld TOUKHM HAa KPYTOM Y4acTKE COOTBETCTBY-
IOILIEH BOJIbT-aMIEPHOU KPpUBOM. OOBIYHO B OTKPBITOM COCTOSIHUH TOK
| c OKa3bIBaeTCs 3a/laHHBIM BHEIIHEW LENbI0, a UHTEPEC MPEACTABIISIET
octaTouHoe HampsikeHne Ucy DTO HANpsHKEHHE JIETKO OMPENECIUTH
u3 popmyisl (5.10), ogHako B 0OIEM BHJIC BBIpAKEHHE TOJTydYaeTCs
rpoMo3akuM. Ha mpakTuke ocTaTouHOE HaNpsKEHUE Malio.

Torma

I
Ueo = b(ugiuo)' (5.18)
Bripaxxenue (5.18) aeiicTBHTEIHHO TP YCIIOBUN
Us;—Up> (2—3)Uco.

Eiie oqHuM nmapaMeTpom, BaxKHBIM JIJIsl XapaKTEPUCTUKU OTKPHI-
TOTO COCTOSIHUS KIIIOYa, SIBJIAETCS COINPOTHUBIICHWE HAa HaYaJbHOM
yuacrke kpuBoi | (Uc) duddeperumpys (5.10) no Ue, momydaem:

R, = 1
b(U; -U,)

OTO K€ BBIPAKEHHE MOXHO IOJIYYUTh HENOCPEICTBEHHO W3

dopmys (5.18).

(5.19)
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Puc. 5.11 — Pa6ouwne Touku MJII1-Tpan3ucTtopa
B KJTFOUYEBOM PEKHUME

[TockounbKy nipy Manbix 3HaUeHUsIX U cedeHune OpIpOYHOro Ciost
Y KOHIEHTpAILMS JBIPOK B HEM MOYTH HE 3aBUCST OT X, BEIMUYUHY Ry
OOBIYHO Ha3bIBaIOT compoTuBicHueM kaHaia. M3 (5.18) u (5.19) oue-
BUIHO, YTO OCTATOYHOE HamnpsipkeHue Ha M/III-tpan3uctopHom kiroue
MMEET YUCTO OMUYECKUIN XapaKTep:

Uco = IcRo-

OT0 00CTOSTENLCTBO SIBISIETCA BaXXHBIM Tpeumytiectom MJIII-
TPAH3UCTOPOB, TAK KaK B CIy4yae OMMOJSPHBIX TPAH3UCTOPOB JaKe NpHU
HYJIEBOM TOKE UMEETCS BIIOJHE KOHEUHOE OCTATOYHOE HAPSIKEHUE.

JxkBUBajJeHTHAsA cxema. [{ng MJ/II-TpaH3ucTopoB B OTiIIMUME
OT YHUTPOHOB SKBUBAJICHTHAs CXeMa JJii NMEPEMEHHBIX COCTaBJISIIO-
IIMX JIOJDKHA OTPaKaTh BIUSHUE MOMIOKKN (HE3aBUCUMO OT HATHUHS
norennuaina). OmaHa u3 Takux cxeM, npeanoxerHas B.H. KonoHOBBIM,
nokKaszaHa Ha puc. 5.12. HecMOTpsl Ha BHEILIHIOK CUMMETPUIO, 00€ T0-
JIOBUHBI CXE€Mbl UMEIOT pa3Hble 3HaueHUs. [lepexoaHbie U YaCTOTHBIE
xapaktepuctukn MJIII-TpaH3ucTopoB 00YCIOBJIEHBI TMEpE3apsIoM
MEXIIEKTPOAHBIX EMKOCTEW Yepe3 BHEIIHUE PE3UCTOPHI, a TAKKE Ie-
pe3apsAI0M EMKOCTH 3aTBOP-KaHajl Yepe3 CONpoTUBIeHrEe KaHana. [1o-
CIEAHUN TMPOLECC HAKIAABIBAET MPUHIMIIAAIBHOE OTPaHUYCHUE HA
obicTpoaeiicTBrE TpaH3ucTopa. Ctporo roops, kanain M/II1-Tpan3uc-
TOpa CIEIYET pacCMaTPUBATh KaK PaclpeIeICHHYIO CUCTEMY.

Onnako ygoOHee B NEPBOM MPUOIMKEHUM OXapaKTepHU30BaTh
WHEPLUMOHHOCTh 3TOM CHUCTEMBI MOCTOSIHHOW BPEMEHH, T. €. YIOJ0-
outh kaHan npocteniie RC-mienouke. B kayecTBe 3J1eMEHTOB Takou
IETIOYKA MOKHO TIPHHSITH eMKOCTh 3aTBopa (5.16) u comporuBiieHue
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kanana (5.19). Torna mocTossHHas BpeMeHHU KaHaja (OHa e MOCTOSH-
Hasi BpEMEHU KPYTH3HbI) Oy1eT UMETh BH/I;

g = RC; = . (5.20)

Kak Buaum, 3To 1o CyliecTBy oOpaTHasi BeIMYMHA TOOPOTHOCTU
(5.17).

QC
Ca‘n
{i
5 Rse Rac n
—h --C
Csn Cac Cnc nn
[]Rsn SUs Sl Ron []
R:
I4]

Puc. 5.12 — DkBuBanentHas cxema M/III-tpan3ucropa
JUTSI MJIBIX TIEPEMEHHBIX COCTABIISIOIINX

Jnda  ynydimeHuss TEepeXOdHbIX M 4YacTOTHBIX cBoMcTB MJIII-
TPaH3UCTOPA HYKHO B MEPBYIO OYepeab YMEHbIIATH JJIMHY KaHaja, a
TaKX€ YBEJIMYMBATH MPUMOBEPXHOCTHYIO MOJABUXKHOCTh. IIpu 0ObIU-

HOW juMHE KaHama 5—10 MKM rpaHudHas 4acToTa KPyTH3HBI ( %R ’E)

aexut B mpeaenax 100—300 MI'h. Opnako npu yJIbTPaKOPOTKHX
(Mo MUKpOHA) KaHajdaX yaaeTcss OOSCICYHWTh IPaHUYHBIC YaCTOTHI
10 10—20 I'ru u Beie. Ha sxBuBanenTHoM cxeme napamerpsl C3 u Ro
HE MMOKa3aHbl, TaK KaK WX BIMSHHE OTPAKEHO OIECPATOPHBIM HITH KOM-
IUIEKCHBIM XapaKTepOM KPYTU3HBI S. B THIMYHBIX ClTydasx eMKOCTb 3a-
TBOpA COCTaBJISICT JIeCAThIC oM muKodapaas! (mHorna 1—2 nd), a co-
NPOTHUBJICHHE KaHajaa — COTHH OM.

MeKaIIeKTPOIHbIE €MKOCTH 3aBUCST OT KOHCTPYKIMHM U I'€OMET-
pun npudopa u 00bIuHO He mpeBbinatoT 1 ng. NuTepecHoi 0cobeHHO-
ctbi0 M/II1-TpaH3ucTOpOB SBIISIETCS HAIMYHE KPUTHUYECKOTO 3HAYCHUS
pabouero Toka lc, mpyu KOTOPOM 3TOT TOK MOYTH HE 3aBUCHT OT TeMIIepa-
TYPBI, TIOCKOJIbKY B3aWMHO KOMIICHCHPYIOTCS BIIMSHHS TEMIICpaTyphl Ha
yICIBbHYIO KpyTu3Hy S (d4epe3 MOABMKHOCTD |L) U IIOPOrOBOE HaIIpshKe-

Hue Ug, OT KOTOPBIX B IEPBYIO OYEPEIb 3aBUCHUT BEJIMYHMHA TOKA.
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Bonpochbl ona camonpoBepKu

1. B 4éM npuHIMNUATIBHBIE OTJIMYUS B pabOTE MOJIEBBIX TPAH3U-
CTOPOB OT OUMOJIIPHBIX ?

2. O0bsicHuTe (PU3UYECKUE MPUHIHUIBI pabOThI MOJEBOTO TPaH-
3UCTOpa C P-N MEPEXOIOM.

3. [ToueMy KaHaJl y CTOKA Cy>KaeTcs?

4. Kakpe TUIbl KaHAJIOB y MOJIEBBIX TPAaH3UCTOPOB C P-N mepe-
xo10M BrbI 3Haete?

5. Hapucyiite craTuyeckue BBIXOAHBIE U MEPEAATOUYHBIE Xapak-
TEPUCTUKU TPAH3UCTOPA C P-N HEPEXOIOM.

6. [lTouemy HOpmanbHasg paboTa MOJIEBOTO TpaH3UCTOpa ¢ P-N
NEPEX0JIOM 00ECIeYnBAETCS TOJIBKO MPH 0OPAaTHOM CMEUIEHUU Ha Tie-
pexone?

/. OCHOBHBIE TapaMETPbl YHUTPOHA.

8. HauepTuTe 3KBHBaJIEHTHYIO CXEMY YHUTPOHA.

9. B 4éM 0COOEHHOCTH TMOJEBBIX TPAH3UCTOPOB C U30JIUPOBAH-
HBIM 3aTBOPOM?

10. Kakue TUIbI MOJIEBBIX TPAH3UCTOPOB C M30JIMPOBAHHBIM 3a-
TBOpOM BbI 3HaeTe?

11. O0pgacHuTe PU3NUECKUE NMPUHLUIBI pAOOTHI TOJIEBOTO TPaH-
3UCTOPA CO BCTPOCHHBIM KaHAJIOM ?

12. HayepTtute cTaTUYECKHUE BOJIBT-AMIEPHBIE XAPAKTEPUCTUKU
MOJIEBOTO TPAH3UCTOPA CO BCTPOCHHBIM KaHAJIOM.

13. OcHOBHBIE (PU3UUECKHE MPUHLIMIBI PA0OTHI MOJIEBOIO TPaH-
3UCTOPa C UHAYLIUPOBAHHBIM WJIM HABEICHHBIM KaHAJIOM.

14. B yeM NpUHIUIIMAIBLHOE OTJIMYUE MEPEJATOUYHBIX XapaKTe-
PHUCTHUK MOJIEBOr0 TPAH3UCTOPA ¢ UHAYLUPOBAHHBIM KaHAJIOM OT aHa-
JIOTUYHBIX JIJI1 BCTPOEHHOTO KaHana?

15. Haueptute mnepeaaToyHble XapaKTEPUCTHUKUA TPAH3UCTOpa
C MHIYLUMPOBAHHBIM KaHAJIOM AJIA P- U N-THUIIA.

16. OcHOBHBIE MapaMeTPbl MOJIEBBIX TPAH3UCTOPOB C U3OIUPO-
BaHHBIM 3aTBOPOM.

17. O0psAcHUTE, UTO O3HAYAET ITOHITHE «HACBIILIEHUE TOKa CTO-
Ka» M C YEM ATO CBSI3aHO?

18. HauepTure SKBUBAJICHTHYIO CXEMY ISl TOJIEBOTO TpPaH3U-
CTOpa € U30JIMPOBAHHBIM 3aTBOPOM.
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6 TPAH3UCTOPHBbIE KJTHOYA
6.1 BBegeHue

byneMm Ha3pIBaTh KIIOUYOM TaKyH CXEMY, OCHOBHOE Ha3HAYCHHE
KOTOPOW COCTOMT B 3aMBIKAHUM Y Pa3MbIKAHUU LIENU HATPY3KH C I10-
MOILBIO YHPABIIAIOIIMX BXOJHBIX CUTHAJIOB. 110 aHamoruu ¢ MexaHu-
YeCKUM KIIF0YOM (KOHTaKTOM) KadeCTBO TPaH3UCTOPHOIO KITOYa
ONpeNeIIeTCAd B MEPBYIO OYepelb MUHUMAIbHBIM I1aJICHUEM HAmps-
JKEHHSI HAa HEM B 3aMKHYTOM COCTOSIHUHM, MHWHUMAQJIbHBIM TOKOM
B Pa30MKHYTOM COCTOSIHUH, & TAKXK€ CKOPOCTBIO IIEpexX0/ia U3 OJHOIO
coctosiHus B Apyroe. KiroueBble cXeMBI J1€KaT B OCHOBE 00JIee CI0K-
HBbIX HMMIYJIbCHBIX CXEM; MOATOMY MaTepHall JaHHOW IJaBbl OyAeT
IIMPOKO MCIIOJIB30BaH B JanbHenneM. KpoMme Toro, HEKOTOphIE TUIIBI
TPAH3UCTOPHBIX KIIIOUEH MUMEKT CaMOCTOSTENIbHOE 3HAUYEHUE B Kaue-
CTBE OECKOHTAKTHBIX MpepbIBaTesicid. TpaH3UCTOPHBINA K04 HMEET
Pl CXEMHBIX BAapUaHTOB, NPOCTEHMINMKA W3 KOTOPBIX IIPUBEACH Ha
puc. 6.1. AkTuBHas Harpy3ka Ry BKIlOU€HA B KOJUIEKTOPHYIO LIEINb,
a YIpaBJAIOIME UMITYJIbChI IIOCTYIIAIOT OT TeHeparopa Eg depes co-
npotuBiieHue Ry KOTOpoe, B 4aCTHOCTHU, MOXET ObITb BHYTPEHHUM
COIIPOTUBIICHUEM I'E€HEpATOpA.

Puc. 6.1 — [IpocTeiimmii KJIF09 Ha TPAH3UCTOPE,
BKJIFOYEHHOM 110 cxeme O

Bximouenue Tpanszuctopa no cxeme OO uMeeT B HMMMIYJIbCHOU
TEXHUKE CTOJIb )K€ IUPOKOE PACTIPOCTPAHEHUE, KaK U B 00JIaCTH yCUJIU-
tesen. [1oaTomy Takoe BKITIIOUEHHUE MOJI0KEHO B OCHOBY TOCIIETYOIIETO
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aHajau3a, a 0COOEHHOCTU JPYTUX BKJIIOUCHUHN U JIPYTHX CXEMHBIX Ba-
pUAHTOB KiIOYed OyAyT oxapakTepu3oBaHbl Mo3aHee. B ornuuue
OT yCWJINTEJIEH, B KOTOPBHIX (32 HWCKIIOYEHHEM MOIIHBIX KAacCKaJIOB
kiacca B) TpaH3ucTophl paboTalOT B aKTUBHOM PEKHME, B KITFOYaX
(MMITyJIbCHBIX YCTPOMCTBAX BOOOIIE) TPAH3UCTOPHI JOJKHBI pabOTaTh
B HECKOJIBKMX KAYECTBEHHO PA3JIMYHBIX PEKUMaAX. ITU PEKUMBI Xa-
PAKTEPU3YIOTCA MOJISIPHOCTSIMU HAIpPSHKEHUN Ha Tepexojax TpaH3u-
cTopa.

A WMEHHO Pa3JINYaIoT:

1. Pexxum otceukn (Ugr>0; Uk<0).

2. Hopmanbhbiit aktuBHBIN peskuM (Ugz5<0; Ugs<0).

3. MuBepcHbiit aktuBHBIN peskuM (Ugz5>0; Ugs>0).

4. Pexxum Hacwimenus (Uz;<0; Ugy>0). Ilocneanuii ObU10 OBI
MIPaBUJIbHEE HA3bIBaTh PEKUMOM JBOMHOW MHKEKIIMHU, TaK KaK HAChI-
menre (Toka), KaK YBHJIUM HIDKE, €CTh JIUIIb PE3yibTaT TaKOT'O pPe-
’KMMa B KJIIOUEBBIX CXEMaX.

6.2 CTaTU4YeCKMe XapaKTepMUCTUKM KIKo4Ya B cxeme
c oowmum amutTepom (0I)

PaccMoTpuM CEMENCTBO XapaKTEPUCTUK TPAH3UCTOPA, BKIIIO-
geHHoro mo cxeme OO (puc. 6.2). [IpoBemeM Ha XapaKTepUCTUKAX
JIMHUIO Harpy3ku Rk, WM MOCTPOMM CTATUYECKYIO BOJIBT-AMIIEPHYIO
XapaKTEPUCTUKY pe3ucTtopa Rx, ypaBHEHHE KOTOpOM HMEET BHU]

E o
| =X, 1. ¢. 3ak0H OMa. YUHUTBIBasA, 4TO ITO ypaBHEHHE MPSMOM JIH-

HUM, I €€ OCTPOEHUS TOCTATOYHO HAWTH J1B€ TOUKM. [Ipu TOKE, paB-
HOM Hyr0, — Touka Eyx. Ilpu nagennn HampsibkeHust Ha pesucrope Rk
HanpspkeHus Ex Tok paBeH |x. MUHUMAaTBHBIN TOK KIHOYa COOTBETCTBY-
€T TOUKE 2, a MUHUMAaJIbHOE TaJICHUE HAIPSDKEHUS! Ha TPaH3UCTOpe —
touke 1. B Touke 2 TpaH3UCTOp 3amepT, Tak KaK Ha ero 0as3e JeHCTBY-
€T MOJIOKUTENBHOE CMELICHUE; B TOYKE 1 TpPaH3UCTOP OTKPBIT U
HackllleH. PaccMoTpuM moapoOHee 3T J1Ba COCTOSHMS, MOJIOKUB B
OCHOBY (opmyisl (4.4), ommCHIBAIONNE WACATU3UPOBAHHBIN TepMa-
HUEBBII TPAH3UCTOP B PEKUME OOJIBILIOTO CUTHATIA.

Pexxum otceuku. Ilycth 00€ 3. 1. 3HAUUTENIBHO MPEBBIIAIOT Be-
JUYHAHY TEMIIEpAaTypHOro noreHuuana ;. llomoxum, kpome Toro,
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yro conpotuBieHus Ry n Ry BbIOpaHbl TakuM 00pa3oM, 4TO MaJCHUEM
HaNpsHKEHUS] HA HUX OT MPOTEKaHHsI OOpaTHBIX TOKOB 0a3bl U KOJIIEKTO-

pa MOXKHO TpeHeOpeub. Torna MOXKHO CUUTATH ‘U E‘ ~Ey; n ‘UK ‘ =~ By,

T. €. IpeHeOpedb dkcroHeHTamu B popmyinax (4.4). Ilepexons B mocien-
HUX OT O K [3, ucnonb3ys cooTHomenue (4.5) u monaras B >> 3, , mo-

JIydacM CJICAYIOHIUC 3HAYCHUS TOKOB B 3dKPBITOM TPAH3UCTOPC.

A IK |6>|6H

—_ 1 |6:|6H

UTP.MnH

Puc. 6.2 — Pabouune Touku kirroua OD HA cEMENUCTBE
KOJIJIEKTOPHBIX XapaKTePUCTUK

_ By B By
TTLB, B By <O By < o
T gy o~ o

I N
1+By (1+B_|)|KO ~ Iy (6.18)

e e—
1+B, +By Bn
Orcroza CIEAyeT, YTO TOK OMUTTEPA 3HAUUTEILHO MEHbIIE

OCTAIBHBIX JBYX TOKOB, HOCKONBKY |, =14(1—0t), nostomy B pe-
KUME OTCEYKU UMEEM
PaccMOTpeHHBIN Cilyyail Ha3bIBalOT PEKUMOM OTCEUKH, TaK Kak

BBIXOJIHOH TOK MMEET MUHHUMAaJbHOE 3HaueHUe (He MyTaTh ¢ PeXKu-
MOM OTCEYKH TOKA CTOKA B MOJIEBOM TPAH3HUCTOPE).
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C yMEHBIIICHUEM MOJOKUTEILHOIO CMEIICHUSI Ha 0a3e 10 HyJs
TPaAH3UCTOP MNPOJOJDKAET OCTAaBaThCS 3allepThiM, HO €ro TOKH He-
CKOJIbKO U3MEHSIOTCH.

Korpa nanpspkeHue Ha 0as3e CTaHET OTPULATENbHBIM, TpPaH3M-
CTOp IEPEUAECT B AKTUBHBIM pexuM. JlanpHenee yBEJIWYECHUE TOKa
MPUBOJIUT K YBEJIUMUCHHUIO TOKa KoJulekTopa. Korga Tok 0as3bl cTaHeT
paBHBIM TOKY 0a3bl HachlmeHus (lzy), TOK KOJJICKTOpa JIOCTHUTHET
MAaKCUMAJIbHOM BEJIMYMHBI U CTAHET PAaBHBIM TOKY KOJUIEKTOPA HACHI-
wenus (| g4c.)-

Pexxnm Hachimenusi. B pexxume HachleHus: o0a p-n nepexoja
CMEIIEHBI B IPSIMOM HANpPaBICHUU U HAIPSHKEHUS HA HUX HE MPEBbI-
IIaI0T HECKOJIBKUX (1 . ['0OBOPAT, TPAH3UCTOP «CTAHYICSA B TOUKY».

DKBUBAJICHTHAsI CXE€Ma KJIF0Ya B pEKMME HACBIIICHUS IPUBEJICHA
Ha puc. 6.3.

—Ex
Ry o EK
o— 11—
Eg 3
o

Puc. 6.3 — DxBuBaJIeHTHAd cXeMa KJIYa
B PEKMME HACHIICHUS

;= 5 VYo 5, (6.2)
R; Ry
_EB-Us  E _

= (6.26)

13 popmyn (6.2) cienyer, YTO B PSKUME HACBIIICHUS TOKU Ye-
pe3 TPAH3HUCTOP ONMPEACIAIOTCS BHEITHUMH 3JICMCHTAMH CXCMBI.
[{enecooOpa3Ho, BO BCSKOM CiIy4ae B CTATHUYECKOM PEKHME,

MMETh KPUTEPUMN HACBILIECHHUS, BBIPAXKEHHBINA YE€PE3 TOKMU.

1P > 1. (6.3)
IKH
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Kak BuauMm, pexrm HaCBICHUS OMPEICIACTCS HE BEIMYUHOU
TOKOB, & UX COOTHOIIEHHEM U MOXKET UMETh MECTO IIPY BECbMa MaJbIX
TOKax, HallpuMep MOpsAJKa AECATKOB MUKpoaMmep U MeHbIIe. OmnbIT
MOKA3bIBAECT, YTO YJIOOHO MMETh HE TOJBKO KPUTEPHUN HACBIIICHUS,
HO Y KOJIMYECTBEHHYIO XapaKTEPUCTUKY «TJTyOUHBI» HACBHIIICHUS, KO-
TOPBIA MOKHO 3aUCaTh B BUJIE

I I
S=—%t = 5P : (6.4)
Lot ku
Koaddumuent S Ha3bIBaIOT CTEMEHBIO HACHIIIEHUS, a TTPOU3BE-
aenne | B =1z g — KOKyIIUIMCS TOKOM KoiuiekTopa. IlonsTue

KaXYIIUICS TOK KOJUIEKTOpa SABIIACTCSA YCIOBHBIM M O3HAYaeT, 4YTO
B IIEMU KOJUIEKTOpA MPOTEKaJ Obl TAKOUM TOK, €Clid Obl HE TPOUCXOIU-
JI0 €ro OrpaHUYeHus Pe3UCTOpoM Ry M UCTOYHUKOM nuTaHus Ey .

B 3aknroueHue aHanv3a HACBIMIEHHOIO KIII0Ya B CTATUYECKOM
peKUME OTMETUM CIIEAYIONIEE:!

1. B 3anepToM COCTOSIHUHM TOKHM 4Y€pe3 MEPEXOJbl Mbl MPUHSIIN
PaBHBIMU HYJIIO, & 3TO 3HAYUT, YTO MOIIHOCTh, KOTOpasi pacCeUBaCTCS
Ha TPaH3UCTOpPE, paBHA HYJIIO.

2. B pexuMe HaCBIIICHUS TPAH3UCTOP MPEACTABISET IKBUIIO-
TEHUHAJIbHYIO MIOBEPXHOCTh, @ 3TO 3HAYUT, YTO U B ITOM CIIy4ae pac-
cenuBaeMasi MOITHOCTb paBHA HYJIIO.

OnHako mpu Mepexoae TPAH3UCTOPa U3 PEKUMA OTCEYKU TOKOB
U 00paTHO OH B TEYEHHUE MEPEXOAHOr0 IMpouecca padOTaeT B aKTUB-
HOM PEXHUME, U Ha TPAH3UCTOPE PACCEUBAECTCS MOITHOCTh. UeM BbIIlIe
4acToTa TMEPEKIIOYEHUs, TeM OOJIbIlle MOIIHOCTh PacCEeUBACTCS
Ha TPaH3UCTOPE.

6.3 NMNepexoaHbIN NpoLecc B HACLIWEHHOM Knloye
Npu OTKPbIBaHUU TPaAH3UCTOpPA

[Ipu aHanM3e MEpEeXOIHBIX MPOLECCOB ISl YIPOUIEHUS aHAIU3a
OyJleM CUUTaTh, YTO EMKOCTh KOJUIEKTOPHOTO NEPEX0Ja paBHA HYIIIO,
a €€ BIIMSIHUE YUYTEM IO3/HEE.

Ha puc. (6.4) nprBeieHbI 3MIOPHI TOKOB B KJIFOUE IMPU OTKPHIBA-
HUU TPAH3UCTOPA.

[lyctb B MOMEHT BpeMEHU {y HA BXOZI€ KIIFOYA JIEMCTBYET OTPHU-
[ATEJIbHOE HAaIpsSXKEHUE, KOTOPOE CMEIIAET 3MUTTEPHBIA NEPEXO]
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B [IPSIMOM HAIPABJICHUH, aMIUIMTYJIOW JOCTATOYHOM, YTOOBI TpaH3U-
CTOD 3allle]l B PEKUM HACBILIEHHUS.

Ep Fm =

ll
51 | l -t
| ]:
I‘;'MH'\ : 1 |6.ycm.
IK I >t
1 N ™
0. ]I Kn, | K .kaorc. ot
I
I
I
L1 |3H
lp ! ot

Puc. 6.4 — Dnropbl U3BMEHEHUS! TOKOB B HACBHIIIIEHHOM TPaH3UCTOPHOM
KJIFOY€ TIPU OTKPBIBaHUH ((POpMUPOBAHHUE MOJIOKUTEILHOTO (DPOHTA)

B HayanbHBIII MOMEHT BpEMEHH OapbepHasi €eMKOCTb IMUTTEP-

HOTO mnepexonaa mnpeisTCTByYCT CMCUICHHUIO €TI0 B IIPAMOM HaIIpaBJIC-

E
nun. Tok 6asel mpu ty >0 pasen |, =—22%. [lo Mepe 3apsna em-

b
KOCTH TOK 0a3bl YMCHBIIACTCA U CTPCMUTCS K YCTAHOBUBIICMYCS 3HA-

YEHHI0, KOTOpPOe paBHO |5 = B
Ry +r1,
COMPOTHUBJICHHE dMUTTEPHOrO rnepexoja. [InaBHoe HapacTtaHue KoJI-
JIEKTOPHOI'O TOKA CBSI3aHO C MepepacnpeeICeHHeM HEOCHOBHBIX HOCH-
Tenel B oOyiacTu 0as3bl (B HAIIEM CIIy4ae JBIPOK) WIIH 3apsaoM Iud-
dby3uonHOM €émkocTu smutrTepHoro mepexona C,. Mo mepe 3apsna
TOW €MKOCTH TOK KOJUIEKTOpA BO3PACTAET M CTPEMUTCS K CBOEMY
YCTAaHOBUBIIEMYCSI 3HAUYCHHUIO | gy
Bpewms, 3a KOTOpoe TOK KOJUIEKTOpa YBEJIMYMWIICS J0 3HAYEHUS

, Te I, — nuddepeHnnanbHoe

0.9l ¢y, Oynaem Ha3bIBaTh JIUTEILHOCTHIO (DPOHTA t;. ITociie Toro kak

TOK KOJUIEKTOpAa JOCTHUI 3HayeHusd |, , DEepeXOoaHbId Ipouecc
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HE 3akaHuMBaercd, T.K. |z > 1., . [locie dpopmupoBanusa ¢ppoHTa

UJIET HAKOIUICHUE M30BITOYHBIX HOCUTENEH B 0a3e y KOJUIEKTOPHOTO
¥ OMUTTEPHOTO Tepexoa0B. KonmmuecTBo M30BITOYHOTO 3apsja (Ibi-
POK) B 0a3e pacTeT, a CJIeI0BATeIIbHO, TTOJIOKUTEIbHBIN MTOTESHITHAT B
0a3e BO3pacTaeT, 4TO MPUBOJUT K YMEHBIICHUIO MHXEKIIMH JBIPOK U3
smuTTEpa. HacTymaer paBHOBECHOE COCTOSIHHE, KOTJa KOJHMYECTBO
TeHEPUPYEMBbIX HOCUTENIEH PAaBHO YHUCIY PEKOMOMHHUpPOBAHHBIX. Be-

nuauHa u36brounoro sapsaa B 6ase paBua Quzp = A( g roone — ki ) »

rae A — NOCTOSHHBIN KO3 (DUIIUEHT.
[IpoBeneM Ka4yeCTBEHHYIO OLEHKY BJIMSHUS BXOJHBIX U BBIXO-
HBIX MapaMeTpPOB KJIKOYa Ha BpeMs (POPMUPOBAHUS IJIUTEIBHOCTH

¢dpoHTa.

Biusinue BBHIXOHBIX IApaMeTPOB HA AJIUTEJIbHOCTD t;

N3 puc. 6.5 BuaHO, 4TO IPU U3MEHEHUH MMAPaMETPOB BBHIXOHOU
€Y, HAlIpUMED, YBEIUYEHUs CONPOTUBIICHUS R WM yMEHbIICHUs

HanpsbkeHus: Ey He U3MeHseT CKOpOCTH MEPEXOJHOro mpolecca, T. K.
TOK 0a3bI OCTAETCA MOCTOSHHBIM.

| P
—— - |
|/ '\\ i |5 nac
1 | y/ e
: K.HAC 1 \/l |
r \ /\/ b.HAC .2
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; ke L R¢»
! : | sae. U
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[PPU t E E
b2 ! K2 K1
ot

Puc. 6.5 — IlepexoiHble MpOIECCHl B HACBHIIIEHHOM KITHOYE
dbopMUpOBaHUS ITUTEIBHOCTH (DPOHTA MPU U3MEHEHUSIX
[1apaMeTPOB KOJUIEKTOPHOU LIETIU
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ToK KOJUIEKTOpa YMEHBIIIAETCS W pPaHblle JIOCTUTaeT yCTaHO-
BUBIIIETOCS 3HAYEHUS, CJIEIOBATENBHO, JUIMTEIBHOCTh (DPOHTA COKpa-
IIaeTCsA. YUUTHIBAs, YTO KOJIMYECTBO WHKEKTHPOBAHHBIX HOCHUTEJICH
U3 AMUTTEPA OCTAETCSI HEM3MEHHBIM, a BEJIMUMHA 3apsija, YIIEIIIEro
yepe3 KOJUIEKTOPHYIO II€Mb, YMEHBIIUJIACh, CJIEJI0BATEIbHO, YBEIU-
qujicsi 00bEMHBIN 3apsi]l B 0aze.

TakuMm 00pa3oM, MOXKHO CJIETaTh BBIBOJ, YTO, BEIOMpAsi COOTBET-
CTBYIOIIUM O00pa3oM mMapameTpbl BBIXOJHON II€MU B HACBIIIEHHOM
KJIF0YE, MOXHO 0€3 M3MEHEHMS CKOPOCTH TMEPEXOJHOr0 IMpolecca
YIPaBJIATh JJIUTEIBHOCTHIO (PpOHTA.

N3 puc. 6.6 cieayer, 4To U3MEHEHUE BXOJIHOT'O TOKA, HAIIPUMED

€r0 yBEJIIMYEHUE, IIPUBOIAUT K YMEHBIICHHIO t;,; 3a CUET IOBBIIICHUS
CKOPOCTH NEPEXOIHOro Mpolecca Npu HeU3MEHHOM | .~ Bemuuu-

Ha M30BITOYHOTO 3aps/ia B 6a3e Mpu 3TOM BO3PACTaET.
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Puc. 6.6 — [lepexoanble mpoiiecchl B KI04€ MpH GOPMUPOBAHUU
JUIATEIBHOCTU (PPOHTA NPU U3MEHEHUH TAPAMETPOB BXOJHOW LIENU

AHanM3 NepexoTHOro MpoLecca NpU OTKPHIBAHUUA TPAH3UCTOPA T10-
Ka3bIBACT, YTO JJIUTEIILHOCTh (PPOHTA MOXKHO M3MEHSTh, BHIOUpPAs COOT-
BETCTBYIOIIMM OOpa3oM MapaMeTpbl BXOAHON WM BbIXOAHOU 1ienu. [Ipu
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TOM HEO0OXOAMMO IMOMHUThH, YTO YMEHBIICHHUE JTUTEIBHOCTH (hpOHTA
MPUBOJIUT K YBEITMUYEHUIO U30BITOYHOTO 3apsijia B 0a30BOi 00J1acTH.

BrustHue BXOIHBIX MapaMeTpoOB KiTF04Ya Ha JTUTEILHOCTh (DPOH-
Ta BUIAHO U3 puc. 6.6.

KosnyecTBeHHAsi OLIEHKA JJINTEJILHOCTH (PPOHTA
N3o0pakeHne KOJIEKTOPHOIO TOKa ¢ ydyeToMm (popmyn D6epca-
Monna paBHo:

Ik (P)=—2B(p), (6.5)

rae p— oneparop Jlanmnaca.
ITepexons OoT M300paKeHUSI K OpUTHHATY, TOTyIUM

L (1) =1 4B, e/ . (6.6)

OOPMUPOBAHUE JUTMTENHHOCTH (DPOHTA 3aKAHUMBAETCS, KOTA
TOK KoyuiekTopa craner paBHbIM | (t,)=0,914 ;.. Torma (6.6)

MOYHO 3aIUCATh:
o
0,91 ¢ prac. = 1 5Bo| 1-€ Aj : (6.7)

PemmB (6.7) OTHOCHTENBHO JJTUTEIIBHOCTH (PPOHTA, TIOJTYIUM

ty = T In | 5Po : (6.8)

1 5Bo = 0,9 & 1ac.
Ananusupys (6.8), MOXXKHO cienaTh BBIBOJBI, YTO JTUTEIHHOCTD
(GhpoHTa YMEHBIIIAETCS, €CIU BBIOpATh 00JIee BHICOKOYACTOTHBIN TpaH-

3UCTOP (’EB) , YBEJIMUUBATh TOK 0a3bl MJIM YMEHBIIATD | 4 70 -

HpI/I 9TOM H€O6XOI[HMO IIOMHUTB, 4YTO CCJIN TB HE U3MCHIICT BC-

JUYMHY 3apsaa B 001acTi 0a3bl, TO U3MCHEHUS ITapaMeTPOB BXOIHOM
Y BBIXOJIHOW IieNed BIUAIOT HAa KOJWYECTBO 00bEMHOTO 3apsiaa. Mc-
TI0JIb3YS cTereHb Hachimenus (5.8), MoKHO 3amucars.
t =1, In—> (6.9)
? P s-09 '
IlepexoaHble Mpouecchbl B HACHIIIEHHOM KJIKOYe MPH 3aKPhI-
BaHMM TpaH3ucTopa. [lycTh B MOMEHT BpeMeHH 1, HampspKeHHe
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BXOJIHOI'O T€HEpaTropa € OTPHULATEILHOM IOIAPHOCTH H3MEHHIIOCH
Ha MOJIOKUTENIbHYI0. TOK 0a3bl CKAUKOM U3MEHHUTCS Ha BenuuHy Al

U CTaHET OTpUUATeNbHbIM. OTpPULIATEILHOE HAIPABICHUE TOKA 00Y-
CJIOBJIEHO TEM, 4TO B 0a3e y SMUTTEPHOIO M KOJUIEKTOPHOI'O IEPEXo-
J0B MMEETCsl M30BITOYHBINA 3aps]l, KOTOPBII MIHOBEHHO PaccOCaThCs
HE MOXKET, U 00a Mepexoia CMEIIEHBl B MPSAMOM HalpaBlieHUU. TOk
KOJUIEKTOpa OCTa€TCsA IMPAKTUYECKU IIOCTOSHHBIM, TOK 3MHTTEpa
yMeHbIaercs Ha Al .

K mMoMmeHTy BpeMeHH {; W30BITOYHBIA 3apsii paccachlBACTCA

y KOJUIEKTOPHOI'O MEPEX0/a, U C 3TOTO MOMEHTAa YMEHBIIAIOTCS TOKU
KoJuleKTopa u smutrepa. [Ipu t, TOK KOJIJIEKTOpa CTAHOBUTCS PaBHBIM

0,1 4 ;74 - BpeMs u3MeHeHHUs KOJIJIEKTOPHOIO TOKa OT t; 10 t, Ha3bI-

BAIOT JUIUTEIILHOCTHIO ()pOHTA Ly

E A
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Puc. 6.7 — Ilepexoanble mpoliecchl B HACHIIIECHHOM KJTIOYE MPU
3aKpBIBAHUM TPAH3UCTOPA
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K MomeHTy BpeMeHH 1, N30BITOUHBIE 3apsiibl IOJTHOCTHIO PacCo-

CYTCA Y SMUTTEPHOIO NEpexoaa, U OH OyAeT CMEeIaTbCad B 00OpaTHOM
HaIpaBJI€HUH, TOKH 0a3bl U AMUTTEpPA yMEHbIIAOTCA. Buaumo, yem
OoJpllle BEeIMYMHA M30BITOUYHOIO 3apsiia B 0aze, TeM OOJIbIlle BpeMs
paccacbIBaHUs.

JI1st aHanum3a mpoLeccoB paccachiBaHus U (popMupoBanus (GpoH-
Ta BOCHOJB3yeMcsl ypaBHeHHEM (6.5), HO y4TeM, 4TO HadalbHBIA TOK
OTJIMYEH OT HYJIS.

HoncraBus Tok Al ; u 3ameHMB Tg Ha T, — HOCTOSHHAs Bpe-

MCHHU HAKOIUJICHUWS, ITIOJITYYHUM I/I306pa)KCHI/Ie KOJUICKTOPHOI'O TOKa

lK(p)ZIBBo_AITE (p), (6.10)

KOTOPOMY COOTBETCTBYET OPHIHHA:
—t

PaccacbiBaHue 3aKOHUYUTCS, KOTJa W30BITOYHBINA 3apsj B 0aze
UCUYE3HET, U OyleT MMETb MECTO PaBEHCTBO | pyn =1y 1y . IoOO-

ctaBuB | ., B NeByto yacTh (6.11) u 3ameHuB T Ha T, , HaliAeM
BpeMsI paccachlBaHUs B BUJIE:

o =Ty IN Al 5o . (6.12)
Al gBo =l gp. (S_l)
13 popmyisr (6.12) BHIIHO, UTO YBEIMUEHUE CTEIICHU HACHIIIIC-
HUS TPUBOJUT K POCTY BPEMEHHU paccachbiBaHUs, a JJIUTEIBHOCTH
(¢poHTa pH 3TOM HA0OOPOT YMEHBIIAETCS.
JlJig coKpallleHHus: CyMMapHOI0 BPEMEHH MEPEXOHOTO Ipoliecca
HEOOXO/IMMO YMEHbBINIATh BpPEMs paccachlBaHUS M JUIMTEIBHOCTH

¢dpoHTa.
MeTo/1bl TOBBIIIEHUS OBICTPOJAECHCTBUS PACCMOTPUM TO3XKE.

®opmMHpOBaHUE UIMTEILHOCTH 0TPHUATEILHOr0 (ponTa (1, )

dopmupoBanre (PpoHTa 3aKaHYMBAETCS, KOTJa KOJUICKTOPHBIN
Tok Oyzer paseH 0,1l . ., .

VuuteiBas, 4ro K Hadaily (GopMupoBaHHA cpe3a g =1,

M 3aMCHHMB T Ha T3, T. K. JUIUTENBHOCTE (PPOHTA (popMHpYeTCs, KOr/a
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TpaH3UCTOP paboTaeT B akTUBHOM pexume, Gopmymny (6.11) mMoxHO
3aMMcaTh B BUJIE

o
0,4l 4y = | 5By — Al ;Bo| 1—€ Vi . (6.13)

Peruns (6.13) oTHOCHTEIIBHO JUIUTENBHOCTH ), , IOy 9UM

Al 5Bo

Al g0 =091y

AHanu3 nepexoIHOro mpolecca MpoBOIUICs 0e3 yueTa EMKOCTH
KOJUIEKTOPHOTO Mepexo/ia. YUecTb EMKOCTh KOJUIEKTOPHOIO TIEPEX0/a

MoxHO, ecin B (6.9) u (6.14) 3amenuts T3 Ha T5 +Cy Re (1+Bo)-

(6.14)

Ha npuniunuaibHoi cxeme (puc. 6.8) nmpeanonaraeTcsi, 4YTo KMC-
TOYHUK CUTHaNa E, TeHepupyeT UMITyJIbChI IBYX TOISAPHOCTEH.

B peanpbHOM ciydyae MMITYJIbChI OMHOMOMISAPHBIE. B 3TOM Cciydae

Jydiie MPUMEHSATh NPUHIMIHAIBHYIO CXEeMy, KOTopas TNpHBEcHA
Ha puc. 6.8.

Puc. 6.8 — [IpunnunuansHas cxema
HACBIIIEHHOTO KIIH0Ya

6.4 MeToAabl cOKpaleHUs BpeMeHU nepexoaHoro npouecca

Kuarwu ¢ yckopsiromei éMKocTbr0. [l COKpalleHnus BpeMeHU
MIEPEXOTHOTO TPOIIECca Ha BCEX €ro CTaUSAX HCIONB3YETCS KITHOY C
YCKOPAIOIIEH EMKOCTBIO, MPUHIMITHATIFHAS CXeMa KOTOPOTO MPHUBEICHA
Ha puc. 6.9 (R — BHyTpeHHee CONPOTUBICHUE UCTOUYHHKA CUTHAIA).

BpeMms nepexomaHoro mpouecca MOXHO COKPATHTh B HECKOJIBKO

pas, ecau BeInonHAeTes ycnosue Rg,, . — 0.
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Puc. 6.9 — Kitrou ¢ yckopsitomeit
EMKOCTBIO

B MOMCHT OTHI/IpaHI/ISI KJIKFOYad BMCCTO TOKA
PR
5 )
R-+ Ry
B HepBBIﬁ MOMCHT I10JIy4acTCs ropasgo OOJIBIIINI TOK
U I

b.max. —
RF

YyureiBasd, 4t0 Ry >> R, umeeM | 5, >> | 5.

KoneuHo, 1o mepe 3apsia KoHAeHcaTopa TOK 0a3bl yMEHBIIIAeT-
cs, HO (PpOHT U cpe3 POPMHUPYIOTCS TOKOM, OJIM3KUM K MaKCHUMallb-
HOMY 3Ha4eHHUI0. B TO ke BpeMs BenrurHa N30BITOYHOTO 3apsiaa B 0a-
3€ COOTBETCTBYET 3HAUUTEIbHO MEHBIIEMY TOKY | .

[Tpumensisi Teopemy 00 SKBUBAJIEHTHOM T'€HEpaTope, U300paxe-
HHE TOKa 0a3bl 3alUIIEM B BUJIC:

1+ pt
1;(P) =l 5o—=C,
B(p) EOl+ pT%;
U
rae | pfg=——L—
8 T RIR,
T = CxRy;
R-R
6 =—1—L-Cy;

R-+ Ry
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T << T,
[ToxcraBnss | 5( p) B popmyiy (6.5), momyunm u3oOpakeHue

TOKa KOJIJICKTOpA.
1+ pte

1+ prB)(1+ pr%:) '

OpuruHan 5Toi GYHKUNH TPU Tc >Tg UMECT OJWHOYHBIN BbI-

IK(p)zlEOBO(

Opoc, 4To 4acTo ObIBaeT HexenaTeabHO. [[03TOMYy MOCTOSIHHYIO Bpe-
MCHH T BBIOMPAIOT U3 ycnoBust Tc = Tg. Toraa

1
p(1+ pre )
CpaBuuBas (6.5) u (6.15), BuauM, 94TO OHHM COBIAJAIOT JIO TIO-

CTOSIHHBIX BpeMEHH. MOHO MOKa3aTh, UTO W MPHU 3alMPAHUN KITFOYa
N300pakeHUsT OyAYT OTIANYATHCS TOIBKO MOCTOSTHHBIMUA BPEMEHH.

Ik = 15080 (6.15)

YuuteiBas, 4TO Tg >> ’E%, JUTMTEILHOCTU (D)POHTOB B HACHIIICH-

HOM KJIIOYE CYIIECTBEHHO COKpPAIalTCs, a BpPEeMs paccacbIBaHUsA
CTPEMUTCS K HYJIIO.

HenmocTtatkoM CXEMBI C YCKOPSIOIIEH EMKOCTBIO SABJISACTCS HAJIU-
Yyye KOHJIEHCATOPA, KOTOPBIM TPYAHO PEATU30BATh IIPU UHTETPAIBLHOU
TEXHOJIOTUH.

HenacbilmeHHbIH KJIW0Y. [[pocTenimmi BaApruaHT HEHACHIILIEHHO-
ro KJKo4ya ¢ OTPULATEIbHOW HEJIMHEHHON OOpaTHOW CBSA3BIO MOKa3aH
Ha puc. 6.10.

Puc. 6.10 — Kutou ¢ oTpuniatenbHOM HETMHEWHON
00paTHOM CBS3BIO
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[Ipu noctatoyHO OOMBIMX KOJJIEKTOPHBIX HAIMPSHKCHHUSIX IO
VD cwmenieH B 0OpaTHOM HalpaBJICHUH U €0 COMPOTHUBIICHUE BETHUKO.
[lens oOpatHOM cBsi3u pa3opBaHa. Korja HampsikeHHE Ha KOJIJIEKTOPE
CTaHET OJM3KUM K HYJIIO, IUOJ] OTKPOETCS M IMIPUPAIICHUS KOJIJIEKTOP-
HOTO TOKa B MpOTHUBO(A3e ¢ TOKOM reHeparopa OyIyT MOCTyHaTh
B IIeTIh 0a3bl, 4TO MPHUBEAET K YMEHBIICHUIO WHKEKIIUH CO CTOPOHBI
AMUTTEpA.

CrnenoBaTenbHO, B 0a3e He OyJyT HaKariMBaThCs M30BITOUHbBIC
HOCHUTEJIM U BPEMS pacCcachiBaHUS OKKETCS paBHBIM HYJIHO, a (hopMu-
poBaHue GpPOHTA U Cpe3a MPOUCXOAUT IIPHU OOJIBIIIMX TOKAX 0a3bl.

Bonpocbl Ana camonpoBepku

1. HauepTuTe NpUHIUITHAIBHYIO CXEMY HACBIIIEHHOTO KJIF0Ya.

2. HauepTuTe CTaTHYECKYIO BOJIBT-AMIIEPHYIO XapPAKTEPHUCTUKY
KJIF0Ya ¥ OTMEThTE HAa HEW TOYKH, COOTBETCTBYIOIIUE PEKUMY HACHI-
IICHUSI U OTCEYKH.

3. HauepTuTe 3KBUBAJEHTHYIO CXEMY KIKO4Ya, COOTBETCTBYIO-
HIYI0 PEXHMY OTCEUYKH, U PACCTaBbTE TOKH, MPOTEKAIOIINE B TPAH3U-
CTOpE.

4. HauepTuTe SKBUBAJICHTHYIO CXEMY KIIIOYa B PEXKUME HACHI-
HIEHUSI U PACCTaBbTE TOKHU, MPOTEKAIOIIME B TPAH3UCTOPE B 3TOM pe-
KUME.

5. 3anuImnTe BBIPAXXEHUS, OMPEAEISIONINE MOIIHOCTh, PacCeu-
BAEMYIO Ha TPAH3UCTOPE B PEKUMAX HACBIIICHUS U OTCEUKHU.

6. OObsiCHUTE TPUYMHBI, TPUBOASAIINE K KOHEYHOMY BpPEMEHU
NEPEXOTHOTO MPOIECCA B HACHIIEHHOM KIIIOYE.

/. HauepTute SMIOphl HANPSHKEHUM W TOKOB MPH OTKPBIBAHUH
TPaH3UCTOPA.

8. O0BsicHUTE, TOYEMY TOK 0a3bl B HAYAJIbHBII MOMEHT BPEMEHU
MMEET MAKCHUMaJIbHOE 3HAYCHHE, & 3aT€M YMEHBIIAETCA 0 YCTaHO-
BHUBLIETOCS] 3HAUEHUS.

9. OT uero 3aBUCAT TOKH TPAH3UCTOpPA B PEKUME HACBHIIICHUS?
3anumuTe UX 3HAYEHHUS.

10. 3anumure Gopmyny AJIUTEIBHOCTH (POHTA MPU OTKPHIBA-
HUU TPAH3UCTOPA.

11. C nomonipio Kakux napaMmeTpoB MOKHO U3MEHSTh JJIUTEIIb-
HOCTh ()pOHTA B HACBHIIIICHHOM KJTt0Ue?
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12. Hapucyiite 3mopbl HampsiKEHUWA W TOKOB B HACBHIIIEHHOM
KJIFOYE TP 3alIMPaHUM TPAH3UCTOPA.

13. ITouemy npu 3anUpaHuu TPAaH3UCTOPA TOK Oa3bl CTAHOBUTCS
OTPUIIATEIHLHBIM ?

14. BeiBeguTe BbIpaKeHHUE JJIS IIUTEILHOCTH (DpOHTA MpH 3a-
NUpaHUU TPAH3UCTOPA.

15. 3anumure Gpopmyny i BPEMEHU paccachblBaHUSI U30BITOU-
HOTO 3apsijia Py 3allMPaHU TPAH3UCTOPA.

16. 3aBUCUT 1M MAJIUTEIBHOCTh OTPULATEIBHOrO (pOHTA UM-
MyJIbCa OT CTENEHU HACHIILICHUS 7

17. Kak MOXHO YMEHBIIUTh BPEMSI pACCACHIBAHUS B HACHIIICH-
HOM KJTIOU€.

18. HapucyiiTe NpuHUMIHAIBHYIO CXEMY KJIF0Ua C YCKOPSAIOUIEH
EMKOCTBIO.

19. O0ObsacHUTE, MTOYEMY BKJIIOYEHHUE KOHJIEHCATOPA IO3BOJISIET
COKpaTUTh BpeMsl IEPEXOJHOTO Ipoliecca.

20. 3anumuTe BBIpAXKEHUE H3MEHEHUS KOJUIEKTOPHOIO TOKa
B KJIFOYE C YCKOPSIOLIEH EMKOCTBIO M JJOKAKUTE, YTO BPEMS NIEPEXO/I-
HOTO IPOIIECCa COKPAIIAETCHI.

21. MOXHO 71U YMEHBIIUTH BpEMs IEPEXOJHOTO Ipolecca
B KJIFOYE C YCKOPSIOIIEH €MKOCTBIO, €CJIM UICTOUHHMK CUTHAJIA SIBJISIETCS
reHEpPaTOpPOM TOKa?

22. Haueptute cxeMmy KiIO4Ya C OTpPULATEIbHOM HETWHEWHOU
00paTHOM CBSA3BIO.

23. O0bsaAcHUTE pabOTy KJIt0Ua C HEJTMHEUHOW 00OpaTHOM CBS3BIO.

24. Tlouemy BritoueHue auozaa IlloTku B 1enu oTpuuaTenbHON
0OpaTHOM CBS3U MO3BOJISIET COKPATUTh BPEMSI IEPEXOHOTO Ipoliecca
B KJIIO4E?



