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BBEOEHUNE

Dnekmponuka npedcmasnsem codou 001acms HAYKU U MEXHUKU, KO-
yaowyo ucciedo8anue A8NeHUll 83aUM00eticmaus 1eKMpPOHO8 C IeK-
MPOMASHUMHBIMU NOIAMU 8 8AKYYMe, 2a3080U cpede Ul meepoom me-
Jle, a makdce paspaboOmky u npaxmuieckoe npumeHenue npubopos,
8 KOMOPBIX 3MO 83AUMOOeUCmBUe UCNONb3YVemcsl O/ NPeodpa308aHus.
NEKMPOMAHUMHOU dHepeuU (21eKMPOHHBIX NPUOOPO8).

B cocraBe 2JIeKTPOHUKH BBIICISIOT CICAYIONINE OONACTH: GAKYYMHYIO DIeKMPOHU-
Ky, MEEPOOMENbHYI0 INeKMPOHUKY U Keanmosylo snekmponuky. Kaxnas u3 oOmacreit
COJZICPKUT PSIJT PA3/ICIIOB U P/ HAIIPABICHHH.

Paznen oObenuHsET KOMIUIEKCHI OMHOPOIHBIX (PU3UKO-XUMHUECKUX SIBICHUHN U MPO-
IIECCOB, KOTOPbIE MMEIOT (PyHIAAMEHTAIbLHOE 3HAYCHHE NI pa3pabOTKH MHOTHX Kiac-
COB DJIEKTPOHHBIX MPUOOPOB AaHHOK 00acTH. COBOKYITHOCTH Pa3/ieioB BceX oOacTeit
ANIEKTPOHHUKH COCTABIISCT PUIUUECKYIO INEKMPOHUKY.

HanpagieHue oxBaTbIBaeT METO/IbI KOHCTPYUPOBAHHUS U pacuéra 3JIEKTPOHHBIX MPH-
60pOB, pO,Z[CTBeHHLIX 10 HpI/IHI_[I/IHaM IICﬁCTBHH HJIN 110 BBIIIOJIHACMBIM q)YHKI_II/DIM, a TakK-
e CII0COOBI M3TOTOBIICHHS 3TUX PHOOPOB. COBOKYITHOCTh HAIpaBICHUH BCeX obIacTeit
AIIEKTPOHUKH 00PA3YeT MEXHUUECKYIO AEeKMPOHUK) .

OI[HI/IM N3 OCHOBHBIX HaHpaBJ’IeHI/Iﬁ TCXHI/ILIGCKOI?I BHCKTpOHI/IKI/I SABJISICTCA npomuiut-
JIEHHAsl 2NeKMpoHUKa, 00SCTICUNBAIONIas BHEAPEHUE JJICKTPOHHBIX YCTPOWCTB BO BCE
OTpaciii MPOU3BOJICTBA, HAYKH, TEXHUKU U ObITA.

Pasnenm u HaHpaBJ'IeHI/IH TBCpI[OTCJIBHOI)’I 3J'I€KTpOHI/IKI/I — HOHynpOBOHHI/IKOBaﬂ JJICK-
TPOHUKA, IMIICKTPUYCCKAs DJICKTPOHHUKA, MArHUTOJJICKTPOHHUKA, aKyCTOJICKTPOHHKA
U TIbE303JICKTPOHUKA, KPHOAJIEKTPOHUKA, Pa3padoTKa U U3rOTOBJICHHE pe3nucTopoB. Hau-
OoJiee 3HAYMMOM Ha COBPEMEHHOM 3Talle Pa3BUTHS SIBJISCTCS MOJIYIIPOBOIHUKOBAS JICK-
TPOHUKA.

3HeKTpOHI/IKa HaXoAUTCA B CTaAWUU HWHTCHCHUBHOI'O paSBI/ITI/IH, JUJIS Heé xapaKTepHo
MOSIBJIEHUE HOBBIX 00JacTel M CO3/1aHME HOBBIX HAINIPABJICHUH B YK€ CYILECTBYIOIIHUX
00J1acTX.

OnHa W3 OCHOBHBIX MPOOJIEM, CTOSIIMX IEpe]l AIEKTPOHHUKOH, CBsi3aHa ¢ TpeOoBa-
HUCM y.]'IyLIHICHI/If{ TCXHUYCCKHUX napaMeTpOB SHGKTPOHHBIX CUCTEM C OI[HOBpCMeHHBIM
yMEHbIIIEHHEM UX rabaputoB U morpebisiemoi sHepruu. Pemenue nmpobiembl MUHHA-
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TIOPU3ALMH JIEKTPOHHOM alIapaTypel CBS3aHO ¢ COBPEMEHHBIM 3TAIlOM Pa3BUTHS HIIEK-
TPOHUKHU — MUKPOITIEKMPOHUKOU.

Mukposnekmponuka — 3mo o0bnacms 31eKMPOHUKU, OX8AMbIEAIOUAs
uccnedosanue, KOHCMpPYUposauue, NPOU3800CME0 U NPUMeHeHuUe d1eK-
MPOHHBIX (DYHKYUOHATILHBIX V3108, OIOKO8 U YCMPOUCME 8 MUKPOMU-
HUAMIOPHOM UHMEe2PANbHOM UCNOTHEHUU.

B y4yeOHOM mocoOuu paccMOTpPEHbI BOIIPOCHI MOIYINPOBOIHUKOBOM AIIEKTPOHUKHU:
(¢u3nyeckre OCHOBBI, IPUHLUI JEHCTBUS U XapaKTEPUCTUKHU OCHOBHBIX MOIYHIPOBOJI-
HUKOBBIX IPUOOPOB.

Cornawienus, NMPUHATbIE B KHUTE

Z[J'ISI VIy4dlICHHUA BOCIIPUATHUA MaTCpUajia B I[aHHOﬁ KHUTC HUCIOJB3YIOTCS NHUKTO-
T'paMMBbI U CIICHHUAJIBHOC BbBIACJICHUC BaXKHOM I/IH(bOpMaLII/II/I.

D'l ara MUKTOIpaMMa O3HayaeT BHUMaHHUE. 371eCh BbIJIEJICHA Ba)KHAsl UH-

ei dbopmanusi, TpeOyromas akiieHTa Ha Hell. ABTOp 37€Ch MOXET IOjIe-

(3 JUTBCS C YUTATENIEM OIBITOM, YTOOBI MOMOYb H30€XaTh HEKOTOPHIX
OIIHOOK.

OTa NUKTOrpaMMa O3HAa4aeT BBIBOABL. 31€Ch aBTOp MOABOAMT UTOTH, 0000LIaeT U3-
JIOKEHHBIN MaTepuasn Wi IPOBOAUT aHAIIU3.




[NnaBa 1

PNSNYECKME OCHOBbI
TBEPOOTEJNIbHOW 3NEKTPOHUKMN

1.1 30HHas CTPYKTypa NONynpoOBOAHNKOB

[Tpu 06pazoBaHUM KPUCTAJUIMYECKON PELIETKU MPOUCXOAUT OOMEHHOE B3auMOJIeii-
CTBHME aTOMOB, KOTOPO€E 00YCIIOBIEHO MEPEKPHITHEM HX AJIEKTPOHHBIX oOosouek. Benen-
CTBHE OOMEHHOTO B3aUMOJICHCTBUS KaXK/IbIi TUCKPETHBIN SHEPreTHYEeCKUI YPOBEHb U30-
JMPOBAHHBIX aTOMOB PACLICTIISETCA Ha PsAll OJU3KO PACIOJIOKEHHBIX SHEPreTUYECKUX
YPOBHEM, YUCJIO KOTOPBIX PaBHO YMCIIy aTOMOB B KpucTajuie. B pesynbsrare pacmierie-
HUSl SHEPreTUYECKUX YPOBHEM OTAEIbHBIX aTOMOB 00pa3yrOTCsl SHEPIeTUUYECKUE 30HBI,
Ha3bIBAEMBIC Pa3pELICHHBIMU dHEPreTHYECKUMU 30HaMH. Kakaas 30Ha 3aHMMaeET ompe-
JIeJICHHYI0 00J1acTh SHEPIUU U XapaKTepU3yeTCs MUHMMAJIbHBIM U MAaKCUMaJIbHBIM 3Ha-
YEHUSIMH 3HEPTUU. BepXHUIi SHEpreTHU4eCcKuil ypOBEHb pa3pEIICHHOM 30Hbl HAa3bIBACTCS
IIOTOJIKOM, HUKHUHM — JIHOM Pa3pelleHHON dHepreThdecko 30HbI. lllupuna paspelieH-
HBIX DHEPreTUYECKUX 30H HE 3aBHCHUT OT Pa3MEpPOB KPUCTAJUIA, a ONPEAEIACTCS JIMIIb
MIPUPOJION aTOMOB, OOpa3yIOUIMX TBEPAOE TEJIO, U CUMMETpUEH KPUCTAJUIMYECKOW pe-
IIETKHU.

DHepreTuyeckue ypoBHHM BAJIECHTHBIX 3JIEKTPOHOB IIPU pacIlelUIeHUH 00pa3yroT Ba-
JICHTHYIO 30HY. Pa3pelieHHble 3HepreTHuecKue ypoBHH, CBOOOIHBIE OT HJIEKTPOHOB B He-
BO30YXK/ICHHOM COCTOSIHUM aTOMa, PacHICIUIIAICh, 00pa3yloT OAHY WJIM HECKOJIBKO CBO-
601HbIX 30H. HIKHIOI0 30HY U3 CBOOOJHBIX 30H Ha3bIBAIOT 30HOM MPOBOJUMOCTH.

PaspemieHHbIe dHEpreTHYECcKUe 30HBI MOTYT IEPEKPBIBATh APYT ApPyra WIM pasfe-
JATBCSI OJHA OT IPYroM MHTEpBaJlaMU, KOTOPBIE HA3BIBAIOTCA 3aIPELICHHBIMU 30HAMU —
00J1aCTAMU 3HAYEHUH SHEPTHH, KOTOPBIMHU 3JIEKTPOHBI B HJI€AIbHOM KPHUCTAIJIE HE MOTYT
obnanate. C yBEJIMYEHUEM SHEPTHH JIEKTPOHOB HIMPHHA Pa3pEIICHHBIX 30H YBEIHYH-
BAETCs, a NIMPHUHA 3aIlIPEILECHHBIX 30H YMEHBIIAETCS.

Baxneiimme cBOWCTBA TBEPABIX TEJ 3aBUCAT OT B3AMMHOTO PACIIOJIOKEHHS U CTEIe-
HU 3aII0JIHEHUS 3JIEKTPOHAMM MMEHHO BAJIEHTHOM 30HBI M 30HBI IPOBOJUMOCTH. B cuity
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3TOro HauOoJibllee 3HaYCHUE UMEET 3allpellieHHas 30Ha, pa3/iessaioniasi BAJICHTHYIO 30HY
U 30HY npoBoauMocTd. [llupuHa 3TOM 3ampenieHHON 30HBI SABISIETCS OCHOBHBIM Ta-
paMeTpoM, ONPEAEIISIIOIINM 3JIEKTPUUECKUE CBOMCTBA TBEPAOTO TEJA, U MPEACTABISIET
co00if pa3HOCTh SHEPTUil THA 30HBI MPOBOAMMOCTH U MOTOJIKA BAJTCHTHOW 30HBI:

AEg: (Ec_Ev)a (11)

rae £, —3Heprus 1Ha 30HbI MPOBOJUMOCTH; £\ — 3HEPrus MOTOJIKAa BaJICHTHON 30HBI.

[Tpumecu nim neeKThl KPHCTATUYECKON PEIIETKH CO3/1al0T SHEPreTHIECKHUE YPOB-
HU, PacloJIOKEHHBIE B 3alpelieHHoN 30He. [IponieHTHOE copepxaHue MPUMECHBIX aTo-
MOB OOBIYHO OYEHb Majo, a PACCTOSIHHUSI MEXAYy HUMH JOCTATOYHO BEJIMKH, CJIEJIOBa-
TEJIbHO, MO OTHOILIECHUIO APYT K APYry MX MOKHO paccMaTpuBaTh KaK M30JIMPOBAHHBIC
aTOMBI, SHEPTETHUECKHE YPOBHH KOTOPBIX HE PACHICTUISIOTCS U He 00pa3yroT SHEepreTu-
YECKUX 30H.

JloHOpHasi TIpEMech O00pa3yeT JIOKAJIBHBIH YHEPTeTUUYCCKUN YPOBEHb (OOHOPHUIL
VpoGeHb), PaCcONOKEHHBIN B 3allPEIICHHOW YHEPreTHYECKOW 30HE BONHM3W JIHA 30HBI
IPOBOJUMOCTH, 3aHATHII B HEBO30Y>KICHHOM COCTOSIHMM 3JeKTpoHOM. [Ipu B0o3OYyxe-
HUU JIOHOPHAas NPUMECh OTHAET MIEKTPOH B 30HY MPOBOAMMOCTU. PaccTosiHue mexmay
JIOHOPHBIM YPOBHEM U JHOM 30HBI IPOBOAMMOCTU PaBHO 3HEPIMHM MOHU3ALUU JJOHOP-
HOM NIPUMECH.

AxuentopHasi mpuMech o0pa3yeT JIOKaJIbHbIN SHEPTeTUUECKUIl YPOBEHb (akyenmop-
HbIll YPOBEHb), PACTIONIOKCHHBIA B 3alpPENICHHOW YHEPreTHYECKONW 30HE BOJIW3HM MOTOJI-
Ka BaJICHTHON 30HBI, CBOOOIHBINA OT 3JEKTpOHA B HEBO30YKIEHHOM cocTossHuH. [Ipu
BO30YX/IEHHH aKLENTOpHAs MPHUMECh 3aXBaThIBACT IEKTPOH U3 BaJCHTHOW 30HBI. Pac-
CTOSIHUE MEX]y aKUEHNTOPHBIM YPOBHEM M IOTOJKOM BaJEHTHOI 30HBI PABHO SHEPTUU
MOHM3AIMH aKLIENTOPHON MPUMECH.

C yBenuueHHEeM KOHIICHTPAlUU pUMECcel pacCTOSIHUS MKy MPUMECHBIMU aToMa-
MU YMEHBIIAKOTCS U UX SHEPreTUUYECKHUE YPOBHU IMOCTEIIEHHO MTPEBPAILAIOTCS B npumec-
Hble oHepzeemuyeckue 30Hbl. [1pu JOCTHXKEHUH OINpEeAeNIEHHON KOHIIEHTPALMK IpUMecei
IIPUMECHBIE DHEPIETUUYECKUE 30HBI CIMBAIOTCS C ONMKAMILIMMU 3HEPreTUYECKUMU 30-
HaMU KpHCTaJula, B pe3ysibTare 4ero oOpasyeTcsi 30HHas CTPYyKTypa, OJin3Kasi K 30HHOMN
CTPYKType MeTaysioB. Takoil NMPUMECHBIA MOIYHPOBOJHUK HA3BIBAIOT 8bIPOMCOEHHLIM
NONYNPOBOOHUKOM VIIA NOTYMEMAIOM.

Hexortopsie mpumecu 001a1al0T CpaBHUTENBHO BBICOKON dHEpPTHUel HOHU3ALNU U 00-
pa3yroT PHEPreTUYECKUE YPOBHU, PACIIONIOKEHHBIE BOJIM3U CEPENMHBI 3alIPELIEHHOMN 30-
HBI (HampuMep, 30JI0TO B KpeMHHH). BBeneHue Takux mpumecei CylecTBEHHO o0er-
YaeT T'eHepalrio U PEKOMOMHALMIO CBOOOJHBIX AJIEKTPOHOB. DHEPreTUUECKUE YPOBHU
npuMeceil ¢ BBICOKOW SHEprueil HOHU3AIMN Ha3bIBAIOT 2eHEPpAYUOHHO-PEKOMOUHAYUOH-
HbIMU YEeHMPaMu.

Cy1iecTByIOT IPUMECH, CO3/AIOLIUE SHEPIETUUECKUE YPOBHU (108yuiKlL), PACIIOINO-
YKEHHbIE BOJIM3M CepeliHbl BEpXHEN WM HMKHEH MOJIOBUH 3alpelieHHOMN 30HbI. Takue
YPOBHU 3aXBaThIBAIOT HOCUTENU M3 OMMKalIIeld pa3pelieHHONW >HEPreTH4YEeCcKON 30HbI
U Yepe3 HEKOTOPOE BPeMsI OTJAIOT UX B Ty YK€ 30HY.
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1.2 PacnpeneneHne Hocutenemn 3apaaa
B MONYyNpPOBOAHMKAX

KonnenTpauys HocuTeneu 3apsaa B Ipeenax paspeleHHON Y HEPreTHYECKOM 30HbI
IIOJIYIIPOBOAHMKOBOI'O KPUCTAJLIA OIIPENEISAETCA BBIPAKEHUEM

Ey
N= Il/ f 26(E)g(E) dE, (1.2)

Ey

rie V — o6bem kpucramia; O(E) — BepOSTHOCTD 3aMONHEHHs SHEPIeTHIECKOTO YPOBHS
HocuTensimu 3apsiaa; g(E) — IIOTHOCTh SHEPTeTHUSCKUX YPOBHEH B pa3peiieHHOM 30HE;
E,, E, —3Heprum JHa U NOTOJIKA PA3PEIICHHON 30HBI COOTBETCTBEHHO.

PaBHOBecHasi KOHLUEHTpauus HocuTenen 3apsinga B COOCTBEHHOM
NonynpoBOAHUKE

BepositHocTth O, (E) 3amoiHEeHUst SIEKTPOHOM 3HEPTETHYECKOTO YPOBHS OTPEIEIIs-
eTcsl cratucTuueckoi pynkmnuern depmu-/lupaxa:

O,(E) = ————F—— (1.3)

exp

kT

rae Ep —aHeprus @epmu; £ — dHEprusi COOTBETCTBYIOIIETO YPOBHS; ' — TEPMOAMHAMHU-
geckasi TeMIlepaTypa; k — noctosiHHas bosibiMaHa.

N3 ¢popmynsl (1.3) BUAHO, YTO NpU TeMIepaType adCONIOTHOTO HYIsI BCE SHEPreTH-
YECKHE COCTOSIHMSI C IHeprue, 6onbieit sHeprun depmu, cBOOOAHBI, a BCE IHEPreTU-
YECKHE COCTOSHUSA C DHEpruei, MeHbpuie sHeprun depmu, 3aHATHI JICKTPOHAMM.

A\
......................... ’@":‘! BblBOﬂbl

Q

Taxum 06pazom, anepeus Pepmu ecmsb MAKCUMATLHO BO3MONCHASL IHEP2US TIeKMPO-
HO8 npu memnepaniype abCoONOMHO20 HYIIA.

DHepreTuuecKuii ypoBeHb, COOTBETCTBYIOLIMI 3Heprun depmu, Ha3bIBAETCS YPO6-
nem @epmu. Ilpu moboit Temneparype, OTIUIHOM OT TeMIEPaTypbl a0COIIOTHOTO HYJIA,
BEPOSITHOCTD 3arojHeHust ypoBHs Depmu paBHa 1/2, a 310 3HAYMUT, 4TO ypoBeHs DepMu
3aI10JIHEH HAIOJIOBHHY.

Jlro6oii sHepreTHYeCKuil ypoBEHB JINOO 3aHST ANEKTPOHOM, MO0 CBOOOMEH (3aHST
JBIPKOI), TTOATOMY CyMMa BEpOSTHOCTEHW 3THX JBYX COOBITMH paBHa eauHuue. Torma
BEPOSITHOCTh 3AIIOJIHEHUS SHEPTETUYECKOTO YPOBHS ABIPKOU ONPENEsIeTCsl KaK

O,(E)=1-0,(E) = 7 E : (1.4)
exp(— F)+l

kT
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Taxum oGpasom, cratuctudeckas pynkuus depmu-Jlupaka Ui IbIpOK aHAJOTUYHA
craructuueckoit pynknuu depmu-/upaka 171 3IEKTPOHOB U OTIMYAETCS 3HAKOM TTOKa-
3arels 9KCIOHEHTBI, YTO XOPOLIO COITIACYETCsl ¢ IPEACTABIEHUEM O IBIPKE KaK HOCUTEIIE
HOJIOXKUTEIBLHOTO 3aps/a.

IInoTHOCTH OHCPICTUYCCKUX ypOBHeﬁ BOJIM3U JHa 30HbI IPOBOJAUMOCTH M IIOTOJIKA
BaJICHTHOM 30HBI:

=

(2m)3(E-E,)? (2m?)2 (E, - E)
DL ,  @(E)=2nV (2h)? )

g.(E) =2V (1.5)

e my, m; —dpheKTrBHAs Macca dIEKTPOHA U IBIPKU B KPHCTAILIE,

[Moncrasimsist cootHoterust st O,(E) u g.(E) B (1.2), monydnM paBHOBECHYIO KOH-
HEHTPAIIUIO SIEKTPOHOB B 30HE MPOBOIUMOCTH:

3, ]
1 (2m}kT\2 x2
no = ﬁ / X x, (16)
0 € q)T
Ep—E. 5 kT 5
Tac ¥, = ——— — XUMHYCCKUH IMOTCHUHAI, q)T = — — TeMIICPATYPHbIM IMOTCHIOHAJ;
qe qe
E-E,
— 3apdan JIEKTPOHA, X = ——

B neswiposicoennvix nonynposoonuxax cmenemv 3anonHeHUs: 2NEKMPOHAMU SHep-
2eMuYecKux yposHel 30Hbl NPOBOOUMOCMU MAA, BEPOSTHOCTh PACHpEICICHUS DJICK-
TPOHOB 10 PHEPTETUYCCKUM YPOBHSAM OYZIET OMPEEIAThCS CTAaTUCTHUYCCKON (DyHKIIMEH
Makcsenna-bonbiimMana:

(1.7)

8, (E) ~ exp (—%)

Torz[a PpaBHOBECHasA KOHLCHTpaLUA 3JICKTPOHOB B 30HC IPOBOAMMOCTH HEBBIPOXK-
JACHHOI'O IIOJYIIPOBOAHHKA OIIPCACIISACTCA BBIPAKCHHUCM!

*kT 2 EF E. EF_EL‘
p— e kI =2N.e T (1.8)
T

nog =

m*kT
n o
rae N, = e — a¢hhexmueHas NIOMHOCMb IHEPSEMUUECKUX YPOBHEL 8 30He Npo-
T
800UMOCTIU.
EF - Ec
J11s1 HeBBIPOXKICHHBIX TIOTYIPOBOITHUKOB €XP T <« 1, oTkyna ciemyer, ycio-

BHE Ny << 2N..
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o),

......................... ’W',‘é. BbIBOﬂbI c e et e e s s e s e et e e eee e e

Q

Takum 00pazoM, y HesblpOHCOeHHBIX NOTYNPOBOOHUKOE KOHYEHMPAayUusi c60000HbIX
INEKMPOHO8 MHO20 MeHbLUe P PHeKMUSHOU NIOMHOCIU COCMOAHULL 8 30HE NPOBOOUMOCTEN.

B evipooicoennvix nonynpogoonukax cmenensb 3an0IHeHUs 2eKMPOHAMU IHEp2emu-
E-Er
YeCcKUx ypoeHell 30Hbl NPOBOOUMOCMU OOCMAMOYHO GelUKd, CIEAO0BATEIbHO, € kT =
X—Xn
=e ¢r <« 1. Torna paBHOBECHasi KOHIIEHTPAIUsI CBOOOAHBIX 3JIEKTPOHOB B 30HE MIPOBO-

JUMOCTH BBIPOKICHHOI'O ITOJYIIPOBOAHHUKA OIIPCACIISACTCSA BBIPAKCHHUCM!

3 3
8N. (Er—EN2 1 [2m\2 Ee-E.)} o
nO - 3\/E kT - 33_52 hz F c . ( . )
EF_EL‘ EF_EC

J17151 BBIPO’KICHHBIX MOMYTIPOBOIHUKOB e 4T >> 1, OTKyJa CJIeIyeT, 4To T > 1,
CIIeIOBATENBHO, JUTS BRIPOXKACHHBIX TOJTYTIPOBOJHUKOB BBITIOJHSACTCS YCIOBUE 7 >> 2N,..

A\
......................... ’@":‘! BblBOﬂbl

Q

Takum 00pa3oM, ) 6bIPONHCOECHHBIX NOTYNPOBOOHUKOS KOHYEHMPAYUs C80O0OHbIX
NEKMPOHO8 MHO20 6OIbULE IPHEKMUSHOU NIOMHOCMU COCMOSHUL 8 30He NPOBOOUMO-
cmetl U He 3a8UCUM OM MeMNepamypol.

PaBHoBecHas KOHICHTpalusd AbIPOK B BaJICHTHOM 30HE HEBBIPOKACHHOI'O IMOJYIIPO-
BOJHHKA OIIPCACIIACTCS BbIPAKCHHUEM

3
mykT\2 Ev-Er Ev-Er
po=2 e e KT =2Nye kT (1.10)
T
3
m*kT\?
e N, = 2;7 — aghpexmueHas noOmMHOCMb dHEPeeMUHECKUX YPOBHELL 8 BATICHMHOU 30He.

E\J _EF
J171st HeBBIPOXKIIEHHBIX TTOTYTIPOBOJHUKOB € k7 << 1, OTKya CIeyeT YCIOBHE Py << 2N,,.

Y
......................... ’@"‘-‘! BblBO,D.bl

Q

Taxum 006pazoMm, y HesbIPOHCOEeHHBIX NOTYNPOBOOHUKOE KOHYEHMPAYUs ObIPOK MHO20
MeHbue 3¢hpekmusHol NIOMHOCMU COCMOSAHULL 8 8ATIeHMHOLU 30He.
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PaBnoBecHas KOHICHTPausA ABIPOK B BaJICHTHOM 30HE BBIPOXXICHHOI'O IMOJIYTIPOBOJHUKA:

3 3
8Ny (E,—Ep\2 1 (2m}\2 3
Po = | —) = —| =] (E,-Er)2. (1.11)
3\/E kT 3m?\ A?

Ey—E E,-Ep
JI71st BBIPOXKIGHHBIX MOTYIPOBOJHUKOB € A7 >> 1, OTKy/a CIEIyeT, uTo 7>

> 1, CJIIEOOBATCIILHO, I BRIPOKICHHBIX ITIOJTYIIPOBOIHUKOB BBIIOJIHACTCA YCIIOBUE po > 2N, v

A\
......................... ’@"2 BblBOﬂbl

Q

Taxkum 00paszoM, y 8b1poHCOEHHBIX NOTYNPOBOOHUKOE KOHYEHMPAYUSL ObIPOK MHO20
bonvuwe 2¢hghexkmuenoli nromHocmu cocmoaHull 8 8aeHMHOL 30He U He 3d8UCUM Om
memnepamypul.

B coOGcTBEHHOM NOMYNPOBOAHUKE OJHOBPEMEHHO BO3HUKAIOT [[Ba BHJIA HOCUTEJEH
3apsifia — 3JEKTPOHBl M JABIPKH, MO3TOMY COOCTBEHHBIE KOHLIEHTPALMM 7; AJIEKTPOHOB
U p; JBIPOK B HEBBIPOKIECHHOM IOJYIIPOBOIHHUKE:

AEg k \2 13 An
n; = p;=2\/ N.N,e 2T =2 = (mnmp) T2 e 2T, (1.12)

[Tonoxxenue ypoBHsi @epMu B COOCTBEHHOM HEBBIPOXIEHHOM MOIYIMPOBOJAHUKE!

E.+E, 3 my
:%+Zlen L) (1.13)

n

Er

W3 Beipaxkenus (1.13) ciaenyer, 4to npu pasencmee 3¢hghekmusHbix mMacc 21eKmpona
u Ovlpku yposenv Depmu 6 coOCMBEHHOM HEBbIPOHCOEHHOM NONYNPOBOOHUKE PACHONA-
2aemcs nocepeoune 3anpeujeHHoll 30Hbl:

E.+E
_ ;_UZEI., (1.14)

Ep
rae E; — ypoBeHb SHEPruu, COOTBETCTBYIOUINM CepeHe 3apeleHHON 30HBI.

PaBHOBeCHEIC KOHOCHTpAaMKU 3JICKTPOHOB W JBIPOK B HEBBLIPOKIACHHOM IIOJYIIPO-
BOJHHKC BBIPAXKAKOTCA YCPEC3 COOCTBEHHBIE KOHIOCHTpaluu HOCHUTENeH 3apsia:

Ep-E; Ep-E

ng=me kI , po=pe I . (1.15)

N3 Boipakenuii (1.15) cnenyer, uto

nopo = Nip; = ;. (1.16)
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Coomnowenue nopy = n* gvipasicaem 3aKon 0eucmeylouux Macc, 8 co-
OMBEMCMBUU C KOMOPLIM 8 HEBbLIPOHCOEHHOM NOLYNPOBOOHUKE NPOU3-
8edenue KOHYeHmpayuli C60000OHBIX IeKMPOHOB U ObIPOK NPU MePMO-
OUHAMUYECKOM PABHOBECUU eCb NOCTOSAHHAS GeTUYUHA, PABHASL K8AO-
pamy cobcmeeHHOU KOHYeHmpayuu npu 0anHoU memnepamype.

3aKoH JIEHCTBYIOIUX MAcC CHPABEAIHMB KaK Ui COOCTBEHHBIX IOJIYTPOBOTHHKOB,
TaK U JJIs1 IPUMECHBIX HEBBIPOXKACHHBIX MOJIYTIPOBOAHUKOB, TO €CTb 8 1I000M HEBbIPOIC-
O0eHHOM NONYNPOBOOHUKE YEeNUudeHUe KOHYEeHMpayuu Hocumenel 00H020 3HAKA NPUeo-
oum K YMeHbUEeHUI0 KOHYEeHmMpayuu Hocumenel npomueononodicHo2o 3naka. Cnemyer
OTMETUTb, YTO IPOU3BEACHUE IIEKTPOHHON U JBIPOYHON KOHLEHTPAUUN HE 3aBUCUT OT
MOJIO’KEHUS ypOoBHA DepMu.

PaBHOBeCHasi KOHUEHTpauus HocuTernen 3apsiga B NpUMeCcHOM
NosTynpoBOAHUKE

B npumecHOM NOIynIpOBOJHHMKE, ONHOBPEMEHHO COACPIKAILEM KaK JOHOPHBIE, TaK
U aKUENTOpHbIE MPUMECH, PaBHOBECHas KOHIIEHTPALUS CBOOOAHBIX SJIEKTPOHOB 00Y-
CJIOBJIEHa COOCTBEHHOW KOHLEHTpalued CBOOOJHBIX 3JIEKTPOHOB M KOHIEHTpaLUei
MOHM3UPOBAHHBIX JIOHOPOB, & PAaBHOBECHAsl KOHLIEHTPALUs JbIPOK — COOCTBEHHON KOH-
LEHTpanuen IbIpOK U KOHUEHTPAME HOHU3UPOBAHHBIX AKIENTOPOB:

no=n;+Ny=n+Ng—-ng, po=pi+N;=pi+Ns—pa,

rae Nﬁ =N 71 — M — KOHIICHTpAUHs HOHM3UPOBAHHBIX JIOHOPOB; Nﬂ — KOHILIEHTpaus
JOHOPHOU HNPHUMECH, nH—KOHHGHTpaHI/Ifl SJICKTPOHOB Ha JOHOPHBIX J3HCPICTHYCCKUX
ypoBHAX; N; = N — p,— KOHLEHTpaLUsl HOHU3UPOBAHHBIX aKUENTOPOB; N4 — KOHLIEH-
Tpamus aKIenTOPHON MPUMECH; p,4 — KOHIIEHTPAIUS JBIPOK Ha aKIIETITOPHBIX YHEPreTH-
YECKUX YPOBHSIX.

O06pazoBaHue IEKTPOHOB U ABIPOK, OOYCIOBICHHOE MOHU3AIMEN TIPUMECEH, COTIPO-
BOXKIA€TCs MOSBICHUEM MOJOXKHUTEIbHBIX HOHOB U3 aTOMOB JIOHOPOB M OTPUIATEIbHBIX
HMOHOB U3 aTOMOB aKIIETITOPOB, MO3TOMY YCJIOBHE AJIEKTPUUECKON HEUTPaIbHOCTH MPH-
MCCHOTI'O IMOJYIPOBOAHUKA UMCCT BU/]

I’Z()+N/I :p()-‘rNﬁ. (117)

CrerneHb MOHU3AIMK TPUMECH 3aBUCHT OT TEMIIEpaTypbl. TeMrepaTypa, mpu KOTO-
pOI‘;I HACTynacT MOJIHAsA MOHHU3AlUA IMPUMCCH, HOCUT HA3BAHUC memnepamypsbl UOHU3A-
yuu, KOTopyro o6o3Hauum 7.

s npumechvix NOIYNPOBOOHUKOS XAPAKMEPHO CYUWeCmEeHHOe Npeobiadanue KoH-
yenmpayuu c60000HbIX HOCumenell 3apsoa NPUMeCHO20 NPOUCXONCOCHUSL HAO KOHYeH-
mpayuel coOCMBeHHbIX HoCUmenel.
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[Ipu yBenuyeHuH TemmnepaTypbl COOCTBEHHAs KOHLIEHTpAllMs HOCUTENEH 3apsia pac-
TeT, U IPU HEKOTOPOH TemIepaType, Ha3bIBAEMOU Kpumuueckou memnepamypot nouy-
NPOBOOHUKA, A0JI1 COOCTBEHHON KOHLIEHTPALMK CTAHOBUTCS TAKOBA, YTO AEKTPOPHU3U-
YyeCcKHe CBOMCTBA MPUMECHOTO MOTYIPOBOAHMUKA MPUOIMKAIOTCSA K CBOMCTBaM COOCTBEH-
HOTO TMOYNPOBOAHMKA. KpHuTHiecKyto TemiiepaTypy MoiypoBOAHUKA 0003HAUNM yepes 75.

TemnepamypHulii Ouanazon om memnepamypuvl UOHU3AYUU NPUMeECU 00
KpUMu4ecKkol memnepamypsl NOIYNPOBOOHUKA 5A61emcs OUAna30HOM
pabouux memnepamyp HpUMecHO20 NOTYRPOBOOHUKA.

JIns moaynpOBOAHUKOB 7-TUIIA, HE COAEPIKAIIMX AKLENTOPHBIX IPUMECEH, B AUana-
30HE paboYMX TeMIepaTyp COOCTBEHHON KOHIIEHTpAIKe CBOOOIHBIX HOCHTEINEH 3apsia
MOXHO TIpeHeOpeyb, TOrAa YCJIOBHE 3IeKTpHYecKoi HeltpanbHocTy (1.17) mpuHuMaeT BUa:

1y = Ny, (1.18)

T7I€ 711, — PaBHOBECHAs KOHIICHTPAIWSI CBOOOAHBIX 7IEKTPOHOB B MOIYTIPOBOIHUKE /1-THIIA.
Ecnu nonynpoBOiHUK SBISETCS HEBBIPOXKIEHHBIM, TO PABHOBECHYIO KOHIIEHTPALIUIO
JBIPOK MOYKHO HAMTH, UCIIONB3YsI 3aKOH JEUCTBYIOIINUX Macc:

n?  on?

— — 1
Pr= S Ny (1.19)
i€ p, — paBHOBECHAs! KOHLEHTPALUs JIbIPOK B MOJYNPOBOJHUKE 1-THUIIA.

N3 Beipakennii (1.18) u (1.19) cnenyer, uTo pasHosecnas Konyenmpayus 21eKmpo-
HOB He 3a8UCUNm Om MemMnepamypbul, a KOHYeHmpayus OblpoK XapaxKmepuszyemcs CUIbHoU
3a8UCUMOCIBIO OM MEMNEePamypbi.

[Tonoxenue ypous @epmu B AuanazoHe paboyuX TeMIeparyp:

EF:EC—leni\]fvc, (1.20)

A

OTKY/Ia CIEAYET, UYTO 68 OUanda3oHe pabouux memnepamyp yposerwv Pepmu nexcum mem
evlute, 4em bonvue KORYyenmpayus 00H0p06 u yem Husice memnepamypa.

JI1s TOyTIPOBOJHUKOB p-THUIIA, HE COAEPKAILUX JTOHOPHBIX IPUMECEH, B THANIA30HE
pabouux TemmepaTyp ycJoBHE dJeKTpuueckoi HeTpanbHocTH (1.17) mpuHUMaeT BUA:

Py =Ny (1.21)

Ecnu monynpoBoaHUK ABISETCS HEBBIPOKIEHHBIM, TO PABHOBECHYIO KOHIIEHTPALIUIO
CBOOOIHBIX AIEKTPOHOB MOXXHO HAWTH, UCIIONIb3Ys 3aKOH JEHCTBYIOIIMX Macc:

o
n,=—-= ]7 (122)
Pp A
N3 Beipakenuii (1.21) u (1.22) cnenyert, 4To pagrnogechas KoHYeHmMpayus OblpoK He
3a6ucum om memnepamypol, a KOHYEeHmMpayus c60000HbIX INIEKMPOHO8 XAPAKMEPU3)-
emcsi CUNbHOU 3A8UCUMOCIBIO OM MEeMNepamypbl.
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[Tonoxxenne ypous depmu B 1uanazoHe padodux TeMIeparyp:

2N,
Ep=E,+kT'ln 22, (1.23)
Ny

OTKyJa CIIEAYET, UTO 8 Ouanasoue pabouux memnepamyp yposeHv Depmu nexcum mem
HUdIce, Yem 0obule KOHYeHMpayus aKyenmopos u yem Hudxice memnepamypa.

HepaBHoOBeCHas KOHLEHTpauna HocuTenen sapaga
B NOMynpoBogHUKe

[Tox BnIMsAHUEM HETEIUIOBBIX BHEIIHUX 3HEPreTHMYECKUX BO3JEHCTBUI (31eKTpUue-
CKUX ¥ MAarHUTHBIX NOJIEH, 0OTyUYEeHUSI CBETOM MJIM YacTUIIAMH BBICOKUX dHEPTHUil U 1Ip. ),
a TaK»e HEKOTOPBIX MPOLECCOB (MHKEKLINHU, IKCTPAKLINY, aKKYMYJSILIMY U JIp. ) Hapylla-
€TCS COCTOSHHE TEPMOAMHAMHUYECKOTO PAaBHOBECHS IOJIYIIPOBOAHMKA, TO €CTh JIOIOJI-
HUTEIBHO K PAaBHOBECHBIM HOCHUTENAM 3apsfa BO3ZHUKAIOT HOCUTENH, KOTOpbIE HE Ha-
XOIATCS B COCTOSHHUM TEIUIOBOIO PAaBHOBECHs C KPUCTAJIOM. Takue HOCUTENM 3apsna
Ha3bIBAIOTCS HepasHosecHbiMu. HepaBHOBECHBIE KOHUEHTPALMHU 3JIEKTPOHOB 71 B 30HE
IIPOBOJUMOCTH U JIBIPOK p B BAaJCHTHOW 30HE MOKHO IPEJACTABUTH B BUJE:

n=ny+An; p=po+Ap, (1.24)

rae An, Ap — u3dbimounsie Konyenmpayuy IEKTPOHOB U JBIPOK COOTBETCTBEHHO.

PaBHOBECHBIC KOHIICHTPALMH JIEKTPOHOB /) U JABIPOK py B TOTYIPOBOIHUKE OJIHO-
3HAYHO CBSA3aHBI C MOJIOKEHUEM ypoBHS DepMmu.

Pacnipenenenrne HepaBHOBECHBIX HOCHUTENEH 3apsijia MO HEPIeTUYECKUM YPOBHSAM
OTJIIMYAETCS OT PABHOBECHOTO paclpeeNieHHs], ONPEIeIIeMOTO CTAaTUCTHYECKUMHU (DyHK-
uusamu Gepmu-upaka (1.3), (1.4). [Ipu onucanum HEPaBHOBECHBIX KOHIIEHTPALUNA HO-
cuTenel 3apsiia UCHONb3YI0T (hopMabHbIE MapaMeTpbl — KBa3suypoBHU Pepmu Ep, 11
3JIEKTPOHOB U Ep, s abipok. KBasuypoBHM BBIOMPAIOT TaK, YTOOBI BBINOJIHSINCH CO-
OTHOILICHUS:

E.~Ep, Ev-EF,
n=ny+An=2N.e” kT , p=po+Ap=2Nye T . (1.25)
[Tonoxxenust kBa3uypoBHEH DepMH OPEICISIFOTCS BBIPAKECHUSIMU:
2N, 2N,
Ep =E,~kTln————, Ep =E,+kl'ln——. (1.26)
ny +An ’ po+Ap

B cocrosiiiu TepmMoanHamudeckoro pasaosecus (An = Ap = 0) kBasu-yposHu Dep-
MH COBITQJIAIOT C PaBHOBECHBIM ypoBHeM Depmu (EF,1 =Ef, = EF), HO B 00IIeM cirydae
OJIMH U3 KBa3UypPOBHEH PACIIONOKEH BBILLIE, a npyEroﬁEHH)Ke paBHOBeCHOrO ypoBHs depmu.

Fy—LF,

W3 Beipaxkenuit (1.25) cnenyer np = nfezk—Tp, TO €CThb IPU HAJIUYUU HEPaBHO-
BECHBIX HOCHUTENIEH 3apsijia 3aKOH JIEUCTBYIOUIMX MAacC HE BBINOJHAETCS, a Pa3HOCThb
(E r, —E Fp) KBa3nypoBHer depMu ISt 3IIEKTPOHOB U ABIPOK MOKHO HCIIOJIB30BATh B Ka-
YECTBE MEPHI OTKJIOHEHHsI HEPABHOBECHBIX KOHLIEHTPAUMi HOCUTENEH 3apsAa OT PaBHO-
BECHBIX KOHIEHTpAIIHA.

[Ipy ManbIX OTKIOHEHUSX OT COCTOSIHUS TEPMOJMHAMUYECKOTO PABHOBECHS, KOTAA
np = nopo, An ~ 0, Ap ~ 0, cipaBeutBo cooTHoWeHue Er, ~ Ep, ~ Ep, KOTOpOE 103BO-
JSeT JJI1 HEPAaBHOBECHBIX COCTOSIHUH IMOJIB30BaThCS MOHATHEM ypoBHS Depmu, o01ero
JUTSL JIEKTPOHOB U JIBIPOK.
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1.3 lpouecchbl nepeHoca 3apaaa B nNosynpoBOAHMKAX

IIpu BO3mEHCTBUM HA NOJIYNPOBOAHUK BHEIIHMX IIOJIEH, HAIIPUMEP IIEKTPUYECKO-
r0, MAarHATHOTO, TEIUIOBOTO, HAPYIIAETCSI COCTOSIHUE TEPMOAMHAMHUYECKOTO PaBHOBECHS
U HOCUTENH 3apsia MpHOOPETaoT HEHYJEBYI0 CKOPOCTb YMOPAJOYEHHOTO JBHKCHUS.
[Ipouecchbl ynopsii0u€HHOTO ABMKEHUSI HOCUTENEN 3apsiia SIBJISIFOTCSI HEPaBHOBECHBIMU
1 Ha3bIBAIOTCS MPOIIECCAMM IIEpeHoca.

B orcyrcTBHE rpaaveHTa TeMieparypbl BaKHEHIIUME (pakTOpaMH, BbI3bIBAIOLIUMHU
HalpaBICHHOE IBW)KCHUE HOCHUTENEH 3apsifa, ABIAIOTCSA JIEKTPUYECKOE IOJE U Ipo-
CTPaHCTBEHHAs! HEOAHOPOJHOCTh KOHLIEHTPALlMIl HOCUTENEHN 3apsja.

Hpend HocuTenen 3apsina

Hanpaenennoe osusicenue nocumeneti 3apsioa noo oelcmeuem 3jieK-
MPUYECKO20 NOs HA3b18AIOM OPetihoMm.

Jpeiid cBOOOIHBIX HOCUTENEH 3apsia XapakTepusyeTcsi ckopocTsimu apeiida. Cko-
POCTE Uy, , Apelia ABIPOK U CKOPOCTh Vg, , APEH(a 3JIEKTPOHOB NPEACTABISAIOT COO0H
YCpeIHEHHBIE PHPAILEHUs CKOPOCTEH JIBIPOK M AJIEKTPOHOB 3a BpeMsl CBOOOTHOTO Ipodera:

Vop.p = WoE,  Vopn = WK, (1.27)

e W, ¥ W, — NOOBUICHOCHU ObIPOK W 9/1eKMPOHOE COOTBETCTBEHHO.

Ha nozasmxHOCTh HOCUTENEH 3apsa B OCHOBHOM BIIMSIIOT XaOTHUECKUE TEIJIOBbIE
Kose0aHHsl aTOMOB KPHCTAJNTMUECKON PEIIeTKH W 3JIEKTPHUYECKUE IMOJIS MOHU3UPOBAH-
HBIX IIPUMECEH.

B obnactu pabounx Temneparyp NOABUKHOCTb CBOOOJHBIX HOCUTENEH 3apsiia orpe-
nensiercs npasunom Mamuccena:

wl=pt =t (1.28)

5 3
e W, ~ (m*) 2 T2 — MOABMKHOCTH, CBsI3aHHAs C paccessHueM HOCHTENeH 3apsjia Ha
1 3
doHoHax; y; ~ (m*) 2 T2 N — NOABHUKHOCTD, CBI3aHHASI C PACCESIHUEM HOCHTENICH 3apsi-

Jla Ha MOHaX MpuMecH; N — KOHIIEHTPAIUsl HOHU3UPOBAHHOHN TIPUMECH.

[TopBHXKHOCTH |, U |y, @ CIIEOBATEIbHO, M PE3YJABTHPYIOIIAs IMOJBIKHOCTH U 00-
paTHO IPOIOPIMOHANBHBI dPPEKTUBHOIN Macce Hocuteneld 3apsana. Kak mpasuio, 3¢-
(exTHBHAsA Macca JIEKTPOHA MeHbIIE YPPEKTUBHON MACChl ABIPKH, TI03TOMY W, > L.

[Tpu HEBBICOKOW KOHIICHTPALMU MPUMECH BBITIOIHICTCS YCIOBHUE [, < W; U, CIEI0-
BaTeNBHO, U ~ [I;. B 3TOM cityuae

T\

=l = | (1.29)

rne Ty — npou3BoiibHAsA (PUKCUpOBaHHAS TeMriepaTtypa, Hanpumep, Ty = 300K; uy — mo-
JIBIKHOCTh HOCHUTENEH 3apsiaa mpu temieparype 7.
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Jlis KpeMHust n-tuna ¢ = 2,6; Uisl KpeMHHUS p-TUma ¢ = 2,3; A apceHua rajuius
n-tuna c = 1,0; nnsg apceHuaa raunus p-tuna c = 2,1.

[Ipn nocTaTo4yHO HU3KUX TEeMIleparypax Wy < Wy U, CIEAOBATENbHO, W~ Uy ~ T’ %

ITonBM>KHOCTH HOCUTENEH 3apsja 3aBUCUT OT KOHLEHTpALUU IPUMECH: POCT KOH-
LIEHTPALHU BbI3bIBAECT YMEHBIICHHUE TIOJBUKHOCTH |7, @ 3HAUYUT, U YMEHBILICHUE PE3YJlb-
TUPYIOIIEH OJBUKHOCTH L.

BakHyro poiib UrpaeT 3aBUCUMOCTb IOABMKHOCTH OT HAINPSHKEHHOCTH JJIEKTpUYe-
CKoro 1ojisi. B c1a0pIx aneKTpruecKuX MoJsiX NOABMKHOCTh HOCUTENIEH 3apsiia B OCHOB-
HOM OIpeeNseTCs CPEeAHEN TeIUIOBON CKOPOCTHIO, TO €CTh CJIa00 3aBHCUT OT HANPSKEH-
HOCTH 3JIEKTPHYECKOTO T0Js. B cuibHBIX aekrpudeckux nomsix (E ~ 10* — 10° B/em)
npeiidoBasi COCTaBIAIONIAs TTOJIHON CpelHel CKOPOCTH HOCUTENEH 3apsiia, KoTopas 3a-
BUCHUT OT HANPSKEHHOCTH IOJIs, MPUONMKAETCs K TEIUIOBOW COCTaBIAIOIIEH, 1MOATO-
My 3aBHUCHMOCTb IOJBM)KHOCTH OT HAIPSDKEHHOCTH 3JIEKTPUYECKOTO I0JII CTAHOBUTCS
omyTuMoil. Tak Kak ¢ pOCTOM HaIpPsKEHHOCTU JJIEKTPUYECKOrO IOJS IOJIHAS CPEl-
HsAsl CKOPOCTb HOCHTEIIEH 3apsiia yBEJIMYMBAETCS, TO MOABUKHOCTh HOCUTENEH 3apsna
Oyner ymeHbllaThes. HanpsykeHHOCTh 3JIEKTPUUYECKOTrO I0JIs, IIPU KOTOpo# AperdoBast
COCTABJIAIOLIAs [TOJHOW CpeIHEN CKOPOCTH HOCHUTENIEH 3aps/ia CTAaHOBUTCS CPaBHUMOM
C TEIUIOBOM COCTABJIAIOLICH, HA3BIBAETCH KPUMUYECKOU HANPAXCEHHOCMbIO E,,.

DIEKTPOHHAA jyp , ¥ JBIPOYHAS jyp , COCTABIAIOIINE IUIOTHOCTH Jpeii(oBoro Toka
ONPEIEIISIIOTCS BBIPAKECHUSIMHA

Jap.n = Ol = qen,E,  jup = 0,E = qopu,E, (1.30)

rae 0,, 0, — YA€IbHbIE IPOBOAMMOCTH IIOJIYIIPOBOJAHUKA IIPU HAJTMYMK B HEM HOCHUTENEN
3apsfa OJHOTO BHJIA — MIEKTPOHOB U JIBIPOK COOTBETCTBEHHO.

ITockoNIBKY 3HAKU 3apsiiOB U HAIIPABJICHUS JBUXKCHUSI JJIEKTPOHOB U JBIPOK IIPOTH-
BOIOJIOXKHBI, TO CyMMapHas IMJI0THOCTb Apei(OoBOro ToKa:

Jup =Jnp.n *Jnp.p = OF, (1.31)

TTIE O — YOeNbHAs JNeKMPUUECKAsL NPOBOOUMOCHL NOYNPOBOOHUKA C YUEMOM C80000HBIX
9/1eKMPOHO8 U ObIPOK, ONPEieNiieMasi COOTHOIIICHUEM

0 = g.(nw, + puy,). (1.32)
Avdpysna HocuTenen 3apsaa

Hanpasnennoe osusicenue nocumenetl 3apsaoa noo oeucmeauem 2paou-
eHma ux KOHYeHmpayuu Hasvlearom ouggysueil.

[Torok wactun npu nuddy3uu onpeaenseTcss BoIpaKEHUIMU:
®, =-D,gradn, ®,=-D,gradp, (1.33)

rne D,, D, — xospdunmentsr nudPys3un 3I€KTPOHOB U ABIPOK COOTBETCTBEHHO.
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3HaK «MHHYC» B ypaBHEHUSX OOYCIIOBJIEH TE€M, YTO BEKTOp IpaJlMeHTa HalpaBjieH
B CTOPOHY BO3pacTaHMsl KOHIIEHTpAIMi, a 3JEKTPOHBI U AbIpKU nudyHIUpyIOT B CTO-
POHY YMEHBILIECHUs KOHLICHTPALUH.

C y4eToM NpUHATOrO HANpPaBICHUS IEKTPUUECKOIO TOKA KaK JBM)KEHHS IOJIOXKH-
TEJIbHBIX 3apsAa0B AU} (y3HOHHBII TOK JIEKTPOHOB COBIAIAET C HAPABIEHUEM BEKTOpa
IpaJyeHTa KOHUEHTpaluy, a AMPQPYy3MOHHBIN JBIPOYHBIN TOK HApaBiIeH MPOTUB BEKTO-
pa rpajgvieHTa KOHIEHTPALMH:

Juud.n = gDy gradn,  juug , = —q.D, gradp. (1.34)

Koaddunuentsr nuddy3un cBs3aHbl ¢ MOIBHKHOCTIMHA HOCUTEIICH 3apsija COOTHO-
HICHUAMHA DWHIITEHHA:

D, = q)TMm Dp = q)TMp- (135)

[TnoTHOCTH TOKOB, OOYCIIOBICHHBIX npeiidom u nuddysueit:
Jn =Jap.n FJud.n = geNWE + q.D, gradn, (1.36)

Jp =Jap.p T Jmup.p = 4ePWE — q.D, gradp. (1.37)

YpaBHeHe HernpepbIBHOCTU

Pacuer TOKOB B MOJyNpOBOAHMKAX TpeOyeT MpeBapUTEIbHOTO ONPECIICHUs KOH-
LEHTpaluuid cBOOOIHBIX HOCHUTENEH 3apsiia, KOTOpbIe B OOIIEM Cilydae 3aBUCSIT OT Bpe-
MEHM U MPOCTPAHCTBEHHBIX KoopAHHAT. KoHLeHTpauu cBOOOIHBIX HOCUTENIEH 3apsaia
SBIIIOTCS PELICHUAMH YPaBHEHUM HENPEPHIBHOCTH IIOTOKA YaCTHULL.

Vpaeuenus nenpepvienocmu npeocmasnsiom cobou oughghepernyuann-
Hble YPAGHEHUsl 8 YACTHBIX NPOU3BOOHBIX, KOMOPbIe CEA3bIBAION U3Me-
HeHusl KOHYeHmpayuii c60000HbIX Hocumeinel 3apsaod 6 NOLYNPOEOOHU-
Ke ¢ ux eemepayuetl, pekomounayuetl, opeugosvim u Oupghy3uoHHbvim
osudicenuem. Dusuuecku YpagHeHUs. 8bIPpAXCAOM YCIL08US COXPAHEHUS.
Konuvecmea Hocumerneti 3apsod.

YpaBHEHNs HENPEPHIBHOCTY ISl AJIEKTPOHOB M JBIPOK UMEOT BUJL:

mt.x) g nom g PN g pope Ly (139
ot T, e ot T, qe
rae G — ynenbHas CKOpOCTh TCHEPALUM HOCHUTENEH 3apsasia; T,, T, — BPEMS KU3HU DIICK-
TPOHOB U JIBIPOK COOTBETCTBEHHO.
C yuetom (1.36) u (1.37) oqHOMEpHBIC YpaBHEHUS HETIPEPHIBHOCTH JJIS SJICKTPOHOB
U JBIPOK MPUHUMAIOT BHI:

on(t, x) n—"no dE dn d’n
7 _g-—2 — + U, E— + D,—, 1.39
ot R (139
(e - dE dp
p(t,x) _ - PP o, _WE?  p,°P (1.40)

ot T, dx dc T Pde®
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BaxxHpIM 9acTHBIM clTydaeM ypaBHEHUN HEMPEPHIBHOCTH SIBIISIOTCS YPAGHEHUS OUQD-
@y3uu. YpaBaenus nuddy3un onuceBaroT 1ud@py3noHHOE NBIKEHHE CBOOOIHBIX HO-
cUTelNel 3apsijia Mpu OTCYTCTBUU B MOJIYIPOBOJHHUKE 3JIEKTPUUYECKOrO Mojsi, 0e3 ydera
AefCcTBUS BHENIHUX dHepreTHdeckux (akropoB (G = 0), HO ¢ y4eTOM MPOIIECCOB pe-
KOMOUWHAIIAH:

on(t,x) n-ng d’n  Op(t,x)  p-po d’p
- _ +Dn_, = — +D —_— 141
ot Tn dx? ot T, ? dx? (141
CranmonapHble ypaBHeHUsI TUPPY3UH UMEIOT BHL:
d’n  n-ng d’p _p—po
D,— - =0, D,— - =0. 1.42
dx? Tn P dx? T, (1.42)

ITpu omHOMepHOW H(Qy3uN HEPaABHOBECHBIX 3JIEKTPOHOB, BBHI3BAHHON H30BITOU-
HO# KkoHmeHrparwmeir An(0) u3 Touku x = 0 BHYTPH IMOJYIPOBOJHUKA, KOHIICHTPAIHS
N30BITOYHBIX JIEKTPOHOB BCJIEICTBUE PEKOMOMHAIMM Oy[E€T YMEHbIIAThCA C POCTOM X,
TaK 4910 lim,_, ., An(x) = 0. IIpu yka3aHHBIX TPAHUYHBIX YCIOBUSAX PEIICHHE YPABHECHUS
i dy3un s HIEKTPOHOB UMEET BHL:

An(x) = An(0) exp —Li , (1.43)

n

rne L, =/ D,t, — ougghysuonnas onuna snekmpoHos.

[TnotHOCTH MM((HY3MOHHOTO TOKA B 3TOM CIIydae:

d D,An(0) _x _x
Jn(x) = QeDn_n = 1 ( )e Ln = j,(0)e Ln.
dx L,

Jnst mpuOIMKEHHOTO aHalM3a HECTalMOHAPHBIX (TIEPEXOAHBIX) HpO-
yeccos HaKONeHus U paccacvl@aHus HEPAaBHOBECHBIX HOCUTENEH 3apsi-
Jla MIUPOKO MPUMEHSIETCS ypasHeHue 3apsaod, KOTOPOEe SIBISIETCS CIe-
CTBUEM YpPaBHEHHI HEMPEPHIBHOCTHU.

VYpaBHEHHUE 3apsiia NOIy4YarOT UHTETPUPOBAHUEM YPABHEHUI HETIPEPHIBHOCTH 110 KO-
HEYHOH NPOCTPaHCTBEHHOH 00nacTu:

a0, 0, 49 0

a v, U 4t 1,

.y (1.44)

P
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rae O,, O, — abCOoMOTHAs BEIMYMHA MOJIHOIO 3aps/ia HEPABHOBECHBIX DJICKTPOHOB U JIbI-
POK B paccMaTpuBaeMoi o0nactH; /,, /, — IOJHBIM TOK IEKTPOHOB U JBIPOK Yepes3 Io-
BEPXHOCTh paccMaTpuBaeMon 06acTu.

Pemienue ypaBHeHUs 3apsija Ul SJI€KTPOHOB, YAOBIETBOPSIOIIEE HAYaIbHBIM yCIIO-
BusiM O, (%) = O,0, B 00IIEM ClTydae UMEET BUJT

_th =
0()=¢ = Qu+ [ €T LE)E (1.43)
fo
[Ipwu 1, = const 3aKOH U3MEHEHUS 3apsiaa BHYTPU MPOCTPAHCTBEHHOW OOJIACTH OTIpe-
ACIICTCS BBIPAXKCHUCM!

t

=l _t=h
0.()=¢ % O+, (1-¢7%). (1.46)

KOTOpPOE OTpa)KaeT npoyecc HAKonlieHus nocumenei sapsda B ciydae [, > 0 u nporecc
paccacbIBaHUsI HOCUTEIIEH 3apsaa B ciydae [, < 0.

Haxkoruienue 3apsina BenuuuHod O, = T,[, TEOPETUUYECKH MPOUCXOAUT B TEUEHHE
0eCKOHEUYHOr0 MHTEepBaja BpeMeHH. [IpakTuueckn BpeMsi HaKOIUIEHUS] HOCUTENE! 3apsaa
OLICHUBACTCSI OT MOMEHTA BpemeHH ¢, koraa Q,(t) = 0,1t,/,, 10 MOMEHTa BpEeMEHH 1,
xorma Q,(%) = 0,91,1,, ¥ COCTAaBISIET f,4, ~ 2,27T,,.

Bpemst paccaceiBaHMsI HEpaBHOBECHOIO 3apsiia ONPENENSIeTCs U3 yCIOBHU (O, >

QnO

nrn

>0, O,(to + tyae) = 0 1 COCTABIACT Ly = T, In| 1 —

1.4 TloBEpPXHOCTHbIE SBMNEHNS B MOSYNPOBOAHMKAX

O deKkT nons

B mmpoxom cMbiciie 3G PeKToM Mot Ha3bIBAIOT YIpPaBIEHUE 3IEKTPOPU3NIECKUMH
napamMeTpamMH TOBEPXHOCTH TBEPIOTO Tela MO/ BO3JICHCTBHEM SJIEKTPHUYECKOTO MOJI,
MPUIOKEHHOTO TI0 HOPMAJTU K TIOBEPXHOCTH.

Yawe 6ceco nood sghghekmom nons noHuMarom usmeHenue noo oeti-
cmeuem 1eKmpuieckoeo nojisi KOHYeHmpayuu c60000HbIX Hocumernell
3aps0a 8 NPUNOBEPXHOCMHOU 0ONACMU NOTYNPOBOOHUKA.

[Tpu KOHIEHTpALUAX CBOOOIHBIX HOCUTEICH 3apsiyia, XapaKTePHBIX IS MOIYIPO-
BOJTHUKOBBIX MaTepUajoB, BHEITHEE JICKTPUUYECKOE IMOJIe MPOHUKAET BIIYOb MOIYIPO-
BOJTHUKA Ha PACCTOSHUS, MPEBHIMIAONINE TIEPUO]] KPUCTAIUTHYECKOM pemreTkn. Ha rmy-
OWHE NMMPOHWKHOBEHUS JICKTPHUSCKOTO TMOJIST MIPOUCXOIUT IepepacipeesiecHne cBo0oI-
HBIX HOcuTenei 3apsina. [TockonbKy 3apsi cBOOOJHBIX HOCUTENCH WM MOHU3MPOBAH-
HBIX MPUMeECEi MPOCTPAHCTBEHHO pacIpe/elieH B MPUIIOBEPXHOCTHOW OOJIACTH TIOIY-
MIPOBOJIHMKA U 3Ta 001aCTh HE SBISETCS AIIEKTPUICCKU HEHTpaIbHOW, OHA HOCUT Ha3Ba-
HUE 001acmu npOCmMpaHCmMeeHH020 3apsa0d. DIEKTPHIECKOe TIoJIe B 00JIaCTH MPOCTPaH-
CTBEHHOTO 3apsija BHI3bIBACT M3MCHCHUE MMOTCHIMAIBHONW YHEPTUU AICKTPOHOB B ITOM
oOnacru.
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ITockonbKy Ha JHE 30HBI IPOBOJMMOCTH KMHETHUYECKas SHEPrUsl 3JIEKTPOHOB PaB-
Ha HYJIO, SHEPreTUYECKOE IMOJOXKEHUE JHA 30HBI ITPOBOAUMOCTH M3MEHSETCS, MOBTO-
psis IPOCTPAaHCTBEHHOE U3MEHEHHUE MOTCHIMAIBHON dHEPIruu. AHAJIOTUYHOE U3MEHEHUE
IpeTepIieBaeT SHEPreTHIECKOe MOJ0KEHUE MTOTOJIKA BAJIEHTHON 30HBI. DTOT 3¢ deKT mno-
JTy4uI1 Ha3BaHUE u32uba sHepeemuiecKux 30H.

N3rub sHepreTHYeCKUX 30H XapaKTEPU3YETCs 21eKmpoCmamuyeckum nomeHyuaiom
), KOTOPBIH OINpEAENIeTCs] KaK pPa3sHOCTh IMOTEHIMAJIOB MEXKIY IPOU3BOJIBHON TOYKON
00J1aCTH MPOCTPAHCTBEHHOTO 3apsa U KBa3UHEUTPaIbHBIM 00bEMOM IOTYTIPOBOJHHKA:

1 X
V)= oof E(x) dx.

3HaueHue QJICKTPOCTATHUYCCKOI'O IOTCHIIMAJIa Ha ITIOBCPXHOCTHU ITOJYIIPOBOAHHKA HA-
3bIBAIOT NOBEPXHOCMHBIM NOMEHUUATIOM:

|0
Py =P(0) = ioofE(X) dx.

HOBerHOCTHaH KOHIICHTpAalHsA 71 3JICKTPOHOB M ITOBEPXHOCTHAsA KOHLCHTPALUA Py
ABIPOK BBIPAKAIOTCA COOTHOLICHUSAMU:
qeVs _Qe'lps
ng = nge kT ,  Ds=Doe kT .
B 3aBucumocTH oT HarpapJICHUA U BEJIMYUHBI BHCHIHCTO JJICKTPUYICCKOIO ITOJIA U TU-

Ta TIOTYIIPOBOTHUKA Pa3IIMIArOT 4 COCTOSHUS TIOBEPXHOCTH MOIYIIPOBOIHUKA: 0O02alye-
Hue, 0beoneHue, c1abas N CUIbHASL UHBEPCUSL.

Obozaujenue — cocmosiHue nO8epXHOCMU NOTYNPOBOOHUKA, KO20Ad NO-
BEPXHOCMHASL KOHYEHMPAYUsi OCHOBHLIX HOcumesnell Oonvuie, 4em KOH-
YeHmpayusi OCHOBHBIX HOCumenell 8 Kea3uHeumpaibHoM obveme.

Tabauma 1.1 — Pexxum oOorameHus

Tun mosy- Hanpagsaenue | IloBepx- Hanpasaenue | [ToBepx-
NPOBOJHUKA | BHELIHErO HOCTHBIE u3ruda 30H HOCTHBIH
1oJis KOHIIEHTpa- MOTeH A
1107071
n-Tuna BHYTpPb ng > N BHU3 P >0
p-THIa U3HYTPHU DPs > Do BBEPX P <0

Obeonenue — cocmosnue NOBEPXHOCMU NOTYNPOBOOHUKA, KO20d NO-
BEPXHOCMHASL KOHYEHMPAYUsi OCHOBHbIX HOCUMENell MeHbULe, YeM KOH-
YeHmpayusi OCHOBHbIX HOCUMENEU 6 KEA3ZUHEeUMPAIbHOM 0Obeme, HO
Oonble, Yem NOBEPXHOCIHASL KOHYEHMPAYUsi HEOCHOBHBIX HOCUMeIell.
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TaoOmuma 1.2 — Pexxum o0equeHus

Tun noay- Hanpasaenne | IloBepx- Hanpasiaenune | IloBepx-
NPOBOJHMKA | BHELIHEro HOCTHBIE n3ruda 304 HOCTHBIH
noJst KOHIIEHTpa- MOTEHIH A
107071

n-TUma H3HYTpH Ps <ng <Ny BBEPX P, <0

W] < o
p-THuma BHYTPb ng < ps < Po BHHU3 P >0

Ps < ¢0

[Tepexon oT cocTosTHUS 00OTAIIEHUS K COCTOSTHUIO 00CTHEHUS IIPOUCXOIUT TIPH 3Ha-
YCHUHN HOBerHOCTHOFO IIOTCHIIMAJJIa 'U‘)S = O, HOJIy‘II/IBH_IeM Ha3BaHUC nomeryuala nioc-
KUX 30H. HpI/I 3TOM KOHI.[CHTpaI_[I/II/I OCHOBHBIX 1 HCOCHOBHBIX HOCI/ITCJIef/'I Ha HOBerHO-
CTH U B 00bEME COBMHAAIOT.

Cnabas ungepcus — cocmosiHue no8epxXHOCmu NOIYNPOBOOHUKA, KO20d
NOBEPXHOCMHASA KOHYEHMPAayUus HeOCHOBHbIX Hocumenell Oonvule, yem
NOBEPXHOCMHASA KOHYEHMpPayus OCHOBHBIX, HO MeHblle, 4eM KOHYEeH-
Mpayus OCHOBHLIX HOCUmMenell 8 K8A3UHeUmpalbHoOM oObeMe.

Tabmuua 1.3 — Pexum cnaboii mHBepcUn

Tun moay- Hanpasaenne | IloBepx- Hanpasiaenue | IloBepx-
NPOBOJHUKA | BHEIIHEro HOCTHBIE n3ruda 30H HOCTHBIN
noJst KOHLICHTpa- NMOTEHIAAJ
107071

n-Tumna W3HYTpHU ng < ps < Ny BBEPX P <0

do < |s| < 249
p-Tumna BHYTpb Ps < hg < Po BHU3 P >0

¢0 <Y < 2(1)0

[epexoxn ot o6mactu oOeqHEHUS K 001acTH c1aboif HHBEPCUU TPOUCXOANT MIPU 3HA-

YEHUH TTOBEPXHOCTHOTO MOTEHIHANA ||| = ¢p, KOrJa MOBEPXHOCTHBIE KOHICHTPAIIHN
HOCHUTEJICH 3apsi/ia COBITAJIA0T C COOCTBEHHOW KOHIICHTPALUEH: 7y = P, = ;.

Cunvrnas UHBEPCUSl — COCMOsAHUE noOBEPXHOCMU I’lOlel’IPOGOOHuKa, Ko20a
NOBEPXHOCMHAA KOHYeHmpayusl HEOCHOBHbLX Hocumenetl 60/zbme, yem
KOHYeHmpayusl OCHO8HblX Hocumeneti 8 K603MH€ﬁmpaﬂbHOM obveme.

ITepexon ot obmactu cnaboif MHBEPCHH K 00JaCTH CUIBHON WHBEPCUH MPOUCXOIUT
IIpY 3HAYE€HUU MOBEPXHOCTHOI'O MOTEHLIMANA s = 2, NOIYUUBIIEM Ha3BaHUE NOPO2O-
6020 nomenyuaaa. 1Ipu 3TOM KOHLEHTpaLMsl HEOCHOBHBIX HOCHTEIEH HA NOBEPXHOCTH
paBHA KOHIIEHTPAIIMU OCHOBHBIX HOCUTENEH B 00beMe MOMYNPOBOAHUKA: g = Pg, Ps = Hy.
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Tabnuma 1.4 — PesxxuM CHIIBHONW MHBEPCUH

Tun noay- Hanpasaenne | IloBepx- Hanpasaenne | IloBepx-
NPOBOJHMKA | BHELIHEro HOCTHBIE u3ruda 30H HOCTHBIH
moJst KOHIIEHTpa- MOTEHIHAJI
11707

n-TUIIa H3HYTpH Ds > Ny BBEPX P, <0

W] > 20
p-THIIa BHYTPb ng > Po BHHU3 P >0

ws > 2(1)0

YacTb 005acT MPOCTPAHCTBEHHOTO 3apsi/ia, I1ie CyMMapHasi KOHLIEHTPAIHsI CBOOOI-
HBIX HOCHUTEJEH JIEKTPOHOB M JIBIPOK MEHbILE, YeM KOHLEHTpalus MOHU3UPOBAHHOMN
MIPUMECH, Ha3bIBAIOT 001acmvio obeoHenus. YacTb 006JaCTH MPOCTPAHCTBEHHOTO 3aps-
7a, T7e KOHIUEHTpalus CBOOOIHBIX HEOCHOBHBIX HOCHTENEH Oolblie, YeM OCHOBHBIX,
MOJIy4YHJIa HA3BAHUE UHBEPCUOHHO20 KAHANA.

EBHCH_II;I ®®®® 0060060 E Egnemn 6\9 ©0600o0O06
> / c < EC
----------------- - E .
deVs ____q_eipi) L EI_: :’: ~___ qe(POI Er
== i QewsT [~~~ ¢ E;
>0 E, ~— E
Vs ~ ® ® ® ys <0 @ @ @ °
a 6
Egnenm
-—
Epnemn ~_ 09 0 06 O0 - CNONC)
«— Ec N Ec
q WIA __________________ Er eWs| | > ____ - Ep
ers \\\\ \\ Qe
~_9e®0|, E; \ — 1e®0] E;
M N
ys<0 @O Ev  yi<o @@ Ey
PO ©® @O»H»® @ @

Puc. 1.1 — 30HHBIE TUarpaMMBbl IPUIIOBEPXHOCTHOM 00JIaCTH MOTYNPOBOAHMKA 1-TUIA:
a —npu oboraieHuy; 6 — npu o0eIHEHUH; 6 — IIPU CJ1ab0i UHBEPCUU; 2 — IpHU
CUJIbHOM MHBEPCUU

[ebaeBckasa anvHa IKpaHNpoBaHUA

Pacnpenenenue 1 31€KTPOCTATUYECKOTO MOTEHLMANa B O0JACTH MPOCTPAHCTBEH-
HOTO 3apsiia MOJIyIPOBOJHUKA ONpEAeNseTcs peleHueM ypasHeHus [lyaccona:

d* A
dx(zx) = - 8(;), (1.47)
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rie M(x) — oObeMHasl TIOTHOCTH 3apsia B 0OIACTH TPOCTPAHCTBEHHOTO 3apsijia.
Hampumep, 11 momynpoBOIHHKA 7-THIA 3aps]l 00IacTH POCTPAHCTBEHHOTO 3apsi-
J1a OIpeNeNsieTCcsl HOHU3UPOBAHHBIMU IOHOPaMH M CBOOOJHBIMU 3JIEKTPOHAMH, TO3TOMY

M(x) = ge| Ny —n(x) . (1.48)

[Ipu BO31EHCTBUM HA MOJYHPOBOJHUK CJIA0BIX 3JIEKTPUUECKHUX MOJeH, korma P, <<
< ¢, CIIpaBeIMBO

g\ (x) Qew(x)
= kT M 1 —_— 1.49
n(x) = nge |1+ =~ (1.49)
IMoxncrapnss (1.49) u (1.48) B (1.47) n yuutsiBas, 4to Njj = 19, IOTYIAM
2
d W(x) _ w(x) — 0, (150)

dx? Lé

rne Lp — nebaeBckas IJIMHA SKpaHUPOBAHUSI.
JlebaeBcKkas AJIMHA SKPAaHUPOBAHUS OMPEICIISICTCS BRIPAKCHHEM:

880(1)]’
qdeho

Lp= (1.51)

Pentenne ypasuenust (1.51), ymoBieTBopsiroiee TpaHHYHBIM yCIoBHAM (o00) = 0

u P(0) = ,, umeet Bug P(x) = Pge Lo,
TaxuM 00pa3oM, TIPM MajbIX BO3MYIIEHHSX 3IEKTPOCTATHYECKHI TOTEHIMAa cria-
iaeT BrIyOb MOJYIIPOBOIHMKA MO SKCIOHEHIINATLHOMY 3aKOHY.

AV
......................... ’@":-! BblBOﬂbl

Q

[To dusmueckomy cMBICTY Oebaesckas Oauna Lp 9KpaHuposanus xapaxmepusyem
21yOUHY NPOHUKHOBEHUSL JTNEKMPULECKO20 NOJISL 8 NOTYHPOBOOHUK NPU MATILIX B03MYUJECHUSIX .

nOBerHOCTHbIe COCTOAHUA B NoJ1ynpoBOAHUKAX

OnHOl M3 NMPUHIMIHAIBHBIX 0COOEHHOCTEH, XapaKTepU3YIOLIUX MOBEPXHOCTH IMO-
JYHNPOBOAHUKOB WJIM TPAaHUIy pasjesia MOJYNPOBOJHUKA C KAKMM-THOO BEILECTBOM,
ABIISIETCS. U3MEHEHHME DYHEPreTHUUYECKOTO CIEKTPA Ul IEKTPOHOB HAa IOBEPXHOCTH IO
CPaBHEHHMIO C O0BEMOM HOIYHNPOBOAHUKA. DTO pa3iuuue OOBSICHSACTCS HATUYHMEM Ha
MIOBEPXHOCTHU MOJYPOBOAHUKOB TOBEPXHOCTHBIX COCTOSIHUI, 00YCIIOBJIEHHBIX HapylIlle-
HHEM Ha IOBEPXHOCTH IOJYIPOBOJHHUKA MEPUOJUYHOCTH KPUCTAJUIMYECKON PEIIETKH,
azicopOLuu MpUMeceil U MOBEPXHOCTHBIX J1e(hEeKTOB.
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Ilogepxnocmuvle cOCMOSAHUA — dMO INEKMPOHHbIE COCMOSAHUSA, NPO-
CMPAHCMBEHHO TOKAIUZ08AHHbLE HA SPaHUYe pazoena NOIYNPOSOOHUKA
C Kaxou-mbo cpedoil (Ousnekmpux, Memaili, 2a3, 8aKyym), dHepeemu-
yecKue yposHU KOMOPLIX PACHONIONCEHbL 8 3aNPeUjeHHOl 30He NOTYNPO-
B00HUKA.

Pa3nnuaror JOHOpHBIE U aKLENTOPHBIE TIOBEPXHOCTHBIE COCTOAHMS. [JOHOpHBIE ITO-
BEPXHOCTHBIE COCTOSHUS 3apsDKEHBI MOJIOKUTEIIBHO, €CIU PACIOI0XKEHbI BBIIIE YPOB-
Hs1 ®epmu, U HEUTpaNbHBI, €CIU PACIOJIOKEHBI HIKE YpoBHA DepMu. AKIENTOPHBIE
IIOBEPXHOCTHBIE COCTOSIHUS HEWTpaJIbHbI, €CIIM PAaCIOIOKEHbI BhllE ypoBHS Pepmuy,
1 OTPULIATENILHO 3apsKEHBI, €CIIM PACIIONIOKEHBI HIKE YpoBHA @epmu. OOBIYHO HA TO-
BEPXHOCTH IOIYIPOBOJHUKOB B BEPXHEU ITOJIOBUHE 3alPELICHHON 30HBI PACTIOIOKEHBI
AKIIENITOPHBIE TTOBEPXHOCTHBIE COCTOSIHUSA, @ B HWYKHEH MOJOBUHE — JOHOPHBIE MTOBEPX-
HOCTHBIE COCTOSIHUSL.

ITo ¢usuueckoii mpupo e MOBEPXHOCTHBIC COCTOSIHUS Pa3/ICISIFOT Ha CIICTYIOIINE THTTBL:

o [losepxrnocmuvie coCmosinusl, 00YCI081eHHble 00PLIEOM NEPUOOUHECKOU peuen-
KU Kpucmainia (noéepxnocmmuvle cocmosnus Tamma u nogepxHocmuvie cocmo-
snust [oknu). KoHUEHTpAUs TAKUX TOBEPXHOCTHBIX COCTOSHUI paBHA IO-
BEPXHOCTHOW KOHIIEHTPAIMK aTOMOB B KPHCTAJUIE, TO €CTh BEIMYUHE TTOPSIKa
10" cm~2. TloBepxHOCTHBIE cocTostHuss Tamma u [lokmu mpeacTaBIsoT co0oi
JIBa 9ACTHBIX CIIy4asl OJHOTO U TOTO K€ SIBJICHUS TEPECTPOUKHU DIEKTPOHHOM
CTPYKTYPBI KPHCTAJIA IOBEPXHOCTHIO, MOJYYEHHBIX Ha OCHOBE PA3JIMYHBIX MO-
JIENBHBIX MIPEICTABIECHHU.

o [logepxnocmmuvie cocmosinus, o00yclosleHHble Oepexmamu KpUCmaiiuiecko
peuwiemky Ha nogepxHocmu. DTH COCTOSHUS HMEIOT MPHUPOIY, aHAIOTHMYHYIO
HHEPreTUUECKUM YPOBHSIM JIE(DEKTOB, JTOKATU30BAHHBIX B 00bEME MOTYTIPOBOHUKA.

o [losepxnocmuuvle cocmosnus, 00yclo6NenHble NPUMECAMU 8 KPUCALIUYECKOU
pewemKky 80IuU3U NOBEPXHOCMU, A0CcopOyuel amomo8 u MoieKyl Ha NOBEePXHO-
cmu NorynpoBoOHUKA.

B auamnaszone pabouux TemmepaTyp HOJYNPOBOJAHUKOBBIX MaTepuajoB Ha MOBEPX-
HOCTHBIX YPOBHAX HaxOIATCsA 3apsAlabl. B COOTBETCTBUU C YCIOBHEM 3JIEKTPUYECKOU
HEHUTPaJIbHOCTH KOMIIEHCALIMs TIOBEPXHOCTHBIX 3apsA0B 0OecrneynBaeTcst 00pa3oBaHUEM
00J1aCTH NMPOCTPAHCTBEHHOTO 3apsfa U CONPOBOXKIAECTCS MOSBICHUEM 3JIEKTPUYECKOTO
MOJIsT ¥ U3rMOOM SHEPreTHUECKUX 30H.

[Ipn Manmoil MIOTHOCTH OTPULATEIBHBIX MOBEPXHOCTHBIX COCTOSHMM B IOJYNpPO-
BOJHUKE n-THUIA 00pa3yeTcsi oOeoHeHHbll Cloll, TaK KaK OCHOBHbIE HOCHUTENHN 3apsjaa —
ANIEKTPOHBI OTTAJIKMBAIOTCS OTPHUIIATENILHBIM MOBEPXHOCTHBIM 3apsA7oM B IIyOMHY HO-
JYIIPOBOJIHUKA.

[Tpu G0MbLION TIOTHOCTH OTPULATEIBHBIX MOBEPXHOCTHBIX COCTOSHUM y MOBEpX-
HOCTHU TIOJIyIPOBOJIHUKA n-THUIA 00pa3yeTcsl CJIOH C MPOTHBOMIOJIOKHBIM THIIOM 3JIEK-
TPOIPOBOAHOCTU — UHBEPCHDBII CIOT, TIO KOTOPBIM HAXOJUTCS 0OCAHEHHBIN CIIOI.

Ecnm Ha moBepXHOCTH TOTYNPOBOIHUKA #-TUTIA TPEOOIATAIOT MOJIOKHUTEIbHBIE T10-
BEPXHOCTHBIE COCTOSIHUSA, TO B IMOJYNPOBOAHUKE 00pa3yeTcsi obo2auyeHHblil Clotl, To-
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CKOJIbKY OCHOBHBIE HOCHUTENH 3apsija — JIEKTPOHbI IPUTATHUBAIOTCS K IOBEPXHOCTH I10-
JYTIPOBOJIHUKA TOJIOKUTEIBHBIM MOBEPXHOCTHBIM 3apsA0M.

B nonynpoBogHuKax p-tuna o0eJHEHHBIN, HHBEPCHBIA U 000TalleHHbIN ciiou o0pa-
3yIOTCS IIPH IPOTUBOIIOJIOKHBIX 3HAKAX ITOBEPXHOCTHBIX COCTOSHUU.

1.5 [AnanekTpuyeckas penakcauus

IIpu 0Opa3oBaHUM BHYTPU HEKOTOPON OrpaHUYEHHON 001acTH MOJYNPOBOAHUKA U3-
OBITOYHBIX KOHLEHTPALUNA HOCUTENEH 3apsijia BO3HUKAeT OOBEMHBIN 3aps]l, BbI3bIBAIO-
IIUH OSBJICHUE JIEKTPUYECKOTO T0JIs, IO AEUCTBUEM KOTOPOTO HEPABHOBECHBIE HOCH-
Tesu 3apsaaa OyayT HOKHUIaTh 00JacTh CBOETO MEPBOHAYAIBHOIO COcpeioToueHus. Takoe
paccacsiBaHHE 00BEMHOI0 3apsiia MO JASHCTBHEM COOCTBEHHOT'O MOJIsl HOCUT Ha3BaHUE
OusnieKmpuuecKoli peraxcayuu, Wi peraxkcayuu Maxceenna.

AHanmu3 JUAIIEKTPUYECKOM pelakcaluy MPOBOIAT C HCIONIb30BAaHUEM YpPAaBHEHHU
HENPEPBIBHOCTH JJI JIEKTPOHOB M JIBIPOK, HE YUYUTBIBas IIPU ITOM T'€HEPALHIO, pe-
KoMOuHauo u aup¢ys3uro Hocurtene 3apsana. OnHOMEpHbIE YpaBHEHUs HENPEPhIBHO-
ctu (1.39), (1.40) npu yka3aHHBIX YCIOBHUAX NPUHUMAIOT BUJ:

ot M or P

W3 ypaBHenwuii (1.52) cnenyer ypaBHEHHE pellakcallliy B BUJE

on(t,x) dE  0p(t, x) dE (1.52)

d o
Z(Ap-An)=-——(Ap-A
dt( p — An) 880( p - An),

pelIeHne KOToporo:
e
Ap —An = (Ap(0) - An(0))e T,

rne Ap(0) — An(0) — HauanbHas M30BITOYHAS KOHIEHTPALMS HOCHTENCH 3apsiia; Tpes —
8pemsi OUdIeKmpu4eckoll peiakcayuu, TpuaeM

Tpen. = ? = ggyP. (1.53)

Bpems ousnekmpuueckoii penaxcayuu onpeoesnsem epemMeHHOU uHmep-
8asl, 3a KOMOPblLL 00beMHblU 3apso, HAPYWAOWUL 31eKmpUYecKyio
HeUmpaibHOCMb NOTYNPOBOOHUKA, YMEHLUUACMCS 6 € Pa3.

3a MHTEpBAI BPeMEHH, PaBHBIH (3 + 5)Tjey, OOBEMHBII 3apsi]l IPAKTHIECKH IIOIHO-
CTBIO PaccachIBaeTCs U NIEKTPUUECKAsi HEUTPAIBLHOCTD MOJIYIIPOBOJAHUKA BOCCTAHABIIU-
BAETCsl.

BpeMst nMdneKkTpu4eCcKod peakCalyuy 3aBUCUT OT AUDIIEKTPUYECKON IPOHULAEMO-
CTH MOJYIIPOBOJHUKA U OT €r0 yAeJIbHOro conpoTtusieHus. Hanpumep, npu p = 1 Om-cm
JUIL KPeMHUS. M TEPMAHUSA Tpe; ~ 10712 ¢. CTonb Malioe 3Ha4eHHE SBISCTCS THUITHYHBIM
JUISL TIPOLIECCOB TURJIEKTPUUECKOM peakcallii U oeaem Cnpageodiusbim UCnolb308aHue
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NPUHYUNA DTLEKMPULECKOL HEMPAIbHOCHIU NOTYRPOEOOHUKA NPU UCCILEA08AHUU MHOUX
npoyeccos.

C pOCTOM YIEIBHOTO CONPOTUBIIEHHS BPEMS AMIIEKTPUYECKOM PENAKCAIIMU YBEH-
YMBAETCS M I COOCTBEHHBIX MOJTYIPOBOJHUKOB JOJKHO ObLIO ObI JOCTHMIaTh CpPaB-
HUTENIBHO OONbIIKMX 3HaueHui. OJHAKO MPUCYTCTBUE B OrPAHUYEHHON OOJACTH MOJY-
NPOBOIHMKA U30BITOUHBIX HOCUTENIEH 3apsi/ia BBI3BIBAET YMEHBIIEHUE YAEIBLHOTO COMPO-
THBIEHHS JaHHOTO OTPAaHMYEHHOTO y4acTKa, CHOCOOCTBYS TEM CaMbIM YMEHBIIEHUIO
BPEMEHH JMDIIEKTPUYECKOM peakcanui. B CBA3M ¢ 3THM 1ake B COOCTBEHHBIX TONY-
NPOBOJHUKAX 3HAYEHUE BPEMEHH JHMAJIEKTPHMUECKOHW pENakcaluy OOBIYHO COCTABISET
BEJIMYHHY HOPSIKA Tpey ¥ 10712 c.

Hsmenenue yoenbHo20 conpomusieHust Y4acmrka norynpo8oOHUKd, 6bl-
36AHHOE HAKONIEHUEM U3DbIMOYHBIX KOHYEHmpayuli Hocumenetl 3apsi-
0a, Hocum Hazeauue 3¢pgpexma MoOYIAYUU NPOBOOUMOCHIUL.

O dext Moaynauuu MPOBOAUMOCTH UTPaeT BaKHYIO POJb B MOJYHPOBOJHUKOBBIX
npudopax, 0COOEHHO B peKHUMax OOJIBIIOTO CUTHAJIA.

CymiecTByeT JBa OCHOBHBIX MeXaHH3Ma JIUAJIEKTPUYECKON perakcaiuu, o0ycioB-
JICHHBIX Ha4aJbHOW M30BITOYHOM KOHIIEHTpPAILMe OCHOBHBIX JHMOO HEOCHOBHBIX HOCH-
TeNen 3apsaa.

Ecnu HavyanbHbIil 00BEMHBIN 3aps] 00yCIIOBIEH OCHOBHBIMM HOCHUTEJSIMU 3apsja,
TO TPOILIECC PACCAChIBAaHUA 0OBEMHOIO 3aps/ia MPOMCXOAUT € IIOCTOSHHOW BPEMEHH Tpey.

Ecnu sxe HavasibHBIN 00BEMHBIN 3aps]l 00yCIOBIEH HEOCHOBHBIMU HOCHUTEISIMH, TO
C TIOCTOSSHHOW BPEMEHH Tpe; IPOMCXOAUT HEHTpanu3alus oObEMHOIO 3apsja, a 3aTeM
B YCJIOBUSIX 3JIEKTPUUYECKON HEHTPAIBHOCTH paccachblBaHUE N30BITOYHBIX KOHIIEHTpALUi
WIEKTPOHOB U ABIPOK, HO CO CKOPOCTBIO, TOPA3/10 MEHBIIEH U ONPEIEIIEMON BpEMEHEM
KU3HU T.

1) OmnpenenuTh KOHICHTpAIHUIO 37eKTpoHOB (B cM~>) mpu T = 300 K B Kpucrasie
KpemHus1, copepxaiieM 105 aToMoB cypbMBbI B Ky0. CM.

Omeem: 1015 cm—3.

2) OmnpenenuTs KOHIEHTpaIHIO J6IpoK (B cM3) ipu T = 300 K B Kpucraie Kpem-
Hust, copepkamieM 10 aroMoB cypbMBI B KyO. CM.
Omeem: 10* cm~3.

3) Omnpenenuts ymeabHYIO MPOBOAMMOCTh 00pasia kpemuust (B MKCM/cMm) mipu
temneparype 7 = 300K, ecny KOHLEHTpalUs aKLENTOPOB B IOJIYNPOBOIHUKE
2,3-1083 cM~3 u koHneHTpanus 1oHopoB 2,2 - 1013 cm~3. TIoaBUIKHOCTE dIEKTPO-
HOB B kpemuuu 1500 cm? /B- ¢, 1pipok B kpemuuu 600 cm? /B- c. OTBET OKpYyIIIUTH
JI0 LIEJIOTO YHCIA.
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4)

5)

6)

7)

Omeem: 96 MkCm/cM.

HampasnenHoe aBukeHHE HOCUTENEH 3apsna Moj JEHCTBUEM 3JIEKTPUUYECKOTO
TIOJISI HA3BIBAIOT:

— apeiidom,

— muddysuei,

— TOIBMYXHOCTBIO HOCUTEIICH 3apsiza.
Omeem: npeiidom.

BenuunHy, 4McI€HHO PaBHYIO CpeHENH CKOPOCTH HAIIPABIEHHOTO IBUKEHUS HO-
cuTelNlel 3apsiia B AJIEKTPUUECKOM I10JI€ C HAIIPSDKEHHOCTBIO, pAaBHOW €QMHMUIIE,
Ha3bIBalOT:

— xo3¢pdunuentom nuddysuu,
— JJuHOM cBOOOJHOrO npodera,
— MOJBH)KHOCTBIO HOCHUTEIIEH 3apsija,

— audPy3MOHHON JTMHOM.

Omeem: TIOABUKHOCTBbIO HOCUTEJIEH 3apsia.

OO6pa3zerr U3 MOIyIPOBOAHUKA MPSIMOYTOJIbHON (opMbl pazmepom 0,25 x 0,25 x
x 0,05 cm? comepxur 10 HocuTeneii 3apsma B 1 cm>. K 1ByM IpOTHUBOIONIOK-
HBIM Y3KHUM TpaHsM NpuioxkeHo Hamnpsbkenue U = 15 B. Hailitu 3HaueHue Toka
B MA, moJiarast MoJIBIXKHOCTh Hocurenei 3apsina 500 cm?/B-c.

Omeem: 60 MA.

Huddy3nonHas 1jiMHa — 3T0:

a) paccTosHMEe, Ha KOTOPOM IpU OJHOMEpHOU nnu¢dy3un B MOIYIPOBOIHUKE
0€e3 PIEKTPUYECKOro IMOoJii B HEM M30BITOYHAS KOHLIEHTPAIMsI HOCHUTENEH
3apsaa yMEHbUIAeTCs BCJIEICTBUE PeKOMOMHAIMK B 2,72 pas3a;

0) paccrosHHE, Ha KOTOPOE HOCUTENH 3apsia JupGYHIUPYIOT 32 BpeMs )KU3HU;

B) CpelHee pacCcTOsHUE, IPOXOJUMOE HOCUTEIISIMH 3apsiia MEXIAy ABYMs IO-
CJIE0BATEJIbHBIMU aKTaMH PACCESIHUS;

I) BEJIMYMHA, CBA3aHHAS C BPEMEHEM >KM3HU HEPaBHOBECHBIX HOCHUTENEH 3a-
psAna cooTHoweHusiMu L = \/ Dr.

Omeem: a, 0, T.
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KOHTAKTHbIE ABJITIEHUNA

2.1 dnekTpuyeckme nepexoqbl

BaxkHelmmMy CTPYKTYPHBIMH 3JIEMEHTAaMHU OOJBIIMHCTBA TOIXYIPOBOJTHUKOBBIX
pUOOPOB SIBIISIOTCS TaK HA3BIBAEMBIC deKmpuiecKkue nepexoosl, GU3NIecKue mpouec-
CBI B KOTOPBIX M OMPEIEISIFOT PUHITUAT JEHCTBHSI COOTBETCTBYIOIHX ITOJTYIIPOBOIHHKO-
BBIX TIPHOOPOB.

Dnekmpuyeckum nepexoooM HA3bl8AeMcs NePexoOHblll CIOU MeHCoy
obnacmsamu meepoo2o mena ¢ paziudHbIMU MUNAMU UL 3HAYEHUSMU
nPOBOOUMOCTIU.

Dnexmpuueckuil nepexoo mexncoy 0o1acmsamu nOIYNPOBOOHUKA C INeK-
MPONPOBOOHOCbIO P- U N-MUNOG, 8 KOMOPOM cyujecmseyem ougghy-
3UOHHOE deKmpuyecKoe noie U COXPAHAemcs MOHOKPUCIALIUYECKas
CcmpyKmypa noiynpo8oOHUKA, HA3bIBAIOM NLeKMPOHHO-0bIPOYHBIM UTU
P-N-nepexooom.

Onexmpuueckue nepexoovl MexHcoy 00aACmAMU  NOLYAPOBOOHUKA
C pasnuyHOU KOHYyenmpayuel npumecell OOHO20 MUNA HA3bLIBAIOM
INEKMPOHHO-ITIEKMPOHHbIMU (N-NT) U ObIPOUHO-ObIPOYHBIMU (D-P7).

3HaK «+» yCIOBHO 0003Ha4aeT o0JIacTh ¢ OoJiee BBICOKOH AJIEKTPOIPOBOIHOCTHIO

(6onee nerupoBaHHYIO 00JACTB).
[TpoMeXyTOUHBIM CIIly4aeM MEXAy HepexoioM p-pt-(wiu n-n*) U p-n-nepexoom
ABJsiETCS p-i- (WIN n-i)-TIEPeX0of, TO €CTh IEKTPUUECKUI Mepexod Mexay IByMs 00-
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JIaCTsAMHU MOJYIPOBOJHUKA, OJHA U3 KOTOPBIX UMCCT IPUMECHYIO 3JICKTPOIIPOBOAHOCTD,
a Jipyrasi — COOCTBEHHYIO (i-00J1acTh).

~ ~
& Dnekmpuueckutl nepexo0 mexcoy noaynpo8oOOHUKAMU C PA3TUYHOU WU-
N3

pZ/lHOIZ 3anpeu;eHHoﬁ 30Hbl HA3vbleaemcs eemeponepexodom.

YacTHBIM CITy4aeM reTeponepexoa siBIsIeTCs nepexo0 Memai-noarynpo8ooOHUK (KoH-
Maxkm Memai-noaynposoOHUK).

K anekTpudeckuM mepexoamM OTHOCST TAKKE CHPYKMYpPY Memaii-OudieKmpuK-no-
aynpogoonux (MJ[I1), B KOTOpOl MEXy CI0E€M METajula U MOITYIPOBOJHUKOM PACIIONO-
JKEH TOHKUHU CIION TUIEKTPHKA.

DJNEeKTpUYECKUE TIEPEXObl HENB3sl CO3JaTh MyTeM MEXaHWYECKOrO KOHTAaKTa JIBYyX
obnacteld ¢ pa3HbIMU (PU3MYECKUMH CBOHCTBaMH, TIOCKOJIBKY IMTOBEPXHOCTH KPHCTAILJIOB
OOBIYHO 3arpsi3HEHbI OKCHUIAMU M aTOMaMH JPYTUX BEIIECTB U, KPOME TOTO, MPH Me-
XaHUYECKOM KOHTAKTE MPAKTHUYECKH HEBO3MOXKHO YCTPAHUThH BO3IYIIHBIA 3a30p MEXKIY
KOHTAKTHPYIOIIUMHU 007acTIMU TBepAbIX Tell. [Ipu M3roToBIEHUH MOTYTPOBOTHUKOBBIX
prOOPOB M MHTETPATHHBIX MHUKPOCXEM HCIIONB3YIOT CICIHAIBHBIC TEXHOJIOTUICCKUE
MIPOIIECCHI: CHIABIEeHUe NOTAYNPOBOOHUKA C MemALlaMu Ulu ux cuiasamu, ouggysus,
08yxcmaoutinas (08yxamanuas) oughghysus, snumaxcusi, UOHHOe NecUposanue, aKyym-
HOe Hanvlienue, KaAmoOHOe PACNbLIEHUE, INeKMPOIUMUYECKOe U XUMUYECKOe 0Catcoe-
Hue, hoomonumozcpaghus, mpasnenue.

2.2 OreKTPOHHO-AbIPOYHbIE Nepexoabl

Jlnst 06pa3oBaHus 31EKTPOHHO-ABIPOYHOTO Nepexoja HeoOX0AUMO B MOHOKpPHUCTAII-
JMYECKOH CTPYKType HOIYyHpPOBOAHUKA C(HOPMHUPOBATH JTOCTATOUYHO PE3KYIO TI'PAHHILY
MEXy 00JIaCTSMU C 3JICKTPOHHON M ABIPOYHOM JIEKTPONPOBOAHOCTHIO. I paHnIia Mex 1y
CJIOSIMH SIBJISIETCSL PE3KOM, €CIIM I'PAaJUEHT KOHUEHTPALMU IPUMECEH B Ipelenax mnepe-
XO/1a YAOBJIIETBOPSIET HEPABEHCTBY

dN
—|Lp; > n;, (21)
dx
rae N —a3¢ddextuBHas KoHUEHTpauus npumecH; Lp; — nebaeBckast JUIMHA JJ1s COOCTBEH-
HOTO MOJIyIIPOBOJHUKA.

Dnekmpuueckue KOHMakmol ooOnacmeti NOAYNPOBOOHUKA C NEKMPO-
NPOBOOHOCHIbIO P— U N—MUNO8, 011 Komopwlx yciosue (2.1) He gvinon-
HAEmcsl, nepexooamu He AGIAI0MCs, A OMHOCAMCA K HEeOOHOPOOHbIM
HOMYNPOBOOHUKAM.

IIpu co3nanum p-n-nepexofoB MIMPOKO HMCHONb3YIOT JIETMPOBAHWE MOHOKpPUCTAJ-
Ja TMOJXYIpOBOJHUKA METOAAMHM BIUIaBiIeHUs U Iuddy3un npumeceil. DIeKTPOHHO-/bI-
POYHBIN MEepexo/, MOJyUYEeHHBIH METOJOM BIUIABICHUS B MOJYNPOBOJHUK MeTallla WU
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CIIaBa, COZICPIKAIIErO JOHOPHBIC WM aKIENTOPHBIC IPUMECH, HAa3bIBAIOT CHIAGHbIM P-
n-nepexooom, a epexojl, 00pa3oBaHHBIN B pe3ynbTare 1uddy3un aToOMOB IPUMECH B TIO-
JYTIPOBOIHUK, — OUDDY3UOHHBIM p-N-Nnepexo0om. DIIEKTPOHHO-IIBIPOYHBIN MePEeXo1 MO-
KeT ObITh CPOPMHUPOBAH MYTEM SMHUTAKCHAILHOTO HAapaIWBaHHS, IPU STOM IOIyYarOT
INUMAKCUATILHBIU P-N-Nepexoo.

ITo xapakrepy pacnpeneieHusl KOHLEHTPALUU MPUMECEH pa3indaroT
niasuvie N peskue textitp-n-nepexodvl. B TUIaBHBIX MepexoiaX KOHIICH-
TpalMM OIpUMece Ha rpaHULe pasjena p— U n—olnacTtell U3MEHseTcs
Ha PACCTOSHHUU, 3HAUUTEIBHO OobiieM aud(y3HOHHON ITHHBI.

IIpy 5TOM TPaJMEHT KOHILEHTpALUU npuMmecH |dN /dx| KOHeueH, HO YIOBIECTBOPSIET
HepaBeHCTBY (2.1). IlmaBHBIE mepexoapl OOBIYHO MOIYy4YaroT MeTojaoM Auddy3un mpH-
MecH. B pe3kux mepexomax M3MEHEHHE KOHICHTPAILMH NMpUMeced MPOUCXOIUT Ha pac-
CTOSIHUSIX, COM3MEPHUMBIX ¢ TU(Py3uoHHON JnHON. Pe3kue nepexoasl 00bHO hopmu-
PYIOT METOAOM BILJIABICHHUSA NMpUMECH. YaCTHBIM HCaTU3UPOBAHHBIM CIIy4aeM pE3KOrO
Pp-n-TIepexofia SBISIETCS CTYNEHYAThIH Iepexo/l, B KOTOPOM KOHIIEHTPAIMK MpUMecel Ha
IpaHuIe KOHTAKTUPYIOIIUX 00JIacTeil M3MEHSIOTCS CKaYKooOpa3Ho.

IIo COOTHOLICHUIO KOHLIEHTpAaLUl OCHOBHBIX HOCHUTEIEH 3apsaa B p-
U n-00JIaCTIX PA3INYAOT CUMMEMpPUYHble U HeCUMMempUyHvle p-n-
nepexooul.

VY CHUMMETPHUUHBIX p-n-NIEPEXOJI0OB KOHIIEHTpPAILMM OCHOBHBIX HOCHUTEJEH 3apsaa
B NPHICTAIOMUX K IIePeXOly p- U n-00IacTiX NPUOIUSHTENBHO PABHBI (Do ~ My).
Takue mepexonsl TPyJHO peanu30BaTh INPAKTHYECKH, ITO3TOMY OHM HE SABISAIOTCS TH-
OUYHBIMH. JIJI1 HECUMMETPUYHBIX p-71-TIEPEXOI0B CIPABEIIMBBI HEPABEHCTBA: Ppo > My
m00 po < Nyg, IPUIEM KOHLEHTPALUMM PA3IMYAIOTCSA B HECKOJIBKO pa3. B ciyvae peskoii
aCUMMETpUH, KOIZla KOHIIEHTPAllMM OCHOBHBIX HOCHTENEH 3apsia pasnuyarorcst Oosee
YeM Ha MOPSAJOK, MEpexo/bl Ha3bIBAlOT OJHOCTOPOHHMMM W 00O3HA4aroT p*-n u p-n*
COOTBETCTBEHHO.

Obnacmb nonynposoOHuka ¢ 6onvuiell KoHYyeHmpayuel 0CHOBHbIX HO-
cumernetl 3apsaoa Ha3bl8Aemcs SMUMMmMepoM, a 00IACIb ¢ MeHbULell KOH-
yenmpayue — 6a3oll.

B nonynpoBOoAHHMKOBBIX HNPUOOpax OOBIYHO HCHOJIB3YIOT HECHMMETPUYHBIE OJHO-
CTOPOHHHUE p-N-TIEPEXO/IbI.

AHanu3 >IeKTPOHHO-IBIPOUHBIX MEPEXOJ0B B 00IIeM BUAE BechbMa clioxkeH. Hau-
OoJiee MPOCTOE MaTEMAaTHYECKOE OIMCAHUE COOTBETCTBYET CTYIIEHUATOMY p-H-TIEPEXOY.
Crnenyet OTMETUTh, YTO CTYIIEHUATBIN IIEPEeX0/] HE ABJSACTCS TUIIMYHOMN JIJIs TOTYIIPOBOI-
HUKOBBIX MPUOOPOB CTPYKTYpPOH, OJHAKO HCIIOJIB30BAaHUE TAaKOW YMPOLIEHHONW MOJAETH
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MIO3BOJISIET C JIOCTATOYHOM TOYHOCTHIO MPOAHAIU3UPOBATh HanloJiee BaXKHbIE CBOWCTBA
peanbHBbIX p-n-TIEPeXo/ioB, (PU3NUYECKHe MPOILEeCChl B KOTOPHIX JIUIIh B MAJIOH CTEIICHH
3aBHUCST OT TEXHOJIOTMU H3TOTOBJICHUS.

2.3 ONeKTPOHHO-AbIPOYHbIN Nepexos B paBHOBECHOM
COCTOSAHUN

PaBHOBECHOE COCTOSIHUE AIIEKTPOHHO-IBIPOYHOTO IEepexoia HAOIIIaeTCsl MPH OT-
CYTCTBHH BHEIITHETO AJICKTPUYECKOTO TTOJIS.

['panuma Mexy o0JacTsIMH MOJYPOBOTHUKA C Pa3HBIMU THIIAMH TPOBOIUMOCTH,
Ha KOTOPOU MPOUCXOANUT U3MEHEHHE TUITA IpUMeCH (3HaKa 3((HEKTUBHON KOHIICHTPAIHH
npuMecH N), HOCUT Ha3BaHUE MeMALIyPeULecKol epaHuybl p-n-repexoa.

[TockonbKy KOHIIEHTpAIHS JIEKTPOHOB B /71-00JIaCTH TIOIYIPOBOIHUKA CYIIECTBCHHO
BBIIIIE, YEM B p-001acTH, TO IPU 00Pa30BaHUU IEKTPOHHO-ABIPOYHOTO TIEPEX0/Ia YACTh
AIIEKTPOHOB U3 n-00JacTH BelieAcTBHE TUQGY3UH MEPEXOANT B p-00IIacTh, e OyIeT pe-
KOMOWHHUPOBATh ¢ OCHOBHBIMU HOCHTEIISIMH 3apsjia p-001acTé — IbIPKaMU J0 TeX Top,
IIOKa HE CTaHET BBIOJHATHCS 3aKOH JICHCTBYIOIIMX Macc. AHAJOTHYHO YacTh JIBIPOK
u3 p-obmactu qudPyHaupyeT B n-001acTh, TAC OyneT peKOMOMHUPOBATh C OCHOBHBIMU
HOCHUTEISIMU 3apsjia — JIEKTpOHaMU. B pesynbrare BOMU3M METAUTyprU4eCcKOd TpaHU-
1Bl TIepexojia B p-001acTH OCTAHYTCSI HECKOMITIEHCUPOBAHHBIC OTPUIATEIILHBIC HOHBI aK-
IENTOPHOU MPUMECH, a B 1-00JIACTH — HECKOMIICHCHPOBAHHBIC MOJIOKUTEIIEHBIC MOHBI
JIOHOPHOM MPUMECH, TO €CTh 00pa3yeTcsi 001acms NPOCMPAHCMEEHHO20 3apsadd, COCTO-
sIIast U3 JByX Pa3HOMMEHHO 3apsDKEHHBIX CIIOEB. B o0nacTu mpocTpaHCTBEHHOTO 3apsiia
HaOIIONaeTCsl IOHMKEHHAs KOHIIGHTPAIHS MOJIBHKHBIX HOCUTENEH 3apsijia, BCICICTBUE
9ero 31a 00JIacTh 00JaaeT OOMBIIIMM COMPOTHBIICHUEM U HOCUT Ha3BaHHUE 0OCOHEHHO20 COAL.

Mex Ty HeCKOMIICHCHPOBAHHBIMH PAa3HOMMEHHBIMH 3apsilaMi HOHH3H-
POBaHHBIX NMPHMECel BO3ZHHKAET AIICKTPUYCCKOE T0JIe, HAMPaBICHHOE
OT n-00J1aCTH K p-00JIacTH, Ha3bIBAEMOE OUDDY3UOHHBIM deKmpute-
CKUM NoneM.

3TO AIEKTPUUECKOE I10JI€, C OHOIM CTOPOHBI, NPENATCTBYET AajbHenen auddys3un
yepe3 Mepexol OCHOBHBIX HOCHUTENEH 3apsia, C Ipyroid — BBI3BIBACT JApeiid) HEOCHOB-
HBIX HOCHUTEJIEH B MPOTHUBOMIOJIOKHOM HAIPaBJIEHUU: ABIPOK U3 n-00JaCTH B p-00JacTh
U 3JIEKTPOHOB U3 p-00JacTH B n-00J1aCTh.

Korma nmpoTuBOMONOXKHO HAaINpaBiI€HHBIE ITIOTOKM OCHOBHBIX M HEOCHOBHBIX HOCH-
TEJNEH 3apsifia CKOMIICHCUPYIOTCS, YCTAHOBUTCSI COCTOSIHUE TEPMOAMHAMUYECKOTO PaB-
HOBECHSI M CyMMapHas IUIOTHOCTb TOKa 4epe3 AIEKTPOHHO-IABIPOYHBIN NEPEXO] CTAHET
PaBHOM HYIIIO:

Jaud. T Jnp. = 0. (2.2)
ITo 06e cTOPOHBI OT METATYPrUYeCKO IPaHUIIBI Mepexoaa K o0NacTy MpoCTpaH-

CTBEHHOTO 3apsia MPUMBIKAIOT AIEKTPUUECKU HEHUTpabHBIC p- U n-00JACTH TOIYIIPO-
BOJIHUKA.
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KoHTakTHas pa3HOCTb NnoTeHumnasioB

310 Ta pa3HOCTb MOTEHLHAJIOB, KOTOPAst BEAET K MpeKparieHuo Au(dy3HOHHOTO TOKa.
C y4eToMm BbIpaXEHHUH 1715 TUIOTHOCTH U PY3MOHHOTO U JIpeii(hoBOro TOKOB ypas-
HeHue (2.2) CBOAUTCS K YPaBHEHUSM:

do = —<I>Td—p, do = ¢Td—". (2.3)
P n

Pemenust ypaBuenuit (2.3) ¢ ycaoBUsIMU Ha rpaHUIaX 00€IHEHHBIX U HEUTPAbHBIX
cioeB p-obnactu (§ = §po, p = ppo) U n-06mactu (¢ = Guo, 1 = n,9) TAIOT BBIPAKCHUEC
JUISL KOHTAKTHOM Pa3HOCTH MOTEHIUAJIOB:

. kT . NaN,
pp0=(l)rlnn0=— I AZI[.

— (2.4)
Pno npO qe ni

q)rc = q)nO - q)pO = q)Tln

PacnpeneneHnne 3apagos

JIist cTyneH4aToro HeCUMMETPUYHOTO p*-n-mepexofa KOHUEHTPAUU MOJBHUKHBIX
HOCHTEIIEH 3apaaa B HEMTPANBHBIX 00IACTAX: Ppo = Hpo + Na, Hyo = Puo + Np.

KonnenTpanun noaBuKHBIX HOCUTENEH 3apsiga B 00JacTH MPOCTPAHCTBEHHOTO 3a-
psina: p = ppo exp ((po = ) /Pr), 1 = myo exp ((¢ = Gno) /dr)-

[Ipu mepexope W3 HEUTpaNbHBIX p- U n-o0mactell B 00JIACTh MPOCTPAHCTBEHHOTO
3apsia KOHIICHTPAIIUH JBIPOK U 3JIEKTPOHOB OBICTPO MAJAIOT, JOCTUTAS BEIUYHH P, =

=pp0 exp(_q)K/q)T) u npO = Npo eXP(—q)K/(PT)-

[TockonbKy KOHLIEHTpalMU MOJBUKHBIX HOCUTENIEH B 00JIaCTH MPOCTPAHCTBEHHOTO
3apsifa 3HAYUTEIIBHO HI)KE KOHLICHTPAIMK HETIOABHKHBIX 3aps0B, MOKHO CUUTATh, YTO
HECKOMIIEHCUPOBAHHBIN 3apsj B IEPEXOE ONPEAEIIAETCS TOJIbKO KOHIICHTpale HOHU-
3MpPOBAHHBIX JOHOPOB U akuentopos. Torga pacnpeneneHne KOHLEHTPalui HECKOMIIEH-
CHPOBAHHOTO 3apsja B repexoqe OyIeT UMETh BHJ, NMOKa3aHHbIM Ha pucyHke 2.1: yya-
CTOK 00JacTH IPOCTPAHCTBEHHOTO 3apsija, PacloloKEHHBIH B p-001acTy, UMEET OTpH-
LATENIbHBIN 3apsi]l, a YYacTOK, PACTIONIOKEHHBIN B 7-001aCTH, — MOJIOKUTEIbHBIN 3apsi.

PacnpeaeneHve Hanps)XKeHHOCTU U NoTeHUmMana anekTpu4eckoro
nons
[Ipu OTCYTCTBMH TOKOB paCIpejiesieHne HanpspkeHHOCTH E(x) u motennuana ¢(x)

ANIEKTPUYECKOTO MoJisi (puc. 2.2) B MJIOCKOM OJHOMEPHOM CTYINEHYATOM p-n-TIepexoje
OMpEENSIeTCsl pEUICHUSIMUA YPaBHEHUI

d’¢(x) _ _Ax)  dE(x) _ A(x)
dx? €€ dx €€
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NA,N;LJ

X)) 4

S

Puc. 2.1 — Pacnpenenenue KOHLIEHTPAMU HECKOMIIEHCUPOBAHHOTO 3apsijia
B p-n-Tiepexoe

npr 00bEMHOM TIOTHOCTH 3apsiga A(x) =

_QeNA;

qeNp;
AX E(_ép) =0, E(5,) =0, q)(_ép) = Ppo, $(d,) = Ppo + Px.

-0, <x<0;

1 'PAaHUYHLIX YCJIOBU-

0<x<9,.

Mx)
A
B | }9eNa
1 X
geNa @
A E(x)
AQ(X)
/ ®no = Ppo + Pk
?po
h
~8p 0 5

Puc. 2.2 — Pacnpenenenue mioTHOCTH 0OBEMHOTO 3apsi/ia, HAPsSYKEHHOCTU
U TIOTEHIMAJa B PE3KOM p-n-TIEPEXoe
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Pacnpe):[eneHHe HaIlIpsOKEHHOCTHU W IIOTCHIMAJIA 3JICKTPUYCCKOTO IIOJIA B obOiractu
IPOCTPAaHCTBCHHOI'O 3apsjia ONPCACIIACTC BBIPAXKCHUAMMU:

—ﬁNA(X-f-ép), -9,<x<0
E(x)={ %% (2.5)

3(Nﬂx ~Nad,), 0<x<9,
€o€
qe
Gpo + ENA(X +0p)?, -0, <x<0
d(x) = 0 (2.6)
¢p0+T;(NABZP+2NA6px—NHx2), 0<x<9,

TonwmHa aneKTPOHHO-ABbIPOYHOro Nnepexoaa

HecMotpst Ha HapylleHHe 37eKTPOHEUTpaIbHOCTH B 00JacCTU MPOCTPAHCTBEHHOTO
3apsi/ia, MOHOKPHCTAJUI IOJIYIIPOBOIHUKA, B KOTOPOM 00pa30BaH 3J1€KTPOHHO-ABIPOYHBII
IIEPEXOl, B LIEJIOM OCTAETCS NIEKTPUUECKU HEUTPAJIBHBIM, I03TOMY CyMMapHbIE HECKOM-

NIEHCHPOBAHHbIE 3apsbl MOHU3MPOBAHHBIX aKLENTOPOB Ox = —¢.Na0,S U JI0OHOPOB
On1 = qeN;0,S IOIKHBI yIOBIETBOPATH YCIOBHIO
QA + QI[ = _QeNAapS + quﬂénS =0, (27)

rae S — mionaab MeTaJulyprudecKoi TpaHullbl p-n-Mepexoa.
W3 (2.7) cnexyet, 4To riTyOWHBI MPOHUKHOBEHHUS 001aCTH MPOCTPAHCTBEHHOTO 3apsi-
J1a B p- ¥ n-CJIOM CTYIIEHYATOT0 Mepexoja CBsI3aHbl COOTHOIICHUEM:

Nad, = Nyd,, (2.8)

KOTOpOE€ TOKAa3bIBAET, UTO 001aCmb NPOCMPAHCIEEHHO20 3apsA0a nepexooa NpoHuKaem
8 MeHee JlecUpoB8aHHy0 obnacme Ha OONLULYIO 21YOUHY .

C yuerom (2.8) moxHast TONIIMHA 00IACTH MPOCTPAHCTBEHHOTO 3aps/a MEKTPOHHO-
JIBIPOYHOTO TIEpexo/ia BeIpakaeTcs: popmynamu

N, Na
8§=08,+8,=1+=21)5,=[1+=2]5, (2.9)
» »
Na Ny

B opgHOCTOpOHHMX TIepexojax MPaKTHUYECKH BCA 00JACTh MPOCTPAHCTBEHHOTO 3a-
psiia pacrionaraeTcsi B MEHee JISTHPOBaHHOW oOmacTw: Juist p*-n-mepexona O ~ 0O, A
p-n*-nepexona O ~ 9,,.

Hcnonb3ys (2.6) u (2.9), MOXKHO TIOTYYUTh BBIPAKCHHUE IS TOJIIIHUHBI 00IaCTH MPO-
CTPAHCTBEHHOTO 3apsiJia CTYNEHYATOro p-n-Nepexoia B paBHOBECHOM COCTOSIHUU:

| 2808 1 1
. (NA NH)¢ (2.10)

Jliis cTyneH4yaTbIX OAHOCTOPOHHUX p-n-TIepexofoB BhipakeHue (2.10) mpuBoautcs

K BUIY:
2g0€
0= - 2.11
Ve 2.11)

rae N — KOHIEHTpalus IPpUMECH B Cl1a00JIETUPOBAaHHON 00JIaCTH.
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30HHas anarpaMmmMma 3neKkTPOHHO-AbIPOYHOro nepexona

30HHBIE HEPreTUYECKUE TUarpaMMbl YEAMHEHHBIX p- U n-001acTeil MmolymnpoBO-
HHUKa TOKa3aHbl Ha pucyHke 2.3. B p-obnactu yposenb ®epmu Ef, CMEIIEH B CTOPOHY
BAJICHTHOMW 30HBI, a B n-00mactu (Er, ) —B CTOPOHY 30HBI IIPOBOIUMOCTH.

==
4'7
o —
L
—o——— | ————F_
En
_______ EF
- . n L e — = E:
E [T c
L oo-0-0-0— EF”
E P
L —O—————— Eu
:o: O :
— Y5 |
—D_
a 7]

Puc. 2.3 — 30HHBIC YHEPreTHYECKUE AUATPAMMBI MTOJTYIIPOBOAHUKOB: a — N-THUIIA,
0 — p-Tuna

HpI/I O6paSOBaHI/II/I p-n-iepexoga U COCTOAHUU TCPMOAMHAMUYCCKOIO PaBHOBCCHUA

ypoBau @epmu o0nacTeil ¢ pa3HbIMU THIIAMHU NPOBOJUMOCTH BBIpaBHUBAIOTCA: Ep =
= EFn = EFP'

[TOCKOIBbKY PacloNOKEHUE YHEPIETHYECKUX 30H OTHOCHUTENIHLHO YPOB-
ust @epMu QUKCUPOBAHO, U3 MMOCTOSHCTBA DHEPIUU YPOBHs DepMHU 110
BCEl CTPYKTYpE p-n-TIEPEXOIA BHITEKAET, YTO BAJEHTHBIE 30HBI U 30HBI
HPOBOAUMOCTH p- ¥ n-00IIaCTel CMEMIAIOTCS APYT OTHOCHTEIBHO IPY-
ra Ha Benu4uHy ¢.¢x = (E,—Ecy) = (Eyy—Eyy ), HA3bIBACMYIO 8bICOMO
nomenyuanbHo20 bapbepa, KoTopas B COCTOSHUU TEPMOJAMHAMHUYECKO-
IO PaBHOBECHS IPONOPIMOHAILHA KOHTAKTHON Pa3sHOCTH IIOTEHIMATIOB
b (pric. 2.4).

B olnacti mpocTpaHCTBEHHOTO 3apsiia u3-3a HaMu4yus JudGy3HOHHOTO IEKTpUde-
CKOT'O TOJIsl PHEPreTUUECKUE YPOBHHU 30HBI IPOBOJUMOCTH U BaJCHTHOU 30HBI PACIIONO-
YKEHBI HAKJIOHHO.

2.4 ONeKTPOHHO-ObIPOYHbIN Nepexos B HepaBHOBECHOM
COCTOSAHUN

PaBHOBECHOE cCOCTOsSIHIE Pp-n-ncpexoaa HapymacTcCs 1oL JICHICTBHEM BHEIIHETO DJICK-
TPUYCCKOIO ITOJIA.
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Puc. 2.4 — 3oHHas sHepreTuyeckas Juarpamma p-n-nepexoja B COCTOSHUU
TEPMOIMHAMUYECKOTO PABHOBECHS

Ecnu nanpssicennocms HewiHe20 nois HANPpasieHa om p-oonacmu K n-
obnacmu, mo 2080psm, 4mMo nepexoo CMmeujern 8 NPIMOM Hanpaeie-
HUU (K p-n-nepexooy NpuiontCceHo npsmoe HanpsjiceHue), 8 nPpomueHom
cyuae — nepexoo cmewer 8 0OpamHomM HanpaeieHuu (K p-n-nepexooy
NPUTIONHCEHO 0OpAmMHOe HAnpsadceHue).

OneKTPOHHO-AbIPOYHLIN Nepexod NPU CMELLIEHMM B NPSIMOM
HanpaBneHnn

B 3T0M citydae HanpsyKEHHOCTh BHELIHETO MOJIs1 IPOTUBOIIOIOKHA 110 HAIPABICHUIO
HanpsHKeHHOCTH TG (Y3UOHHOTO 3JIEKTPUUYECKOTO OIS, II0TOMY BBICOTa IOTEHIHAIIb-
HOTO Gapbepa YMEHbBIIACTCSI U CTAHOBUTCS PaBHOM ¢, (¢ — U).

BcnencrBue atoro HapymaeTcsi paBHOBecHe MEXy Apei(oBbIM U UG GY3HOHHBIM
TOKaMH, UMEBIIEE MECTO IPH TEPMOAMHAMUYECKOM PABHOBECUN U HAYMHACTCS UHIICEK-
Yus HOCUTEJIEH 3apsija.

Hnorcexyus — omo 6sedenue nocumeneu 3apaoa uepes p-n-nepexoo u3
obracmu, 20e oHU ABNAIOMCA OCHOSHBIMU, 8 001ACmb, 20e OHU A6JIA-
1OMCsl HEOCHOBHBIMU, 34 CYem CHUIICEHUs NOMEHYUATIbHO20 bapbepa.

WHxeKTpupoBaHHbIE B 7-001aCTh ABIPKH U B p-00JIaCTh 3JIEKTPOHBI UMEIOT BOJIN3H
MeETaJUTypruuecKoil rpaHullbl epexoia OONbIIYI0 KOHIIEHTPALUIO, YMEHBIIAIONTYIOCS 110
Mepe yAICHHS OT TPaHMIIBI B TIIYOUHY COOTBETCTBYIOIIEH 00JIaCTH M3-32 PEKOMOWHAITHH.
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KOHLICHTpaIII/II/I HWHKCKTHPOBAHHBIX HOCHTEIICH 3apsiaa ONpeACIAOTCSA BRIPAKCHUAMM:

.U _,
kT ’

U
An, = nyo exp| 22 |-1]. (2.12)

Ap,, = Pno| €XPp A

U3 BeIpakeHnii (2.12) 1 3aKoHa JASHCTBYIOINX Macc cienyeT Ap,/An, ~ Na/Nj.

B cummerpudyHom p-n-nepexone Na ~ Ny, I03TOMY OJHOBPEMEHHO HaOromaeTcs
OJIMHAKOBasl 110 MHTEHCUBHOCTH MHXKEKLMsS IBIPOK U3 p-001acTu B n-00JacTh U 3JEK-
TPOHOB U3 n-001acTU B p-001acCTh.

B necummerpuunoM p*-n-nepexone Nj >> Nj, CI€AOBAaTEIbHO, UHXKEKIHA IBIPOK
npeobsagaeT HaJl MHKEKIUEH 3JIEKTPOHOB, a B HECUMMETPUUHOM p-n*-Tiepexoae, Uit
KOTOpOro Np << Ny, MHKEKIHUs dIEKTPOHOB IpeobiaajaeT HajJ MHKEKIuel abIpok. Ta-
KM 00pa3oM, B HECCUMMETPUYHBIX p*-n U p-n*-niepexofax peanus3yercs OIHOCTOPOHHS
MHXXEKIUS HOCUTENEH 3apsAja U3 SMUTTEpa B 0a3y, BCIEACTBHE YETO TAKUE MEPEXOJbI
Y HOCAT Ha3BaHHWE OJHOCTOPOHHUX.

OTHOLIEHNE KOHLEHTPALUU HHXEKTUPOBAaHHBIX HEOCHOBHBIX HOCHUTENIEH 3apsizia
K PaBHOBECHOM KOHLIEHTPALIMM OCHOBHBIX HOCHUTENEH B 0a3e Ha3bIBAIOT YPOBHEM UM-
HCEKYUUL:

_ APy AP A ARy

v .
no Ny Do Na

~N

VYPOBEHb MHKEKIIMU CUATAETCS HU3KUM, €CIIH V << 1, U BBICOKHM, €CJIA V >> 1.

bonploe KoaM4ecTBO HEOCHOBHBIX HOCHUTENEH 3apsia y I'PaHULBl IEpexoja KOM-
NEHCUPYETCsS. OCHOBHBIMM HOCHUTEISIMU 3apsijia, KOTOpbIE MOCTYHArOT M3 NIyOuHBI 00-
nacTd. B pesynbrare 3TOM KOMIIEHCALUU MOJTYNIPOBOJHUK OCTAETCA MIEKTPUYECKU HEW-
TpaJbHBIM.

Nuxexkuust HocuTenen 3apsiaa 4epe3 p-n-nepexoj] BbI3bIBACT AJICKTPH-
YECKHUM TOK BO BHEIIIHEH IIEMH, HA3bIBAEMBIA NPSAMBIM MOKOM.

VX011 31IEKTPOHOB U3 1-00IaCTH K p-n-TIePexoiy U Jajnee B p-00lacTh U MCYE3HOBE-
HHUC UX B PE3YJIbTATC peKOMGI/IHaHI/II/I TMOIMOJIHACTCA 3JICKTPOHAMHA, KOTOPLIC IMOCTYIAIOT
W3 BHENTHEH OeIu. COOTBCTCTBCHHO, Y6BIJ'IB ABIPOK B p-O6ﬂaCTI/I IIOITIOJIHACTCA 3a CUCT
yXOJla 3JIEKTPOHOB BO BHEIIHIOK LCTIb.

TOJII]_II/IHy nepexoga, HaxoodAmerocd mnold MpsAMbIM HAIIPSXKCHHUEM, MOXHO OIPCIAc-
nuThk U3 cootHomenus (2.10), 3amensist ¢, Ha (P — U):

2eeq( 1 . 1
ge \Na Njp

(b = U). (2.13)

OTCIOI[a BUJHO, 4TO npu nooauve NPAMO2CO HANPAANCEHUA MOJIUWUHA nepexoda YMEHb-
waemcs.
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Ilpu ysenuyenuu npsamo2o HAnpsiceHus 00 GeIUYUHbl KOHMAKMHOU pA3HOCIMU NO-
MEeHYUaI08 NOMeHYUAIbHBIN Dapbep ucuesaem, WUpUHa 0OeOHEeHHO20 CN0sI CPEMUMCSL
K HYTIO.

JlanpHeiiliee yBeNMUCHUE HANPSDKCHUS TMPUBOIUT K C80000HOU Oughghy3uu OCHOB-
HBIX HOCHTEJICH 3apsijia B 00IacTh C MPOTHUBOIMOJIOKHBIM THUIIOM 3JICKTPOIIPOBOTHOCTH.
B pesynbrare 3TOro npsMoi TOK CTAHOBUTCSI CPABHUTEIHHO OOJBIIUM U YBEITHYUBACTCS
C YBEJIIMYCHHUEM TIPSMOTO HAIPSIKCHHS.

OneKTPOHHO-AbIPOYHbIV NEepexo Npu CMeLLieHUn B obpaTHOM
HanpaBneHuu

Ecau p-n-nepexoo cmewen 6 obpamnom Hanpaenienuu, mo HaAnps-
JHCEHHOCMb BHewHe20 Nois coenadaem NO HANPAGIEHUl0 C Hanps-
HCEHHOCMBIO OUPDDYZUOHHO20 INeKMPULECKO20 NOJs, NOIMOMY BblCO-
ma nOMeHYuanbHo20 bapvepa yeenuyueaemcs U CmaHo8UmMcs pasHou

qe( b +|U).

[ToBbIIeHHME MMOTEHITMATBLHOTO Oapbepa (puc. 2.5) npensaTcTByeT AU Edy3un 0OCHOB-
HBIX HOCHUTEIEH 3apsia uepe3 p-n-nepexoll, U OHa YMEHbBIIIAETCs, a IPH HEKOTOPOM 3Ha-
YeHHH OOPATHOTO HAIPSIKEHUS MPEKPAIIAETCS COBCEM.

Bospocriee anekrpuueckoe moje B p-n-mepexoie CoCOOCTBYET JBHKCHHIO Yepes3
Nepexojl HEOCHOBHBIX HOCUTENeH 3apsa. [Ipu npuOIMKeHun ux K p-n-mepexony dieK-
TPUYECKOE TOJIe 3aXBATHIBACT UX U MEPEHOCUT Yepe3 Mepexo]] B 001acTh C MPOTUBOIO-
JIOKHBIM THUTIOM 3JICKTPOIPOBOTHOCTH.

IIpoyecc 3axeama snekmpudeckum noiem p-n-nepexood HeoCHOBHLIX
Hocumenetl 3apsaoa u nepeHoca ux npu 0OpPaAmHOM HANPANCEHUU Yepe3
nepexoo 6 obracms ¢ NPOMUBONONONHCHLIM MUNOM INEKMPONPOEOOHO-
cmu HA3b18arOM IKCMPpaKyueu.

VX011 HEOCHOBHBIX HOCHTEJICH 3apsijia B pe3y/bTare SKCTPAKIIMKA MPUBOJUT K CHUKE-
HUIO WX KOHIICHTPAIIUU B JIAHHOW O0JACTH OKOJIO METaJUIyprHYeCKOi IpaHMIbI TIepEX0-
Jla IPaKTUYECKU JI0 HyJs. DTO BbI3bIBaeT MU (y3ut0 HEOCHOBHBIX HOCUTENCH 3apsiaa u3
DTyOMHBI OOJIACTH B HANPABJIICHUU K TIEPEXO.y, YTO KOMIICHCHPYET YOBIIIb HEOCHOBHBIX
HocuTelel. B pesynbrare Bo BHENTHEH IETH TOSBISETCS JICKTPUICCKUI TOK, Ha3bIBae-
MBIN 00pamHvIM MOKOM.

BBumy TOro 4tro 4Mcio HEOCHOBHBIX HOCHTEJIEH 3apsaa OTHOCUTEIHLHO HEBEIHKO,
oOpaTHBIf TOK HAMHOTO MEHBIIE MPSMOro Toka. OT MPUIIOKEHHOTO HAIPSHKEHUS OH
MPAaKTUYECKH HE 3aBUCHT U SBISICTCS B ATOM CMBICIIC MOKOM HACHIUeHUs.
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Ha BCJIMYHMHY TOKaA 4€PE3 NCPEXOa IIpU 06paTHOM HaIIPsKCHUN MOKET BJIUATDH TAKXKC
TEepMHUYECKasi TeHepalysi HOCHTeNel 3apsina B camoM mepexone. [lossisromuecs: mpu
9TOM B MEPEXOJIC ANIEKTPOHBI M JIBIPKU HEMEIJICHHO OTBOISATCS JIEKTPHUSCKUM TI0JIEM,
B pe3yJibTaTe 00U TOK Yepe3 mepexoa Bo3pacraeT. OJJHAKO M 3Ta COCTABIISIONIAs TOKA
HUMeEET He6OJIBI_HyIO BCJIIMYUHY.

Tonmaa mepexoa, CMEIIEHHOTO B OOPAaTHOM HAIpPaBICHUH, BO3PACTAET U MOXKET
ObITh ompezeneHa u3 cootHomenus (2.10) 3ameHol ¢, Ha (q)I< +|U |)

[2ee( 1 1
5=\ o — + — (¢ +|U)). (2.14)
qe NA N,El

W3 Beipakenus (2.14) BUAHO, 4TO npu nooaue 0OpAMHO20 HANPANCEHU MOIUWUHA
nepexooa yeenuiusaemcsi.

o

E : A thditndl
Fo=="1 ™~
RRRTRTI, ~, [~~~ EFI’J

OO R
e TG
BT IO

»
TS,
S e I S,
Bt

15 @ S @ BN
LA A oA A e Y
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ettt oS
I et ettt e ettt oo
[ s 0o 00w
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R R R oo,
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A T e K ERKABAELA]
ERL S o K eS80 ]
050 @ s ot65sto e ettt etttittstttitte
B oo ochenat et Ceodb e o]
[Sr5at0teratotetetatototels oteteto fetoity ]
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e SRR

a 4]

Puc. 2.5 — 30HHBIE dHEPreTUUECKUE AUArpPaMMBbl p-n-IIepeEXoaa Ipy CMELICHUH
B NPSIMOM (a) ¥ 0OpaTHOM (6) HampaBJIEHUSIX

2.5 BonbT-aMnepHas xapakTepucTtumka
naeanuanpoBaHHOIO 3NEKTPOHHO-AbIPOYHOro nepexona

Wneanu3upoBaHHBIN p-n-Tiepexoll MpeacTaBiseT co00il yIpOIIEeHHYI0 MOJENb pe-
AIBbHOTO p-n-TMepexoia NPy CIEAYIOUINX JTOMYIICHHSIX:

e B 00EJHEHHOM CJIO€ OTCYTCTBYET I'€Hepallus, PeKOMOMHALUSA U paccessHue Ho-
cuTeNel 3apsaa; HOCUTENU MPOXOIAT yepe3 0O0eIHEHHBIH ClI0 MTHOBEHHO, TO
€CTh TOKH HOCHUTEJEH 3apsijia OIHOTO 3HaKa Ha 00euX TrpaHHIlaxX OOEIHEHHOTO
CJI0s1 OMHAKOBBI;

e BHE 00EIHEHHOTO CJIOS HIEKTPUYECKOE I0JIe OTCYTCTBYET, B HEUTPaIbHBIX 00-
JacTAX HOCHUTENH 3apsjia JBUXKYTCS TOJIBKO BCIEACTBUE TU(PQY3UH; COMPOTUB-
JIeHUsI HeUTpaabHBIX 0o0NacTell B CPaBHEHUU C COMPOTUBIEHUEM OOEIHEHHOTO
CJIOSl CUMTAETCS MPEHEOPEKUMO MaJIbIM; YPOBEHb MHXKEKLIUU HU3KUM;



42 MaBa 2. KOHTakTHbIe ABNeHus

® TI'PAaHUIIbI p-n-nepexoaa ABIAIOTCA IJIOCKUMU, HOCUTCIIN 3apAga ABUXKYTCA TOJIb-
KO B HAIIpaBJICHUH, NCPICHAUKYIIAPHOM 3TUM I'paHHULIaM; ITIOBEPXHOCTHBIC ABJIC-
HHUA HEC YUHUTBIBAIOTCA.

Tox yepe3 nepexon CAEPKUT NIEKTPOHHYIO U IBIPOYHYIO COCTABIIAIOILNE:
I=1,+1,=83,+jp,) (2.15)

HpI/I BHCHIHEM IMOCTOAHHOM HaIIPSAXKCHUKU U nnotHOCTH ,[[BIpO‘lHOfI nu 3J'ICKTpOHHOI71
COCTABJIAIOMIUX TOKa OMPECACIIAIOTCA BBIPAKCHUSAMU:

D,pn U Dyn U
j:Mexp——l, jn:uexp——l, (2.16)
b Wy CPT Wp q)T

L,th| — L,th| —
L, L,

Ie W, U W, —PacCTOSHUS OT METaJUIyprH4ecKod I'paHHIbl p-n-Tepexofa 10 OMHYe-
CKHX KOHTaKTOB 7- M p-001acTeil COOTBETCTBEHHO; L, L, — mudPy3rnonHas 1auHa Jbl-
POK H DJIEKTPOHOB COOTBETCTBEHHO.

[Toncrabnsas (2.16) B (2.15), momy4nM CTaTHYECKYIO BOJBT-aMIICPHYIO XapaKTepH-
CTHUKY UACATU3UPOBAHHOTO p-n-TIEPEX0/a:

U
I =1yl exp q)— -11, (2.17)
T

Dn npo + DppnO

rne Iy = g.5 — 00pamublll MOK HACLIUEHUS.
W Wy
L,th| —| L,th{ —

L, L,

JUil OIHOCTOPOHHUX p*-n- U p-n*-nepexo0B 00paTHbIE TOKHU HACBIILIEHUS COOTBET-
CTBEHHO BBIpa)karoTcs GpopmylaMu:

SD,p, SD,n
A e R A G LN (2.18)
w, W,y
L, th( 2 L, th( 22
L, I,

B 3aBuCHMOCTH OT COOTHOIICHHS MexAy AU(GPy3MOHHOW IITUHOM
JUTSE HEOCHOBHBIX HOCHUTENeH 3apsiia B 0a3e Lg W TONIUHOW Oa3bl
Wg DJIEKTPOHHO-ABIPOYHBIE nepexo0bl NOOPA30eNsaomcs Ha nepexoovl
¢ moacmoti 6a3ou, y Komopuvlx Wg > Lg, u monkot 6a3ou, y Komopuvix
W << Lg.

Hns p*-n-mepexona ¢ ToicTtol 0a30il 0OpaTHBI TOK HACBIIICHUS OIpPEICNSCTCS
BBIpAXKEHUEM [) = quDppno/Lﬁ, a ms p*-n-mepexofa ¢ TOHKOW 0a30il — BEIpaKEHHUEM
]0 = quDppno/WG.
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CootHouenue (2.17) cnpaBeyinBo NPU CMELIEHUH p-n-TIepexo/ia Kak B PSMOM, TaK
1 B 0OpaTHOM HAIIPaBICHHUAX, IPU 3TOM IPSIMOE HAIPSHKEHUE CUUTACTCS MOIOKHUTENb-
M (U > 0), a obparHoe Hamnpspkenue — orputarensibiM (U < 0). Bomsr-ammeprast
XapaKTepUCTUKA HMICATH3HPOBAHHOTO JIEKTPOHHO-ABIPOYHOTO TIEPEXoa Mpe/ICTaBlIcHa
Ha puCyHKe 2.6. YYaCTKu XapaKTepPUCTUKH, COOTBETCTBYoImue npsmomy (U > 0) u 00-
patHomy (U < 0) cMeIIeHHUsIM Tepexo/ia, Ha3bIBAlOT COOTBETCTBEHHO MPAMOl U 00pam-
Hou eemeamu BAX.

Jl,f

npamMas
BETBb

obpaTHas
BETBb Nepexoaa
C ToncTon 6asomn

C:V

—
-—"'—
— —

obpaTHas
BeTBb Nepexoja
C TOHKOW Ba3on

Puc. 2.6 — BonbT-aMiiepHasi XxapakTepuCTHKa UICAIU3UPOBAHHOTO p-n-Iepexoaa

Korma nepexon cmenieH B MPsIMOM HAIpaBICHUU U BBINOIHSETCS ycaoBue U > ¢r
(mpaxtuyecku mpu U > (2 + 3)dr), BepaxkeHue s npsimoii BetBu BAX mpuBomurcst
K BULY:

I =1Iyexp Y . (2.19)
¢r

IIpu temneparype 7' = 300K Benuunna ¢r ~ 0,026 B = 26 MB, nostomy yxe npu
OTHOCHUTEJILHO HEOOIbIIOM MPSIMOM HAIPSHDKEHUU TOK Yepe3 MEepexo]l pe3Ko BO3pacTaeT
IpUOJIM3UTEIHHO 10 SKCIIOHEHIIMAIBHOMY 3aKOHY.

Kora mepexos cMmenieH B 0OpaTHOM HalpaBieHWH U BBIMOIHACTCS ycnosue |U| >
> ¢r (mpaktuuecku mpu |[U| > (2 + 3)dr), Boipaxkenue st obparHoil BetBu BAX
npuHumaeT Bug [ = 1.

HeoOxonumo ormeTuts, 4to obparHas BeTBb BAX p-n-niepexonoB ¢ TOJICTON U TOH-
Ko 0a30il oTnmyaercs. Y MEpexoi0B C TOJCTOW 0a30i mpu momade oOpaTHOTO HArpsi-
KEHHsI TOK, U3MEHUB HampaBJeHHEe, ObICTPO JOCTUTAET 3HAYCHHS /), a Janee OCTaeTcs
MOCTOSIHHBIM, HE3aBUCHMO OT BEJIMYMHBI MPHIIOKEHHOT'O HANPSHKEHUSI, TIO3TOMY TOK [
HA3BIBAIOT TOKOM HACHIIIECHUS. Y TIEPEXOI0B C TOHKOW 0a30# MpU yBEIHMYECHUH 00paTHO-
IO HampspKEHUs yBEJIMYMBAETCs IIMPHHA OOJIACTH MPOCTPAHCTBEHHOTO 3apsiia U COOT-
BETCTBEHHO YMEHBIIAeTCs TOJIIKMHA 0a3bl, YTO BBI3BIBAET YBEJIMUEHUE OOPAaTHOTO TOKa,
TO ecTh (haKTUYECKU HACBIIIEHUS ToKa Ha oOpaTHOoil BeTBU BAX He HaOmomaercs.
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TennoBown TOK

Tox /) B BeipaxeHuu (2.17) B COOTBETCTBUU C MEXaHU3MOM €T0 0Opa30BaHMS U CHUJITh-
HOM 3aBUCHMOCTBIO OT TeMIIepaTypbl HOCUT Ha3BaHUE TEIIOBOTO 0OpaTHOro Toka. Ter-
JIOBOM TOK OOYCJIOBJIEH TEIJIOBOW reHepalueil HEOCHOBHBIX HOCHUTENEH 3apsaa B HEM-
TPaJIbHBIX p- U n-001aCTAX, MPUIETAIOIINX K 00eAHEHHOMY clioro niepexona. [Ipu obpart-
HOM CMEIIIEHUH Mepexoja KOHIIEHTpallMl HEOCHOBHBIX HOCUTENEH 3apsaa Ha rpaHHLIax
00ETHEHHOTO CJIOSI CHMYKAIOTCS, YTO BBI3bIBAaET MU (Y3UI0 HEOCHOBHBIX HOCHTEJICH U3
HEUTpaJbHBIX 001acTel K rpaHuIiaM 00€HEHHOTO ciios. Jlanee 3Tu HOCUTENN 3aXBaThl-
BAIOTCS DJICKTPUUYECKHUM IOJIEM U MEePEHOCATCA B 001acTh C MPOTUBOMOIOKHBIM THIIOM
MIPOBOJUMOCTH.

HWcnons3ys Beipaxkenus L, = \/D,t, u L, = \/ D,T,, MOXHO NOJIy4uTb (hOopMyILy,
KOTOpasi OTpaXkaeT yKa3aHHbI MEXaHU3M O0Opa30BaHUs TEIJIOBOIO TOKA:

L, L,p
Mo | ZpPro ) (2.20)

T, T,

]() = qu

@U3NYECKUI CMBICI 3TOTO BBIPAXKEHUS COCTOUT B TOM, YTO BEJIHMYHHBI SL,,npo/r,,
u SLypyo /rp ONPENEIIAIOT MOJTHOE YUCIO HEOCHOBHBIX HOCHUTENEH, TECHEPUPYEMBIX B CJIO-
AX TOJIYNPOBOJHUKA TONIIMHON L, U L, 32 €MHUIy BPEMEHHU.

[Ipumensis 3akoH ACHCTBYIOIIMX MAacC, BBIpaKEHHE MJIA TEIJIOBOIO TOKAa MOYKHO
MPEACTAaBUTh B BUJE:
D, D,

+
L.Ns LNy

_ 2
Iy = q.5n; (2.21)

W3 Beipaxenus (2.21) cinenyert, 4to memnepamyphas 3a6UcUmMocms menio8o20 moka
Iy(T) obycrosnena enasmvim 0bpazom usmeHeHueM coOCMEEHHOU KOHYEHMPAYUuu HOCU-
mereti 3apsi0d, KOTOPOE BbI3bIBAET U3MEHEHUE KOHIIEHTPALUU HEOCHOBHBIX HOCUTEIICH:

~AE,
I(T) ~ni(T) = Ioge ¥, (2.22)

rae lpp — mapaMeTrp, He 3aBUCSIIMN OT TEMIIEPATYPHI.

Ha mpakTtuke gacto TpeOyeTcs onpenensTh TEMI0BON TOK MPH 3a/IaHHON TeMIIepary-
pe T, uepe3 ero u3BeCTHOE 3HaYE€HHUE MIPU HEKOTOpoil 6a30Boil Temneparype 7 (0ObIYHO
Ty, =300K).

W3 popmyner (2.22) cienyert, 9To B paboveM quarma3oHe TeMIIepaTyp CIPaBEIIHBO
MpUOIMKEHHOE COOTHOILIEHUE

I(T) ~ I(Ty)e™ T, (2.23)

rne AT = T - T — npupatuesue temieparypsl; o = AE,/ (kT3).

Hecmorps Ha npoctoty, hopmyna (2.23) He Bcerna yaoOHa it OBICTPBIX OIEHOY-
HBIX PacdeToB, MOITOMY B WHKEHEPHOU MpaKTHKe OoJiee MUPOKOe MPUMEHEHHE HAILIO
NpUOIMKEHHOE BBIPAKEHUE:

AT
Io(T) ~ Io(To) - 277, (2.24)

e T7* = a~! In2 — memnepamypa yoeoenusi, T0 eCTh PUPAIICHHE TEMIIEPATYPHI, BbI3bI-
Balolllee M3MEHEHHUE TEIUIOBOrO TOKa B JIBa pasa.
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Kak BugHO u3 (2.22), meniosoii mox cywecmeeHHO 3a8uUcum om WUpuHvl 3anpe-
WeHHOU 30Hbl NONYNPOBOOHUKA, PE3KO CHUNCASCH NPU ee YEeNUdeHUU.

W3 Beipaxenus (2.21) cienyert, 4yTo TEMJIOBOM TOK YMEHBIIAETCS C POCTOM KOHIICH-
TpaLuu MpuUMecel, 4To (GU3NYECKU OOBACHSIETCS YMEHbIICHHEM KOHLIEHTpPAILMM Heoc-
HOBHBIX HOCHUTEJIEH 3apsija.

AuddepeHumansHoe conpoTUBIeHne naeann3MpoBaHHOro
p-n-nepexopna

JuddepennmanbHOe CONPOTUBICHUE UACATU3UPOBAHHOTO p-n-TIEPEX0a OIpees-
eTcs U3 BeIpaxkeHus (2.17) ans ero craTHuecKoi BOJIbT-aMIEPHON XapaKTEPUCTUKHU:

AU &r
Faap = —7 = : (2.25)
dl  I+1,

[pu cmeleHuu p-n-niepexosa B npsMoM Hamnpaeienuu / > 0, Torna us (2.25) cie-
ayer, 410 aupPepeHIHaIbHOS COMPOTHBICHHE YMEHBIIAETCS C POCTOM MPSIMOTO TOKA.
Eciu npsiMoe HampspkeHHe ynoBIeTBopsieT yeiaoBuio U > (2 + 3)dr, TO 7y ~ ¢r/l =
=kT/ (g.I), oTkyna BumHO, 4To AuddepeHnnanIbHoe COMPOTHBICHHE MPSMO TPOMOPIIH-
OHAJIbHO TeMIIeparype.

[Ipu cmemennn p-n-niepexoqa B ooOparHoM HampasieHuu / < 0, moatomy u3 (2.25)
crnenyert, uTo qudhepeHIHaNbHOe COMTPOTHBICHHE PE3KO YBEIHMIUBACTCS C POCTOM 00-
patHOro TOKa U 1pH [ — (—1)) Fyug = 0.

JnddepeHnnanbHoe CONMPOTUBICHAE UCIIONB3YETCS TS OMIMCAHKS PabOTHI p-n-Tie-
pexoja nmpu ACHCTBHM MaJbIX EPEMEHHBIX CHUTHAJIOB HU3KOM YacTOTBHL.

Tok yepe3 p-n-mepexos, K KOTOPOMY MPUIIOKEHO HANPSDKEHHUE, COflepKalliee MoCTo-
SIHHYO 1 TiepeMenHyto cocrasisitone U(T) = U- + u.(t), onpenensiercst BRIpaKCHHEM:

U=+u.. (1) U w0
[([):[0 e 9r —1|=1y-edr-e or —],. (2.26)

I[Mpu ycnoBuu Maoro curuana u.(t) << ¢pr CrpaBeIuBO

U u.(t) U= I, U- '
I(t) = Leor [ 1+ -Iy=1 (e¢r - 1) +—e%ru.(t) =L +i.(1),
¢r ¢r
rae /- — OCTOsHHAs COCTABIIAIONIAs TOKA, CBA3aHHAs C MOCTOSHHON COCTAaBIIAOLIECH Ha-
MpsKEHUs BeIpaxkeHueM (2.17) ctaTuueckoi BOJIBT-aMIIEPHOM XapaKTePUCTUKH MEePEXo-
1a; ¥y — MM depeHnmransHoe COMPOTUBICHUE P-N-TIEPEXOAA, ONPEAEIAEMOE IIOCTOSH-
HOU cocTapisitorent Toka I_; i.(¢) = u.(t)/rug — MalOCUTHAIIbHAS IEPEMEHHAs COCTaB-
JSAI0LIAs TOKA Yepes3 p-n-Iepexo.
Takum 00pazom, 151 MabIX HU3KOYACTOTHBIX MEPEMEHHBIX CUTHAJIOB p-H-NIEPEXO
9KBMBAJIEHTEH JIMHEHHOMY PE3UCTOPY, COMPOTUBIEHUE KOTOPOTO 3aBUCUT OT MOCTOSH-
HBIX COCTABIISIOIIMX TOKA M HANpPSKEHUsI, TO €CTh MOJIOKEHUs pabouelt Toukn Ha BAX.
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2.6 CtaTnyeckasi BonbT-aMmnepHas xapakrepuctuka
pearnbHOro aNeKTPOHHO-AbIPOYHOro nepexoaa

JlonmyuieHusi, NpUHATHIE TPU BBIBOJE YPABHEHUS BOJBT-aMIIEPHOM XapaKTEpPUCTH-
KM UI€alTU3UPOBAHHOTO 3JIEKTPOHHO-IBIPOYHOTO MEPexoia, 00eCcIeYnBalOT YYET TOIBKO
OCHOBHBIX (PU3MUYECKUX SBICHUH, ONMPEACIAIOMINX CBOMCTBA p-n-NIepexoa: MHKEKIIHIO
Y DKCTPaKLMIO HEOCHOBHBIX HOCHUTENEH 3apsaa v ux auddys3uto B HEUTpaIbHBIX o0a-
CTSIX, IPUMBIKAIOIUX K 00ETHEHHOMY CJIOIO.

B obenneHHoM ciioe mepexona, Kak M B HEHTPaJTbHBIX OONACTAX TMOIYHPOBOIHH-
Ka, IPOMCXOIUT HENPEPhIBHAS TEIUIOBasi T€Hepalisl HOCUTENEH 3apsiia. DIEKTPUUECKOe
noJjie rnepexona odecrneunBaeT MepeHoC reHepUpPYEMBIX JIEKTPOHOB B HEHTpaNbHYIO -
0051acTh, a TEHEPUPYEMBIX JBIPOK — B p-001acTh. JpetidhoBoe NBIKEHHE TeHEPHPYEMBIX
HOCHTeNeH 3apsiia 00pa3zyeT mok 2eHepayuu, KOTOPBIA 10 HANpaBICHUIO SIBIIETCS 00-
paTHBIM TOKOM.

B obGegHeHHBIN CclT0# Iepexo/ia U3 HEUTPabHBIX 00JIaCTEH MOTYIPOBOHUKA ITOCTO-
SIHHO TIPOHUKAIOT HOCHUTEIIN 3apsia, KOTOpbIe HE 001aJat0T 10CTaTOYHOM SHEeprueu ams
IIPEOI0JIEHNUS] TOTEHIIMAIBHOTO Oapbhepa U Iepexoia B HEUTpaabHbIN CJIOH C MPOTUBOIO-
JIOKHBIM THIIOM IPOBOAUMOCTH. Takue HOCHUTENM 3apsjia peKOMOUHUPYIOT B 00€IHEH-
HOM CJIO€, CO3/1aBasl MOK peKoMOuHayuu, KOTOPbIA 10 HANPABICHUIO SIBISAETCSA MPSIMbIM
TOKOM.

B paBHOBECHOM COCTOSSHMM TOKHM T€HEpaluy U PeKOMOMHAIMKM CKOMIICHCUPOBAHBI.
Korna p-n-nepexon HaxoIuTCs B HEPABHOBECHOM COCTOSHUU B3aWMHas KOMIIEHCAIUs
TOKOB I'€HEepali U PEKOMOWHAIIMU HapyIIAeTCs.

[Ipn cMmemeHnn mepexona B MPSMOM HANpPABICHUM CHHMXKAETCS KPYTH3HA ITOTECH-
IMAJILHOTO Oapbepa, U HOCUTENHU 3apsAa, KOTOphle HE CIIOCOOHBI MPEoIoNeTh Oapbep,
MIPOHUKAIOT B OOCIHEHHBIN CJION Ha 0OJBINYIO TIIyOUHY. B pe3ynbrare BeposSTHOCTh UX
PEKOMOMHALINY YBEJINYMBACTCS, YTO MPUBOTUT K POCTY TOKa pekoMOMHanuu. Tok re-
HEpaluy MpU OPSIMOM CMELICHUH p-n-TIEPEX0]a, HANPOTHUB, YMEHBIIAETCS, MOCKOJIBKY
M3-32 YMEHBUICHHs TOJIIMHBI OO€IHEHHOTO CJIOS MaJaeT YMCIO T'€HEPUPYEMbIX HOCH-
Tenel 3apsaaa, a U3-3a CHUKEHUS HAIPSHKEHHOCTH 3JIEKTPUYECKOTO IMOJISI YMEHbBIIAETCS
BenuuuHa ApeidoBoro Toka. [lpu cMemniennu p-n-nepexona B 0OpaTHOM HaIpaBlIeHUU
KpPYTH3HAa TOTEHLUAIBHOTO Oapbepa, HAMPSKEHHOCTh JIEKTPUYECKOTO TOJI U TOJIIHU-
Ha OOEIHEHHOTO CIIOS YBEIUYMBAIOTCS, BCIIEACTBHE YEro TOK PEKOMOWHAIMM MaJaeT,
a TOK TreHepaluu pacTeT. TakuM o0pa3oM, TOK PEKOMOMHAIIMU OKa3bIBACT BIHMSHUE Ha
MpsIMYI0, a TOK TeHepaluu Ha oOpaTHyto BeTBU BAX peasibHOrO p-n-nepexoaa.

Tok pekombuHaumm

B peanbHOM p-n-niepexozie MOJHBINA MPSAMOW TOK CKJIAJbIBAECTCS M3 TOKA MHIKEKIIMHU
Y TOKa peKOMOMHAIINH, CJIE0BATENIbHO, TPEBOCXOIUT MPSAMOM TOK HICATH3UPOBAHHOTO
rnepexoza.

JIJ1st TOKOB MHXKEKIIUU U PEKOMOMHAIIMH CIIPaBEIJIUBO:

AE
L. ~ 1 exp(ﬂ) ~ exp (——g)exp(ﬂ), (2.27)
¢r kT ¢r

U AE U
L ~ myexp [ — ) ~ __g) (_) 228
b nexp(zq)T) exp( T exp 207 ( )
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Comnoctasmsist (2.27) u (2.28), MOXXHO clienaTh CIACAYIOIINE BBIBOIBI:

A\
......................... ’@2‘. BblBOD‘bl

Q

® /MOK UHIMCEeKYUU bonee CyueCcmeernHo 3asucum om memnepantypsl, WUpurnvl 3a-
npeu;eHHOﬁ 30Hbl nOﬂynpoeodHuKa U NpAMO2cO HANPANCEHUA HA nepexode, yem
MoK p€KOM6MHClZ4uu;

® 00711 MOKA peKOMOUHAYUY 8 NOIHOM NPAMOM MOKe nepexooa pacmem ¢ yeenu-
YeHueM WUPUHbL 3anpeujeHHol 30Hbl NOIYNPOBOOHUKA U YMEHbUIeHUeM memne-

pamype;
® /IpU yBEeNIUUYEHUU NPAMOSO HANPAINCEHUA ()OJlfl moka p€KOM6uH611/!ulxl 6 NOJIHOM nps-
MOM mokKe nepexoda CHUs>caemcs.

Takum 006pa3oM, TOK peKOMOMHALIMU SBJISAETCS OCHOBHOM COCTaBIIAIOLIEH MPSIMOTo
TOKA IPU MAJIBIX MPSAMBIX HANPSKEHHUSIX B MOJYNPOBOAHUKAX C IIMPOKOW 3alpelIcHHON
30HOM (KpeMHHUH, apceHM] rauius). B momynpoBoAHMKAX, y KOTOPBIX IIMPHHA 3alpe-
LICHHON 30HBI MaJa, POJib TOKa PEKOMOMHAIIMM MOXKET CTaTh 3aMETHOM NPH MOHUXKEH-
HBIX TEMIIEPATypax, KOTAA TOK MHKEKIMHM CUIBHO YMEHBIIAETCS.

BnusHune conpotmeneHus 6asbl

B peanbHbIX nepexonax 0aza 06i1agaeT HEHYJIEBBIM CONPOTHBICHUEM, YTO BbI3bIBa-
€T paclpe/ielieHue BHELIHETO HANpPsDKEHHUSI M1y OO€THEHHBIM cl10eM 1 0a30BOH 00ma-
CTBIO U MPUBOIUT K OTINYMIO peanbHOl BAX p-n-nepexona oT ujaeaan3upoBaHHOM.

[Ipu HHU3KOM YpPOBHE MH)KEKIIMH COMPOTUBIICHHE 0a3bl MOXKHO OLIEHUTH 110 hopMyIie:

w

I = p6§, (2.29)

IAC w — TOJIIHMHA 63351; S— Iomaab MornepeyHoOro CCYCHUs nepexoaa.

Tunoevie 3Hauenus ConpomuelenHus ba3zvl 074 peanvbrblx p—n-nepexodog
COCMABNIAIOM 0eCAMKU — COMHU OM.

C yueToM majieHus HaNpsDKEHUS Ha 6a3e mepexo/ia BhIpaskeHUe JIsl BOJIbT-aMIIEpHON
XapaKTEPUCTUKHU ITPUHUMAET BUI:

U—]I’G

I =Ll exp| ——
¢r

1
-1 wm U-=drln A + 1 |+1rs. (2.30)
0

B oOnacti MajibIX TOKOB MaJieHHUE HANpPsDKEHHs Ha 0a3e Majo, O3TOMY COCTaBIIA-
fomeit /ry B BelpakeHusax (2.30) moxxHo mpeHeOpeub. C yBelnHYEHHEM TOKa IMaJileHUE
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HanpspKeHUs Ha 0asze pacTeT JMHEWHO, a Ha 00eTHEHHOM CcJIoe Iepexojia — jJorapudmu-
YeCKH, TO eCTh Oosee cinabo. B pesynbrare mpu J0CTAaTOYHO OOJBIIUX TOKAaX ITaJICHUE
HalnpsDKeHUs Ha 0a3e HaYMHAeT NMPEeBAINPOBATH, SKCIIOHEHIINAIbHASL XapaKTePUCTHKA T1e-
pexoia BBIPOXKAACTCS M Ha HEH MOSBISCTCS TMOYTH JIMHEWHBIH y4acTOK, Ha3bIBAEMBIN
OMUYECKUM.

Tok reHepauuu

Tox reHepanyy o HaPaBJIEHUIO ABJISAETCS 0OPaTHBIM, IOTOMY MOJIHBINA 00paTHBIN
TOK peaJIbHOTo p-n-repexosa Ooblie, 4eM HJ1eaTu3upPOBaHHOTO.
JI1st otHOCTOPOHHETO p*-n-niepexona Irey /Iy = ONy/ (Lyn;), OTKyna cienyert:

® MOK 2eHepayuu uepaem CyujeCmeeHHyo poib 8 NOLYNPOBOOHUKAX C MALOl COO-
CMBEHHOU KOHYenmpayuelu c60000HbIX Hocumenell 3apsaod, mo ecms ¢ 00Cma-
MOYHO OONLULOL WUPUHOU 3aNPEUjeHHOU 30HbL (MAK, 8 KDEMHUEBbIX Nepexo0ax
06pammubIll MOK Onpedensiemcs MoKoOM 2eHepayuu, d 8 2epMAaAHUEBbIX — MOKOM
HACLLUEeHUS);

® ¢ ygenuuenuem 00pamHo20 HANPS’CeHUs NIOMHOCMb MOKA 2eHepayuy pacmem
U3-3a YBenUYeHUs WUPUHbL 00€OHEHHO20 Cl0s O, NOIMOMY ) Nepexo0os, 8 Ko-
MOopbIX npeobradaem mox 2enepayuu, Ha oopamuou eemeu BAX nem yuacmra
NOCMOAHHO20 MOKA,

® COOmHouteHue Megfcdy moxkamu cerepayuu U Hacvluernus sasucum om memne-
pamypbsl. C nogvliheHuem memnepamypovl oo moka cenepayuu ymenbuiaemcs,
maxk Kaxk smont mokK pacmem nponopyuoralbHo n;, a moxK HACblWEeHUl — npo-

NOPYUOHATBHO N2,

® 1pu yenuyeHuU KOHYeHmpayuu npumecu 8 basze p-n-nepexooa 00/ MoKa ceHe-
payuu pacmem.

Tok yTeudkn

PeanbHble p-n-nepexoapl UMEIOT YYACTKH, BBIXOASIIME HA MOBEPXHOCTH MOITYMNPO-
BOJHUKOBOI'O KpUCTaJlJIa, TOATOMY COCTOSIHHE MOBEpXHOCTU BiugeT Ha BAX mepexona.
DTO BIUSHUE 3HAYUTEIHHO CHIIbHEE CKa3bIBaeTCs Ha oOpaTHOW BeTBHM BAX, Tak kak 00-
paTHbIE TOKU CYIIECTBEHHO MEHBIIIE, YeM MPsIMbIE, a XapaKTep TAaKOTO BIUSHUS 3aBUCUT
OT 3HAaKa M 3HAYCHUS MOBEPXHOCTHOTO 3apsja.

Ha nmoBepXxHOCTH TIOTYIIPOBOIHMKA BCETIa POUCXOAUT TeHEPAIHs B PEKOMOMHAIIHS
HOCHTENEH 3apsiyia, mpudeM, Kak MpaBuio, Ooee HHTCHCHBHO, 4eM B ero oobeme. Ilo-
BEPXHOCTHAS Te€HEPaIMsI OKa3bIBAET TAKOE XK€ BIMSHUE Ha OOpaTHBIA TOK MEPexXoa, Kak
1 oObeMHas reHepaiusl HoCUTeNeH.
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[Ipu noBbllIeHMH OOPATHOTO HANPSKEHUS TOK YTEUKH PAacTeT CHadaja MOYTH JIH-
HelHo, a 3ateM Oojee cuiibHO. [TouTH TUHENHBIN HauadbHBIA Y4aCTOK XapaKTePUCTHKU
MOYKHO XapaKTepU30BaTh 3KBUBAJICHTHBIM CONPOTUBICHUEM YTEUKH.

2.7 Npobon anekTPOHHO-AbIPOYHOro nepexoaa

IIpoboem 31eKmMpOHHO-ObIPOUHO2O Nepexo0a HA3bIBAIOM pe3Koe 603-
pacmanue 0bpamHo2o moxa uepes nepexoo 8 obracmu 0OpamHvIx Ha-
NPAXNCEHUT, NPesbIUAIOWUX ONpedeleHHoe KPUmuieckoe 3Ha4yeHue, Ha-
3vi6aemoe Hanpsiiceruem npo6os Uyys..

B ycnoBusax nmpo6osi mporucxoauT peskoe ymeHblieHue nuddepennnansHoro oopar-
HOTO COIPOTHUBIICHHS TIEPEXo/ia, KOTrJla He3HAYMTEIHHOE YBEIUYCHUE HANPSHKCHUS BBI-
3bIBACT CYNIECTBEHHBINH POCT TOKA.

[Tpo6oii MOXKET MPUBECTHU K BBIXOAY p-AN-TIEPEX0Jla U3 CTPOS, €CITH BO3HUKHET Upe3-
MEpPHBIH pa3orpeB Mepexojia, B pe3ylbrare KOTOPOro MPOU30MIyT HeoOpaTUMbIe H3MEHE-
HUSI €T0 CTPYKTYpbl. Eciin ke MOIIHOCTh, pacceuBaeMasi B TIEpEXoJie, MOIICPKUBACTCS
Ha JIONYCTHMOM YPOBHE, TIEPEX0]l B 00JIaCTH MPO0OO0s coXpaHsieT paboToCIOCOOHOCTb.

Paznuuarot Tpu Buaa npoOosi: TYHHENIbHBIN (3€HEPOBCKUM), TaBUHHBIH
u TernoBoi. [lepBble 1Ba CBSI3aHBI C YBEIWYCHHEM HAIPSKCHHOCTH
3IIEKTPUYECKOTO OIS, a MOCIEIHUN — C YBEIMYEHUEM PAaCCEUBAEMOU
MOIIIHOCTH ¥ COOTBETCTBEHHO TEMIIEPATypBhl.

3 .
e B ocnoge mynnenvno2o npobos nexcum myHHenbHblll ¢ pexm — nepe-
A é X00 21eKMpPOHO8 CKE03b NOMEHYUANbHbIU Oapbep 6e3 USMEHEHUs. IHEPSUL.

TyHHenbHBIA 3G GEKT BO3MOXKEH MPH OY€Hb MAJION TOJIIMHE MOTEHIIMAIBHOIO Oa-
prepa (mopsiika 10 HM) U TOCTaTOYHO BBICOKOW HAIPSHKEHHOCTH AJIEKTPHUUYECKOrO II0-
Js1 p-n-Tiepexojia, Korjga SHepreTHYeckue 30Hbl B 00JIaCTU NMPOCTPAHCTBEHHOIO 3apsia
UCKPUBJISIFOTCSA HACTOJBKO, YTO BaJIEHTHAs 30HA p-001acTH U 30HA MPOBOAUMOCTH 7i-
0071aCTH YaCTUYHO NEPEKPHIBAIOTCSA MO SHEPTHU Ha BENMYMHY AF., , HA3bIBAEMYIO HH-
TEpBaJIOM TyHHeIHpoBaHUs. Tak Kak Mo o0e CTOpPOHBI MHTEpBaJa TYHHEIHMPOBAHUS pac-
MOJIOKEHBI pa3pelIeHHbIe YHEPreTUYECKUE YPOBHH, TO AJIEKTPOHBI, SHEPTHS KOTOPBIX
MOTAZIaeT B ATOT MHTEPBAJ, CIOCOOHBI 0€3 M3MEHEHUS SHEPTHU TIEPEUTH U3 BAJICHTHON
30HBI p-00JIaCTH B 30HY MPOBOIUMOCTH n-o0nactu (puc. 2.7).
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I[JI?[ OLICHKHU BCPOATHOCTU TYHHCJIBHOI'O HpO60$I HCIIOJIB3YIOT BBIPAKCHUC!

3
2/ 2m*AE§

Dr~exp| - haoE ,

(2.31)

rae £ — HanpsyKeHHOCTD JIEKTPUUYECKOTO HOJSI B p-n-TIEPEXO/Ie.

W3 Beipakenust (2.31) cienyeTr cuibHas 3aBUCUMOCTh TYHHEIBHOTO MPOOOs OT Ha-
HPSDKEHHOCTH 3JIeKTprudeckoro noist. [pu HanpsbkenHoctd 10* B/cM u MeHee Beposit-
HOCTb TYHHEJBHOTO Mpo00s NpeHeOpeKMMO Majla, a IpPH HaNpsHKEHHOCTH Oojee
10° B/cM cTaHOBHUTCS BeChbMa CYIIIECTBEHHOM.
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Puc. 2.7 — Duepreruueckas quarpaMma p-n-miepexoja mpu TYHHEITBHOM MTpo0oe

Hauasno TyHHenbHOro npo0osi OLEHUBAETCS YCIOBHO 0 I€CATUKPATHOMY IpEBbILIe-
HUIO TYHHEJIbHOTO TOKA HaJl OOpaTHBIM TEIIOBBIM TOKOM /.

Hanpsiocenue mynnensno2o npobost 3agucum om muna npo8oouMocmu
Oazwi: 1y 6a3bl n-TUIA OHO OOJIbIIIe, YeM JJist 06a3bl p-THUIIA.

[Tpn yBenmueHnn TeMmneparypbl IIHMPUHA 3aPEIICHHON 30HBI, TO €CTh BBICOTA IO-
TEHLUAJIBLHOTO Oapbhepa, yMEHbBIIACTCs, CIIeA0BATEIbHO, HAPSDKEHNE TYHHEIBHOTO TIPO-
6051 camxaercs. Takum o6pazoM, TemreparypHblil Ko3pPUIMEHT HAPSKEHUS TYHHEIIb-
HOTro Npo0o0si OTpULIATENIEH.
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JTaBUHHBIN npobon

Mexanusm 1a8unno20 npobost 3aKk1104Aemcsl 8 1a8UHHOM PAZMHONCEHUU
Hocumenetl 3apada nymem YOapHOU UOHU3AYUU AMOMO8 NOIYNPOBOO-
HUKA N0O Oelicmeuem CUTbHO20 2NeKMPULecKo2o noJs.

Ecnu snekrpudeckoe mosie, BEI3BaHHOE 00paTHBIM HAIPSKEHUEM, TOCTATOYHO BEJIH-
KO, TO JIEKTPOHBI U JBIPKH, IBIDKYIIHECS Yepe3 p-n-Tepexo, MpUoOpeTaloT Ha JJIMHE
CcBOOOAHOTO Tpobera 3HEPruio, JOCTATOUYHYIO ISl TOTO, YTOOBI BHIOMBATH 3JIECKTPOHBI
M3 aTOMOB KPHUCTAJUIMYECKON permeTku. [Ipu 3ToM MpoOUCXOAUT pa3pbiB KOBAJCHTHBIX
CBsI3el M O00pa3ylOTCs HOBBIE DJIEKTPOHHO-ABIPOYHBIE Mapbl, KOTOPHIE B CBOIO OYEpEb
YCKOPSIFOTCS SJIEKTPHYECKUM TI0JIEM U MOTYT Y4aCTBOBATh B YJIAPHOW HOHU3AIIMU aTOMOB.

Hamnpsixenne U,,, TaBUHHOTO TIPOOOS 3aBUCUT OT IIMPUHBI 3aPEIIEHHON 30HBI T10-
JYTPOBOJIHUKA: YeM OOJIbIIIE IITUPHUHA 3aIPEIICHHON 30HbI, TEM OOJIBIIYIO SHEPTUIO JI0JI-
JKEH TIPHOOPECTH HOCHUTEINb 3apsijia Ha JUIMHE CBOOOMHOIO IpoOera B 3JIEKTPUYCCKOM
oJie p-n-nepexona, 9ToObl BHI3BATH YIAPHYI0 MOHHU3AIMIO, IIOITOMY OOJBIICH HMIMPUHE
3aIpeIieHHON 30Hbl COOTBETCTBYET OOJIbIlIEe HAPSKEHUE JTAaBUHHOTO MTPOOOS.

[ToBbIIeHHE TeMIIepaTyphl MPUBOAUT K YMEHBIIICHUIO JUTMHBI CBOOOIHOTO Tpodera
HOCHUTENICH 3apsja, MO3TOMY I MPUOOPETEHUS HOCHUTEIISIMH DHEPTUH, JOCTATOYHON
JUIS yIapHOW MOHHU3AIUN aTOMOB, TpedyeTcs Ooblias HAMPsXKEHHOCTh JIEKTPUYECKOTO
nosist. CreaoBareabHO, IPH MOBBIIICHUH TEMIIEPATypbl HANPSHKEHUE JIABUHHOTO TIPO0Os
YBEJIMYHMBACTCS, TO €CTh TEMIEPATYPHBIN KOA(DOUIIMEHT HATPSHKSHHS JABUHHOTO TIPO0OS
TOJIOKUTEIICH.

HamnpsixkeHue 1aBUHHOTO MPoOO0s 3aBUCHT OT CTENICHH JIESTMPOBaHuUs (YIEIBLHOTO CO-
MIPOTHUBIICHUs) 0a3bl p-n-mepexofa. ITa 3aBUCHMOCTh BBIPAXKACTCS MOIYIMITUPUIECKOM
(bopmymnoii:

Unas = apg» (2.32)

IJIe MapaMeTpbl a@ U m ONPEAEIAIOTCS SMIUPUIECKU U 3aBUCAT OT MaTepuaa TUIA dJIeK-
TPOIIPOBOIHOCTH OAa3bl.

OTHoIIeHNEe HaNpPsHKEHUH TYHHEJIBHOTO M JABUHHOTO MEXaHU3MOB NMPO00si HAXOUT-
Csl B IPSMOM 3aBHCHMOCTH OT yAEIBHOTO CONMPOTUBIECHUS 0a3bl Iepexoa: MpU BHICOKUX
3HAYEHUSAX YIEIBHOIO CONPOTHBIEHUS 06a3bl Usyy > Uy, M IPOOOH HOCHUT JTABUHHBIN Xa-
paKTep, NPHU HU3KUX 3HAYCHHUAX YJAETBHOrO CONpOTUBIEHUS 0a3bl Uy, < Uy B IPOOOH
HOCHT TYHHEJBHBII XapakTep.

Tennosown npobon

TemoBoit mpo6oii 00yCIIOBIEH pa30rpeBOM p-n-Tiepexojia BCIEICTBHUE
BBIJICJICHUSI TETUIOTHI MIPH MPOTEKaHUM OOpaTHOTO TOKA, KOTJAa OTCYT-
CTBYET JOCTaTOYHBIM OTBOJ TeIJia, 00CCIEYUBAIONINA YCTOWIHMBOCTD
TEIUIOBOTO PEKHUMA.
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IIpn npoTekanuu 0OPATHOrO TOKA B NEPEXOAE BHIAEIAETCS MOIHOCT P =I5, Uogp,
KOTOpasi BHI3BIBAET MOBBIIMICHNUE TEMIIEPATYPHI MEPEXo/ia M MPUIICTAIIINX K HEMY o0a-
cred nonynpoBogHuka Ha AT = RrP, rie Ry — temoBoe conpoTtubienue. Poct temme-
paTypbl IPUBOAUT K YBEIMYEHHUIO TEIUIOBOTO OOPATHOTO TOKA, YTO BENET K JalbHEHIIe-
MY YBEJIIMYEHHIO PACCEMBAEMON MOILHOCTH U TEMIIEpATypbl. ECIM KOJIMYECTBO TEIIOTHI,
BBIJICTISIEMOM B MTEPEXO/IE, MPEBBIIIAET KOJIUYECTBO OTBOAUMOM TEIUIOTHI, TO Pa3BUBAETCS
MPOIIECC JTaBUHOOOPA3HOTO BO3PACTAHMS TEMIIEPATyphl 1 0OpAaTHOTO TOKA.

Hampsixkenune TeroBoro mpo0osi CymeCTBEHHO 3aBUCHUT OT BEITWYMHBI TETLIOBOTO
conpotuBieHus Ry. HanpsbkeHue TermioBoro mpo0ost TeEM HIDKE, YeM OOJIbIle BEJIMYHMHA
TEIUIOBOTO O0OpaTHOrO TOKa. Tak Kak TEemIoBOW OOpaTHBIA TOK MOBBIIIAETCS C POCTOM
TEMIEpPaTyphl, TO MPHU YBEIMUYECHUN TEMIIEPATYPhl HAMPSHKEHUE TETIOBOTO MPo0OOs CHU-
Kaercsl.

2.8 InHamnyeckmne napameTpbl dNEKTPOHHO-AbIPOYHOro
nepexona

DJNEeKTPOHHO-ABIPOYHBIN TIepexon oOJafaeT 0OapbepHol eMKOCMbIO
U oughghyzuonnoii emxocmoio. IIpu IpsIMOM CMEIIICHUH TJIABHYIO POJIb
urpaer auddy3noHHass eMKOCTh, a NMpHU OOpPaTHOM CMelleHu — Oa-
pbepHast eMKOCTb. EMKOCTH p-n-miepexosia 3aBUCAT OT MPUIOKEHHOTO
HaIpsDKEHUSI, CIISIOBATENFHO, SIBISIFOTCS HEJTMHEHHBIMH.

BapbepHas eMkoCTb

BapbepHaﬂ CMKOCTb O6YCJ'IOBJ'I€H8, HN3MCHCHHUECM HCIIOJABUIKHBIX 3apsJ10B B 06€,I[HCH—
HOM CJIOC p-n-nepexona 1mofg ,HCIZCTBPICM MPUITOKCHHOI'O HAIIPSKCHUA U ONPCACIACTCA

BBIPKCHHUEM.
€gpS

=5y

(2.33)
rae O(U) — TommumHa 06eAHEHHOTO CIIOS.

®opmyma (2.33) mokasbIBaeT, 4To OapbepHas EMKOCTh SKBHBAJCHTHA €MKOCTH ILIOC-
KOTO KOHJICHCATOpa, y KOTOPOTO PacCTOSHHUE MEXKAY OOKIJIaJIKaMH paBHO TOJIIUHE 00es-
HEHHOTO CJIOS p-n-Tiepexoia.

C pocmom eenuuuHbl NPAMO20 HANpsdCceHue 6apbepHas emMKoCmb VE8elIudusaemcs,
a ¢ pocmom 8enUdUHbl 0OPAMHO20 HANPANCEHUS — YMEHbUAEMCs, npuyem npu npsmom
cMewenuu p-n-nepexooa 6apvepHas emMkocms OonvuLe, yem npu 0OpamHoM cMeujeHuu.
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Ondpdy3moHHaa eMKoCTb

Hugpgysuonnas emxocms xapaxmepusyem uzMeHeHue UHHCEKMUPOBAHHO20 8 0a3y
3apsa0a noo oeticmeuem UMEeHeHUs. NPIMO20 HANPSAHCEHUS.

Jughdyzuonnas emxocms p-n-nepexoda ¢ moicmou 6a30u 3a8UcCUm Om GelUUUHbL
nPAMO20 MOKA Yepe3 P-n-nepexo0 U 8PeMeHU HCU3HU HeOCHOBHBIX HOocumenell 3apsod
8 base:

quLpp n0 R 1
e

C)lmbd): T T Narp. (234)
VAN
......................... .@":—. BblBOﬂbl
QA

Hupghysuonnas emkocms p-n-nepexooa ¢ moHKoU 6a30u 3a8UCum Om 6eIUYUHbl NPsi-
MO20 MOKa uepe3 p-n-nepexoo u 8pemMeHu npoiema HeOCHOBHbIX Hocumenell 3apaoa ye-
pe3 baszy:

Swepw U1
%ew o o (2.35)
T T

Canp =

[Tpu npsaMbIx HanpspkeHUsIX Auddy3HoHHas eMKOCTh Ooublie GapbepHOi, mpu 00-

paTHBIX HANpPSDKEHUSIX, MPEBBIMIAIOIINX ASCATHIE TOTU BONbTa, TU(PQy3nOHHAS EMKOCTh
MPaKTUYECKH paBHA HYIO (puc. 2.8).

C, no®
C,[[H(b
20
10
ICB
4___—___/
0

08 -04 0 04 08 UB

Puc. 2.8 — Bonbr-(hapagnsie XxapakTepucTHKU U Py3MOHHON B OapbepHOI eMKOCTeH
p-n-iepexona
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2.9 lNepexogHble npouecchbl B 3NeKTPOHHO-AbIPOYHOM
nepexone

Ilepexoanble MpoLECCHl B 3JIEKTPOHHO-IBIPOYHOM IEpexojie OOyCIIOBICHBI ABYMs
SBJICHUSMU: YCTAHOBJICHUEM CTAIlMOHAPHOTO PACHPEACICHUS KOHLIEHTPAIMH HEOCHOB-
HBIX HOCUTENEH 3apsiga B 0a3e W mepesapsaoM OapbepHOW eMKOCTH. B To ke Bpems
CTETeHb 3HAYMMOCTH YKa3aHHBIX SIBJICHUH CYIIECTBEHHO 3aBUCHT OT YPOBHS HHKCK-
uuu. IIpu BEICOKOM ypOBHE MHKEKIIMHA OCHOBHYIO POJIb UI'PAOT MIPOLECCH HAKOIUIEHUS
U paccachlBaHMsI HEOCHOBHBIX HOCHTEJEH 3apsia B 0aze, a TakkKe MOAYJALMS COIpO-
TUBJIEHHUs 0a3bl, TOTJa Kak Iepes3aps] OapbepHOH eMKOCTH CKasbiBaeTcsi ciabo. Ilpu
HU3KOM YPOBHE WHXKEKUIUHU S(PPEKT MOIYISIUHN CONPOTHBICHHUS 0a3bl MPEHEOPEKUMO
MaJl, a BIMsIHAE O0apbepHO €MKOCTH Iepexo/ia 3HAYUTEIbHO.

B 3aBucHMOCTH OT XapakTepa W3MEHEHHUsI BHEIIHUX BO3JCHCTBUI MOXKHO BBIJICIUTD
YCTaHOBJICHHE TPSIMOTO HAINpPsDKEHHSI Ha p-n-niepexofe (BKIIOYCHUE) U M3MEHEHUE TpH-
JIO)KEHHOT'0 HaIpsDKEHUs ¢ IPSIMOTro Ha oOpaTHoe.

CpaBHUTENIBHO IPOCTHIE BEIPAXKEHUS JOCTATOUHONH TOUHOCTH MOTYT OBbITh IOJTY4€EHBI
C UCIIOJIb30BaHUEM ypaBHEHMS 3apsja.

s p*-n-niepexoja ypaBHEHHUE 3apsijia ¢ y4eToM OapbepHON eMKOCTH UMEET BHJI:

du do, 0,

“di  dr 7, (2-36)

Cra3p Mexay 3apsaaom O, OBIPOK B Oaze u HampsukeHueM U, IPUIIOKEHHBIM K I1e-
pexony, ONpeaeNsieTcsl BbIpaKeHUEM

0, = Op| exp ((1)2) -11, (2.37)

T

Irac QB — KOHCTaHTa, BCJIMYHNHA KOTOpOfI ONpCACIIACTCA IMMapaMCTpaMu p-n-1repexoa.

YcTaHoBREeHNe NpsiMOro HanpsikKeHus

ITycTe B HauanbHBI MOMEHT BPEMEHHU K p-n-IIEPEXoy OT I'eHepaTopa MMITYJIbCOB
4yepe3 BHELWIHMK PE3UCTOP R NPUKIAALIBAETCH MOCTOSHHOE NpsAMOe Hanpsukenue Uy,
(puc. 2.9). Ha nepexone mosBisiercs npsiMoe HanpsbkeHue U, (¢), KOTOpoe CTpeMur-
Cs K YCTAaHOBMBILIEMYCs 3HAUYECHHIO, COOTBETCTBYoIIEeMy crarndeckoil BAX. Hanpsioxe-
HHE Ha TIepexofie ABIsieTcs cyMMoit Hanpspkerust U (¢) Ha 00€HEHHOM CJI0€ U MaCHUs
Hanpspkenust Us(f) Ha ommueckoM compotusnenuu 6assr: U,,(t) = U(t) + Us(¢). Tok
nepexo/a OMpeeNseTCs BhpaxeHueM i(f) = (Ua,,p, - Up,,(t)) /R. OOBIYHO Ha MPAKTHKE
Usnp. > Uy(t), Torma i(t) ~» U. ,p [R = I, TO €CTh TOK CKauK0OOPa3HO M3MeHseTcs oT 0
10 1.

B cirydae mainoro yposHs umxekiun Q, » (Qp/dr) U = CygU, i€ Cyyg — Impdy-
3MOHHAsl EMKOCTb p-n-niepexofa. Ilpu 3ToMm ypaBHeHUe 3apsa npeoOpasyercs K BUAY

Crug

dU
(C6 + CLIP@)E + U= Inp- (238)

)4
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Pemienue ypasuenust (2.38), ynosnerBopsitoriee HaganbaoMy yciosuto U(0) = 0

t

U(t) = Ug |1 —exp [ -———
() P P T, + CoR,,

, (2.39)

rae Uyp = (1,/Crug) Inp = Rpnlnp — yCTAaHOBHBIIEECS 3HAYCHHUE IPSMOTO HANPSDKCHUS Ha
p-n-niepexone; R, — CTaTHYECKoe COMPOTUBICHHUE MPIMOCMEIICHHOTO IIEPEXO/a.

[Ipy HU3KOM YPOBHE MHIKEKIMH MaJCHUEM HAMPSDKCHUSI HA CONPOTHBICHUH 0a3bl
MOXHO TIpeHeOpeUb, CIIEI0BATENBHO, HAIPSDKEHHE Ha p-i-TIePeXo/ie HOCUT 3KCIIOHCHIH-
aJbHBII XapakTep U onpexneisiercs BeipaxeHueM: U, (1) » U(t).

B cityuae OOJIBIIOro ypOBHS HHIKEKIMH, KaK IPABUIIO, BHIIOIHACTCS YCIOBUE Cryg =

J
=dQ,/dU = (Qp/dr) edr > Cs 1 3apsaa0BOC ypaBHEHHE MOXKHO MPEACTABUTH B BHIE

a0, 0,

= . 2.40
d v, (2-40)
W3 pemenns ypasaenus (2.40) ¢ HaganbHeIM ycnosueM O, = 0 cinenyer:
t
U(t) » U+ orin| I —exp|[-—| | (2.41)

Tp

Tplup

rne Uy = ¢rln + 1 | — ycraHoBuBIIIeeCs 3HAYCHHUE PSIMOT0 HAPsLKEHUS Ha 00e-

B
HCHHOM CJIOC p-n-Iiepexoa.

ILJ'II/ITGJ'II)HOCTI) tyCT YCTAHOBJICHUSA NPAMOI0 HAIMMPSAKCHUA OIMMPEACTIACTCA BBIPAKCHU-

p
eM fyer = —T,In| 1 —exp|-0—] |, e O — oTHOCHTENBHOE OTKIIOHEHHE HANPSKEHUS
T

U (tyer) OT ycTaHOBUBIIETOCS 3HAUCHUS Ulyp.

[Ipu BBICOKOM ypOBHE MHXKEKIIMM HEOOXOIUMO YUUTHIBATh MaJICHUE HANPSHKEHUs Ha
COIIPOTUBIIEHUU 0a3bl p-n-niepexoaa U 3(p(GexT MOAYISALMH 3TOr0 CONPOTUBIEHUS. B Ha-
YaJbHbIII MOMEHT BPEMEHHU Ha CONPOTHUBJICHUHU 0a3bl MPOMCXOJUT CKaYOK HaNpsHKEHUS,
paBublid AUs = I, 7. 110 Mepe yBeIMYEHUST KOHUEHTPALUK IIOJABUKHBIX HOCUTENIEH 3a-
psna B Gase cONpOTHBIEHHE 0a3bl YMEHBIIAETCS O 3HAYECHUS r'6 NpUOIU3UTEIBHO 3a
BpeMmsi, paBHOE 3((EeKTUBHOMY BpEMEHH KM3HM HEOCHOBHBIX HOCHUTENEH 3apsaa B Oase.
IIpu 3TOM majgeHue HaNpsKEHUS Ha CONPOTHUBIEHHUU 0a3bl YMEHBIIAETCS A0 3HAUCHMS
Ué = I r'6. ITonHOE MafeHue HaNPSKEHUS HA p-n-IIEPEXOAE ONPEAEIIAeTCs CYMMON Ha-
NpsDKeHNH Ha oOeqHeHHOM cioe u Ha 6ase U, (t) = U(t) + AUs(t) n npencraBieHo Ha
pucyHke 2.9.

ITocne 3aBepieHus EPEXOHOIO Mpolecca B 6a3e ycTaHaBIUBAECTCS CTALIMOHAPHBIH
3apsi/i HEOCHOBHBIX HOCHUTEJIEH, ONpeiesieMblii BoIpaKEHUEM Oy, . = Tplyp.

3MeHeHne NpUnoXXeHHOro HanpsiKeHust ¢ NPSIMoro Ha obpaTHoe

H3MeHeHne HampspKeHUS Ha TIepexojie ¢ MPsSMOro Ha oOpaTHOe oOecrednBacTCs
CKaLIKOO6pa3HI>IM N3MCHCHHUECM Haprl)KeHI/ISI reHepaTopa I/IMHyJ'II)COB CO 3HAUYCHUA Ur.np
10 3HAYCHUS (Umﬁp). [Ipu 3TOM TEpEeXOnHbIA MPOLECC COACPHKUT ABE CTAJAUMU: CTAIUIO
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BBICOKOW OOpaTHOW MPOBOJMMOCTH M CTAIHIO CIajga oOpaTHOrO TOKa (BOCCTAHOBIICHUS
BBICOKOTO OOPaTHOTO COMPOTUBIICHUS).

Cmaous 6vlcoxkou 0bpamHoll npoeoouUMocmuy CBsi3aHa C PaccachIBAaHUEM H30BITOY-
HBIX HEOCHOBHBIX HOCHUTEJIEH 3apsiia, HAaKOIUIEHHBIX B 0a3e. [Ipu 3ToM rpaHuyHas KOH-
LIEHTpaIMsi HEOCHOBHBIX HOCHTEJIEH 3apsija MOCTEIIEHHO YMEHBIIIAETCS, OJHAKO MPEBBI-
IIaeT PABHOBECHOE 3HAYCHUE, MOITOMY Ha p-n-TIEPEXO/Ie COXPAHACTCS NpsIMOE Taje-
HUE HANPsDKCHUs, a depes3 Mepexof mporekaeT o0parHbiid TOK i = (—Urnesp — Upn) /R »
& —Urosp /R = ~Io5p, OOYCIIOBIIEHHBIH NEPEX0OOM M30BITOYHBIX HEOCHOBHBIX HOCHTEINEH
3apsana u3 0a3bl B SMUTTEP U UX PEKOMOMHALMEN, KOTOPBI 3HAUYUTEIBHO IMPEBBIIIACT
OOpaTHEIN TEMIOBOM TOK Iog, >> .

B Tedenme cTtaguu BBICOKOM ogpaTHoﬁ MIPOBOAMMOCTH OOBIYHO BBITIOJHSACTCS yCIIO-

Bre Cup = dQ,/dU = (Qp/dr) e®r > Cg, 3apsnoBoe ypaBHenne umeer Bua dQ,/dt +
+0,/t, = —I,6p, @ €TO PEIICHHUE ONPEIEISIETCS BBIPAKCHHEM:

t

0,(t) = ~Tologp + Tp(Iup + Logp)e 7. (2.42)

I[J'H/ITCHBHOCTB tp HHTCPpBAJIa pacCaCbIBaHUA I/I36BITO‘-IHOFO 3apsia HCOCHOBHBIX HO-
cuteneii B 6asze onpenensercs u3 (2.42) npu yciaosun Q,(z,) = 0:

t,=T,In|1+ T (2.43)
00p

B Teuenue nHTEpBana paccachlBaHUs HECOCHOBHBIX HOCUTEIICH 3apsiia B Oa3e Harps-
JKEHWe Ha OOCJHEHHOM Clioe mepexoga u3MeHsercs mo 3akony U(f) = ¢r
-In(Q,(t)/0g + 1), ymenbiuasicy ot 3Hadenus U(0) = Uy, o 3nauenus U(t,) = 0.

[TayeHne HanpspKeHUS Ha 6ase p-n-lepexona MPH U3MEHEHUH ToKa C Iy, 10 (—Logp)
CKaQYKOM H3MEHSIETCS OT Ué = Iyp r% hi(o) Ug = —Lysp 7'6, BBI3BIBAs B IIOJJHOM MaJICHUH
HAIPsDKEHUS Ha NEPEXO/E TaK Ha3bIBAEMBbIN «OMUYECKUM cKkadok» AU, = —(Inp+106p) r’6.

B Tedyenue craaum 6ombIIoi 0OpaTHOM MPOBOAMMOCTH paccachblBAHWE HEOCHOBHBIX
HOCHTEIIEH 3apsja MPOHUCXOIUT B OCHOBHOM B IMPHUTPAHHYHOW OOJACTH OOCTHEHHOTO
CJI0s1, TOT/Ia KaK KOHIICHTPAIUs HEOCHOBHBIX HOCHUTEJEH B OCTAJIbHOM YacTU Oa3bl M3-
MEHSIETCSl HE3HAYUTEIIBHO, TT0O3TOMY B TIEPBOM NMPHUOIMKEHUH MOXKHO TIOJIarath, 4YTo Ha
paccMaTpuBaEMOM CTaIMK TIEPEXOAHOTO Tpoliecca MaIecHue HanpsDKeHHsI Ha 0a3e ocTa-
€TCsl HEU3MEHHBIM U PABHBIM Ug = —lyep r’6.

Ha cmaouu cnaoa obpamnoco moxa rpaHundHasi KOHIEHTPAIUsI HEOCHOBHBIX HOCH-
TeJel 3apsga B 0a3e CTAHOBUTCS MEHBINE PaBHOBECHOW M TEPEXOJ] CMeIIaeTcs B 00-
paTHOM HampabiieHud. [Ipu 3ToM 00paTHBIN TOK, 00YCIIOBICHHBIM SKCTPAKIIUEH U TIepe-
3apsaoM OapbepHON €MKOCTH, YMEHBIIAETCS, CTPEMSCh K OOpaTHOMY TETIOBOMY TOKY
nepexona. [lanenne HanpsbkeHust Ha 6a3e p-n-nepexoqa 3a CUYeT CHIKEHHs] 00paTHOTO
TOKa TaKXke yMeHbInaeTcs. HampspbkeHue Ha mepexofie 3a cyeT mepesapsiga O0apbepHoid
€MKOCTH CTaHOBHTCS OTPHUIATEILHBIM M CTPEMUTCS K BEJIUYHHE, TPUOIU3UTEIHLHO PaB-
HOM (—Uho6p ), U3MEHSISICH T10 SKCIIOHCHIMAIBHOMY 3aKOoHY. TakuM 00pa3oM, Ha CTauu
crniazia 00paTHOTO TOKa MEPEXOIHBIN Mmpoiiecc 00yCIOBICH B OCHOBHOM Tiepe3apsioM Oa-
PBEPHOM EMKOCTH MEPEXOJIA, 4 U3SMEHEHHUE HAIIPSIKEHUS U TOKA HA p-n-NIEPEXOJIE MOKHO
MPEACTaBUTh BBIPAKECHUSIMH:

t

t
Up(t) % ~Urosp| 1 —exp |- |, i(¢) » —Lospexp R
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|
AUg () \* AUg = Ingfs

\ Ug = Inprs |
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Puc. 2.9 — Ilepexoaubie mpolecchl B p-n-nepexojie Npu YCTaHOBICHUH MPSIMOTO
HAMPsODKCHUS ¥ TIPH U3MEHEHUH HAMpsHKEHUs C IPSIMOTO Ha oOpaTHOe

[IpunsiTo cuMTarh, 4TO CTAAUA CHaga 0OPaTHOTO TOKA 3aKAaHYMBAETCS, KOTJa oopart-
HBIA TOK yMEHBLIAETCS A0 3HaueHus, paBHoro 0,1/,,. Bpemennslie nuarpaMMbl TOKOB
U HaIpsDKEHUH, COOTBETCTBYIOIIME M3MEHEHHUIO HANPSDKCHUS C MPSMOTo Ha oOparHoe,
MpeACTaBICHbl Ha pUCYyHKE 2.9.

2.10 KoHTakTbl MeTann-nonynpoBoLgHUK

3a cyeT HaIM4us CHII MNPUTSAIKCHUA MCXKAY JJICKTpOHAMU U dApaMUu aTOMOB KpHU-
CTaJIJINYECKOM PEIICTKU SHEPTHUA 3JICKTPOHOB B TBEPABLIX TEJIaX MCHBIIC, YEM DHEPIUA
CBO60)IHBIX QJICKTPOHOB B BaKyyMC.

Munumanvhas suepeusi Yy, HeobX00umMas O nepesood 3S1eKmpoHa
C IHEPeeMU4ecKo20 ypoeHs OHA 30HbL NPOBOOUMOCMU 8 6AKVYM, HA-
3bl8aemcs GHewHell pabomotl 8bIx00a U INEKMPOHHBIM CPOOCHBOM.
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SIBneHune BBIXOAA AIEKTPOHOB U3 TBEPOTO TEJIa B BAKYyM 3a CUET TETUIOBOM SHEPTHUHU
KPUCTAJJTMYECKON pEeIIeTKH HOCUT Ha3BaHUE MepMOdIeKmMpOHHOU amuccuu. 1110THOCTD
moxa mepmoamuccuy onpeaenseTcs ypaBHenueM Puuapacona-J[piimana Bujaa:

= AT (—i), 2.44
J exp| =27 (2.44)

e A* = (4ng.m:k?) [h® — nocmosinnas Puuapocona 0ns nonynpogoonuxas y, = yo—Er —
mepmMoOuHamMuyecKas paboma 8vixo0d 1eKmpoHa U3 meepoozo meid.

b S .
e Tepmoounamuueckas paboma 6vIX00a NPeoCmasisien cooou MuHU-
2 é MANLHYIO d9HEpeUuto, HeobXo00UMyt0 01 nepesood 2NeKmpoHa 8 8AKYYM
¢ 9Hepeemuyeckozo yposHs Depmu.

[Ipu npeasbHOM KOHTAKTE METAJIA C MOJIYTPOBOJHUKOM IPOUCXOIUT MEPEXOJT MIEK-
TPOHOB M3 MaTepHaja ¢ MEHbIIEH TepMOJUHAMUYECKOH pabOTON BBIXO/Aa 3JIEKTPOHOB
B Marepuain c Oomblueil paboToil Beixoga. B pesynbrare Hapymaercs sieKTpuUdecKas
HEHTpasbHOCTh O0NacTel, MpUIEraoIuX K METAIypru4eckoil rpaHuIle, U BO3HUKA-
€T KOHTaKTHOE NIEKTPUUYECKOE I10JI€, KOTOPOE XapaKTEPU3YyETCsl KOHTAKTHON Pa3HOCTHIO

IIOTCHIINAJIOB:
XM - Xn
Pp = —, (2.45)
qe
TAC Ym» Yn — TCPMOAMHAMHYCCKAA pa60Ta BbIXO/J[a JJICKTPOHOB M3 METaJlJla U U3 IOJIYy-

IIPOBOJHHUKA COOTBETCTBCHHO.

Ilepexoonwiii cotl mexcoy Memaiiom u noaynpo8oOHUKOM, 8 KOMOPOM
cywecmeyem KOHMAKMHOe 3JeKmpudeckoe nojie, Ha3vleaiom nepexo-
oom [llommxku (Schottki).

KonTaktHOE 3nekTpuueckoe noje Ha nepexoge LLIOTTkM mpakTH4YecKH cOCpenoTo-
YEHO TOJIBKO B IOJYNPOBOAHUKE, TaK KaK KOHIIEHTpALUs HOCUTENEH 3apsA/ia B METaIIe
3HAYUTEIHHO OOJBINE KOHIEHTPAIMU HOCHUTENEH 3apsiia B IMONYIPOBOJHHUKE U TEpe-
pacrpeneneHue 3JIEKTPOHOB B METAJUIE IPOUCXOANUT B OYEHb TOHKOM CJIO€, CPABHUMOM
C MEXATOMHBIM PacCCTOSTHUEM.

B 3aBuUCMMOCTH OT THNa MOJYNPOBOJHUKA M OT COOTHOILIECHUS TEp-
MOJIMHAMHYECKUX Pa0OT BBIXOJA ISl METajljla M ISl TTOJyIPOBOIHH-
Ka B TTOJIYITPOBOJHHUKE MOXKET BOSHUKATh 00€OHeHHbIl, UHBEPCHbIL I
obozcawennwlil Clou.

Ecnu yy > Yn, TO YaCTh IEKTPOHOB U3 MOJIYIPOBOJHHKA IEPEXOAUT B MeTasul. B pe-
3yJbTaTe B MOJIYIPOBOIHUKE 1-THUIIA 00pa3yeTcst 00 AHEHHBI OCHOBHBIMH HOCHUTEIISIMU
3apsaa (IEKTpOHAMM) CJIOW; a B TOJIYIIPOBOIHUKE p-TUIIA — 00OTaLEHHBI OCHOBHBIMU
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HOCHUTENSIMU 3apsana (abipkamu) cioil. Ecimu ¥ < Yy, TO 4acTb 3JEKTPOHOB U3 METall-
Ja TepexoAuT B MOJYNPOBOAHUK. B pesynbrare B MOMYyNpPOBOAHUKE p-TUIA 00pasyeTcs
00e/THEHHbIM OCHOBHBIMH HOCHUTENIAMHU 3apsijia (IbIpKaMH) ClIOH; a B MOJyIpPOBOIHU-
K€ n-TUIa — 00OTaIlleHHbIi OCHOBHBIMU HOCHUTEIISIMU 3apsja (31ekTpoHamu) cioi. [Ipu
Ym >> Yn B TMOIYNPOBOAHUKE A-THIIA, & TIPU Yy << ¥ B HOIYHPOBOJHUKE p-THUTIA MOXKET
00pa30BaThbCsl 1a)Ke MHBEPCHBIN CIIOM.

B o0enHeHHBIX CIOSX NPOCTPAHCTBEHHBIN 3apsa] (opMUpyeTcs B pe3ylbrare Ha-
pYLIEHHs] KOMIIEHCALUU 3apsiia MOHU3UPOBAHHBIX NIPUMECEN OCHOBHBIMHM HOCHUTEISIMH,
a B 00OraIleHHbIX — U3-3a HAKOIUIEHUs OCHOBHBIX HOCUTEIIEH 3aps/a.

OOenHEHHBIN WM MHBEPCHBIN CII0M 0051a1al0T OOJIBIINM COIPOTUBIEHUEM I10 CPaB-
HEHUIO ¢ 00bEMOM MOJIYTPOBOIHUKA. B 3TOM ciydae BHelIHee HanpsKeHUE B OCHOBHOM
MIPUKJIAIBbIBAETCS K 00JaCTH MEepexoaa, U3MEHET YCIOBHSI MPOXOXKAECHUS HOCUTelNeH 3a-
psna yepes nepexon. CienoBarenabHO, TP 00pa30BaHUM 0OEIHEHHOTO WJIM UHBEPCHOIO
cios nepexon loTTku o61anaer BEIMPAMIISIONIMMH CBONCTBAMU (BBIIPSMIISIONIUI KOH-
TaKT METaJUI-MIOJYTIPOBOIHUK).

OOorarieHHblit c0il 00MasaeT MajabiM CONPOTHBICHHEM I10 CPAaBHEHHMIO C O0be-
MOM IOJynpoBoAHUKA. 1o 3TON mpuunMHE cymMMapHOE CONPOTHUBIEHUE OOOIalEHHOIO
U HEUTPaNbHOIO CJIOEB MPAKTHUYECKH HE 3aBUCHUT OT MOJSPHOCTH U BEJIUYUHBI BHEII-
HEro HalpsDKEHUsI, U KOHTAKT MEeTaJlI-NIOIYIIPOBOAHUK HE 00JaaeT BBIIPAMIISIOLIUMHU
cBoiicTBaMU. HeBhImpsAMIIsAIOLIe KOHTAKThl METAJI-TI0JIyTIPOBOIHUK SIBJISIOTCSI OCHOBOM
OMUYECKUX KOHTAKTOB.

2.11 BbeinpAaMngaroLLmne KOHTaKThI
METans-nosyrnpoBOAHMUK

Paccmotpum 00pa3zoBaHHe KOHTAaKTa METAJUI-IIONYIPOBOAHUK MPH HCIOIb30BaHUU
MOJTyTIPOBOAHMKA /-TUIIA, BBITIOJIHEHUU YCIIOBUS Yy > Y., U 0€3 yueTa MOBEPXHOCTHOTO
3aps/a Ha I'PaHULIEC pas3zeia.

BbinpsmMnsaowmm KOHTaKT B paBHOBECHOM COCTOSIHUM

B cuny ycnoBus yy > Y., VIEKTPOHBI NEPEXOAAT U3 NOJIYNPOBOAHHUKA B METAILI,
U HapylIaeTcs AIeKTpudecKas HEeUTPaIbHOCTh IPUKOHTAKTHBIX 00JacTel: B y3KOM CIIO€
MeTaJlla 3JEKTPOHBI 00pa3yloT OTPULATEIBHBINA 3apsa, a B 00CIHEHHOM >JIEKTPOHAMHU
CJI0€ TOJIYIIPOBOAHUKA HECKOMIICHCUPOBAHHBIE MOHU3UPOBAHHBIE JOHOPBI — IOJIOKHU-
TEJIbHBIN 3apsl. B pe3ynprare BOZHHKAeT BHYTPEHHEE NEKTPUUECKOE M0JIE, HAIPSIKECH-
HOCTbh KOTOPOI'O HalpasjicHa OT MOJYIPOBOJHUKA K MeTauly. BHyTpeHHee anekTpude-
CKO€ IIOJIE SIBJIAETCS TOPMO3SIILUM JJISl DJIEKTPOHOB, NMEPEXOAAIIUX U3 MOIYPOBOAHHUKA
B MeTaul. llepexon »NMEeKTPOHOB M3 MOJYNPOBOIHUKA B METaJI OyAeT MPONOKATHCS
JI0 T€X IOp, IIOKa HE HACTYIUT TEPMOAMHAMUYECKOE PABHOBECHUE, IIPU KOTOPOM YPOB-
Hu ®epMu MeTalula U MOJYNPOBOJHUKA CTAHOBSITCS OJMHAKOBBIMU, U 00pa3yercs eau-
Hblli ypoBeHb Depmu. 30HHAS HPHEPreTUYECKas AUMAarpaMMa BBIIPAMIISIONIETO KOHTAKTA
METaJI-TIOIYIPOBOIHUK NpeAcTaBiIeHa Ha pucyHke 2.10.

ITpu oOpazoBaHnU 0OEAHEHHOTO CJIOS B TOJXYIPOBOAHUKE #-TUMA OTEHIMAT BHYT-
PEHHETO AIEKTPUUECKOro MOJIs Ha TPaHUIIe METaII-I0IyIPOBOJHUK MEHbIIIE, YeM B 00b-
€Me TOJYNPOBOJHUKA, YTO MPUBOAUT K U3rHOy SHEPreTHUEeCKUX 30H MOTYyNPOBOAHHUKA
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BBepX. B pesynbrare Ha KOHTAKTEe METaJUI-NIOIYTIPOBOJAHNUK BO3SHUKAIOT JIBA IOTEHIHAIIb-
HBIX Oapbepa: MOTeHUUaIbHBINA Oapbep Py, I SJIEKTPOHOB MIPH MEPEXoJie U3 MeTaa
B 30HY MPOBOAMMOCTH MOJYIPOBOJHUKA U MOTEHIUANbHBIN O6apbep Dy, IS dIEKTPO-
HOB TIPH TIEPEX0/ie U3 MOIYIPOBOIHUKA B METAILI.

X
L( K D10 nEC

»

<
8OHS

Puc. 2.10 — 3onHas 3HepreTuyeckas quarpaMmma BBIIPSMIISIOIIETO KOHTaKTa
METaJUI-IOIYIPOBOIHUK

Bricora 6aprepa @, ;; HE 3aBUCUT OT KOHILIEHTPAIMU MIPUMECEH B MOIYNPOBOJAHUKE
Y TEMIIEPaTyphl, a ONpeesieTcss BUAOM MeTajlla U MOTyPOBOIHUKA!

q)M.n = Am — Aons (246)

7€ Y0, — BHELIHSSI paboTa BBIXOJA AJIEKTPOHOB U3 MOIYIPOBOIHUKA 1-THIIA.
[Torenuunanbubiil 6apbep Py, B COCTOSHUM TEPMOJUHAMHUYECKOTO PAaBHOBECHS:

(DH‘MO =Xm — Xn- (247)

Beicora 6apsepa @, o ¢ pOCTOM KOHLEHTpALMK HNpUMECEed WIH IPU NOHWKEHUU
TEMIEPaTypbl YBEJINYUBAETCS, TaK KaK YMEHbIIACTCS] TEpMOAMHAMUYECKas paboTa BbI-
XoJa Y, U3-3a cMelleHus ypoBHs depMu B MOIYIPOBOAHUKE B CTOPOHY 30HBI IIPOBOAUMOCTH.

BbII'IpHMJ'IFII-OLLI,I/IVI KOHTaKT B HEpPaBHOBECHOM COCTOAHUN

IIpu BO31EHCTBUM HAa KOHTAKT METAJUI-IIOJYIPOBOAHUK BHEIIHETO JIEKTPUUECKOIO
1oJIsl TOTEHUMAIbHBINA Oapeep Py, OCTaeTcs MOCTOAHHBIM, a Oapbep P, HU3MEHsAETCS
MIPONOPLUOHAIIBHO BEJIMYMHE BHEIIHETO HanpspkeHus U

(DI'LM = (I)H.MO - QeU

BremHee HanpspKeHHE, KOTOPOE CO3/1aeT 3JIEKTPUYECKOE T0JIE, HAIPABICHHOE MPO-
THUBOIIOJIOKHO BHYTPEHHEMY KOHTAaKTHOMY ITOJIIO, JIUISl KOHTAKTa METAJUI-IIOIYTPOBOJHUK
siBisieTcst upsiMbiM (U > 0). TIpu MCHONb30BaHUH MOMTYIPOBOAHKUKA /1-THIIA OTPHUIIATEIb-
HBII TOTEHLUAJ NPSMOTO HANPSHKEHUS TPUKIIAABIBAECTCA K MOITYIIPOBOIHUKY, a ITOJIOKH-
TEJIbHBIA — K METaJLLy.

IIpu npsiMom HamnpsikeHUU ypoBeHb DepMH B IOJIyIPOBOJAHHUKE CMEIAETCsS OTHO-
CUTENBHO ypoBHA PepMH B METAUIE B CTOPOHY YBEJIMYEHUS, U BBICOTA MTOTEHIIMAIBHO-
ro Gaprepa Ui NEKTPOHOB IPHU MEPEXoAe M3 MOIYNPOBOAHMKA B METAJUl CHUXKAETCS
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(puc. 2.11). B pe3ynbrare MOTOK 3IEKTPOHOB U3 MOIYIPOBOJHUKA B METAJUI YBEIMYMBA-
€TCsl, @ IOTOK AJIEKTPOHOB M3 METaJlJIa B IMOJYIIPOBOTHHUK OCTaeTCst 0€3 N3MEHEHUSI, Clie-
JIOBaTEIbHO, Y€pe3 KOHTAKT METaJUI-IOJIyIIPOBOJHUK MOTEUET MPSAMON TOK, IMJIOTHOCTh
KOTOPOTO: jup = Jum —Jun > 0.

Bhenrnee HanpspkeHHE, KOTOPOE CO3/1aeT SIEKTPUIECKOE T0JIe, COBIAIAoNIee 10 Ha-
IPABJICHUIO C BHYTPEHHUM KOHTAKTHBIM I10JIEM, JJIs1 KOHTAKTa METaJII-I10JIYITPOBOJHUK
sisiercst obparabiM (U < 0). Ipu MCronb30BaHUK MOMYIPOBOJHUKA 7-THIIA OTPHIA-
TEJIbHBIA MOTEHIMA 00PaTHOTO HAINpPSDKEHHUS MPUKIAIBIBACTCS K METAJLTY, a MOJIOXKHU-
TEJILHBIA — K TIOTyTIPOBOTHHKY.

ITpu obpaTHOM HamnpsKeHUH ypoBeHb DepMH B MOIYNPOBOAHUKE CMEIAETCSI OTHO-
CUTENbHO ypoBHA DepMu B MeTaie B CTOPOHY YMEHBIICHUS U BHICOTA MOTCHIIUATIBHO-
ro Gapbepa JUIsl SIEKTPOHOB MPH MEPEX0Ae U3 MOTYNPOBOJHUKA B METAJLI IMOBBIIIACTCS
(puc. 2.11). B pesynbTare MOTOK 3JIEKTPOHOB M3 MOJYMPOBOJHUKA B METAJI YMEHb-
I1aeTCsl, @ TOTOK JIEKTPOHOB M3 MeTajlla B IOJIYNPOBOJHUK OCTaeTcs 0e3 M3MEHEHMUs,
CJIEZIOBATENIbHO, Yepe3 KOHTAKT METaJUI-NOTYIPOBOAHUK MOTEYeT 0OpaTHBIN TOK, MJIOT-
HOCTb KOTOPOTO: foop = jum —Jun < 0.
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Puc. 2.11 — 30HHBIE 3HEpPreTUUECKUE AUarpaMMbl BHIIPSIMIISIONIETO KOHTAKTa
METaJI-MIOIYIIPOBOIHUK MPU CMELICHUH B MPSIMOM (@) 1 oOpaTHOM (6) HampaBICHUSIX

BonbT-aMmnepHas xapakTepucTMKa BbINPAMISIOLLEro KOHTaKTa

Toku, oOpazoBaHHBIC MOTOKAMH DJIEKTPOHOB M3 METa/Ula B IMOJYNPOBOIHHK U M3
MOJYIPOBOJHUKA B METAJUI, TI0 CBOCH MPUPOJE SBISIOTCS TEPMOIICKTPOHHBIMHE: Jy ; =
D, D, , q.U
kT kT )P\t

BOHBT-aMHepHaH XapaKTepI/ICTI/IKa BBIHpHMHSIIOH_[eFO KOHTAKTa MeTaﬂH-HOHprOBOH-
HUK OHpe]lerIeTCﬂ BBIpa)KeHI/ICM:

=A*T?exp| - s Jum =A*T?exp | -

1= S(jun —jun) = L| exp (q)ﬂ) -1}, (2.48)

e I, = SA*T? exp(—d)MH [ (kT) ) — IIOTHOCTB TOKA HACBIIIEHNUS; S — IUIOMIAI5 KOHTAKTA.
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Ipu |U| < ¢r Beipakenue (2.48) npuanmaer Bux [ ~ (I;/dpr) U To ecth B 0bmactu
MaJIbIX MPSMBIX U 0OPATHBIX CMEIICHUH TOK SIBJISCTCS JIMHEHHOW (DYHKITUEH MTPUIIOKEH-
HOT'O HaIpsHKEHUS.

IIpu U >0 u U > ¢r (mpaktuuecku npu U > 2,3¢7) Beipaxenue (2.94) umeet Bua
I =Lexp(U/dr), To ecTh mpu GONBIINX MPSAMBIX HANpsDKeHHsXx BAX ammpokcumupy-
€TCsl DKCTIOHCHIIMAJIbHON (PYHKITHECH.

Ilpu U < 0 u U >» ¢r (upakrtuuecku npu U > 2,3¢r) Belpaxkenue (2.94) mpu-
HuMmaeT BUA [ = —I;, TO ecTb Npu OONBIIMX OOpPATHBIX HANPSDKEHUSAX 4YEPE3 KOHTAKT
METaJI-IIOIYIIPOBOIHUK MPOTEKAET OOPATHBIM TOK, BEJIMYMHA KOTOPOIO HE 3aBUCUT OT
MPUIOKEHHOT'O HaNpPsHKEHMSL.

BAX uaeanu3upoBaHHOIO KOHTAKTa METAaJUI-MOJYIPOBOJAHUK MPEACTaBICHA HA PU-
cynke 2.12.

Al

npsimast
BETBb

| s
1

obpaTHas
BETBb

v

Puc. 2.12 — Bonpr-amnepHas XapakTepUCTHKa UACATN3UPOBAHHOTO BBIIPSAMIISIOIIETO
KOHTaKTa METAJLI-II0JIyTIPOBOIHUK

HuddepeHnnanbHoe cONPOTUBIEHHE UICATN3UPOBAHHOTO KOHTAKTa METAJUI-IIOTY-
IIPOBOAHUK OIPEIEISACTCS BBIPAKEHUEM:

AU _
L T

(2.49)

IIpu npsimom BHewmHeM HampspkeHuu I > 0 u nuddepeHnManbHOE CONPOTUBIIE-
HHE YMCHBINACTCS C POCTOM IMPSMOTO TOKa. ECIM mpsiMoe HampsuKeHHE YIOBIETBOPS-
et ycnoBuio U > 2,3d7, TO MOXKHO CYNTATh, 4TO AU GEpeHIIHATEHOE COMPOTHBICHUE
Faagp ® §r/I = kT | (g.I) mpsiIMO IIPOIOPLIMOHAIBHO TEMIIEpaType.

[Tpu o6parnom Hampsukernn [ < 0, muddepeHnnanbHoe COPOTUBIICHNUE PE3KO yBe-
JITYUBACTCS C POCTOM OOPATHOTO TOKA ¥ IPH [ — (—1) Fyug — 0.
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PacnpegeneHne HanpshKeHHOCTM U NoTeHumana B obnactu
NPOCTPaHCTBEHHOIO 3apaaa
Ecnu mpuHATH, 4TO 3apsii OOEIHEHHOTO CJO0S KOHTAaKTa MEeTaJlI-IOIYIPOBOIHUK

00yCJIOBJIEH TOJIBKO MOHU3UPOBAHHBIMU JIOHOPAMH, TO paclpeesieHHe HaPsHKEHHOCTH
U TIOTeHLHaJIa B O0CTHEHHOM CJI0O€ MOXKHO TOJIyYUTh U3 pemieHus ypaBHenus Ilyacco-

dzq)(x) quII Dy no
a = - , YIOBIICTBOPSIIOLIETO TPaHUYHBIM ycimoBusiM ¢(0) = — +U,
dx? €€ qe
d 601_13
¢(doms) =0, e (dt ) —E(do;) = 0:

d¢(x) _ _quZ[ (6
dx €€

b(x) = Z[(€>om x)?, E(x)=- oms — X)- (2.50)

BHGKTpI/I‘IeCKOC 1oJjie B 00JIacTH MMPOCTPAHCTBCHHOI'O 3apsJa KOHTAKTa MCTAJUI-II0-
JYIIPOBOAHHUK XapPaKTCPU3YCTCA JIMHEHHBIM pacupCaciICHUCM HAIIPAXKCHHOCTH H KBal-

paTUYHBIM pacHpeaeseHueM noreHuuana (puc. 2.13).
TommuHa 061acTH IPOCTPAHCTBEHHOTO 3apsAa KOHTAKTa METaJUI-TIOJIyIPOBOAHUK:

1 2
601‘13 = _\/ il ((I)n M0 — qu) . (251)
qe I[

TomnmuHa 001acTH TPOCTPAHCTBEHHOTO 3apsiJia 3aBUCUT OT BEJIMYHUHBI M MOJISAPHOCTH
BHEIIIHETO HAMPSDKCHUsI: POCT mpsiMoro HampsokeHust (U > 0) BbI3bIBACT YMEHBIICHHUE,
a poct obparsoro HampspkeHusi (U < 0) — yBelMUCHHE TOJIIMHBI 00JIACTH MPOCTPaH-
CTBEHHOTO 3apsaa. [Ipu moctarouyno GOIbIIOM MPSMOM HanpspKeHUH, koraa g.U = @ 0,
o0eHEeHHBIH cito ucue3aeT (Oop; = 0) ¥ MOoJaHHOE HANPSDKEHHE PAaBHOMEPHO pacrpe-
JEJSIETCS TI0 BCEH JUTMHE TOJTyITPOBOTHHKA.

EMKOCTb KOHTaKTa MeTana-nosiynpoBoAHUK

Monyssiiyst TOJNIIMHBI 00IacTH MPOCTPAHCTBEHHOTO 3apsijia MoJ ASHCTBHEM BHEIl-
HEro HamnpsKEHUs! COMPOBOXKIAETCS M3MEHEHHEM 3apsja 0OO€IHEHHOIO CIosl, CJIE0Ba-
TEJIbHO, KOHTAKT METAJUI-NOIYIPOBOAHUK 00Ia1aeT 3JIEKTPUIECKONH EMKOCTBIO:

onn3( U) --S SEONJqu

C= = .
dU 2 (@0 —¢.U)

(2.52)

3HaK «MUHYC» B BhIpaX€HUU (2.52) 03HAYAET, YTO MOJIOKUTEIbHOMY MPUPALLECHUIO
HaANPSDKEHUsI COOTBETCTBYET OTPUIIATEIILHOE MpUpalieHue 3apsaa. Ou3ndecku 310 00b-
SICHSICTCSl TEM, YTO YBEIWYCHHUE MPSIMOTO HANPSDKEHUS MPUBOAUT K YMEHBIIEHUIO TOJ-
HIMHBI 00ETHEHHOTO CJI04, a CJeI0BaTeIbHO, U MPOCTPAHCTBEHHOTO 3apsiaa. Paccmarpu-
Basi EMKOCTh KOHTAKTa METAUI-MOYPOBOIHHK KaK TOJOKUTENIBHYIO BETMUHHY, HAHIEM:

C ‘onns U)‘ ESONﬂqg

2 (q)n.M.O - QeU) ‘ (253)
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JxMX)
Fy
(+) GeNn
X
L\ E(X)
X
+0(X)
X
—
0 Boms

Puc. 2.13 — Pacnipenenenue mioTHOCTH 00ObEMHOT0 3apsijia, HAPsHDKEHHOCTH
U MOTEHLIMAJa B BBIIPSIMIIAIOIEM KOHTAKTE METaJI-IIOJyIPOBOIHUK

A ekt LWoTTKNM

3qbqbel<m Lllommxu 3aknrouaemcs 8 NOHUIICEHUU BblCOMbL nomeHyu-
ajlbHO20 6apbepa HA KOHmMmakKkme Memaﬂﬂ-HOlenPOGOOHMK noo erusHUEM
CUTIbHOCO J/IeEKmMpU4YecKozo nojisl u Cujl 3epKailbHoco u306pa:)fceHuﬂ.

CyIHOCTh CHIJT 3€pKalIbHOTO M300pa)KeHHsI COCTOMT B TOM, YTO Ha 3JIEKTPOH, Ha-
XOJSIIMNCS B NOJYIIPOBOJHHUKE HA PACCTOSIHUU X OT METAJUTypPrHYECKOM IPaHULbl, 1eH-
CTBYET CWJIa NPUTSIKEHUS, 110 BEJIMYHUHE PaBHAs CUJIE B3aWMOJEUCTBUS MEXIY JByMs
TOYEYHBIMHU 3apsilaMU — 3JIEKTPOHOM U €T0 HOJIOKUTEIbHBIM 3€pPKaJIbHBIM H300paXKeHNU-
€M B MeTallie.

IToreHumanbHas SHEPrus AEKTPOHA, 00YCIIOBICHHAs BHEITHUM 3JIEKTPUUYECKUM I10-
J€M U CHJIAMHU 3€pKaJIbHOIO M300pakeHUs], ONPEACISAECTCSA BBIPAKECHUEM:

gz
(D(X) = (D3M(X) + CDE(X) = —m — qux. (254)

Oynkius (2.54) nMeeT MaKCUMYyM B TOYKE X, = \/ q.] (16megoE) , tae E = \/Z_NIL )
\/ ((Dn.M.O - qu)/ (880) .

BricoTa moreHnuansHOrO O0apbepa, KOTOPHI HEOOXOIUMO MPEOAOJICTh IECKTPOHY
JUISL BBIXOJIa U3 METallla B MOJXYNPOBOAHUK (puc. 2.14), uamensiercss Ha BeauunHy AP =

= _q)(xm) = I?)LLI \4/ cI)1'1.M.0 - QeUa rae Bm =
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Puc. 2.14 — Dddexr LlorTku

C yuetom s¢dexra [lorTku Beipaxkenue A BAX BBIIPSAMIISIONIET0 KOHTAKTa Me-
TaJUI-TIOTYTIPOBOAHUK UMEET BUI:

D, - AD U
I=SA4"T?exp (_k—T) eXp(E) -1} (2.55)

[Tpu npsimom HanpsixeHuu 3¢ dext [loTTku BeI3bIBaeT cmenieHue BAX BHU3 OTHCH-
TeabHO BAX HMIeanbHOro KOHTaKTa METaJuI-IIoynpoBOaHUK. Biusaue a¢gdekra HloTT-
KM MOXHO Y4€CTb, alllIPOKCUMHUPYH (2.55) BbIpa)keHUEM BUJA!

U
=1 exp(—), (2.56)
}’lq)T
rae n — 6e3pa3MepHbId mapaMeTp HeuaeanTbHOCTH BAX KOHTaKTa METasuI-IIOJIyIPOBO/I-

Huk (n > 1).
ITpu o6parHOM HanpspkeHHH, 3G dexT [LIOTTKH NPUBOAXUT K YBEINYEHUIO 00PaTHOTO
Toka. i JOCTAaTOYHO GONBIINX OOPATHBIX HANpPSUKEHUH og, ~ SA* T2 exp (—Pyn/kT) -

exp [Bm{‘/ q.|U|/kT ], OTKYZla BUJIHO, YTO OOPATHBIH TOK C POCTOM OOPaTHOTO HampshKe-
HUS PacTer.

2.12 OMmnyeckme KOHTaKThbl

=
@ KOHmaKn’Zbl, ()Jlﬂ Komopbulx 6 onpedeﬂeHHbzx ()uana30Hax U3BMEHECHUA
3

MOKOo8 U HanpﬂofceHuﬁ BbINOJIHAEmMCA 3AKOH OMG, HA3b16AI0M OMUYECKUMU.

OMuyecKkre KOHTAKTBI SIBISIIOTCS 00S3aT€NIbHBIMU 3JIEMEHTaMU JIF000TO TOIYIIPO-
BOJIHUKOBOTO TIpHOOpa U CiayXKaT Ay (OPMUPOBAHUS BHEIIHUX BBIBOJIOB OT IOJIYIIPO-
BOIHHUKOBEIX 00J1acTell.
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Omuueckue KOHTAaKThl HE JIOJKHBI OKa3bIBaTh CYIIECTBEHHOI'O BIMSHHS HAa Xapak-
TEPUCTUKU U MapaMETPbl TBEPAOTEIbHBIX MPUOOPOB, MOATOMY K OMUYECKUM KOHTaKTam
HPEABABISIOT CIEIYIOIUE OCHOBHbIE MPEbOBAHU:

® Juanoe naoeHue HANPANCEHUs. NO CPABHEHUIO C NAOEHUEM HANPANCEHUS HA AK-
MusHot obracmu npubopa;

® JUHEeUHOCMb U CUMMEMPUUHOCNb 60Jlbm—aMI’l€pHOI/7 Xapakmepucmuku,

® omcymcmeue UHMCEKYUU 8 aKMugHvie 001acmu HeOCHOBHbIX HOCumernell 3apsod,
uckascarowux pabomy npubopa,

® GBblCOKasl CKopocmb peKOM6uHauuu.

DNEKTPUYECKUMH CBOMCTBAMU OMHUYECKUX KOHTAKTOB 00JIaal0T KOHTAKThI METaJlI-
TIOJIYITPOBOAHUK B PEKUME O0OTAIICHHUS, Y KOTOPBIX yIACIbHBIC COMPOTUBIICHUS TPUTPA-
HUYHBIX 00OTAICHHBIX CIOEB CYIIECTBEHHO MEHBIIIE COMPOTUBICHUN HEUTPaTbHBIX 00-
JacTel MoaynpoBOAHUKOB. OHAKO M3-3a HAJIMYMS MOBEPXHOCTHBIX COCTOSIHUM Ha rpa-
HHULIE pa3/ieia MeTajlyla U MOJyIPOBOJHHUKA CO3/1aTh KOHTAKT METaJUI-IOIYIPOBOAHUK
¢ 000TaIEHHBIM CIIOEM MPAKTUICCKHA HEBO3MOXKHO.

B kauecTBEe OMHYECKOT0 KOHTAKTa MOKHO HCIIOJIb30BaTh KOHTAKT METAJUI-IIOIYPO-
BOJIHUK, UMCIOIINIA Myl BBICOTY MOTEHIIMAILHOTO Oapbhepa WM TYHHEIbHO-TIPO3pad-
HBII 00€IHEHHBIN CJIOMN.

Ipu |U| < ¢r BAX BBINPAMIISIIOIIETO KOHTAKTa METAJUI-IOIYIPOBOIHUK YIOBIIE-
TBOPSIET TPEOOBAHUSIM JMHEHHOCTH U CHUMMETPUYHOCTH, a YIACIbHOE COMPOTHUBIICHUE
pr ~ (br/no) exp (Puy.o/ (kT)), TO ecThb yoenvroe conpomuenenue KOHMaKmMa Memaii-
NOJTYNPOBOOHUK 3ABUCUNM OM PABHOBECHOU KOHYEHMPAYUuu ny OCHOBHbIX HOCUmenell 3d-
paoa 6 noaynposooHuke u geaudunvl D, ,, o nomenyuarbHo2o bapvepa 015 1eKMpPOHO8
npu nepexooe u3 NOIYNPOBOOHUKA 8 MEMALTL 8 PABHOBECHOM COCMOANHUU. [ nonyyeHus
MANbIX 3HAYEHUL YOelbHO20 CONPOMUBNEHUsT HeOOX00UMO U320MABIUEAMb KOHMAKMbL
C MAnbIM U32UOOM dHEp2emudecKux 30H.

B ciywyae TyHHEIBHO-IpO3payHOTO OOEAHEHHOTO CJIOS CHOPABEIJIMBO pPj  ~

2\/em}
—
gehn/ N, A
yae MmyHHeNbHO-NPO3PAUHO20 00EOHEHHO20 CN0s1 DOlee CUNbHO 3a8UCUM OM KOHYeHmpa-
yuu npumecet, yem 0jisi 00eOHeHHO20 CI0sL C MAJIOU 8bICOMOU NOMEHYUAIbHO20 bapbepa.

Crnenyer OTMETHUTh, YTO Ha BEJIMYHMHY YIAECIBHOTO CONPOTUBICHUS OMHUYECKUX KOH-
TaKTOB BIUSIOT TaKXke CIIOCO0 00pabOTKH MOBEPXHOCTH MOTYNPOBOJHUKA TIEpe]] HaHE-
CEHHEM METaJUIa, BUJ METAJUIA WM CIIJIaBa U CIIOCO0 MX HAaHECEHUS Ha MOJIyIPOBOJHHUK.

[Tpu ucnonp3oBaHUU CIA00JIETUPOBAHHBIX MOIYTPOBOJHUKOB C OONBIION MIUPUHON
3arpeieHHON 30HbI U3TOTOBUTH KOHTAKT METAILI-TIOIYIIPOBOJHUK C MaJIOi BBICOTOM MO-
TEHIMAJIILHOTO Oapbhepa MPaKTUYECKU HEBO3MOXHO. B 3TOM citydae njisi M3roTOBICHUS
OMUYECKOTO KOHTAKTa Ha MOBEPXHOCTU MOJYMPOBOJHMKA OOBIYHO CO3AAIOT JOIOJHU-
TEJIbHBIA BBICOKOJIETMPOBAHHBIN CIIOW, KOTOPBIH 00ecreurnBacT Majaylo TOJIIIUHY oOJia-
CTH IPOCTPAHCTBEHHOI'O 3apsja, HEOOXOAUMYIO JJIsi TYHHEJIBHOTO IMEpeHoca 3JIEKTPo-
HOB. JIJi co3/1aHUSI BBICOKOJIETHPOBAHHOIO CJIOS MPUMEHSIOT TaKHe TEXHOJIOTHYECKUe
npoIecchl, Kak Auddy3uto npuMecH, IBOHHYIO SMTUTAKCHIO, HIOHHYIO UMIUTIaHTalui0. Tu-
MAYHasl CTPYKTypa OMHYECKOIO KOHTAKTa COAEPKUT MEPEeX0] MEeTaJUI-IOIYITPOBOAHUK
(Me-n*) n 211€KTPOHHO-2JIEKTPOHHBIN 117 -n-IIEPEXO.

~ EXp ma |» TO €CTh y()ejleOQ Conpomuejlenue OMu4eCcKkoeco KOormaxkma 6 Ciy-
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2.13 CTpyKTYypbl MeTaNN-gManeKkTpuK-nosyrnpoBogHUK
(MOMN-cTpykTYypbI)

MHOrocnoiHbIE CTPYKTYPbl METaJlI-AUNIEKTPUK-NIoaypoBoaHuK (MIII-cTpykTy-
pBI) CBSI3aHbI C Pa3BUTHEM IUIAHAPHON TEXHOJIOTUU U JIEKAT B OCHOBE MOIYIIPOBOIHUKO-
BBIX IPUOOPOB, B KOTOPBIX MUCHOIb3YETCs APPEKT MOsl: IpUOOPOB € 3aps10BOH CBA3bIO,
IIOJIEBBIX TPAH3UCTOPOB C U30JIMPOBAHHBIM 3aTBOPOM, PEIPOrPaMMHUPYEMBIX JIEMEHTOB
naMATU C IUIaBAOIIMM 3arBopoM U Ap. MJII-cTpyKTyphl HIMPOKO KCIIONIB3YIOTCS IS
uccleoBaHusl (GU3MUECKUX MPOIECCOB HA TPAHUIIE pasiena JAUIEKTPUKOB C MOIYIPO-
BOJIHUKaMH.

[Ipocteitmas MIII-cTpykTypa npeacTaBisieT co00il MHOTOCIOWHYIO CTPYKTYPY, CO-
JIEPKALLYI0 MOHOKPHCTANIMYECKYIO IIIACTUHY ITOJIYIIPOBOAHUKA C OMUYECKHM KOHTaK-
TOM, Ha CBOOOJIHYIO IUIaHAPHYIO MOBEPXHOCTh KOTOPOW HAHECEH TOHKUU CIIOHN TudJIeK-
TPHKA, TOKPHITHIH METAJNIMYECKUM IIEKTpooM (puc. 2.15).

ITomynpoBoaHMKOBAS IJIACTUHA HA3bIBAETCSI NOOIOMHCKOU, METAIUTMUECKUNA IIEKTPO/,
HaHECEHHBI Ha CIION AUAJIEKTPUKA, — 3aMEOpoM, a TUAIEKTPUK — NOO03AMEOPHbIM OU-
anexmpuxom. Haiue Bcero B kauectse noiaynpoBogHuka B M/III-cTpykTypax ucmnomias3y-
10T KPEMHHMIA, a pOJib AUAJIEKTPUKA BBIMOIHIET AUOKCU KpeMHus (Si0,), mosToMy ISt
MII-cTpykTyp ynorpebnsiercs Takke HazBaHue MOII-CTpyKTypbl (METaLI-OKUCEI-TI0-
AynpoBonHUK). TonumHa MOA3aTBOPHOIO CIIOS IUAIEKTPUKA MOXKET BapbUPOBAThCS
B auanasone ot 15-204° no (1-2)-103 4°, a nuneitnsie pasmepsr MTI-cTpyKTYp BIOIB
ITOBEPXHOCTH IMOJIOKKH COCTABIISIOT BEJIMYHUHBI OT HECKOJIBKUX MUKPOH J10 HECKOJIBKUX
MUJLTUMETPOB U Ooiee.

Mo33aTBOPHBbIiA
ONAneKTpuK

3atBop

R R R R R R e AR

——— lNonynpoBoaHuKkoBas
noanoxka

OMMYEeCcKnin KOHTaKT

Puc. 2.15 — CrpykTypa MeTami-1u3eKTpUK-TI0IYTPOBOIHUK

IIpocrenmas M/II-ctpykrypa siBasercas M/III-koHIeHCaTOPOM, EMKOCTH KOTOPOTO
3aBHCHUT OT HAIPSKEHUS] MEXKY JIEKTPOIaMH.

Hanpspxenune, npunoxennoe k MJIII-cTpykType, cuuTaeTcsi MOJOKHUTENbHBIM, €C-
JIM Ha 3aTBOP MOJAaH MOJOKHUTEIbHBIA NOTEHIIMAJI OTHOCUTEIBHO OMUYECKOT0 KOHTaKTa
K TOJUIOKKE, M OTPULIATENIbHBIM, €CJIM Ha 3aTBOP OTHOCHUTEIbHO OMHYECKOIO KOHTAaKTa
K TOJIJIOKKE MOAaH OTPULIATEIbHBIM MOTEHIIUAIL.

st monenu uoeanvuou MII-cmpykmypsl XapaKTepHBI CIEAYIOMNE TOMYIICHHUS:

e TepMOIMHAMUYECKHE pabOThl BBIXOJA 3JIEKTPOHOB M3 METajula U MOIYHpPOBOA-
HUKA OJUHAKOBBI: ¥y = Yy, CJIE€OBATEIBHO, IPU OTCYTCTBUM BHELIHETO 3JIEKTPHU-
YECKOI'0 MOJIsl SHEPreTHUECKHUE 30HbI MTOJIyPOBOAHUKA HE U30THYTHI (COCTOSIHUE
TUIOCKUX 30H);
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® JIOBCPXHOCTHBIC COCTOSAHHA Ha I'paHULIC pa3acia IMOJTYIIPOBOAHUK-AUIIICKTPUK,
a TaKXKC 3aps’KCHHBIC HCHTPEI B CJIOC AUBJICKTPUKA OTCYTCTBYIOT, IIO3TOMY IIPHU
JCUCTBUU JIIOOBIX BHEIIHHX SJIEKTPUYECKUX MOJIEeH BO3HUKAIOT TOJBKO 3apsij
B TMO/JIOKKE M PaBHBIA €My MO BEJIMYMHE 3apsi/l MPOTUBOIOIOKHOTO 3HAKa Ha
3aTBOPE;

® IIpu I[eﬁCTBPIH MOCTOSAHHOTO BHCIIHCTO HAIPSIXKCHUA 10001 BEIUYNHEI OTCYT-
CTBYET IIEPEHOC HOCHTENEH 3apsija 4epe3 CIIOW JHUAIEKTPUKa, TO €CTh COIpPO-
TUBJICHUC NUDJICKTPHUKA IIOCTOAHHOMY TOKY OECKOHEUYHO BEJIHKO.

MUII-cTpykTypsl, OIM3KHE K HJI€aIbHBIM, IOIYYalOT, UCIOIb3Ysl «XJIOPHYIO» TEX-
HOJIOTMI0 TEPMHUYECKOTO BBIPAIMBAHUSA JIByOKHMCH KPEMHMS HA KPEMHHH, IIPHYEM IS
KPEMHHsI n-THIIA B KQYECTBE MaTepuasa 3aTBOpa UCIOJIb3YeTCs AIFOMUHUM, a JUIs KPEM-
HUS p-THUIIA UCIIOJIB3YETCS 30JI0TO.

MJII-cTpyKTypBl, UIsl KOTOPBIX HE BBIMOJHSETCS XOTS Obl OJJHO M3 BBILIENIEPEUHC-
JICHHBIX JONYIIEHUM, MIOIYYUIN Ha3BaHUe peanvuwvix M/II-cmpyxkmyp.

30HHBIE 3HEpreTUUecKue auarpaMmsl uaeanbHoil MII-cTpykTypsl B paBHOBECHBIX
YCIIOBHSIX IPEJICTABICHBI HA PUCYHKE 2.16.

r } A 7y A A A
Xp| |Xop
A A X x A 3
p6Yi n|Aon M v
(DM oI\ (I)H.,Z[ (DM I D EC
.
Y F I el N E
E A 4 4 ¢ E v L 4 EI
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. E; E,
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M a M M A n

Puc. 2.16 — 3onHble 3HepreTdeckue quarpamMmmsl uaeanbHoin MJII-cTpyKTypsl
B PaBHOBECHBIX YCJIOBUSAX

IIpu nogaue Ha M/III-CTpyKTypy BHELIHErO HANPSKEHUS O] 3aTBOPOM BO3HUKACT
AIeKTpHUecKoe mnoie. I10CKkoIbKy B MIAEanbHOM JIHUIEKTPUKE OTCYTCTBYIOT HECBS3aH-
HBIE 3apsi/ibl, ANEKTPUUECKOE T0JI€ B HEM HE 3KPAHMPYETCs, & IPOHUKAET B MPUIIOBEPX-
HOCTHBIH CJIOM MOJUIOKKH, I71€ BBI3BIBACT U3MEHEHHUE KOHLICHTPALMM HOCHUTENEH 3aps/a.
B 3aBucuMocTH OT NMOJSPHOCTU U BEIMYUHBI IPUIIOKEHHOTO HANpPSKEHUS MPUIIOBEPX-
HOCTHBIN CJION MOJJIOXKKH OKA3bIBACTCS B PEXXUME 00O0TaIlIeHus], 00eJTHeHUS WITH MHBEPCHH.

Ecnu mHa MIII-cTpyKTypy NOIAHO MOJIOKUTENBHOE HAIIPSKEHHUE, TO HAIIPSIKEHHOCTh
IIEKTPUYECKOTO IOJI HAIIPAaBJICHA OT 3aTBOPA K MOMJIOKKE. B MoynpoBogHMKE 7-THIA
TaKoe I0JIe NPUTATMBAeT CBOOOJHBIE IEKTPOHBI U3 0ObeMa IMOJYNPOBOJHHUKA K Ipa-
HHIIE pa3jiena IMOMYNPOBOJHUK-IUAICKTPUK. B pesynprate B mpurpaHuyHoil o0sacTu
MOJTYIIPOBOAHMKA BO3HHKAET OOBEMHBIN OTPHULIATEIIbHBIN 3apsii, KOTOPBIA BCIIEACTBUE
1 Qy3UOHHOTO BBIPABHUBAHMS KOHLEHTPAIMNA AIIEKTPOHOB PACIONIaraeTcsi B ¢JI0e KO-
He4HOH TonmuHbl. Tak Kak KOHIIEHTpaIUsl OCHOBHBIX HOCHUTEJEH 3apsaa (JIEKTPOHOB)
B 00JaCTH MPOCTPAHCTBEHHOTO 3apsija Oojblle, YeM B 00beMe KpucTaia, To 00JIacTh
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MPOCTPAHCTBEHHOTO 3apsija sBIsieTcs oOorameHHbM ciaoem, a M/II-cTtpykrypa Haxo-
TUTCSL B peKuMe oboraimieHusi. DIeKTPUUECKoe IMoJjie YMEHbBIIAET BEIUYUHY MOTEHIIU-
aIbHON SHEPrUH DJIEKTPOHOB B 00JaCTU MPOCTPAHCTBEHHOTO 3apsia, MO CPaBHEHMIO
C DHEprueu 3JIeKTPOHOB B 00bEME MOIYMPOBOIHUKA, MOITOMY Kpash dHEPreTHUYECKUX
30H B 00JIACTH NMPOCTPAHCTBEHHOTO 3apsiia U30THYThl BHU3, TO €CTh Y I'PAaHULBI pa3jie-
Ja TOJYNPOBOJHUKA U JHUAIEKTPUKA JUIsSl 3JIEKTPOHOB oOpa3yeTcsi MOTEHLHaIbHas sSMa
(puc. 2.17, a). B cioe ausnexkrpuka u3-3a OTCYTCTBUS OOBEMHOIO 3apsja HaIpsiKeH-
HOCTB 3JIEKTPUYECKOTO IMOJII OCTAETCA MOCTOSHHOM, MO3TOMY 3HEPTHs 3JIEKTPOHOB IPU
nepexojie OT 3aTBOPa K MOJYNPOBOJHUKY YBEJIMYMBAETCA MO JIMHEHHOMY 3aKOHY.

[Ipu nomaue Ha MJII-cTpyKTypy OTpHLATENBHOIO HANPSKEHUS HAIPSKEHHOCTb
ANEKTPUUECKOTO OISl HAlpaBJIeHa OT MOAJIOKKH K 3aTBOpY. Eciiu B KauecTBe MOJJIOKKH
HCIOJIb3YETCs MOIYNPOBOAHUK 71-THIIA, TO 3JIEKTPUUECKOE 10JI€ OTTAJIKUBAET IEKTPOHBI
OT TpaHMLIbI pa3zesna MOJYNPOBOAHUK-TUNIEKTPUK B NIyOHHY 00beMa MOIYNpPOBOIHU-
ka. Korna mpunoxxeHHOE OTpUIIaTEIbHOE HAIPSDKEHUE HEBEIHMKO, B PUIPAHUYHON 00-
JacTU MOJYIPOBOJHUKA BO3HUKAET OOBEMHBIN MOJOXKHUTENBHBIN 3apsi, 00pa30BaHHbII
HECKOMIIEHCUPOBAHHBIMU MOHAMU JOHOPHOW MpuMecH. Tak Kak KOHLIEHTpalus OCHOB-
HBIX HOCHUTENEH 3apsaa (3EKTPOHOB) B 0OJIACTH MPOCTPAHCTBEHHOTO 3apsijia MEHbIIIE,
yeM B 00beMe KpUCTa/lIa, TO 00NIacTh MPOCTPAHCTBEHHOTO 3apsiia SIBISETCS 00CIHEH-
HbIM ciioeM, a M/III-cTpykTypa HaXxoauTcst B peskuMe 00eHeHHsI. DIEKTPUUECKOe MoJIe
BBI3BIBACT YBEIUUEHUE MOTCHIIMATBLHON YHEPTHH AJIEKTPOHOB B 001aCTH MPOCTPAHCTBEH-
HOTO 3apsijia Mo CPABHEHUIO C SHEPTUEH SIEKTPOHOB B 00bEME MOIYIPOBOJHHKA, TOATO-
My Kpasi SHEpreTH4YeCKHX 30H B 00JIaCTH MPOCTPAHCTBEHHOT'O 3apsiaa W30THYTHI BBEPX,
TO €CTh Y TPaHMIIbl pa3jena NOJyNPOBOAHUKA U TUAIEKTPUKA JUUIsl SIEKTPOHOB 00pasy-
eTcsl MoTeHLUaIbHbIN Oapbep (puc. 2.17, 6). B cioe nusnekrpuka sHeprus 3JIeKTPOHOB
IIPU [IEPEXOJIE OT 3aTBOPA K MOJYIPOBOJHUKY YMEHBIIAETCS MO JIUHEHHOMY 3aKOHY.

[Ipu GonbIIMX OTPULATEIBHBIX HANPSIKEHUSX YHEPreTUYECKUE 30Hbl UCKPUBIISIOT-
Csl BBEPX HACTOJBKO CHIJIBHO, YTO BOJM3M TPaHUIIBI MOJYNPOBOAHUKA U TUDJIEKTPHUKA
ypoBeHb DepMu mepecekaeT CepellvHy 3ampellieHHON 30Hbl. B 3ToM ciyudae AbIpku
BBITECHSIOTCS U3 00beMa MOIYHPOBOAHMKA K TPAHHUIE pasfena ¢ AMIIEKTPUKOM, 00-
pa3ysd NpUrpaHUYHBIN 3apsKEHHBINH CIIOM, B KOTOPOM JBIPKHU CTAaHOBATCS OCHOBHBIMH,
a AJIEKTPOHBI — HEOCHOBHBIMM HOCUTEISIMU 3apsiia. M3-3a MHBEpCUU JIEKTPONPOBOAHO-
CTH JITaHHBIN CJIOW Ha3bIBaeTCsa MHBEPCHBIM. [Ipu oOpazoBanuu mHBepcHOTO ciiost M/II1-
CTPYKTypa HaxoAuTcs B pexkume mHBepcuu. [Ipu 3ToM B 00macTu mMpoCTPaHCTBEHHOTO
3apsia MoJyIpPOBOIHUKA CYIIECTBYIOT JiBa CJIOS: MHBEPCHBIN 1 00eaHeHHbI! (puc. 2.17, B).

Emkoctb ngeansHon MOIM-CTpyKTypbI

N3menenune HampsikeHus, npuiioxkeHHoro kK M/III-cTpykType, conpoBoxaaeTcs U3-
MEHEHUEM NOBEPXHOCTHOM IUIOTHOCTHU O, 3apsijJia Ha €€ 3aTBOpe, caenosaresnbHo, M-
CTPYKTYypa XapaKkTepusyeTcs yaeabHou nuddepeHranbHol eMKOCThIO:

do,

CMHH = E (257)
Hampsixenue, npunoxennoe k uaeansHoil M/III-cTpykrype, pacnpenensercs Mex-

Zly CIIOEM JIHINIEKTpUKA U NMomiokkon: U = U, + ,, tae U, —naaeHne HanpsukeHUs Ha

JUDIIEKTPUKE, ) — IIOBEPXHOCTHBIN MOTEHINAI.
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Puc. 2.17 — 3onnsle sHepreTuueckue nuarpammel MIII-cTpykTypsl
C MOJIYITPOBOAHUKOM #-THIIA B peKUMe oOoraieHus (a), ooeqHeHus (6) u uHBepcuu (8)

Torna ynenbHyIo nuddepeHIHanbHyI0 eMKOCTh MOXHO MPEJICTAaBUTh KaK IMOCIE0-
BarenbHOE coenuHeHne eMKocTH C = €,€q/d, mmekTpuka u eMKOCTH Coyy = dOg/d;
00JTacTH MPOCTPAHCTBECHHOTO 3apsja:

-1 —
dUu dU,  dvy

1
=1 — = + = .
i\ do, do, do, (Com+ €1

1

Tak kak ygenbHast eMKOCTh Cop; SIBISICTCS (YHKIMEH MOBEPXHOCTHOTO MOTEHIIHA-
7a, To yaenbHas quddepeHunanbias eMKOCTh Cyyy, 3aBUCHT OT HampsbkeHus Ha MJIII-
CTPYKTYDE.

IIpu BHEMIHEM HaANPSKEHUH, paBHOM HYIO, uaeanbHas M/III-cTpykrypa HaxonuTes
B peXUME IUIOCKHX 30H M yaenbHas eMkocTb M/III-cTpyKTyphi:

-1
Comn = Coy = Ex€0 (dﬂ ; 8—L‘LD},) . (2.58)
€

Ecmu MJIII-cTpykTypa HaXxomuTCs B peXHUME OOOTaIleHHs, TO yACJbHAas €MKOCTh
Cyun PACTeT MPH YBEIMUYEHUH MPUIOKEHHOTO HAMpsDKEHHs] U, HA4MHas ¢ HEKOTOPOTO
HaIpsKEHUs], CTAHOBUTCS MPAKTUYECKU MOCTOSHHON BeMUYUHON Cyyy ~ Cy.

B pexume obenHenus ynenbHast eMKOCTh C,,,, onpenensieTcs: GopMymnoii:

1 -1
~1 _=
€1€0 €€0g.NVy 2 (2.59)

G =\ ] T\ 2@ —on)

ITo Mepe yBenuueHus HanpsbkeHus eMKocTb MJIII-cTpyKTypsl yMEHbIIAETCS 10 TEX
op, MoKa B 00JIACTH MPOCTPAHCTBEHHOTO 3apsi/ia HE BO3HUKHET MHBEPCHBIH CIIOM.

W3MeHeHne MOBEPXHOCTHOW IIOTHOCTH 3apsifja MHBEPCHOTO CJOS IPOUCXOAMT 3a
cueT qudQy3un HEOCHOBHBIX HOCHUTENEH 3aps/a, TEIJIOBOM reHepalui U PeKOMOMHAIH
ANEKTPOHHO-IBIPOYHBIX nap. Jnddy3us HEOCHOBHBIX HOCHUTENCH 3apsnia, a TakkKe MX
reHepanus U peKoMOMHAIMS SBISAIOTCA OoJiee MEJIEHHBIMU MPOLIECCAMM, YEM IPOLECC
IepepacIpeesIeHHs] OCHOBHBIX HOCUTEINIEH 3apsaaa, Mo3ToMy eMKocTs M/III-cTpyKTypsI
3aBUCUT OT YaCTOThI MPHIOKEHHOTO HAIPSKEHUS.
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BoO3HUKHOBEHHE MHBEPCHOTO CJIOS IIPUBOIUT K TOMY, YTO IPU YBEJIMYEHUN HaIIps-
XKeHus ynenpHas eMkocTb M/III-cTpykTypbl yBeanuuBaercs.

B pexume crnaboii nuHBepcUM pOCT yaenabHOW eMkocT M/III-cTpykTypbl mposiBis-
€TCsl MaJIo.

B pexxuMe cuiibHOM MHBepcuu yaenbHas eMKocTs M/III-cTpyKTypbl pacTeT u, Ha4u-
Hasi ¢ HEKOTOPOT'o HalpsbKeHusl, octuraeT BenumauHbl Cy,, = Cy (puc. 2.18, kpusas 1).

Ha BbICOKOI 4acTOTe€ MOBEPXHOCTHAS IUIOTHOCTH 3apsiia MIEKTPOHOB B MHBEPCHOM

CJI0€ He yCIeBaeT pearupoBaTh HA H3MEHEHHWE HanpskeHus, U torma Cy,, = C, =

€,d 4eg N
= £,8 (dﬂ + 2 m“x), e dyax = \/ ﬂln(—A) — TOJIIMHA 00IacTH O0OeIHEHUs
€ quA n;

B peXHME CHJIbHOM MHBEPCUU.

C

Cyp=—==="~

Puc. 2.18 — Bonbr-dapagnsie xapakrepuctuku uaeansnoit MII-cTpykTypst B o0nactu
HU3KUX 49acTOT (KpuBasi 1) U BBICOKHUX 4acTOT (KpuBas 2)

EmkocTb peancHon MOTMN-CTpyKTypbI

OTnuuus ynenpbHBIX €eMKOCTeH uealbHbIX U peanbHbix M/III-cTpykTyp 00ycioBie-
HBI CJICAYIOIUMU (haKTopaMu:

e pa3HOM TEPMOIMHAMUYECKON pabOTOM BHIXONA 3JEKTPOHOB M3 3aTBOpPA M MOJI-
JIOKKH, YTO 06yCJ'IOBJ'II/IBaeT BO3HUKHOBEHHME KOHTAKTHOM Pa3sHOCTH IMOTCHINAJIOB,

® HAJIMYMEM IMOBEPXHOCTHBIX 3apdaA0B Ha I'paHUNEC pasaciia MmoaynpoOBOAHUK-AN-
QJICKTPUK U 00bEMHBIX 3apsA0B B CJIOC JUBJICKTPHUKA.

VYkazaHHbIe (aKTOPbl IPUBOIAT K TOMY, YTO, BO-TIEPBBIX, COCTOSIHUE MJIOCKHUX 30H
BO3HHKAET NpU HamnpspkeHuu Ha MJIII-cTpyKType, OTIIMYHOM OT HyJsl, W, BO-BTOpPBIX,
3aBHCUMOCTH ITOBEPXHOCTHOTO TIOTEHIIMANA OT HANpPsDKEHHUsI CTAHOBUTCS OoJiee Ci1abou.
Kpome Toro, mpu HU3KOM 4acTOTE MPHUIIOKEHHOTO HANPSIKEHUS 3a CUET Iepe3apsakd
ITOBEPXHOCTHBIX COCTOSIHUW MOSABIIAETCS JOMOJHUTENbHAA €eMKOCTh Ciop.
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B pesynbrare HU3Ko4acToTHAs yaenbHas auddepennuanbaas emkoctb MII-cTpyk-
NG|
TYpBI onpeensercs BoipakeHueM Cyy = (Cgl + (Cows + Cuos) ) .
[Tpu BBICOKOH YacTOTE MPHIIOKEHHOTO HANPSDKEHUSI TTOBEPXHOCTHBIE COCTOSHHS HE

nepe3apspKaroTes, MO3TOMY BBICOKOYACTOTHasl yaenabHas Aud@epeHnuanbHas eMKOCTh
-1
M/II-cTpykTypsl onpenensercs BelpaxkeHueM Cpy = (Cg1 + CngS) .

2.14 Teteponepexonbl

[TonynpoBoaHuKH, 00pa3ylomIye reTeponepexo, J0KHbBI UMETh OJIM3KHe KpUcCTal-
AMYecKue CTpyKTypbl. Ha mpakTrke o0ecneynTh MaeasbHOE COTNIACOBAaHME KPUCTAILIU-
YECKUX CTPYKTYp U K03(h(PUIIMEHTOB TEPMUUECKOTO PACILIMPEHHS HEBO3MOXKHO, TO3TOMY
Ha TpaHUIle pas3ziena rerepornepexosa 0ObIYHO BO3HUKAIOT OOJIbLINE MEXaHUUYECKUE Ha-
NPsDKEHUs, KOTOPbIEe BBI3BIBAIOT MOSBJICHUE TUCIOKALMN HECOOTBETCTBUSA. Jlucmokanuu
HECOOTBETCTBUS CO3JAI0T HAa I'PaHUIIE pa3zeiia MOJIyIPOBOJHUKOB BBICOKYIO INIOTHOCTh
JIEKTPOHHBIX COCTOSIHUM, JHEPreTUYECKNE YPOBHU KOTOPBIX PACIIOJIOKEHDI B 3alIpEIICH-
HBIX 30HaX. DHEPreTUYeCKUe YPOBHU TPAHUYHBIX AJIEKTPOHHBIX COCTOSHUN MOTYT WI-
parh poJib JOBYLIEK WM LIEHTPOB PEKOMOMHAIMM, CYLIECTBEHHO BIIMsIS Ha AJIEKTpUYe-
CKHE U (POTOIIEKTPUUECKUE CBOWCTBA T€TEPOIIEPEXO/IOB.

TuUnuyHbIMU TpUMEpPaMHU TETEPONEPXO0B SABISIOTC mnepexonabl AlGaAs-GaAs,
GaAsP-GaAs, GaAsP-GaP, InP-GalnAs.

I'ereponiepexoabl Mexay ABYMS MOHOKpPUCTAJJIAaMH MOXKHO pasZelIuTh Ha Pe3KUe
U TJIaBHBIE B 3aBUCUMOCTHU OT TOTO, HA KAKOM PACCTOSHUM OT TPaHMIIbI pa3zesia Mmpouc-
XOJUT MEpexXo] 0T OHOr0 Marepuania K Apyromy. Eciu Takoii nepexos ocyIlecTBiIseTcs
B IIpejiesiaX HEeCKOJIbKUX MEXKATOMHBIX PAacCTOSHUI, TO TeTeporepexo]] Ha3bIBAIOT Pe3-
kuM. [lIuprHa m1aBHOTO TeTeponepexoia CoOCTaBIsIeT HECKOIbKO AU (HY3HOHHBIX JUIHH.

B 3aBHCHMMOCTHM OT COOTHOILIEHUS THUIIOB MPOBOJUMOCTH KOHTAaKTHPY-
IOIUX IOJIyIIPOBOAHUKOB I'€TE€PONEPEXOAbl MOAPA3ACIAIOTCA HA U30-
munHvle, KOTJa KOHTAaKTUPYIOIIME MOTYITPOBOJHUKH 00Ialal0T OUHA-
KOBBIM TUIIOM IIPOBOAUMOCTH, U GHU30MUNHbLE, KOTAA TUIIBI IIPOBOIK-
MOCTHU KOHTAaKTHPYIOUIUX IOJYIPOBOJIHUKOB Pa3JIMYHBI.

B Hacrosiiee BpeMsi JOCTaTOYHO XOPOIIO pa3paboTaHa TCOPHUS PE3KHUX reTeporepe-
XOJIOB, KOTOpasi MO3BOJISIET OOBSICHUTH OONBIIMHCTBO HAOIIOAAEMBIX IKCIIEPUMEHTAIIb-
HBIX (DaKTOB.

OHepreTnyeckue anarpammbl Pe3kMX reTepornepexonoB

PaccmoTpum sHepreTuyeckue IuarpaMMBbl pe3KuX TeTeponepexonoB 6e3 yuera rpa-
HUYHBIX YHEPTETUUYECKUX COCTOSHUU. B 00I1IeM ciyyae KOHTaKTUPYIOLIUE TOTYIIPOBO/I-
HHUKJA MOTYT OTJIMYaThCs HE TOJBKO IIMPHUHOW 3alPELIEHHON 30HBI, HO U AJIEKTPOHHBIM
CPOACTBOM, TEPMOAMHAMHYECKONW PabOTON BBIXO/Aa, OTHOCHUTEIBHON HANIEKTPHUECKON
MIPOHUIIAEMOCTBIO.
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PaccmoTpuM aHM30TUIHBIN TeTEpPONEPEXO]l, Y KOTOPOro LUIMPUHA 3aIpPELICHHON 30-
HBI MTOJTYTIPOBOJHMKA p-THNA AEg, MEHbIIE NIMPUHEI 3aIIPEIICHHON 30HbI HOIYIPOBO-
HHMKa n-THna AEg,, a 3JIEKTPOHHOE CPOJCTBO y HOJIYINPOBOJHUKA p-THUIIA ¥, OONbIIE,
4eM y MOJIyIPOBOJHHUKA N-THUIA ¥,. JHEPrETUUECKHE JUarpaMMbl N30JUPOBAaHHBIX I10-
JYNIPOBOIHUKOB IIPEJCTaBJIEHbI Ha pucyHke 2.20, a.

N3-3a pa3HOCTH 3HAYECHHWH HIMPHHBI 3aMPEIICHHONW 30HBI U JJIEKTPOHHOIO CPOACTBA
IPaHUIBI Pa3pELICHHBIX SHEPTETUYECKUX 30H B p- U N-TIOJTYIPOBOIHUKAX HE COBIAJIAIOT:
MEXIy HUMU CYIIECTBYIOT pa3pbiBbl AE. u AE, (puc. 2.19).

OHeprus anekTpoHa B Bakyyme
A A A 4
Xon| |An
Xop| [Xp —I -
AE, FT—
ECP S ‘
AE
EFp L4 ; ap AEgn
Eop _i AEy I 2

6

a

Puc. 2.19 — 3oHHBIE 3HEpreTUUECKNE TUArPpaMMBbl U30JIMPOBAHHBIX MOIYIIPOBOJHUKOB
(a) m uaeanpHOTO p-n-rereporepexona (6)

ITpu oOpa3oBaHMM reTeponepexosa 3a CUeT MEKTPOHHOIO OOMEHA MEXIYy KOHTakK-
TUPYIOLUMHU IOJyIPOBOJHUKAMHU yCTaHABJIMBACTCA COCTOSIHUE PABHOBECHSI, KOIrja IO-
noxxeHue ypoBHs depMu Mo obe CTOPOHBI reTepornepexosa CTAHOBUTCA OJUHAKOBBIM
(puc. 2.19, 6). U3-3a pa3HuIBl TEPMOAMHAMHYECKUX DPAOOT BBIXOJA AJIEKTPOHOB Ha
IpaHuLE pasjiena MoIyIpOBOJHUKOB BO3ZHUKAET KOHTAKTHAsl Pa3HOCTh MOTEHIIMAIbHBIX
SHEPIUH NEKTPOHOB Dy = 7, — ¥,. DHEPreTHIECCKUE PA3PhIBBI MEXKIY TPAHULAMU pa3pe-
LICHHBIX 30H M30JMPOBAHHBIX MOIYIPOBOJIHUKOB COXPAHSIOTCS U B rereponepexose. 13
SHEepreTUUecKor JuarpaMMmsbl HJeallbHOTO rereponepexoaa (puc. 2.19, 6) caenyer:

AE. =%op = %ons AEy = AEg, — AEg, — AE,. (2.60)

W3rubel rpaHul] 3HEPreTUYeCKUX 30H BOJIM3M IpaHUIbl pasjena o0yclIoBIeHb! 00-
pasoBaHMeM OOEIHEHHBIX CJIOEB TONIIMHON O, U O,, COIEpKAMUX OOBEMHBIE HECKOM-
MIEHCUPOBAaHHBIE 3apsA/Ibl MOHU3UPOBAHHBIX JOHOPOB M aKLENTOPOB. Benmuunubl n3rndos
qeUin 1 q.Uy, OTIPENENAIOTCSA BHYTPEHHEH Pa3HOCTBIO NOTEHIUAIBHEIX SHEPIUi B 00€-
HEHHBIX C104X, npudeM P, = g, Uy, + g.Uy,.

[IpyHIMIIHATBHOE OTIMYME PAacCMaTPUBAEMOIO p-n-T€TEPOIEPEXoa OT p-n-Tepe-
xoz1a (roMoriepexo/ia) 3aKII0YaeTCsl B Pa3IMYMK BBICOT HMOTEHLUAIBHBIX 0apbepoB AT
AJIEKTPOHOB U JIBIPOK IPH NEPEXOJIE YEPE3 IPAaHULLy pas/ela.

W3 puc. 2.19, 6 BugHO, 4TO AJs Hepexoja U3 n- B p-00JacThb 3JIEKTPOH JIOJIKEH
MPEOI0eTh MOTEHIHAIBHBIN 6apbep BbICOTOH |Dg,| = g, Uy,, @ IEPEXO ABIPOK U3 p- B N~
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00I1aCTh CBSA3aH C IIPEONONCHHEM bapbepa BbICOTON |Dgy| = ¢ Uy, + g Uyy + AE,, THE Uy,
u Uy, — KOHTaKTHasl pa3HOCTb NOTEHIMAJIOB B 71-00JIACTH U B P-00J1aCTH COOTBETCTBEHHO.

Otcroza cienyeT BO3MOXKHOCTb peali3aiuy ciaydas, korga |®g,| > |Pg,|. pu mo-
Jaye TpSIMOTO HaNpsDKEHHs] Ha TaKoW TreTeporepexoj MHXKEKIMOHHAsI COCTaBISIONIAs
TOKa OyIeT NMPaKTUYECKU TOITHOCTHI0O 00SCIEUMBATHCS AIIEKTPOHAMH IMONYIPOBOTHUKA
¢ OoJbIIel IUPUHON 3allpelieHHON 30HBI.

Ecnu aHmM3oTUIHBI reTeporniepexoq 00pa3oBaH MOMYIPOBOAHUKAMH, IJIsI KOTOPBIX
AEg, < AEg,, %op < Yon» TO B COOTBETCTBHHU C BhIpakeHHeM (2.60) sHepreTndeckuii pas-
PBIB M@Ky DPHEPTeTUYECKUMHU YPOBHSIMHU JTHA 30HBI POBOAMMOCTHU B TIOJTYIIPOBOIHUKAX
p- Y n-TUNOB CTAHOBUTCS OTPHULATENIbHBIM. DTO 3HAUUT, YTO Ha TPAHHUIIEC pa3/iesia JTHO
30HBI MPOBOJIMMOCTHU y TOJYIIPOBOJHUKA p-TUIIA PACTIONOKEHO BBIIIE, YEM y TOITYIPO-
BoaHMKA n-TUNa (puc. 2.20,a).

ITpu AE,, < AEg, ¥ Yo, = Xon PA3PbIB 30HBI IPOBOAUMOCTH B I'€TEPOIIEPEXOIE UCHE-
3a€T, a pa3pbIB BAJIGHTHOW 30HBI OMPEENICTCA pa3HUIICH B IIUPHUHE 3aIPEUICHHBIX 30H
KOHTAaKTHPYIOIIUX IOIYyIIPOBOAHUKOB: AE, = AE,, — AE,, (puc. 2.20,6).

30HHAsI HHEPreTUYECKasi JuarpaMMa U30THITHOTO p-p-T€Teporepexoia, y KOTOPOro
AEg,1 < AEg,» n Ny < Ny, npencrasnena Ha pucynke 2.20, B. BeicoTa moreHnuansHoro

+
Oapbepa JUIsl JIEKTPOHOB, NEPEXOAAIIMX U3 00NacTd p; B 00IacTh p; ONpPEAENAETCS
BBIPAKCHHUEM:
|Psn| = geUip1 + qeUspn + AE. = Oy + AE,..

[TprMeHeHre TeTeporepexoi0B MO3BOJSET 3HAUUTEIIEHO TTOBBICUTH TIOTEHITHATBHBIH
Oapbep I HEOCHOBHBIX HOCHTENEH 3apsia, NEPEXOAAIInX U3 00IacTi p; B 001acTh p3,
MPUYEM OH MOXET CYILECTBOBATh Aaxke MpU Ny > N, DTO UCTIONIB3YETCSl HA MTPAKTUKE
JUISL OTpaHUYEHHs 00acTH HAKOIUICHHUs HEOCHOBHBIX HOocuTenel. Hampumep, s rere-
pomnepexozna co crpykrypoit GaAs-Aly;Gag7As npu Ny = 101 em=3, Ny = 107 cm3
NOTEHUHMANIbHBINA Oapbep s 3JIEKTPOHOB, NEPEXOAAIIUX M3 001acTu p; B 001IacThb p;,
cocraBisieT Qg = |Peu|/g. = 0,42B, Torma xak mis p-p-romomepexoma (g, = Oy =
= ¢rIn(Np/Ny) =0,06B.

Ecpﬂ . quK.pZ
P\ T Ec)

B et R e I S Y
Eupﬂ Er Enpj Er E —---T- ;

Wept
En—" Esz
L Eon L Eun |
a 6 8

Puc. 2.20 — 3oHHBIEC SHEPreTUUECKUE TUArPAMMBbI UACANBHBIX p-n-Te€TepONepexoioB (a,
0) ¥ UJICATBHOTO p-p-TeTepornepexonaa (8)
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PacnpegeneHue noTeHuuana B pe3kom reteponepexoae

JUIsl CTyNeH4aToro p-n-rerepornepexoa, ¢ MOCTOSTHHBIMU KOHLIEHTPALUsAMU [IpUMe-
ceil p- u n-obnacteil 06beMHasl IIOTHOCTH 3apsja B 0OEAHEHHOM CIIO€ OIpEeeseTCs
BBIPaKEHHEM:

—-q.Np; —-06,<x<0;
Mx) = qe¥a AN
qeNg; 0<x<9,,

a TpaHUYHbIC YCJIOBMS 3amuchiBaloTcs B Bune: G(—0,) = —E./qe, dp(-9,)/dx = 0,
q)(én) = _Ecn/qe, d¢(6n)/dx =0.

C Y4€TOM I'paHUYHBIX yCJ'IOBI/Iﬁ pacipeacsICHUC MOTCHIAala OIIPCACIIACTCS BbIpa-
KCHHUAMM:

S, +x): -8, <x<0;
o(x)=1 9 nggo(p R
Ecn_QeNH

qe 28;180

KonTakTHbIe Pa3HOCTH IIOTCHLUAJIOB B p- U n-00J1aCTAX:

3 (D(—ép) - (DO _ quAég U. - CDO - q)(én) 3 quHf)%

s Kn —

Kp 5
qe 2g,8 qe 2¢,€

a KOHTAaKTHas pa3HOCTb MOTCHIIUMAJIbHBIX 3H€pI‘I/II\/JI 3JICKTPOHOB:

d, = quKp + quK}’l =

q; (NAé,% Nﬂaﬁ)

— +
2e0\ ¢, g,

upunHa 06eTHEHHOTO CJIOS TETEPOIEPEX0/ia B OTCYTCTBUE BHEITHETO HAIPSKEHUS:

28p8n80 (NA + ]\fﬂ)2 D,
GeNaNp (€aNa +€,Np)

upuny 0GeIHEHHOTO CJIOs MPH 0/laue BHEIIHETo HanpsikeHuss U MOXHO HaTH,
3amenuB Benmuuny @, Ha (O — ¢, U):

2
5(U) =\l 2e,e,80 (Na + Npp) (<I>K—qu). 2.61)

quANI[ (SnNA + SPNH)
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Takum 00pa3oM, Ui pe3KOro aHU30TUITHOTO TeTepOorepexoia 3aBUCUMOCTh TOJIIIHU-
Hbl OOETHEHHOI'O CJIOSI OT BHEIIHEr0 HalpsKEHMs aHAJOTMYHA PE3KOMY 3JIEKTPOHHO-
JBIPOYHOMY TOMOIIEPEXO/TYy: MPH YBEIUYEHUH MPSIMOTO HAINpPSHKEHUsT 0OCIHEHHBIN CII0i
Cy’KaeTcs, a IIpU yBEJIUYEHUH 0OpaTHOIO HANPSKEHUS — PACHIUPSIETCA.

EMKoOCTb reteponepexoaos

EMKOCTh aHHM30THUITHEIX TETCPOIICPEXO0A0B 06ycn013ﬂeHa N3MCHCHHUEM HCIIOBHKHBIX
HCCKOMIICHCUPOBAHHBIX 3apsa10B B O6C)1H€HHOM CJIOC IIoA HeﬁCTBHeM MMPUITOKCHHOI'O

HaIpPsKCHUS.
JU1s CTyIIeHYaToro p-n-nepexona:

qgepeneoNANﬂ
Cpn=S .
2 (e,Na + €,Ny) (P — q.U)

(2.62)

CootHomienue (2.62) crnpaBeaquBO ANl PE3KUX AHU3OTUIIHBIX TETEPONEPEXOA0B
C MaJIOH TIOTHOCTBIO COCTOSTHUI Ha rpaHuiie pa3zaena. J{js cirydas BHICOKOM MIIOTHOCTH
TPAaHUYHBIX COCTOSTHUM BBIpAXKEHHE JJI1 EMKOCTH PE3KOTr0 aHU30THITHOTO Te€TEPOIepexo-
Jla CYLIECTBEHHO YCIOKHSAETCS.

[TpocThie BeIpa)KeHUS IJIsT €MKOCTEH M3OTHUITHBIX T€TEPOTEPEX0J0B C MajO IUIOT-
HOCTBIO TPAaHUYHBIX COCTOSHHUI Takke He yhaercs monyuutb. OfHako ecnu ciaoi 06o-
raiieHusl B OJJHOM M3 MOJYIMPOBOAHUKOB U CIION 00€IHEHUS B JPYTrOM MOIYIPOBOIHUKE
JOCTaTOYHO XOpOLIO BbIpaXkeHbl U Ny >> Ny, TO, HCIONB3Ys aHAJIOIHIO ¢ KOHTaKTOM
METaJIJI-TIOTYTPOBOTHUK, MOXKHO TTOJIYYHTh:

g2ere0Npp

Cnﬂz =S P N
2(De—¢q.U)

(2.63)

BonbT-amnepHble XxapakTepUCTUKN aHN30TUMHBIX reTeponepexonos

B aHM30THIIHBIX rereporepexoax MEPEeHOC HOCUTENEH 3apsiia MOXKET OCYIEeCTB-
JSTHCSI IO UHKEKIIMOHHOMY, PEKOMOMHAIIMOHHOMY U TYHHEIbHO-PEKOMOUHAIIIOHHOMY
MEXaHU3MaM.

B p-n-nepexonax, 1 KOTopeIX AEg, < AEg, W Yoy > Yon WM AEg, > AEq, ¥ Yop < Yon,
IIpY NPSIMOM HaIIPSKEHUU MPe00IaJaloInM SIBISETCS TOK, 00yCIIOBIEHHBIN MHKEKIMEN
OCHOBHBIX HOCHUTEJNEHW U3 MOIYNpPOBOJHUKA C OONbIIEH B MOJYNPOBOAHUK C MEHbIIEH
LIMPUHON 3aIIPEIEHHON 30HBI.

Hns rereponepexona, y KOToporo AEg, < AEg, U Yop > Yon, WHKEKIUOHHBIA TOK
OIIPENEIAETCS BBIPAKECHUEM

In:IOnexp(—%) exp(%)—exp(—%) , (2.64)
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a JIIs TETEPONEPEXOA, Y KOTOPOro ALy, > AEg, U Yoy < Yon, — BBIPAKEHHEM

I, = I, exp (—%) exp(%)—exp (—%) , (2.65)

T T

rne U, =U/M,, U, = (1 = (1/M,)) U, My = 1 + (€,Ny/e,Na).
Ecnu Tok orpannyeH ckopoctbio 1u¢dy3uu IbIpOK B MOJYNPOBOJAHUKE C MEHBIIEH
[IUPHMHOM 3alpeIeHHON 30HbI, @ He peKOMOMHAIMEH B 00EIHEHHOM CIIOE, TO

_ 8¢.K,NaD, _ Sq.K,NAD,

0,
Ln s )4 Lp »

10}1

rae K, K, —cooTBeTCTBEHHO KO3()(QUIMEHTHI NPOITYyCKaHUs 3JIEKTPOHOB U JBIPOK He-
pe3 rpaHuily paszelia, KOTOpbIe MOKa3bIBAIOT, KaKas YaCTh HOCHUTENEH, UMEIOIUX dHEp-
THI0, IOCTAaTOUHYIO JJIs MPEOA0JIeHUsl Oapbepa, peajbHO MEPEXOAUT B MOTYyIPOBOIHUK
C MEHbIIEH MIMPUHON 3anpeIieHHON 30HbI.

N3 (2.64), (2.65) cnemyet, 9TO MpHU TOCTATOYHO OOJBIIOM MPSIMOM CMEUIEHUH [, ~
~exp(U/ (ur) ), I, ~ exp((1 = 1/n,) U/or).

Ecnu Ha rpanuiie pasznena p-n-reTeponepexoia MMErTCsl peKOMOMHAIIMOHHBIE YPOB-
HU, TO PEKOMOWHAITMOHHBIA TOK MOXET CTaThb OCHOBHOW COCTABIISIONIEH MPSMOTO TOKA.
B npenmonoxkeHuu, 9T0 peKOMOWHAIIMOHHBIC YPOBHU PACIIPE/ICIICHBI 10 SJHEPTHH HETpe-
PBIBHO U COCPEIOTOYCHBI BOIHM3M OT TPAHMIIBI pa3jieia, Uil pEKOMOMHAIIMOHHOTO TOKa

CHPABEIIUBO: Jpex ~ exp(U [ (DrMpex) ), TJIe MAPAMETP Mpex MEHSETCA OT 1 10 2 B 3aBH-
CUMOCTH OT BeJIMYHHbI OTHOWICHUS €,Ny/ (€,Na).

TyHHENTBHO-PEKOMOMHAIIMOHHASA COCTABIIAIOIIAS TOKa YEpe3 p-n-reTepoIepexof,
y KOTOpOTo 1-00J1acTh JIETMPOBAaHA CHIIbHEE, YeM p-0011acTh, MOXKET OBITH OOYyCIIOBIIE-
Ha MEePEeX0/IOM 3JIEKTPOHOB M3 30HBI IPOBOAMMOCTH 7-TIOJTYHPOBOJHHUKA HA JIOKAJIbHbIE
YPOBHM B 3aIIPCILIEHHON 30HE C MOCJICAYIOIUM TYHHEIMPOBAHUEM B BAJICHTHYIO 30HY
P-TIOYTIPOBOTHUKA. B 3TOM citydae TyHHETbHO-pEeKOMOMHALIOHHAS COCTABIIAIOIIAs TOKA:

-1

1 2
[~Nexp|-4/2m (U, - [1-—|U|[384| 22

n &

OKcIepUMEHTaIbHbIE UCCIIEOBAHUS [10KA3aJIM, YTO HA IIPSIMON BETBU BOJIBT-aMIIEp-
HBIX XapaKTepUCTUK MHOTUX aHU3OTHUIIHBIX IeTeporepexonoB, Harnpumep pGe-nGaAs,
nGe-pGaAs, pGe-nSi U T. I. MOXXHO BBIIEIUTH JBa ydacTka (puc. 2.21). B obnactu ma-
JBIX HAIpsDKEHUH Mpeobiasaroiieil sBisieTcs peKOMOUHAIIMOHHAs COCTaBIISAIOLIAs TOKA.
B oOmnactu 60ibIIMX HANpPsDKEHUH BEIWYMHY TOKA OTPAHUYMBACT MPOLECC TYHHEIHUPO-
BaHUsl.

B psine ciydaeB y p-n-rereponepexofoB HaOMIOAAETCs pe3KHii pocT 00paTHOTO TOKa
IIpHU yBEJIMYEHUH TPUIIOKEHHOTO 00OPaTHOTO HAMpSKEHUsI, 4YTO OOBSICHIETCS] pa3BUTUEM
TYHHEJIbHOTO WUJIM JJABUHHOTO MPOOOS.
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nl 4

ey

Puc. 2.21 — IIpsimble BETBU 3KCIEPUMEHTAJIBHBIX BOJIBT-aMIIEPHBIX XapaKTEPUCTUK
AQHU30TUIIHBIX T€TEPOIEPEXOI0B MPHU PA3HBIX TEMIIepaTypax

BOJ'IbT-aMI'IeprIe XapaKkTepunUCTuKnN N3OTUMHbIX reTeporiepexogon

Jlns uaeaabHOTO n-n-reTeporepexoaa, y KOToporo Yor > Yoz (puc. 2.22), ypaBHeHUE
BOJIBT-aMIIEPHOM XapaKTEPUCTUKU UMEET BUI:
U
exp| —| -1
¢r

e npsimoe Harpspkerne (U > 0) COOTBETCTBYET OTPHIATEIBHOMY MMOTECHIMATY Ha T10-
JYTIPOBOJIHUKE ¢ OoJiee MIMPOKON 3aperieHHO 30HOM.

>

kT Uk
I, ~ q.K,Np2 2 exp (_E) X

E
vl ™\ £

Puc. 2.22 — 3oHHas sHepreTuyeckas quarpaMMma UAeanbHOTO n-n-reTeporepexoa npu
Xo1 > Xo2

DKCIEPUMEHTABHBIC HCCIIEIOBAHUSI HM30THITHBIX TETEPONEPEXOM0B € OOIBIIONM
IUIOTHOCTBIO TPAHUYHBIX COCTOSHUM U YMEPEHHBIM YPOBHEM JICTHPOBAHHUS 000X IMOITY-
nposogaukoB (101 — 1017 cM~3) MOKa3bIBAIOT, YTO WX BOJBT-AMIIEPHbBIE XaPAKTEPUCTH-
KU MMEIOT yYaCTKU HACBIIEHHUS MPH JO00M MOISPHOCTH MPHIOKEHHOTO HAIPSHKEHUS
(puc. 2.23).
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Takyro GopMmy BOJNBT-aMIIEPHON XapaKTEPUCTUKH MOXHO OOBSCHUTH, MPEACTABIASA
N-n-TETEpOINepexo, KaKk MHOTOCIOWHYIO CTPYKTYpPYy NOJIYIPOBOJHUK-METAII-OIYIPO-
BOJHHUK, COICPXKAIyl0 IBa BBIIPSIMIIIOIIMX KOHTAaKTa METaJUI-TIOIYIIPOBOIHUK, OJUH
U3 KOTOPBIX CMEIIEH B MPsIMOM, a Ipyroid —B oOpaTHOM HampasieHusx. [IpeneOperas
COIIPOTHUBJICHUEM HEUTPAJIBHBIX 00JIACTEH MOTYIPOBOAHUKOB, TIOIHBINA TOK Yepe3 CTPYyK-
Typy HOJIYIPOBOJHUK-METAIUI-TIOITYIIPOBOAHUK MOKHO IIPEACTaBUTh B CIIETYIOIIEM BUJIE:

U
2[51132 sh E
T
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2CXPpl s | TLa €Xp| — 57—
2¢r 2¢7
U3 Beipaxenust (2.66) cienyert, uro nipu U/2 > 2,3¢r [ =L, anpu U <0 u |U|/2 >
2 273¢)T I = - S2'
Bripaxkenue (2.66) Xopo1o coriacyercsi ¢ SKCIepUMEHTaIbHBIMU BOJIBT-aMIIEPHBI-
MH XapaKTepUCTUKaMM MeXAy oOnacTsMM HachlleHus. [Ipu OonpIMX 3HAYCHMAX Ha-
HPsDKCHUS BOJIBT-aMIIEpHbIE XapaKTEPUCTUKH HE UMEIOT UAEaIbHOro Hacklenus. Hauu-
Hasi C HEKOTOPOTO HaNpsHKEHUs!, HaOMoIaeTcs pe3Kuil pOCT CHITbI TOKA, 00YCIIOBICHHBIH

npoboem rereponepexoza (puc. 2.23).
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Puc. 2.23 — BonbT-amnepHasi XapakTepHCTHKa n-n-reTeporepexona ¢ 00IbIon
IUIOTHOCTBIO TPAHUYHBIX COCTOSHUMN

Ecnu ogna u3 oGnacreii rereporiepexoia CuiibHO jieruposana N > 1018 cm=3, To yua-
CTOK HACBIIIEHHs TOKa HaOJIIONAEeTCs Ha BOJILT-aMIIEPHOM XapaKTEPUCTUKE TOILKO MPU
OTPHIATENHLHOM MOJIAPHOCTH HANPSHKEHHS HA CUIILHO JIETMPOBAHHOM IIOJIYIIPOBOIHUKE,
4TO OOBACHAETCS aHAJIOTMEHR TAKOM CTPYKTYPhI ¢ KOHTAKTOM METAJLI-TIOIYIIPOBOIHHUK.
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MaBa 2. KOHTakTHbIe ABNeHus

1)

2)

3)

4)

5)

VrenbHOE CONPOTHUBIIEHHE p-0071acTH KpEeMHHUEBOro p-n-mepexozna 2 OM:cwM,
a yzenpHoe conpoTusieHue n-obnactu 1 OM: cm. OnpenenuTb KOHTAaKTHYIO pa3-
HoCTb noreHuanoB (B MB) nipu 7' = 300 K. [1onBUKHOCTH 3JIEKTPOHOB B KPEM-
aun 1500 cm?/B- ¢, mpipok B kpemunu 600 cm?/B- ¢. OTBET OKPYIIHTH JI0 ETOTO
qucia.

Omeem: 671 MB.

Boruncnuth npsimoe HanpsbkeHue (B MB) Ha p-n-mepexone Ipu NpsIMOM TOKE
I = 9MA, ecnu oOpaTHBIN TOK HacklmeHus npu temmneparype 7' = 300 K paBen
1 MxA. OTBeT OKpYIJIHTH 70 IEJIOTO YKCIa.

Omeem: 237 MB.

Kak n3meHsercst BbIcOTa MOTEHIMAIBHOTO Oapbepa p-n-nepexosa ¢ 3MEeHEHUEM
TEMIIepaTypsl U KOHLEHTPAILMK NMPUMEcEel B MPUIIEraloluX K nepexoay olua-
CTSX:

a) BO3pacTaeT MPH YBEIMYCHUHM KOHIICHTPALUU MPUMECEH B COOTBETCTBYIO-
IIAX 00JaCTIX,

0) yMCHBIIACTCS MPHU YBEITUYCHUU KOHICHTPAIIUU MPUMECEH B COOTBETCTBY-
oIux 001acTsX,

B) YMEHBIIIAETCS C YBEIMUCHUEM TeMIIePaTyphl,

I) BO3pacTaeT ¢ YBEIUYCHHEM TEMIIEpPaTyphl.

Omesem: a, B.

ba3oii monynpoBoJHIUKOBOTO MprUOOpa Ha3bIBAIOT:

a) 007acTh, B KOTOPYIO MPOUCXOAUT WHXKEKIIMSI HEOCHOBHBIX ISl 3TOM 007a-
CTU HOCUTENEH 3apsja,

6) o001acTb, B KOTOPYIO MPOUCXOIUT SKCTPAKIUS OCHOBHBIX JJISl 3TOM 061acTu
HOCHTENeH 3apsa,

B) 001acTh, U3 KOTOPOIl MPOUCXOAUT WHXKEKIIUS OCHOBHBIX JUIS 3TOW 00JIacTH
HOCHTEIIEH 3apsja,

r) o61acTb, U3 KOTOPOU MPOUCXOTUT IKCTPAKIUS HEOCHOBHBIX JJISl 3TOM 00-
JacTH HOCHUTEJeH 3apsja.

Omeem: a, T.

OMHUTTEPOM MOJIYNPOBOAHUKOBOIO MPUOOPA HA3BIBAIOT:

a) o0JacTh, B KOTOPYIO MTPOUCXOAUT WHIKEKIIMSI HEOCHOBHBIX JUISl 3TOM 00Ja-
CTU HOCUTEJIEN 3apsja,

0) o0sacTb, B KOTOPYIO MPOUCXOAUT IKCTPAKITUS OCHOBHBIX JJIS TOM 00J1acTH
HOCHTEIEH 3apsja,
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B)

r)

001acTh, U3 KOTOPOUW MPOUCXOIUT MHXKEKIIUS OCHOBHBIX JIJISl 3TOM 00nacTu
HOCHTEJNEH 3apsja,

00J1acTh, U3 KOTOPOW MPOUCXOAMUT HKCTPAKIIMSI HEOCHOBHBIX ISl 3TOW 00-
JacTU HOCHUTeNEeH 3apsija.

Omeem: B.

6) DJEeKTPOHHO-ABIPOYHBIN MEPEXO/ CMEIEH B MPSIMOM HAlpaBJICHUH, €CITU K HEMY
MPUIOXKEHO BHEIIHEE HANpPSKEHUE:

a)

6)

MOJIAPHOCTh KOTOPOTO COBMAAAET C MOJSPHOCTHIO KOHTAKTHOM Pa3HOCTH
MOTEHIUAJIOB,

CO3/1aroIIee HAIPSKECHHOCTh JJIEKTPUUECKOTO TOJIs, KOTOpasi MPOTHUBOIIO-
JIO)KHA TI0 HAIMPABJICHUIO HAMPSHKEHHOCTH MU (PY3MOHHOTO AIEKTPUUYECKO-
rO 0,

KIIJIFOCOM» Kp—OGHaCTI/I, a K(MUHYCOM» K I’l—O6J'IaCTI/I,
«MHUHYCOM» Kp—O6J'IaCTI/I, a «IIJIFOCOM» K I’l—O6J'IaCTI/I,

YMEHBIIAIONIEE CYMMApPHYIO HAMPSHKEHHOCTH AJICKTPUUYECKOTO TOJIS B Tie-
pexore,

YMCHBIIAIOIICC BLICOTY MOTCHIIMAJIBHOTO 6apbepa.

Omeem: 0, B, 1, €.

7) Hduddy3noHHass EMKOCTb p-n-Tiepexosa:

8)

9)

a)

1)

OTpeeNsieTCs] U3MEHEHHEM HETOBMKHBIX 3aps/IoB B OOCTHEHHOM CJIO€
p-n-niepexojia moJl ACMCTBUEM MPUIIOKEHHOTO HAIPSKEHHUS,

oTpenessieTcsl U3BMEHEHUEM 3apsiJla HOCUTENEH, MHKEKTUPOBAaHHBIX B 0a3y,
MPOSIBJISIETCS] IPU MPSMOM HalpsKEHUH,
MPOSIBJISIETCS] IPU OOPaTHOM HaNpPSHKEHUH,

IIPEBOCXOIUT OapbEepPHYIO EMKOCTh MPU MPSIMBIX HAIPSKEHUSX.

Omeem: 0, B, 1.

KonTakTt MCTAJJI-TTIOJTYITPOBOAHHUK 06J1a)1aeT BBIIPAMUTCIIbBHBIMUA CBOMCTBaMH:

a)
6)
B)
r)

B pexume o0eTHEHus,
B pexume o0oramieHus,
B pexume ciaboil HHBepCHUH,

B PCKUMEC CUIBHOH HHBCPCHUMH.

Omeem: a.

Onpenenuts quddepeHnraIbHOe CONPOTHBICHUE BOJIBT-aMIIEPHON XapaKTepu-
CTMKHM MJCAJIbHOTO BBINPSMIISIONIETO KOHTAKTa METaJUI-MOIYNPOBOAHUK IPH
temneparype = 300K u npsmoM Toke [ = 2 MA.

Omeem: 13 OM.
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MOonyrnPOBOAHUKOBLIE ANOObI

3.1 Obwme cBeneHUd

TonynposoonukogvlM OUOOOM HA3LIBAIOM NEKMPONPeodpaA308amelb-
HbllL nPUOOP, KOMOPWLL, KAK NPABULO, COOEPHCUNM OOUH UTU HECKOIbKO
NEKMPUUECKUX nepexo008 U 08d 8bl800A OJisl NOOKIIOUEHUs. K 6HEUHEl

yenu.

[Tpunuun pa®oTbl OONBIIMHCTBA AMOAOB OCHOBAH Ha MCIIOJIb30BAaHUU PA3UYHBIX
(¢u3nyecKkux SBICHUN B ANEKTpUYECKUX mepexomax. Hawmbonee wacto B aAuomax mpu-
MEHSIOT 3JIEKTPOHHO-IABIPOYHBIE MEPEXO/IbI, KOHTAKTHl METAJUI-IIOIYIPOBOAHUK, AaHU30-
TUIIHBIE TeTeporepexonbl. OIHAKO CYHIECTBYIOT JAMOABI, CTPYKTypa KOTOPBIX HE COIEp-
YKUT BBITTPAMIISIONIUX JIEKTPUUYCCKUX MEepexooB (Hanpumep, nuon ['anHa) mmubo conep-
KHUT HECKOJIBKO MEPEeXoA0B (HarpuMep, p-i-n-Iuoi, TUHUCTOP), a TaKkKe AUOABI ¢ OoJee
CIIOKHOM CTPYKTypoii nepexonoB (Harpumep, MJIM- u MIT-nuoasr u nap.). ITomymnpo-
BOJHUKOBBIM THOJ KAK 3JEMEHT JIEKTPUUYECKOM LIENU SBISETCS HEJIUHEUHBIM JBYXIIO-
JFOCHUKOM, TO €CTh 3JIEKTPOHHBIM HPUOOPOM C JBYMS BHEUTHHUMH BBIBOAAMH M HEJIH-
HEWHOW BOJBT-aMIEPHON XapaKTEPUCTHKOM.

B ocHoBy kiaccudukanmuyu IUOAOB MOXKHO TOJIOKUTH PA3NWYHbIE TPU3HAKU: BUJI
ANIEKTPUYECKOTO Tepexoa (TOYSUHBIH U TUIOCKOCTHOW JAHMOJBI), (DU3MUECKHE MPOIEeCChl
B mepexoie (TyHHENbHBINA U0, TaBUHHO-TIPOJICTHBIN U Jp.), XapakTep npeoOpa3oBaHus
SHEpPruM CUrHaia (CBeToAuoa, GoToanon U Ap.), METOJ U3TOTOBJICHUS 3JIEKTPUUECKOrO
nepexofa (cruiaBHble, MU Gy3HOHHBIC, STUTAKCHATBHBIC TUOBI U Ip.) U T. 1. B cipaBou-
HUKaxX 10 MOJYIPOBOJHUKOBEIM MpUOOpaM OOBIYHO MPUBOAUTCS KIIACCUPUKAILUS THO-
JIOB MO IPUMEHEHHIO B PAJMOAICKTPOHHOM almaparype Wi 1o HazHadyeHuro. [Ipu satom
KJIaccupuKaIys OTpakaeT MPHUHIUI HCIOIb30BaHUS MPEOOPa3yIONUX W HEITWHEHHBIX
CBOMCTB DJIGKTPUUYECKOTO Tiepexoaa (BBITPSIMUTEIBHBIC U UMITYJIbCHBIE JHObI, BapUKa-
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MBI, CTAOWJIUTPOHBI M T.]I.), AMAMAa30H pab0OuMX YacTOT (HU3KOYACTOTHBIC, BBHICOKOYA-
ctotHble, CBY-a110/1b1, 1UOIBI ONITHYECKOTO JAHUana3oHa U JIp.), UCXOJHBIA MaTepua Jiis
W3TOTOBJICHHS JHOAHOW CTPYKTYphI (KpEMHHEBBIC, T€pMaHUEBbIC, apCCHU/I-TaJNIICBhIC
JTUOJTBI U JIP.).

3.2 BoeinpamuTenbHble amoabl

Tonynposoonukogvle 0u0dvl, npeoHasHaueHuvie 0as npeodopa’08anUs.
NnepemMeHH020 MOKA 8 NOCHMOSHHbIN, K Oblcmpooeicmeuro, emMKoCmu
p-n-nepexooa u cmaduIbHOCMU NAPAMEmpo8 KOMOPbIX O00bIYHO He
NPeovABIAIOM CReYUATbHLIX MPeboanUll, HA3bI8AIOM GbLINPIMUMENb-
HbIMU.

B kauecTBe BBIIPAMUTENBHBIX AMOAOB HCIONB3YHOT CIUIABHBIC, SMHUTAKCUAJIbHBIC
U 11} Qy3nOHHBIE THO/IBI, BHIIIOTHEHHbIE HA OCHOBE HECUMMETPUYHBIX p-N-TIIEPEXOJI0B.

J1J1s OBBIIIEHNS 3HaY€HUsI TPOOUBHOIO HANIPSKEHUS! MHOTAA UCTIONB3YIOT p*-p- WK
n*-n-nepexonsl. JUId MX MOJIy4YEHHUS METONOM JIIMTAKCHU HA IOBEPXHOCTH HCXOAHO-
ro MOJIYNPOBOJHUKA HApaIMBAKOT TOHKYI0 BBICOKOOMHYIO IUIEHKY. Ha Hel meTonoM
BIUIaBJICHUS WM AU(P(PY3UH CO3MAI0T p-n-TIEPEXObl, B PE3yjbTare Yero MoJIydyaeTcs
CTPYKTypa p*-p-n- WK n*-n-p-tuna. B Takux AMOAAX yCIEHNIHO Pa3pellaroTCs MPOTHU-
BOpEUMBbIE TPEOOBaHMSI, COCTOSIIME B TOM, YTO, BO-IIEPBBIX, VIS MOJYYEHUS MaJbIX
0o0paTHBIX TOKOB, MaJIOTO IMAaJEHUS HANpsHKEHHsS B OTKPBITOM COCTOSHUU U TemIlepa-
TYPHOH CTaOMJIBHOCTH XapaKTEpUCTUK HEOOXOIUMO MPUMEHATh MaTepHajl ¢ BO3MOXKHO
MaJjbIM YICJIBbHBIM CONPOTUBIICHUEM; BO-BTOPBIX, JJIS IIOJYYEHHs BBICOKOTO HaIpsKe-
HUS Ipo00s U MaJION €MKOCTH p-n-IIepexoia He0OXOUMO MPUMEHSThH MOJIyIPOBOAHUK
C BBICOKHM YZICIIBHBIM COITPOTHBIICHUEM.

BeInpssMUTEIBHBIE THOABI UMEIOT Majble CONPOTUBICHUSA B IPOBOZSALIEM COCTOS-
HUU ¥ TO3BOJISIOT MPOMYCKaTh OosblINEe TOKU. bapbepHas eMKOCTh MX U3-3a 0OJbIION
IJIOIIAHU p-N-TIEPEXOJOB BEIINKA.

OcHoBHble napamMeTpbl BbINMPAMUTENbHbLIX AN040B

e MakcuMallbHO J0MycTUMOe 00paTHOoe HamnpskeHue Auofaa Uosp max — 3HAYCHHE
HAMPSDKCHMS, MPUIOKEHHOTO B 00OpaTHOM HaMpaBiICHHH, KOTOPOE MO MOXKET
BBIJIEpXKAaTh B TEYCHHE JJIUTEIHHOIO BpEMEHU Oe3 HapylleHus ero paborocrno-
COOHOCTH.

e MaxkcumanbHO JOIYCTUMBIN OPAMOM TOK IUOAA Iy op — CPEAHEE 3a IIEPUOJ] 3HA-
YEHUE BBITPSAMIIEHHOTO TOKA, MPOTEKAKOIIETO Yepe3 TUO/.

e VIMIynbCHBIN OPAMON TOK AMOAA [y  — MUKOBOE 3HAYEHUE MMILYIbCA TOKA IIPU
3aJaHHOW MaKCHMaJbHOU JTMTEIbHOCTH, CKBRXKHOCTH U (pOpPME MMITYIIbCA.

e CpenHee mpsMOe HAIPSDKEHUE TUOMA TPU 33IaHHOM CPETHEM 3HAYCHHUH TPSIMO-
1o ToKa Upp. cp.
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C CIHAA pacc€uBacMass MOIIHOCTh AMOJa Pc — CpE€AHAA 3a IICPpUOJ MOIITHOCTBD,
P

pacceuBacMas JUOAOM, IMPU MPOTECKAHUH TOKA B IIPAMOM U 06paTHOM HalpaB-

JICHUAX.

JnddepennunanbHoe COMPOTUBIECHUE THONA 7yugg — OTHOLIEHHE MPUPAIICHUS
HaMpsDKEHHs Ha JUOJE K BBI3BABIIEMY €ro MajoMy MPUPAIIEHUIO TOKA.

Junama3on pabounx TemmnepaTyp OKpy>Karolleil Cpesl.

3.3 ImnynbCcHble amnoasbl

Tlonynposoonukogvie OU00bl, uMerwue MAamio OIUmeIbHOCMb nepe-
XOOHBIX NpoYecco8 U NpeoHasHayeHuvie O0iisi pabomvl 8 UMNYIbCHBIX
DPeAHCUMAX, HAZbIBAIOM UMNYIbCHBIMIUL.

G} Or BBITIPSAMUTCIIBHBIX TUOAO0B OHH OTIIMYAIOTCA MaJIbIMU €EMKOCTAMU p-

of n-niepexona (nonu nukodapan) U psgIoM MmapameTpoB, OMPEACIISIONIUX
3 MEPEXO/IHBIE XaPAKTEPUCTUKU TUOA.

YMeHbIIIeHHe eMKOCTEH TOCTUTaeTCs 3a CUeT YMEHbIIEHHS TUIONIAIU p-n-Tiepexoa,
MOATOMY JIOIYCTUMBbIE MOLIHOCTH paccestHus y Hux HeBenuku (30— 40 mBr). YenoBus
paboOThI UMITYJICHBIX JUOJ0B OOBIYHO COOTBETCTBYIOT BHICOKOMY YPOBHIO MHKEKITUH.

OcHoBHbIe napamMeTpbl UMMYJI1bCHbIX ANOO0B

Oobmas emxocts auona Cj.
MakcumanbHOE MMITYIILCHOE NPAMOE HANPHKEHUE Upp, y max-
MaxkcuManbHbIM UMITYJIbCHBIA MPAMOMN TOK Lyp . max-

Bpems ycranoBieHus IPAMOIO HANPSDKEHUS TUOAA tyc; — MHTEPBAI BPEMEHH OT
MOMEHTA I0Ia4¥ UMITYJIbCa MPAMOrO TOKAa Ha JUOJ IO JOCTHXKECHHs 3aJJaHHO-
IO 3HAYEHHs NPSIMOrO HANPSHKEHHUsS HAa HEM — 3aBHCHUT OT CKOPOCTH JBUKCHUS
BHYTPb 0a3bl MHKEKTUPOBAHHBIX Yepe3 MEePexXo/l HEOCHOBHBIX HOCUTENEH 3aps-
Jla, B pe3yabTaTe KOTOpOro HabIogaeTcs YMEHbIICHNE €€ CONPOTHBICHHUS.

BpeMmst BoccTaHOBIICHHsI 0OPAaTHOTO COMPOTUBIICHUS TNOA 1y, — UHTEPBAJ Bpe-
MEHH, TPOIICANINNA C MOMEHTA IIPOXOXKICHHUS TOKa Yepe3 Hylb (ITociIe u3MEHe-
HUS TOJSIPHOCTH MPHJIOKEHHOTO HAMPSHKEHUS) 10 MOMEHTA, KOrjaa oOpaTHBIN
TOK JIOCTUTHET 3a/IaHHOTO MaJyioro 3HaudeHus (mopsiaka 0,17y, rne /) — Tok mpu
IPSIMOM HaNPSKEHUH).

HpOI/I3BOI[CTBO COBPCMCHHBIX HMITYJIbBCHBIX AWOJOB OCHOBAHO Ha MCTOAAX q)OpMI/I-
poBaHUA p-n-nCPEXoa0B C UCIIOJIb30BAHUCM HHaHapHOﬁ TCXHOJIOTHH, SIIMTAKCUAJIbHOI'O
HapalllMBaHUA, a TaKXKC I/IOHHO-J'IY‘-ICBOﬁ TexHoJiorun. OCHOBHEIM HUCXOOHBIM ITOJYIIPO-
BOJHHUKOBBIM MAaTCpHajIOM IIPpHU 3TOM CIIYXKHUT erMHHﬁ, a UHOrga W apCCHUO TaJljiuvs.
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Jn1st yCKOpEHUs! TIepEXOIHBIX MPOIIECCOB U YMEHBIICHUS BPEMEHH BOCCTAHOBIICHHS 00-
paTHOTO COMPOTHBICHHUS KPEMHHEBBIX MMITYIBCHBIX JHOIOB MPUMEHSIOT JETHPOBAHUE
KpEeMHHUs 3010ToM. [111aHapHasi TEXHOJIOTHS JaeT BO3MOXKHOCTh C(hOPMUPOBATH HA OJHOM
KpHUCTAJIJIE MHOTO JHUOIHBIX CTPYKTYp. Takum oOpazoMm AENaroT Habopwsi (cOOpKu) um-
NYIbCHBIX OUO008, TO €CTh COBOKYITHOCTh UMIYJIBCHBIX JTHO/IOB, COOPAHHBIX B €AMHYIO
KOHCTPYKIIMIO, HE COCJMHEHHBIX AJIEKTPUYECKH WM COCJUHEHHBIX MO0 OJHOWMEHHBIM
BBIBOJIAM.

3.4 Ouoabl LHoTTKK

Ilonynposoonuxogvie OUOObI, GLINPAMUMENbHBIE CEOUCMBA KOMOPbIX
OCHOBAHBI HA UCNONL30BAHUU BbINPAMAAIOWE20 KOHMAKMA Memaii-
NOTYNPOBOOHUK, Hazblearom ouooamu [llommxu.

D XapakTtepHoil ocobeHHOCTbIO AM0n0B LIOTTKM SBIsSIETCS OTCYTCTBHE
of WHXXEKIMH, a CIEI0BaTelIbHO, HAKOIUIEHUS U OTHOCHUTEIBHO MENJICH-
3 HOTO paccachlBaHMsI HEOCHOBHBIX HOCHUTENEH 3apsijia B 6asze.

Takum oOpa3oM, Ha OcHOBE BhIIpsAMIsioniero nepexona LIoTTku MoryT ObITH co-
3/1aHbI BBIIPSIMUTENbHBIC, UMITYJIbCHBIE U CBEPXBBICOKOYACTOTHBIE IMOITYIIPOBOJHUKOBBIE
JTMOJTbI, KOTOPBIE 00JIaat0T JTYUIIMMU YaCTOTHBIMUA CBOMCTBaAMU, YEM JTUOJIbI HA OCHOBE
P-n-IEPEXOJIOB.

Buinpamumenvnvie ouoovr [Llommku. YactoTHble cBoiicTBa auonoB LlloTTku B oc-
HOBHOM OINpEENIseT MpoLecc nepe3apsiku 0apbepHoil emkoctu nepexona. [loctosnHas
BpPEMEHHU Nepe3apsIKi 3aBUCUT OT CONPOTHUBIIEHUS 0a3bl 1MO0J1a, TIOATOMY BBIIPAMIISIO-
mwmii nepexon LIoTTku nenxecoobpazHo co3aaBaTh, UCHOJB3Ys MOIYIPOBOIHUK /-THIA
¢ OOJIBIIION KOHIICHTPAIIMEH JOHOPHOU MPHUMECH.

Jls ycTpaHeHUsl TYHHEJIMPOBAaHUS HOCHUTENEH 3apsiia depe3 MOTeHIMaIbHBIA Oa-
pbep, MONY4YEeHUS AOCTATOYHOTO 3HAYECHUS MPOOMBHOTO HAIMPSDKEHUS M YMEHbIICHUS
yIACNBbHOW OapbhbepHOM €MKOCTH IMepexofa HeOOXOIUMO, YTOOBI TOJIIIMHA MOTEHIHAIb-
Horo Oaprepa [loTTku OblIa M0CTaTo4HO OOMBIION. OMHAKO ATO MPOTHBOPEUUT TPeOO-
BaHUIO OOJIBIION KOHIIEHTpAlUU MPUMECH, TaK KakK TOJIIMHA MOTEHIHAIbHOTO Oapbe-
pa o0OpaTHO MPOIMOPLHOHATIbHA KOHLUEHTPAalUUU ImpuMecH. Paspemmrts 3TH mpoTHUBOpE-
YHsl yIaeTcs MyTeM CO3/IaHus OBYXCHoiHOM 6a3bl quona IlloTTku co cTpykrypoit n-n*
(puc. 3.1).

OcHOBHOH yacThio 0a3bl sBISETCA n'-MOMIOXKKA, oOnanaronias OONBIION KOHICH-
Tpauuel NpuMEcH M MajblM YAEJIbHBIM CONMPOTUBIECHUEM. TOHKMI MOHOKpHUCTAJLIINYE-
CKMI n-Cc7I0il 0a3bl MOJY4Yal0T HA MOBEPXHOCTH IMOAJIOKKH METOJIOM SIMUTAKCHAIBHOTO
HapalBaHus.

B kauecTBe monynpoBOIHUKOBBIX MAaTePUAIOB JJIsl BEIIPSAMUTENbHBIX 1u00B [1loTT-
KM MOXXHO HCIIOJIb30BaTh KPEMHHM WM apceHua rawivs. OgHaKo B AMUTAKCUATBHBIX
CJIOSIX apCeHU[a rajuius TPYyAHO JAOCTUYb Majod KOHUEHTpaluu Ae(QeKTOB U J10CTaToy-
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Puc. 3.1 — Crpyxrypa nuoaa IlloTTku ¢ aByxcnoiiHo 6a3oii n-n*

HO HM3KOW KOHIIEHTpAlUU MIPUMECH, II0ATOMY NMPoOUBHOE HamnpsibkeHue auoaoB LloTTku
Ha OCHOBE apCEHMJA IajluIUs OKa3bIBACTCS HU3KUM, YTO SBJISETCSA CYLICCTBEHHBIM HEI0-
CTaTKOM ISl BBIIIPSIMUTEIIBHBIX JHOMIOB.

ITo cpaBHEHHIO C IMOIAMHU HA OCHOBE p-n-niepexoaoB auoabl LoTTkw,
MMOMUMO JIyYIlIUX YaCTOTHBIX CBOWMCTB, UMEIOT Pl JTOMOJHUTEIbHBIX
MPEUMYIIECTB:

— MEHbIIIEE NPSIMOE HAIPSKEHUE U3-3a MEHBILIEH BBICOTHI IOTEHIIHAIb-
HOTO Oaphepa JUIsl OCHOBHBIX HOCUTENICH 3apsi/ia IMOTyIPOBOIHIKA;
—OoJbIIIasi MAKCUMATBHO JTOMYCTUMAsl TUIOTHOCTH TIPSIMOTO TOKA U CIIO-
COOHOCTP BBIICPKUBATH OOJIBIITUE MEPETPY3KH IO TOKY HM3-32 MEHBIIIE-
r'O MPSMOTO HAMPsHKEHUS U XOPOIIETro TEIJI00TBO/IA OT BBIIPSAMIISIOIIE-
ro nepexona Llorrku.

Takum 00pa3oM, JTOCTOMHCTBA BBIIPSMUTEIBHBIX AH0A0B LIIoTTKM mepen nuomamu
Ha OCHOBE p-n-TIEPEXOIOB B HAWOOJBINEH CTENEHU MPOSBISIOTCS MPHU BHIIPSIMICHUN
OOJIBIINX TOKOB BEICOKOM YacCTOTHI.

Hmnynvcuvie 0uoowt [llommky N3roTaBIMBAIOT HA OCHOBE KPEMHHUS M apCEHUIA Tall-
musi. [Ipy GONBIIMX MPSMBIX HANPSDKEHUSX M IUIOTHOCTSX MPSMOTO TOKa B IEpexojax
[IToTTKM HAOIIOMACTCS WHKCEKIUS HEOCHOBHBIX HOCHTENEH 3apsjia, MO3TOMY Ba)KHBIM
TpeOOBaHHEM K Marepualy MOJyNpOBOJAHHMKA MUMMIYIbCHBIX nuonoB LIloTTku siBnsieTcs
MaJIO€ BpeMsl KU3HU HEOCHOBHBIX HOcuTenel. [1o 3Toi mpuunHe npenrnoYTUTEIbHBIM
MOJTYNPOBOAHUKOBBIM MaTepHaIoM JUIsl UMIYJIbCHBIX AHOA0B LIoTTKM sBiIsieTcs apce-
HUJI TAJIIUSA, B KOTOPOM BpEMs KHU3HU HEOCHOBHBIX HOCHUTENEH 3apsijia MOXKET COCTaB-
JATh MeHee | HaHOCEKYH/IbI.

3.5 CTabunnnTpoHbl n cTabucTopbl

Tlonynposoonuxosvle Ouoobl, 05 KOMOPLIX XapakmepHa c1abas 3a6u-
CUMOCHb HANPSNCEHUSL OM MOKA 8 001acmu JIeKMpUeckoeo npooost
npu 0OPAMHOM cCMewjeHUU, HA3bI8AIOM CMAOUIUMPOHAMU.
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[oynpoBoTHUKOBBIE CTAOMIUTPOHBI MPEIHA3HAYEHBI JUIs CTAOMIN3AIMH HAIIPSLKEHUI.

MexaHu3M mpo6osi MOXKET ObITh TYHHEIbHBIM, JJABUHHBIM MJIM CMELIaHHBIM. Y HU3-
KOBOJIBTHBIX CTaOMJIMTPOHOB (C HU3KHUM COINPOTHBICHHEM 0a3bl) Oosiee BEPOSTEH TYH-
HEJIBHBIA MPOOOH. Y CTAOMIUTPOHOB C BHICOKOOMHOM 0a30i poOOil HOCUT JTABUHHBIN
xapaktep. s obecrnieueHus AIEKTPUUECKOTO MPOOOs MPU OTHOCUTEIHHO HEOOJBIITNX
00OpaTHBIX HANPSDKEHUSX HAIMPSKEHHOCTb AIEKTPUYECKOrO IO B p-n-Nepexoae A0JIxK-
Ha OBITh 3HAUUTENBHO BBINIE, YeM Yy OOBIYHBIX JHOAOB, MOITOMY HpPU H3TOTOBIECHUH
CTaOMJINTPOHOB UCIOJIB3YIOT MaTepUaibl ¢ BHICOKOM KOHIIEHTpAIMel mpuMecei.

OcHoBHble NapameTpbl CTabUNUTPOHOB

e MWUHHMAIBHO JOIMYCTHMBIN TOK CTAOUIN3AIUH ;. 1nin — MUHUMAIBHOE 3HAUCHUE
00paTHOro TOKA CTAOUIUTPOHA, COOTBETCTBYIOIIEE BOSHUKHOBEHUIO YCTOWYMBO-
r0 AJIEKTPUUECKOTO IPoOosl.

e MakcUMallbHO JOMYCTUMBIN TOK CTAaOMIM3AMH I oy — MAKCUMATBHOE 3HAUE-
HUE 00paTHOTO TOKa CTAOWJIMTPOHA, IPU KOTOPOM IJIEKTPUUECKUN MPoOoi me-
PEXOIUT B TEMIOBOM: Iy max = Puax/Ucrs THE Py — MAKCHUMAITBHO JOMYCTHMAST
MOILIHOCTb PacCEsHUS.

e JlomycTuMasi paccerBaemMasi MOIIHOCTb P, ONpeAessieTCs TEeIUIOBBIM COMPO-
THUBJICHUEM CTAaOMIUTPOHA Ry, MOMyCTUMOM TemrepaTypoil mepexona 7Ty max
¥ Temieparypoit okpyxaromeit cpenbl Lo Puax = (Tn.max — Toxp) /R7-

e Hampspkenne crabunmzanuu U, — 3Ha4eHHE OOPaTHOTO HANpPsDKEHHs CTAOMIIH-
TPOHA B PEeKUME CTAOMIN3ALIUN.

o JluddepeHunanbHOE CONPOTUBIEHUE Fyyg — OTHOLIEHHE MAJIOrO HMPHpPAIEHUs]
HalpsKEHUsl K MaJloMy IPUPALICHUIO TOKA B PEXKMME CTAOMIIM3ALMHU Fyug
= AU, /Al;. MuddepentmanbHoe COMPOTUBICHHE XapaKTepHU3yeT KayeCTBO CTa-
OuM3alMy HampspKEHUs U omnpenenseT yron HakioHa BAX crabuiuTpona Ha
YYacTKe CTaOMIU3AIHH.

TemnieparypHbiii K03 PULIMEHT HANPSHKEHUS CTAOUIIN3ALUU O — OTHOIIIEHUE OTHO-
CUTEJIbHOTO M3MEHEHHUsl HaNpsDKEHUsS CTaOWMIM3alui K aOCONIOTHOMY M3MEHEHUIO TeM-
IepaTypbl OKPYKAOIIEH CPe/ibl MPU MOCTOSHHOM TOKE CTAOMIH3AIUH O = OU /AT =
= AUy / (U AT). TemneparypHblii K03 OHUIHEHT HAMPSHKCHHUS CTAOMIN3AUK Y CTa-
OMJIMTPOHOB C JJABUHHBIM MPOOOEM MOJIOKUTENECH, a Y CTAOMIMTPOHOB C TyHHEIBHBIM
po0OeM OTPHIIATEIEH.

VYyactok AB Ha oOparHoi#t BeTBu BAX cTaOniuTpoHa sABIsSETCS pabOuuM y4acTKOM
crabunu3anuu HanpspkeHus (puc. 3.2, a).

[Ipu ucnonb30BaHUM CTAOWJIMTPOHA ISl CTAOMIM3allMU HANpPSDKEHUS €ro BKIIIoYa-
0T MapajijienbHo Harpyske Ry (puc.3.2, 6). B Hepa3BeTBICHHYIO YaCTh LIEMU BKIIOYAIOT
OrPaHMYUTENILHBIA PE3UCTOP, CONPOTUBIEHHUE Ry, KOTOPOTO JOJKHO OBITh 3HAYUTEIIb-
HO Ooubiie auddepeHTaAIEHOTO COMPOTHBIICHUS CTAOMIUTpoHA. J[1s1 oGecnieueHus mo-
J0XKeHUs paboyeil TOYKM CTaOMIMTPOHA Ha ydacTKe CTaOWIM3allMM OTPaHUYUTEIIbHOE
CONPOTHUBIIEHUE JOJKHO YIOBIETBOPATH YCIOBUSM:

Emin - UCT Emax - UCT

— Iy max > ICTAITliIlJ ICT = - ]H.min < ICT.maXa

Rorp Rorp
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Emax - UCT Emin - UCT o
—————— < Rop < 7, 1€ Ly max> Lu. min — MAKCUMAJILHBIA ¥ MUHH-
ICT. min T IH max

OTKyda
IVCT. max IH min
MaJIbHbIKM TOKH HAarpys3KH.

A I”p
_ AE | AU,
\ \ ’U
\\ \\ A ) ’CT.mm Roap ,H
W o] >
-
\\ AICT E VD RH
\\ .
\\ _C
B
ICT.maX
’oﬁp

Puc. 3.2 — Bonbr-amriepHast xapakTepucTuka (a) U cxema BKIIFOUEHUs cTabuimuTpoHa (6)

N3MmeHeHne HanpspKeHUS NMATAHWs Ha BeNMYMHYy AL M TOKa Harpy3kd Ha BEJIMYH-

Hy Al,; BBI3BIBa€T U3MEHEHUE HAMPsHKCHHS cTabunu3anuu Ha BenuduHy AU,;, KOTOpbIE
CBSI3aHbl YPABHEHUEM:

AE = AUg + Rorp (AL + Aly) . (3.1

[Tpupamienue Toka crabMIUTpoHa Al MOXKHO BBIPa3UTh Yepe3 MpUpaLICHHE Hampsi-
XKeHHsl cTabunu3anuu u quddepeHnnaibHoe COMPOTUBICHNE CTa0MINTPOHA!

AU,
cT = P
r)mq,

torma (3.1) npuaumaer Bug AE = AU, (1 + Rorp / r,mq,) + RorpAly, OTKyJA momy4yaem

AE R
AU = T Rp AL, (3.2)
1+ —2F  —
Vind Vud

Bripaxxenue (3.2) mo3BosieT ONpeaeTuTh HECTAOMITHPHOCTD HATIPSDKEHIS CTa0MIIH3a-
MU, 0OYCIIOBIICHHYIO H3MEHEHUEM MUTAIOIIETO HANPSDKEHUS M Toka Harpy3ku. U3 (3.2)
CJIETyeT, YTO CTAOMIIM3UPYIOLIME CBOCTBA TEM BBIILE, YeM OOJIbIIE OTHOMICHUE Rorp /7 g -

CrabunuTpoHsl, 001agarone TeMIepaTypHbIM KO3(QQHUIIMEHTOM HaNpsHKEHUsS CTa-
oummsarmu Meree 0,01%/°C, OTHOCAT K MPeU3HOHHBIM cTabumutpoHam. Kak npasu-
710, B IPEIU3UOHHBIX CTA0MIUTPOHAX MCIIOIB3YIOT TPU MOCIEIOBATENIEHO COSTUHEHHBIX
Pp-n-Nepexosia, OAUH U3 KOTOPHIX — CTAOMIM3UPYIOMINN, ABa IPYTHMX — TEPMOKOMIIEHCH-
pyrorue. Eciu cTabumn3upyromnui nepexoa padboTaeT B pekuMe JJABUHHOTO MPo00osi, TO
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C yBEJIMYEHUEM TeMIIEpaTypbl HaIlpsDKEHUE Ha HEM pacTeT. OJHOBPEMEHHO MPsSMOE Ha-
MpsDKEHUE Ha JIByX TEPMOKOMIIEHCUPYIOIIMX MEPEX0AaX YMEHbIIAETCs, O3TOMY 0011ee
HalpspKeHHE Ha CTaOMIIMTPOHE MEHSETCS HE3HAYUTEINBHO.

Jlnst obecriedeHus: CTabMIIN3aIK JIBYIOISIPHBIX HANIPSDKEHUH CTaOMIINTPOHBI 0011Ie-
IO Ha3HA4Y€HMs BKJIIOYAIOT IMOCJEN0BaTeNnbHO (puc. 3.3, a), a npeun3uoHHbIE — apaj-
nenbHO (puc. 3.3, 0).

Kpome Toro, cymiecTBylOoT ABYXaHOIHBIE CTAOMJIMTPOHBI, KOTOpPbIE 00ECIIEYHBAIOT
cTa0WIN3aluIo ABYNOJSAPHBIX HanpsbkeHud (puc. 3.3, B). JIByXaHOIHBIE CTaOMINTPO-
HBl UMEIOT CTPYKTYpY, hopmupyemyo auddysueil npumeceil B IIIaCTUHY 7-KpPEeMHHUS
OHOBPEMEHHO C JIBYX CTOpOoH. OOpasyromuecs mpu 3TOM JBa p-1-IePexoa BKIIOYCHBI
BCTpEYHO. BHeI1IHNEe BBIBOABI UMEIOT TOJIBKO aHOAHBIE p-0051acTH cTpYKTYphl. [Ipu nona-
Yye Ha CTaOMJIMTPOH HaNpsKeHUs 000 MOISPHOCTH OIMH NEPEXo]l paboTaeT B peKuMe
IEKTPUYECKOTO NMPpo0os, a APYroi ABJISIETCS TEPMOKOMIIEHCUPYIOLIHM.

VD1
VD1 VD2 <
_El—%— VD2 _%—
[N\
|~
a O 6

Puc. 3.3 — Bxitouenue cTaOMIMTPOHOB Ul CTAaOMIIN3AIMU JIBYTIOJSPHBIX HANPSHKEHHIM:
a — TOCJIe1I0BaTebHOE, 6 — NMapaJlJIeNIbHOE, 6 — ABYXaHOJHBIH CTaOMIUTPOH

I[J'If[ CTa6I/IJ'II/I3aIII/II/I WM OrpaHUYCHUSA KOPOTKHUX HMITYJIbCOB HAIIPAKCHUA CICOAY-
€T MPUMEHSTh UMITYJIbCHbIE CTAOMIUTPOHBI, KOTOPhIE UMEIOT CHIKEHHOE 3HaueHue Oa-
pPbEpHON €MKOCTH M Majylo JJIUTEIbHOCTh MEPEeXOJHbIX HporeccoB. [Ipu snexTpuye-
CKOM Npo00€ B p-n-Nepexoie UMIYIbCHOTO CTaOMIUTPOHA HEOCHOBHBIE HOCHTENH 3a-
psabl B 6a3e He HakaruBatoTcs. [loCcTOsIHHAsS BpeMEHH, XapaKTepHU3yIoIias JTaBUHO00-
Pa3sHOC HapaCTaHUEC TOKA IMPU MITHOBCHHOM H3MCHCHHU HAIPSKCHUA HA CTa6I/IJ'II/ITpOH€,
oTpesieNsieTCsl BpEMEHEM IIposieTa HOCHUTeNell uepe3 oOeIHEHHBIN col p-n-mepexona
u coctasisier okono 10-!! ¢, moaToMy Bpemst mepekIIFOueHHUs] B OCHOBHOM OIPEIETSCTCSI
nepe3apsiikoil 6apbepHO eMKOCTH Mepexo/a.

CtabucTopsl

Kak 1 cTaOmnuTpoHsbl, CTaOUCTOPHI MpeAHa3HAuYeHBb! JUIsl CTaOWIIN3allui Hampshke-
HUs. OfHAako B OTIMYME OT CTAaOMJIMTPOHOB B HUX HCIOJIB3YeTCs CreuuanbHas ¢op-
Ma IpsSMON BETBU BOJIBT-aMIIEPHOM XapakTepucTHkH. [1o3ToMy crabucTopsl paboTaroT
IIpU MPSIMOM HAIpPSDKEHUU M MO3BOJIAIOT CTAOMIM3UpOBaTh Majble HanpspkeHus (0,35 —
1,9 B). Ilo ocHOBHBIM MapamMeTpaM OHHM OJU3KH K CTaOMJIUTPOHAM.
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3.6 Bapwukanbl

Tlonynposoonukowlli 0uo0, NpuHyun pabomvl KOMopoco OCHOBAH HA
UCNONb308AHUU 3A8UCUMOCU eMKOCMU dTeKMPUYECKO20 Nepexood om
00PAMHO20 HANPANCEHUS, HAZLIBAION BAPUKANOM.

[Tpu oOpaTHOM HAIIPSHKEHUU MPOSIBISETCS TOIBKO OapbepHasi eMKOCTb.

Bapukaribl H3roTaBIMBalOT Ha OCHOBE KPEMHUS M apceHu1a rauiis. EMKocTh Bapu-
KaloB MEHSETCA B IIUPOKUX Tpe/eiaX, a €€ 3aBHCHMOCTh OT 0OpaTHOTO HampsKEHUS
pasiuyHa JJ1s BAPUKATOB, U3TOTOBICHHBIX METOOM AU(Y3UH UM METOIOM BILJIaBIIe-
HUSI TPUMECEN.

Bonbr-dapagnas xapakTepucTHKa BapuKana ¢ JOCTaTOYHON CTENEHBIO TOYHOCTH
MOKET OBITh MPEICTABICHA BBIPAKCHUEM

1
b g

W) =GO o)
o6p

(3.3)

rie Cp (0) — eMKOCTh MpH HyJIEBOM HAIPSUKCHUH HA BapUKaIie; ¢ — 3HAYCHUE KOHTAKT-
HOI pa3sHOCTU NOTeHHUanoB; U,s, —aOCONOTHAs BEIMYMHA OOPAaTHOIO HANPSKEHUS,
n =2 IS CIJIAaBHBIX BApUKAIoB U 7 = 3 i Au¢dy3HOHHBIX BapUKAIIOB.

Jist monmy4enust 6omee pe3koit 3apucumoctd Cp (U), 4eM y crutaBHbIX U qubdysu-
OHHBIX BAapUKAaroOB, UCHOJIb3YIOTCSI BAPUKAIIBI CO CTPYKTYpOH p*-n-n*, U3rOTOBICHHbIE
METOJIOM IIJIaHAPHO-3MUTAKCUATILHON TeXHONIoruu (puc. 3.4,a).

OCHOBHbI€E napamMmeTpbl BapunkKkanos

e HomunanbpHas eMKOCTh Cy 0 — €EMKOCTb MPHU 33IaHHOM (HOMHUHAJILHOM) 00part-
HOM HampsDKCHHH.

e MakcumainbHas eMKOCTh CB.max — EMKOCTD IIpHU 3a/ITaHHOM MHWHHUMAJIbHOM 06paT—
HOM HaIlIPpSAXKCHUU.

o MuHuMaIbHAsA EMKOCTh CB.min — €MKOCTDb IIPH 3aJaHHOM MAaKCUMAJIbHOM 06paT—
HOM HaIlIPpSAXKCHUU.

o KoaddummeHnt nepexppITusi Mo eMKocTH K — OTHOIIIEHHE MaKCUMAaTbHON eM-
KOCTH BapuKarna K €ro MUHUMaJIbHONH €MKOCTH.

e Tewmmeparypusiii kodpduiment emxoctu (TKE) o, — oTHOIIEHUE OTHOCUTEIb-
HOTO M3MEHEHHUS €MKOCTU K aOCOITIOTHOMY M3MEHEHHIO TEMIIEPAaTyphl OKpYyXkKa-
fomieit cpensl: o, = 0C, /AT = AC,/ (C,AT).
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e JloOpotHOCTh (J; — OTHOIICHHE PEAKTHBHOM MOIIHOCTH Ha 3aJaHHOW YacToO-
T€ TIEPEMEHHOIO CHTHaja K MOIIHOCTH IOTEph BapWKala MpU 3aJaHHOM 3Ha-
YeHUH OOpaTHOrO HampspkeHus. [Ipum HHU3KUX YacToTax MEePeMEeHHOIO CUTHala
COTMPOTHUBJICHHUE MOTEPh B OCHOBHOM OOYCJIOBJICHO COMPOTUBICHHEM MEpexo/a:
Os.a = T [Xc = w7, Cy. IIpu BBICOKMX 9AaCTOTaX CONPOTUBIEHHUE IOTEPh B OC-
HOBHOM OOYCIJIOBJIEHO COTPOTUBICHUEM 0as3bl: Oy w = Xc/rs = 1/ (wrsCy). Ta-
KUM 00pa3oM, 10OpOTHOCThH BapuKamna B 007acTH HU3KHUX YacTOT pacTeT C yBe-
JMYEHUEM YacTOThI, a MPH BBICOKUX YACTOTaX YMEHBILIAETCS C YBETUYCHHUEM
yacToThl. ClenyeT OTMETHTh, UTO BapUKaIlbl B OCHOBHOM MPUMEHSIOT Ha BBICO-
KHX M CBEPXBBICOKHMX YaCTOTaX, IO3TOMY HOMUHAIBHYIO JOOPOTHOCTh BapuKara
OTIPE/ICTISIOT KaK OTHOIICHWE PEAKTUBHOTO COMPOTHUBIICHUS K COTPOTHBICHUIO
MOTEPb.

3KBI/IBaJ'I€HTHa$[ cxema BapHKana u €ro YCJ'IOBHOG O603Ha‘ICHI/Ie HpI/IBelleHI)I Ha pI/I-
cynke 3.4, 0, B.

Ha pucynke 3.4, 6: ¥ — OMHY€CKO€ CONPOTHBIEHUE 0a3bl; 7, — CONPOTUBIEHHE 00-
paTHO CMEIEeHHOTro p-n-niepexona; Cs — eMKOCTbh; L, — MHIYKTHBHOCTH BBIBOJIOB.

Y Ce
p+ Le I's
n i
n+
Y,
a 1] 8

Puc. 3.4 — Bapukar co cTpyKkTypoit p*-n-n* (a), 5JKBUBaJICHTHasI cxeMa () U yCIOBHOE
rpadudeckoe 0003HaYCHHE BapuKana (6)

3.7 TyHHenbHble gnoabl n obpalleHHble anoabl

Tynnenvuwlii 0uo0 npeocmasisem cobol NOIYNPOBOOHUKOSHIU OUOO
C Gonvbm-amnepHou xapaxkmepucmuxou N-muna, npuxyun oeticmeus
KOMOpOo2o OCHO8AH HA dghexme MYHHENbHO20 NPOXOHCOEeHUS HOCUme-
Jetl 3apsa0a uepe3 NOMeHYUAIbHblL Oapbep p-n-nepexooa ¢ 8blPOHCOEH-
HbIMU p- U N-001ACMAMU.

JUis U3rOoTOBIIEHUS! TYHHENbHBIX JTMOJOB HCIIOJIB3YIOT CHJIBHO JIETUPOBAaHHBIE IO-
JYIPOBOAHUKHU, KOHIIEHTpAIMs IPUMeCEH B KOTOphIx cocrasisgeT 108 — 1020 cm=3. D10
MPUBOAMUT K 3HAYUTEIHHOMY YMEHBIICHHIO IIUPUHBI 00JacTH MPOCTPAHCTBEHHOTO 3a-
psana p-n-nepexona a0 1 —10 HM, KOTOpas CTAaHOBUTCS COM3MEPUMON ¢ JeOpoiiineB-
CKOM JJIMHOW BOJIHBI AJIEKTPOHOB. B pe3ynbpTare co3maroTcs yCIOBUS JJIsI KBAaHTOBO-
MEXaHHUYECKOTO TYHHETBHOTO 3(pekra, KOTOPHI COCTOUT B TOM, YTO HOCHUTEIH 3apsia,
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oOnajaronye SHeprueil, MeHbIlIel, 4eM BbICOTa MOTEHIMAIBLHOIO Oapbepa, npuodpera-
10T HEHYJIEBYIO BEPOSITHOCTh IPOHUKHOBEHUS CKBO3b Y3KHI MOTEHLUATIbHBIN Oapbep 0e3
U3MEHEHUS CBOCH DHEPIUM.

JIpyruM BaKHBIM CJIEJICTBHEM BBICOKOW CTETEHU JITUPOBaHMA oOsacTel p-n-nepe-
XOJla SIBJISICTCSI pacIIeIUICHHEe MPUMECHBIX SHEPreTHUECKUX YPOBHEH ¢ 00pazoBaHHEM
MIPUMECHBIX JHEPreTUYECKUX 30H, KOTOPBIE CIMBAKOTCS C 30HOW IPOBOJUMOCTH B -
o0acTu U C BaJCHTHOM 30HOU B p-oOmactu. YpoBHH Depmu mpH 3TOM OKa3bIBAIOTCS
PACIONOKEHHBIMHM B COOTBETCTBYIOIIMX Pa3pELICHHBIX 30HaX Ha paccTosHuu AE, = E, —
— EF, OT moToNIKa Baj€HTHOW 30HBI U AE, = Ep, — E. OT JHa 30HBI IPOBOAUMOCTH
(puc. 3.5).

B cocrosiHuu TepMoaumHamMuueckoro paBHoBecus (puc. 3.5, a) 30Ha MPOBOIUMO-
CTH n-00J1aCTH U BaJICHTHAs 30HA p-00J1acTH NEPEKPBIBAIOTCS 110 SHEPIHH HAa BEJIMYUHY
OF = AE, + AE,, 103TOMY 3/1€KTPOHBI U3 30HBI IIPOBOJMMOCTH 71-0071aCTH MOI'YT TyH-
HEJINPOBAaTh CKBO3b y3KUH MEPEXo]l Ha CBOOOAHBIE YHEPreTUYECKUE YPOBHHU BAJIEHTHOMN
30HBI p-00acTH ¥ Ha000poT. OAHAKO MPH OTCYTCTBHU BHEIIHETO HJIEKTPUUECKOTO OIS
TaKUe NEePEXObl PABHOBEPOSITHBI, [I09TOMY PE3YJIBTUPYIOIIUI TOK YEPE3 MEPEX0 PaBEH
HYJIIO.

IIpu cmemeHnn mepexofa B NPSMOM HaIPaBIECHUM BO3HUKAET YAaCTUYHOE IEpe-
KpbITHE MHTepBana AE, IOYTH IIyCTBIX DHEPIeTHYECKMX YPOBHEH BaJICHTHOW 30HBI p-
obnactu U AE, TIOYTH MOJTHOCTBIO 3aHATHIX SHEPreTUYECKUX YPOBHEH 30HBI MPOBOIH-
Moctu n-obnactu (puc. 3.5, 0).

Kak cnencrBue, BEpOSTHOCTb TYHHEJIBHBIX IE€PEXOJOB 2JIEKTPOHOB M3 1-00JIACTH
B p-00J1aCTh YBEIMYHMBAETCS, @ B OOpPaTHOM HAIpaBICHUU YMEHbIIAETCA, IO3TOMY Yepes
[epexo]l HAYMHAET IIPOTEKATh NPSAMON TYHHEIbHBIN TOK /7.

C pocrom npsimoro Hampsokerust (0 < U < U,) TepekphITHE WHTEPBAIOB HEPTUH
AE, u AE, yBenu4nBaeTcs, BCIEACTBUE YET0 TYHHENILHBIA TOK PACTET, JOCTUIas MaKCH-
MaJibHOro 3Ha4yenus npu U = Uy, korna Ep, = E,, u uatepsansl AE,, AE, nepeKkpbIThI
MOJIHOCTRIO (puc. 3.5, B).

JanpHeiiee yBeaudeHue mpsmoro Hanpsokenus (U, < U < U,) Be#eT K yMeHb-
LICHHIO NIEPEKPBITUS UHTEPBANoB AE, u AE, (puc. 3.5, ), B pe3y/bTaTe 4€ro TyHHEIb-
HbII TOK ymeHbinaetrcsi. Korma U = U,, MOTOJOK BaJ€HTHOM 30HBI p-00JacTH COBITAJIET
C JTHOM 30HBI IPOBOJUMOCTHU 1-00JaCTH, MEPEKPBITUE PA3PEIICHHBIX YHEPIeTHUECKUX
30H MCUYE€3aeT U TYHHEJbHBIN TOK MajaeT 10 Hyns (puc. 3.5, n). Takum o6pazom, B UHTEp-
Bajie npsMbIx HanpstkeHuid U, < U < U, TyHHENBHBIA AHOA 00J7a/1aeT OTPHUIIATEIbHBIM
nudepeHIHaTBEHBIM COIPOTUBICHUEM oy, = dI /dU < 0 (puc. 3.5, x).

[Ipu U > U, TyHHeNbHBIN TOK paBeH HYINIO, OAHAKO MOTEHIHUAJIbHbIN Oapbep p-n-
Nepexoia CHUKAETCA HACTONBKO, YTO ONPEAEIISAIOIINM CTAaHOBUTCS NU(Qy3HOHHBIN TOK
UHXEKIUH [y, KOTOPBIM PACTET ¢ POCTOM IPSAMOIO HAIPSKEHMUSL.

Kpome Toro, B peanpHbIX 1u0JaX IOMUMO IPSIMOIO TYHHEIUPOBAHUS OCYIECTBIIS-
€TCsl TYHHEJIMPOBAHHUE Yepe3 SHEPIeTUYECKUE YPOBHHU JIOBYIIEK, JOKAIN30BaHHBIEC B 3a-
MIPEIICHHON 30HE, YTO MPUBOIUT K MOSBICHUIO W30BITOYHOTO TOKA /55, KOTOPBIM TaKKe
pacTeT NpHU yBEIMUYEHUH NPSIMOIO HAIPSKEHUS.

CnenoBarenbHO, MOJHBIA MPSAMOM TOK TYHHEJIBHOIO JMOJA CONEPKUT TPU COCTAB-
asiomme Iy = It + Ly + Lysg, ONIPENENSEMBIC BEIPAKEHUSAMH:

D
I = cSCZq) LU (AE, + AE, - q.U)?, (3.4)
T
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Puc. 3.5 — DHepretuueckue quarpaMmsl (@) U BOJBT-aMIIepHAsl XapaKTEPUCTHKA (0)
TYHHEJIBHOTO JTHOJa

U
]mmc :Is exXp (E) 5 Imﬁ :Imin exXp [A(U_ UB)] )

IJe ¢ — KOHCTaHTa; S — miomanps nepexoaa; Dy — kodhUIIMEHT Tpo3padyHOCTH MOTEH-
HuanabHOro 6apbepa; 4 — KOHCTaHTA.

CooTBeTCTBEHHO Ha psiMOM BeTBU BAX TyHHENBHOIO 1MOJa MOKHO BBIJICIUTH JIBA
ydactka: TyHHenbHbIH (0 < U < U,), Ha KOTOPOM peobiagaeT TyHHEIbHAsE COCTABIISIO-
mast It mpsiMoro Toka, u quddysuonnsiii (U, < U), Ha KOTOPOM TPe00IaiacT HHKEKIH-
OHHas cocTaBisAolas. M30bITOUHBIN ke TOK B HAUOOJbIIEH CTENEHU MPOSBISAETCS MPU
U ~ U,, noka HHKECKITMOHHBINA TOK Mall.

Hcnons3ys Beipaxkenue (3.4), u3 ycnosus dlr/dU = 0 jerko onpenenurh

AE, + AE,
3q.

I 5

a u3 yciosus Iy =0

AE, + AE,

9e
IIpu cmemenun p-n-nepexona B 0OpaTHOM HAIPABICHUU MEPEKPHITHE BaJICHTHOM
30HBI p-00JacTU U 30HBI MPOBOAUMOCTHU n-007acTu yBenuuuBaetcs (puc. 3.5, e). Ha-
MIPOTUB 3aHATHIX NEKTPOHAMHU YPOBHEH nHTEepBasia AE, 30HBI IPOBOJUMOCTH 71-001aCTH
HAXOAATCS MOYTH MOJHOCTHIO 3aHATHIC YPOBHHU BAJICHTHOM 30HBI p-001aCcTH, U TyHHEIHU-
pOBaHUE 3JIEKTPOHOB M3 1-00JACTH B p-00JacTh MajoBeposiTHO. COOTBETCTBEHHO Ha-
IPOTHB 3aHATHIX AICKTPOHAMH YPOBHEH p-o0nactu (E < Ep,) OKa3bIBalOTCS CBOOOIHEIC

B
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YPOBHH 30HBI MPOBOAUMOCTH n-001actu (E < Ef,). CriemoBarenbHO, POUCXOAUT TYH-
HEJIMPOBAHUE AIEKTPOHOB U3 p- B n-00JIaCTh, a Uyepe3 AMOA MPOTEeKaeT OOpaTHBIA TYH-
HelbHbIA TOK. C POCTOM BEIMYMHBI OOPATHOIO HANPSIKEHUS MEPEKphITHE CBOOOTHBIX
B 1-00JIACTH U 3aHATHIX B p-00JIACTH SHEPreTUUYECKUX YPOBHEH yBETUYMBACTCS, MOBbI-
IAETCS YUCIIO AIIEKTPOHOB, CIIOCOOHBIX TYHHEIMPOBATh Yepe3 Mepexol, U 00paTHBII TOK
JIM0Jla HENPEPBIBHO BO3pacTaeT. I10CKOIBKY MIIOTHOCTh 3JIEKTPOHOB B BaJICHTHOW 30HE
KpalHe BEJIMKa, TO HE3HAYUTEJIbHOE CMEIICHUE YHEPreTUYECKUX 30H CONPOBOXKIAETCA
CYIIECTBEHHBIM H3MEHEHHEM I10TOKa TYHHEIHPYIOUIUX 3JIEKTPOHOB. TakuM oOpasom,
s oOpatHOi BeTBM BAX TyHHENBHOrO AMONA XapaKTepeH OBICTPBIM POCT BEIMUYMHBI
00paTHOTO TOKA NMPH YBEIWYCHUU OOPATHOTO HANPSIKEHHUS, TO €CTh TYHHEIbHBIH THUOA
00J1a1aeT OTHOCUTEIIFHO BBICOKOM MPOBOAMMOCTBIO MPH 00pPaTHOM cMemieHuH. MoKHO
CUUTaTh, YTO Y TYHHEJIBHOTO JMO/ia MPOUCXOANUT TYHHENIbHBIM MPOOOH MpH T0CTATOUHO
MaJIbIX OOpaTHBIX HAMPSKCHUAX.

OCHOBHble NapameTpbl TYHHENbHbIX AM0O0B

e [IukoBbIN TOK [; —NpsAMON TOK B Touke Makcumyma BAX, mpu KOTOpOM 3Ha-
uyerne dI/dU paBHO Hy/10. 3HAYEHHE MOXET COCTABIATH OT JECATBHIX JIOJIEH
MWIJTMAMIIepa 0 COTEH MUJUIMaMIIEp.

e Tok Bnaguubl [, — npsmMoil TOK B Touke MuHUMyMa BAX, npu KoTOpOM 3HaUeHUE
dl/dU paBuo Hyi10.

e OTHOIIIEHHE TOKOB TYHHEIBHOTO AU0a I /I, — OTHOLIEHHE TUKOBOTO TOKA K TO-
Ky BOaiguHbl. JUIsI TYHHENBHBIX IHOAOB W3 apCEHUJA Tajuius IH/IB > 10, nns
TePMaHUEBBIX TYHHEIBbHBIX MHOMOB I /I, = 3 + 6.

e Hampsoxenue nuka U, — npsmMoe HanpsKeHUe, COOTBETCTBYIOIIEE TUKOBOMY TO-
Ky. /L1t TyHHENBHBIX quoa0B U3 apcenuaa raumsa U, = 100 + 150 mB, nis rep-
MmaHueBbIX U, = 40 + 60 MB.

e Hanpsoxenue BnaauHel U, — OpsiMoe HaNpsiKEHUE, COOTBETCTBYIOIIEE TOKY BIla-
JIMHBL. Y TyHHEJBHBIX AUONOB U3 apceHuaa ramnusa U, = 400 + 500 mMB, y rep-
ManueBbIX U, = 250 = 300 MB.

o Hanpsokenne pactBopa U, —npsiMoe HanpsbKeHUE, OoJblIee HANpsyKEHUs BIIa-
JIUHBI, TP KOTOPOM TOK PaBEH MUKOBOMY.

e VienbHas eMKOCTh TyHHENBHOTO fuopa Cy /I — OTHOIIEHHE EMKOCTH TyHHEIb-
HOT'O JUOJA K TUKOBOMY TOKY.

e [lpenenbHas pe3UCTHBHAS YacTOTa fzp — pacdyeTHast 4acToTa, HA KOTOPOW aKTHB-
Hasi COCTABJIAOILAs [TOJIHOTO COIPOTHUBIICHUS MTOCJIEOBATENBHOMN LEMH, COCTOS-
el u3 p-n-nepexoqa U CONPOTUBIICHUS MOTEPh, 0OpaIlaeTCs B HYIIb.

e Pe3oHaHCHas YyacToTa TYHHEJBHOTO JUOJA fo — pacdyeTHasl 4acToTa, Ha KOTOPOii
o0IIee peakTHBHOE CONPOTHUBICHUE p-n-TIepexo/ia U MHAYKTHBHOCTH KOpITyca
TYHHEJBHOTO JHOJa 00palaercs B Hyllb.
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YacToTHble CBOMUCTBA TYHHENbHbIX AM040B

MeXﬂHI/I?;M HeﬁCTBHH TYHHCJIBHBIX JTUOO0B CBsA3AH C TYHHCHI/IpOBaHI/IeM 3HeKTpOHOB
CKBO3b MOTEHIUAILHBIN 6apbep. Bpems, HeoOXoauMoe /i 3aBEPIUIEHHS DTOTO MPOLEC-
ca, cocrasisier 10713 — 10714 c.

D¢deKT HaKOIJIEHUSI HEOCHOBHBIX HOCUTENEH B 0a3e TYHHENbHBIX JIH-
OJIOB TIPAKTUYECKH OTCYTCTBYET, TaK KaK OHU HCIIOJIb3YIOTCS TIPH Ma-
JIBIX TPSIMBIX HaNpsKEHUSX, COOTBETCTBYIONIMX yuacTKy BAX ¢ orpu-
HarenbHbIM T depeHIaIbHBIM COTPOTUBICHUEM.

ITosTOMy TyHHENbHBIE THOABI COCOOHBI paboTaTh Ha YACTOTAX A0 COTEH TMrarepil,
YTO COOTBETCTBYET MUJUIMMETPOBOMY JMaNa3oHy pajnoBOiH. BepxHuil npenen 4acrtor-
HOTO JaMamna3oHa paboThl TYHHENbHBIX JHMOJIOB OTPaHUYEH JIMILIb COOCTBEHHOH €MKO-
CTbI0, OCHOBY KOTOpPOH COCTaBIsieT OapbepHasi eMKOCTh p-An-IIEPeXoAd, U MHIAYKTUBHO-
CTbIO BBIBOJIOB.

Jlnst ornpeneneHus napaMeTpoB, XapaKTepU3yIONUX YaCTOTHBIE CBOMCTBA TYHHEIb-
HBIX JIMOJI0B, BOCIOJIb3YEMCSl SKBUBAJIEHTHOW CXEMOM ISl MAJOro IEPEMEHHOIO CUTHA-
Ja Ipy HAJIMYUU MOCTOSHHOTO MPSMOT0 HaNpsKEHMsI, CMEILIAIOIEro padouyro TOUKY Ha
yuactok BAX ¢ orpunarensHbiM nuddepeHiaibHbIM COpoTUBiIeHUEM (puc. 3.6).

Puc. 3.6 — DxBuBaJIeHTHasA cxeMa TYHHCJIIBHOI'O JUOJa IJIsI MaJIOIro MMepEMCHHOIO
CHUrHalia

DKBUBAJICHTHAS CXeMa COACPKUT OTpHUIIATENIbHOE AU epeHIInanbHOe COMPOTUBIIE-
HME 7, TIapaule]IbHO KOTOPOMY BKJIIOYeHa OapbepHas eMkocTh Cg, a Takke 00beMHOE
COTIPOTUBJICHHUE 0a3bl 7' U HHIYKTHBHOCTH BBIBOJIOB U KopIryca L.

[TosmHOE COMPOTHBIICHUE TYHHEILHOTO JTUOJA IMPU MAJIOM CHHYCOWIAIBEHOM HaIpsi-
JKEHUH
g | Cs

Z=rs-—8L ) iofr-—55
o g +w?Cl o g +w’CE

(3.5)
rne g = 1/r —orpunarenshas nuddepeHnranbHas IPOBOIUMOCTS TyHHEIFHOTO U0/,

N3 (3.5) caemyeTt, 4To TYHHEIBHBIN nuona OyzmeT o0iamaTh OTpUIaTeIbHBIM audde-
PCHIIMATBHBIM CONPOTUBIICHUEM TIPH yCIOBUU

lg |

reg < ————.
2 . n2(2
g+ w?Cq

(3.6)
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Ha BbpIcOkux yacToTax, korzna yciaosue (3.6) nepecraeT BbIIOIHAThCS, AuddepeHiu-
aJbHOE COMPOTHUBIIEHUE TYHHEIBHOTO JUOAA CTAHOBUTCS MOJIOKUTEIBHBIM.
[IpenenbHast pe3uCTUBHAs 4acTOTa fr OMPEAENSAETCS U3 PEIICHUs YpaBHEHUS g =

= —|g_| OTKyga fg = —1 ﬂ
- g2 + 4J'lizj{RzCé’ YR8 JR = 275":‘(:% rs

[IpenenbHas pe3ucTUBHAs YaCcTOTa TYHHEJIBHOIO JMOAA 3aBUCUT OT COOTHOILEHUS
COTPOTUBJICHUS 0a3bl AHO/NA U a0COITIOTHOTO 3HAUCHUS OTPUIIATEIHHOTO AUQQepeHI-
aJIbHOTO COMPOTHUBIICHHS. MaKCUMaJIbHOE 3HAYCHHE MPEAEIbHON PE3UCTUBHON YaCTOThI
JIOCTUraeTCst IPH |1 | = 216 ¥ COCTABISET frpay = 1/ (271 |Cs).

Yepennennoe otrpunarenbHoe naud@epeHnrnaibHOe COMPOTHBICHHE MOXKHO TMpE-
craButhb B Bune |1 | = AUJAI = (U, - Uy) [ (In — 1) =~ const[I;, TOITOMY frmax ~ In/ Cs.

Takum oOpazom, yaenbHasi eMKOCTh TYHHEIIBHOTO HOMA SIBISIETCS BaXXHBIM Iapa-
METPOM, XapaKTEPU3YIOIIUM €Tr0 YaCTOTHBIE CBOMCTBA.

W3-3a Hanuuus y TYHHEIbHBIX JUOJOB Mapa3UTHBIX UHIYKTUBHOCTH U €MKOCTH Ha
HEKOTOpOM YacTOTe MOT'YT BOSHUKHYTb yCJIOBHS JIJIs1 PE30HAHCA, YTO HAPYIIUT HOpMaJlb-
HOe (PyHKIIMOHUPOBAHHUE MPUOOPA.

Pe3onaHcHas yacToTa TYHHEIBHOIO IHOAA omnpenenserca u3 ycaosus ImZ = 0, or-

1
I”7|C6
Jliist HOpMabHOM pabOoThl TYHHENBHBIC JHOMABI JOJDKHBI OBITH CKOHCTPYHPOBAHbI
TaK, 4TOObI PE30HAHCHASI YacTOTa ObLIa BBILIC MPEACIBHOIN PE3UCTHBHON YacTOTHI, YTO
obecneunBaercs npu L < rg|r |Cs.
CrnenoBarenbHO, HHAYKTUBHOCTh KBHUBAICHTHON CXEMBI TYHHENIBHOTO IHOAQ, KO-
TOpasi ONpE/ENAeTCS B OCHOBHOM HMHIYKTHBHOCTBIO BHYTPEHHHX M BHEIIHHX BBIBOJIOB
AMO/a, TOJDKHA OBITH 110 BO3MOXXHOCTH MAJIOM.

Kyna fo = |

Ob6palleHHble anoabi

Obpawennvim Ha3wbl8aom OUOO HA OCHOBE NOJYNPOBOOHUKA C KPUMU-
yecKol KOHYyeHmpayuel npumeceti, 8 KOMOPOM NPOBOOUMOCMb HpU
00paAMHOM HANpANCEHUU BCle0CmaUe MYHHeNIbHO20 d¢hghekma 3Hayu-
menbHo bonbuLe, em npu NPSIMOM HANPHCEHUU.

IIpy KpUTHYECKON KOHLEHTPALMK IpUMecel ypoBeHb DepMM paCIONOKEH Ha IO-
TOJIKC BaJCHTHOW 30HBI p-00JacTH M Ha JHE 30HBI MPOBOAUMOCTH n1-O0JIACTH JHOJA.
Torma B cOCTOSIHMM TepMOJMHAMHYECKOTO PaBHOBECHUS IMOTOJIOK BAJIEHTHOW 30HBI p-
o0acTu U JHO 30HBI MPOBOJUMOCTU 71-00JIACTH HAXOJATCS HAa OAHON BBICOTE JHEpre-
TUYECKON quarpammsl (puc. 3.7, a).

Oo6parnas BeTBb BAX oOpamienHoro nquona (puc.3.7, 6) aHajmoruaHa oOpaTHOl BET-
Bu BAX TyHHENBbHOro M0/, TaK Kak MpHU OOpaTHBIX HANPSKEHUSAX MPOUCXOAMUT TYH-
HEJIMPOBaHME 3JIEKTPOHOB M3 BAJCHTHOW 30HBI p-00JacTH B 30HY HMPOBOAMMOCTH A-
obmnactu. IlosTtomy oOpaTHbie TOKM B OOpaIICHHBIX AMOAAX OKA3bIBAIOTCS OOJBITUMU
IIPU MaJIbIX OOPaTHBIX HAMPSKEHUSIX (IECATKY MUIJUTMBOJBT).
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[Ipsimas BetBb BAX oOpartiieHHOro A1oaa aHajtoruyHa npsamoii BetBu BAX oObruHO-
IO BBIIPSAMUTEIBHOTO AMO/A, TaK KaK MPH MPSAMbIX HAMPsDKEHUSAX B 00OpallleHHOM JTHOoJe
HpsSMOM TOK MOXET ObITh 00pa30BaH TOJBKO B PE3YJIbTATe MHKEKLHUU HOCUTENEH 3apsi-
Jla yepe3 MOoTeHIMaJbHbIN 0apbep p-n-niepexona. Ho 3ameTHast MH>KeKIus HaOmonaeTcs
TOJIBKO IPH HPSIMBIX HANpPSKEHUAX B HECKOJIBKO JECATHIX A0Jel BojibTa. [Ipy MeHbIINX
HaNpsHKEHUSIX MPSAMBbIE TOKU B 0OpallleHHBIX JUO0JaX OKa3bIBAIOTCS MEHbIIE OOpaTHBIX.

Takum 00pazom, oOpalieHHbIE MOl 00MTANAIOT BRIMPSMISIFOIINM 3G (EKTOM, HO
IPOBOJIAIIEE HANPABIECHUE Y HUX COOTBETCTBYET OOpAaTHOMY BKJIFOUEHHIO, a 3aluparo-
iee — NpsSMOMY BKJIFOUEHHUIO.

W3 npuHuumna neicTBus oOpaleHHbIX JUOA0B SICHO, YTO OHH, BO-IIEPBBIX, CIIOCOOHBI
paboTarh Ipu OYEHb MaJIbIX CUTHajaX. Bo-BTOphIX, oOpallleHHble AUOAbI 001a/1al0T XO-
POILIMMU YaCTOTHBIMHM CBOMCTBAMM, TaK KaK TYHHEJIHMPOBAHHE — IIPOLIECC MAJIOUHEPLIH-
OHHBIH, a 3(PEKT HAKOIUIEHUSI OCHOBHBIX HOCUTENEH P MaJIbIX NPSAMBIX HAIPSKESHUAX
MIPAKTUYECKH OTCYTCTBYET.

[
GaSb /

/ /Ge

»
>

01 02 03 UB

a 7]

Puc. 3.7 — DHepreruueckas quarpamMma (a) U BOJIBT-aMIIEPHBIE XapaKTEPUCTUKH (0)
0OpaIeHHBIX THO/IOB

1) OmnpenenuTh MaKCUMAaJIbHYIO MPEIENbHYIO PE3UCTUBHYIO YaCTOTY TYHHEIBHOTO
auona (B MI'm), eciin BemMUMHA OTPHULATENFHOTO UG GEepeHIIMaIbHOTO COMpo-
tusnenust 100/25t Om, a GapbepHast eMkocTh 20 nd.

Omeem: 50 MI'L.

2) Omnpenenuts AOOPOTHOCTH BapuKama B 0OJACTH HU3KHUX YacCTOT, €CIU €MKOCTb
paBHa 10 nd, compoTuBieHHE OOpPAaTHO CMEIIEHHOTO p-K-Iepexoia PaBHO
100 xOwm, kpyroBast yactora paBHa 12 Mpan/c.

Omeem: 12.
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3)

4)

OrnpenenuTs npUpanieHue HanpsHKeHHs: Ha ctabuutpore (B MB), 00ycioBieH-
HOE M3MEHEHHMEM TOKa Harpy3ku Ha 2 MA, eciu nuddepeHnnanbHoe comnpo-
TUBJIEHUE cTadmwiuTpoHa 39 OM, a OrpaHMYHMTEIBHOE COMPOTHUBICHUE MHOTO
oombiie quddepeHIInaIbHOTO COMPOTUBICHHUS CTA0MIUTPOHA.

Omeem: 78 MB.

I[I/IOI[I)I IloTrTKU 110 CpaBHCHHIO C KPEMHHUEBBIMH ITOJYIIPOBOJAHUKOBBIMU JUOJAA~
MH Ha OCHOBE p-n-Iepexoia XapaKTepU3yOTCs:

a) Oosiee BEICOKUM OBICTPOACHCTBUEM,
0) OOJNBIIUMH TPSIMBIMH TIAJICHUSIMHU HANPSHKEHUS,
B) OoJiee BBICOKMMH ITPOOHMBHBIMU HANPSHKEHUSMH,

r) OonpIUMH OOpPaTHBIMU TOKAMH.

Omeem: a, T.



[NnaBa 4

BUMNOJTIAPHBIE TPAH3VNCTOPHI

Bunonsipnvimu mpanzucmopamu Ha3vl8aiom NOIYRPOBOOHUKOBblE NPU-
OOpbl ¢ 08YMS UNU HECKONbKUMU 83AUMOOCUCMBYIOUWUMU dNeKmpuYe-
CKUMU p-n-nepexooamu u mpems (uiu 6onee) 8bl800AMU, VCUTUMETb-
Hble CBOUCMBA KOMOPHIX 00OVCI061EHbL SAGNEHUAMU UHICEKYUU U IKC-
MpaKyuu HeOCHOBHBIX HOCUmenel 3apaod.

B Hacrosiiiee Bpemsi IMPOKO UCTIONIB3YIOT OUMOJSPHBIC TPAH3UCTOPHI C ABYMS p-7i-
[Iepexoamu, K KOTOPBIM Yallle BCET0 U OTHOCUTCS 3TOT TEPMUH.

4.1 CTpyKTypa U OCHOBHbIE PEXUMbI PaboThl

bunonspHbie TPaH3UCTOPBI COCTOAT U3 YepEAYIOUINXCS obnacTel (CI0eB) MOIymnpo-
BOJTHUKA, HMEIOIIUX SJIEKTPOMPOBOAHOCTH PA3IUYHBIX TUIOB. B 3aBUCMMOCTH OT THMa
3JIEKTPOIIPOBOTHOCTH HAPYKHBIX CIOEB PA3IMYalOT TPAH3UCTOPHI p-n-p U H-p-N-TUIIOB.

TurnoBeie CTPYKTYpBl OUMOISIPHBIX TPAH3UCTOPOB, U3TOTOBJIIEHHBIX PAa3INYHBIMU Me-
TOJIaMH, NPUBEICHBI HA pUCYHKE 4.1.

OO6nacTh TpaH3UCTOPA, PACTIONIOKEHHYIO MEXKIY p-n-TIEPEX0IaMH, HA3bIBAIOT 0A30i.
Jnst obecrieueHsT B3aUMOACUCTBHUS MEXIY p-n-TIepexofaMu TOJNIIMHA 0a3bl JOJDKHA
OBITh MHOTO MeHbIle Au(Qy3nOHHON ITMHBI HEOCHOBHBIX HOCHTENEH 3apsina. B saTom
clly4ae HOCHUTENH 3apsijia, MHKEKTUPOBAaHHbIE B 0a3y uyepe3 OAMH U3 MEPEXO/I0B MPH €ro
CMEIIIEHUH B MPSIMOM HaIpaBlI€HUH, CIOCOOHBI JOCTHYD JIPYroro Mepexosia U MOBIUATh
Ha ero Tok. Takum o0pa3oM, B3aUMOJICICTBHE p-n-TIePEX0A0B OUTIOISIPHOrO TPAH3UCTO-
pa MposBISIETCS B TOM, YTO TOK OJJHOTO M3 MEPEXOA0B MOXKET YIPABIATH TOKOM JPYTOro
nepexoza.

[TpumbIkatomye k 6a3e 067aCTH Yalle BCero AeNatT HeoqHOpoaHbIMH. ONIHY U3 00-
JacTel W3roTaBIMBAIOT TaK, 4YTOObI U3 Hee Harboee F3PPEKTUBHO MPOUCXOINTIA HHIKEK-
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Puc. 4.1 — CtpyKTypbl OUIIONSAPHBIX TPAH3UCTOPOB: @ — CIIABHOTO, 6 —
AMUTAKCHATBEHO-TU () (HY3HOHHOTO; 8 — ITTAHAPHOTO

1usl HocuTenen 3apsiia B 0asy, a Jpyrylo — Tak, 4TOObl COOTBETCTBYIOLIUI p-n-Tiepexo]
HaWJIy4IIuM 00pa3oM OCYIIECTBIISLI AKCTPAKIIMIO HOCUTENEH U3 0a3bl.

Obnacmo mpansucmopa, OCHOBHbLIM HA3HAYeHUeM KOMOPOU A61Aemcs
UHOICeKYUsl Hocumenel 3apsaoa 6 6a3y, HA3bl8arm SMUMMmMePoM, a Co-
omeemcmaywull p-n-nepexo0 — SMUMmepHbIM.

Obnacms mpansucmopa, 0OCHOBHbLIM HA3HAYEHUEeM KOMOPOU A6aAemcs
9KCmpaKyus Hocumeneu 3apsaoa u3z 6asvl, HA3LIEAION KOJIEKMOPOM,
a coomeemcmayrwull p-n-nepexoo0 — KOL1eKnMOPHbIM.

Konnentpanus npumecu B 3MHUTTEpE OOJbIIE, YeM B KOJJICKTOPE, a HAUMEHbIICH
SIBJIIETCSL KOHLIEHTpalMsl mpuMecu B 0asze. B cooTBeTcTBHM € 3TUM 0a3a SBISETCS BBICO-
KOOMHOM 00J1aCTbI0, KOJUIEKTOP — HU3KOOMHOM, a IMUTTEP — CaMON HU3KOOMHOM.

Kaxplii U3 p-n-mepexoaoB TPAH3UCTOPA MOKET OBITh CMEIIEH JTHOO
B MPSIMOM, JIHOO B OOpaTHOM HampaBJIeHUAX. B 3aBUCHMOCTH OT 3TOrO
paznnyaror 4 pexxuma paboThl TPAH3UCTOPA:

— pedicum omceuku — 0ba p-n-repexojia CMEIICHbI B 00paTHOM Harpas-
JICHUH, TIPUA 3TOM Yepe3 TPAH3UCTOP MPOTEKAIOT CPABHUTEIHHO MaJbie
TOKH.

— pedicum Hacvlujenus — oba p-n-Tiepexona CMEIICHbI B MPSIMOM Ha-
OpaBJIeHUH, TIPU TOM Yepe3 TPAH3HCTOP MPOTEKAIOT OTHOCHTEIHHO
OOJIbIINE TOKU,

— HOPMATIbHBIL AKMUBHBLL PEeXHCUM — SMUTTEPHBIN TMEpexof] CMEIeH
B IIPSIMOM HaIPaBJICHHUH, & KOJUICKTOPHBIH MePexol — B 00paTHOM;

— UHBEPCHBII AKMUBHBIL PeXCUM — KOJUIEKTOPHBIA Tepexo CMEIIeH
B MIPSIMOM HaIlpaBICHUH, & SMHUTTEPHBIN ITEPEX0] — B 00PaTHOM.

VYmpasnenue Tpan3uctopoMm Hanbosee 3HPEKTUBHO OCYIIECTBISAECTCS B HOPMATHLHOM
aKTUBHOM pexume. [Ipu 3ToM TpaH3UCTOp BBIMOMHSAET (PYHKIMM aKTUBHOTO 3JIEMEHTa
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AIEKTPUYECKON LIETH: YCWICHHE, T€HEPUPOBAaHUE, MEPEKIIoYeHne U T. 1. B pexumax
OTCEUYKH M HACBILICHUS YIIPABICHHE TPAH3UCTOPOM MPAKTUYECKH OTCYTCTBYET.

Yactp 0a3bl, paclooKEHHYIO MEXKIY SMUTTEPOM M KOJUIEKTOPOM, Yepe3 KOTOPYIO
MIPOXOISIT HOCUTENH 3apsiia B aKTUBHBIX PEKUMaxX pabOThl TPaH3UCTOPA, HA3BIBAIOT K-
mugHol yacmoto. YacTh 0a3bl, pacloNOKEHHYIO MEXKIY SMUTTEPOM U BBIBOJIOM 0a3bl,
Ha3bIBAIOT NACCUBHOL, & OCTABIIAACA YaCTh 0a3bl HOCUT Ha3BaHUE nepugepuieckoi.

OCHOBHBIE XapaKTEPUCTUKH TPAH3UCTOPA OMPEAEISAIOTCS B MEPBYIO Ouepensb Mpo-
1eccaMu, MPOUCXOASAIIUMU B Oase.

B 3aBucuMocCTH OT pacnpezeseHus mpuMeceld B 0a3e MOXKET CyIIECTBOBATh HIIU OT-
CYTCTBOBATb JJIEKTPUYECKOE 1MoJie. BOSHUKHOBEHHUE 3JICKTPUYECKOTO TIONS CBA3aHO C Ha-
JMYMEM TpaJueHTa KOHIeHTpanuu npumeceid. [Ipu paBHOMEpPHOM pacnpeeneHIn mpu-
Mecell BHyTPeHHEE IEKTPUUYECKOE 0JI€ OTCYTCTBYET M HEOCHOBHBIE HOCUTEIH 3apsiia,
norasmme B 0a3y, IBUXKYTCS B Hel BeieacTBre npouecca auddysun. Takue TpaHzucTo-
PBI Ha3BIBAKOT Oudyzuonusvimu unm besopetighosvimu. IIpn HepaBHOMEPHOM pacmpe/e-
JICHUU KOHIICHTPALIMU TIPUMeceid B 0a3e MMEeTCsl BHYTPEHHEE IEKTpHUYECcKoe Toe (Tpu
COXpaHEHUU B IIEJIOM SJIEKTPUUYECKON HEUTpaIbHOCTU 0a3bl), I HEOCHOBHBIE HOCHTEIN
3apsiia IBUKYTCSl B HEW B pesynbrare apeiida u quddysun, npudem npeiid urpaet mo-
MUHHPYIONIYIO posib. Takve TPaH3UCTOPBI HA3BIBAIOT Opetighosvimu. Ilonarue «auddy-
3MOHHBIA TPAH3UCTOPY» OTPAKAECT OCHOBHBIE MPOIIECCHI, IPOUCXOSIINE B Oa3e, MOITOMY
€ro He CIeIyeT MyTaTh C TEXHOJIOTUYECKHM IPOLIECCOM MOTYUYCHUs p-n-TIepexoa.

Paznu4aroT Tpu OCHOBHBIE CXEMBI BKIIFOUCHUS TPAH3UCTOPOB: C OOIIHM
smurrepoM (O3), obmeit 6azoii (Ob) u obmm komexkTopom (OK).
B cxeme ¢ 00ImKM 3MUTTEPOM BXOAHBIM 3JIEKTPOJIOM TPAH3UCTOpA SB-
JISICTCSL BBIBOJI 0a3bl, BBIXOJHBIM — BBIBOJ] KOJJICKTOPA, a OOIIMM JUIs
BXOJ1a U BBIXOJ[a — BBIBOJ AMUTTEpa. B cxeMe ¢ o01ie#t 0a30i BXOIHBIM
QJICKTPOAOM TPAaH3UCTOPA ABJIACTCA BBIBO OMUTTCPA, BBIXOJHBIM — BbI-
BOJl KOJUICKTOpA, a O6IJ_II/IM JJI1 BXOZa U BbIXOAa — BBIBO/L 6a3bl. B cxeme
C 00IUM KOJUIEKTOPOM BXOJHBIM JJIEKTPOJAOM TPAH3UCTOPA SBISICTCS
BBIBO/] 6a31;1, BBIXOIHBIM — BBIBOJ OMHUTTEPA, a O6H.[I/IM JJIs1 BXOda U BbI-
X0J1a — BBIBOJ] KOJUIEKTOPA.

OCHOBHBIE CBOICTBA TPAH3UCTOPA OMPEAEIIAIOTCS COOTHOIIEHUSIMU €0 TOKOB U Ha-
MPsDKEHUH M MX B3aUMHBIM BIMSIHUEM JAPYT Ha apyra. TpaH3ucTop MoKeT paboTarh Ha
IIOCTOSIHHOM TOKE, B PEKMME Majoro epeMeHHOro CUrHajia, B pekume OOJIbIIOro me-
PEMEHHOI'O CUTHAJIAa U B UMILYJIbCHOM PEKUME.

Pabota TpaH3ucTOpa Ha MOCTOSHHOM TOKE XapaKTepU3yeTCsl CTAllMOHAPHBIMU IIOTO-
KaMH Hocuteselt 3apsaa. COOTHOLICHUS MEKAY MOCTOSIHHBIMU TOKaMH M HaNpsKEHUSIMU
OIIPENETAIOTCS CTAaTUUECKMMH XapaKTEpUCTUKaMH U ITapaMeTpaMu TPaH3UCTOPA.

Ha paboty TpaH3ucTopa B peKHME MaJoro MePeMEHHOTO CHTHajla IIOMUMO CTallio-
HApHBIX MIOTOKOB HOCUTEJIEH 3apsia BIUSAIOT TAKKE IIPOLIECCHl HAKOIUIEHUS U Paccachl-
BaHMS HOCUTEJIEH, a TAKKE KOHEUHAs] CKOPOCTh UX JIBWXEHUA. JlJIsl onrcaHus CBOWCTBA
TPaH3HUCTOPA MPHU paboTe B PEKUME MAJIOTO MEPEMEHHOTO CHTHAJA MCIOIb3YIOT CHCTE-
Mbl MaJIOCUTHAJIbHBIX MMAPAMETPOB U MaJIOCUTHAJIbHbIE YKBUBAJICHTHBIE CXEMBbI.
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[Ipu paGote TpaH3ucTopa B pexuMe OOJBIIOTO MEPEMEHHOTO CUTHAJIA U B UMITYJIbC-
HOM PCXKHUME CYHIECCTBECHHO CKa3bIBACTCA HEJIMHEUHOCTh CTAaTHYECKUX XapaKTCPUCTUK
TPaH3UCTOPA.

4.2 PacnpepneneHue ctaymoHapHbIX MOTOKOB HOCUTENEN
3apsiga

PaccmoTpum pacripenenenue MmMoToKOB HOCUTENEH 3apsia B TPAH3UCTOPE Ha IpHU-
Mepe p-n-p-CTPYKTypbl. Bce monokeHus, pacCCMOTPEHHbBIE paHEE Il U30JIMPOBAHHOTO
p-n-nepexojia, CupaBeIUBbI ISl KaXKJI0T0 U3 p-n-NIEPEXO/I0B TPaH3UCTOPA.

[Ipy OTCYTCTBHM BHEIIHHMX HANPSKEHUN HA SMUTTEPHOM U KOJUIEKTOPHOM IE€pPEXO0-
JlaxX OCHOBHbIC HOCHUTEIM 3apsi/ia HAXOASATCA B MOTEHIUAIBHBIX IMaX, MPUYEM MEPEXO]T
B CMEXHYI0 001aCTh MOTYT COBEPIIIATh TOJBLKO HOCHTEIH 3apsija, 00JIaaroliue BHICOKOH
TEIUIOBOM dHeprueil. HeocHOBHBIC HOCUTENHN 3apsiia HAXOAATCS Ha MOTEHIIUAIBHBIX 0a-
phEpax M MOTYT MEPEXOANTh B CMEXKHBIE 00JIAaCTH. B COCTOSHUM TePMOAMHAMUYECKOTO
paBHOBECHS MMOTOKA OCHOBHBIX W HEOCHOBHBIX HOCHUTEJIEHN 3apsja B3aMMHO ypaBHOBE-
IIEHBI U PE3YJIBTUPYIOLINE TOKU Yepe3 p-n-Mepexo/ibl TPAH3UCTOPa PaBHBI HYJIIO.

[Ipu nomadye Ha mepexoabl TPAH3UCTOPA BHEIIHUX HANPSKEHUW COCTOSIHUE TEPMO-
JIMHAMUYECKOTO PaBHOBECHS HAPYIIAETCH.

HopmarnbHbIN aKTUBHBIN PEXUM

ITon BO3mEHCTBHEM NPSIMOTO HANPSKEHUS Ha YMUTTEPHOM NIEPEXOJIE CHIXKAETCS I10-
TEHIMATBHBI Oaphep M MPOMCXOTUT MHXKEKIUS IBIPOK M3 3MUTTEpa B 0asy, Iie OHU
SIBJISIFOTCSL HEOCHOBHBIMHM HOCUTEIISIMM 3apsiaa. J[BHUykeHUE OBIPOK B IPOLIECCE NHKEKIIUU
4yepe3 SMUTTEPHBIN IEPEXO]] CO3MAET TOK 1, ,. ONHOBPEMEHHO Y€PE3 DMUTTEPHBIN MEpe-
XOJ] IPOMCXOJUT MHKEKLIUS IEKTPOHOB U3 0a3bl B SMUTTEP, CO3AIOUIMX TOK /, ,. B 00-
JaCTH SMUTTEPA 3TH HOCUTEIU 3apsi/ia OKA3bIBAIOTCS HEOCHOBHBIMU U PEKOMOUHUPYIOT.
Kpome Toro, yepe3 SMUTTEpHBIN MEPEXOM MPOXOAUT TOK I, pex, CBA3AHHBIN C PEKOMOM-
Haluel HocuTenel B 006JacTh MPOCTPAHCTBEHHOTO 3apsiia. [lomHbiil TOK, mpoTekaroiuit
4yepe3 OMUYECKHM KOHTAKT SMUTTEPA, ONPEIEISIETCS BBIPAXKEHUEM:

L=1,+1,, + 1, pex 4.1)

[Ipy ManbIX TOKax 4epe3 SIMUTTEPHBIN NEPEXO TOMOJIHUTENBHO CIENYET YUUTHIBATh
TOK yTEUKH.

JIBIpKY, WHKEKTHPOBAHHBIE U3 AIMHUTTEpa B 0a3y, YaCTHYHO PEKOMOWHUPYIOT B 00b-
€M€ M Ha MOBEPXHOCTH 0a3bl, CO3aBast TOKM Jpex v, Ipex. s COOTBETCTBEHHO. HekoTopele
WH)XEKTUPOBAHHBIC HOCUTENH 3apsiia JOCTUTAIOT OMUYECKOTO KOHTAKTa 0a3bl M PEKOM-
OMHMPYIOT Ha HEM, 00pasys TOK lpex wou. OCTANIBHBIE HHKEKTUPOBAHHBIE HOCUTEIN 3aps-
J1a TIOXOAT JO KOJJIEKTOPHOTO MEPEX0a U BTATMBAIOTCA YCKOPSIOIIUM IIOJIEM MEPEX0a
B 00JIaCTh KOJJIEKTOPA — MPOUCXOIUT SKCTPAKIIMS ABIPOK U3 0a3bl B KOJUIEKTOP MO ACH-
CTBHEM OOpaTHOTO HampsKeHUs. J[BI)KEHHME IBIPOK B IMPOIECCE IKCTPAKIUU U3 0a3bl
B KOJUIEKTOP CO3JA€T TOK /i ,, CBA3AHHBIN C TOKOM I, ,, BEIDQXKCHUEM:

IK.p = [3.p - IpeK.U - [pex.s - [peK. KOH* (42)
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K Toky I, moGaBmsiercst TOK HOcUTeneil 3apsiia, 00OpasOBaBIIMXCS B PE3yNbTaTe
TerIoBoi reHepanuu B 6ase (/s peqn), B KOIIEKTOPE ([ ren), @ TAKKE B KOJUIEKTOPHOM
nepexofie (Zrey). IIpr 1OCTaTOMHO GONBIIMX HAMPSHKECHUSIX HA KOJUICKTOPHOM IEPEXOJie
MPOUCXOUT JABUHHOE PA3MHOKEHHUE HOCUTENEH 3apsi/ia, KOTOPOE MOKHO YUECTh IyTeM
YMHOKEHHsI BCEX MPOXOIANIMX Yepe3 KOJUIEKTOPHBIN MEPEX0] TOKOB Ha KOI(PPHIMEHT
JJABUHHOTO pa3MHOXKEHHUs M :

IK =M (IK.p + 16,reH +IK.I‘eH +IF€H) .

PexuM JTaBUHHOTO Pa3MHOKEHMSI HOCHUTENEH 3apsia B KOJUIEKTOPHOM IIEPEXOMIE HC-
HOJIB3Y€ETCS B JIABUHHBIX TPaH3UCTOpax. JJis TPAH3UCTOPOB JAPYTHX TUIIOB pabouue Ha-
MPAKCHUA Ha KOJUICKTOPHOM IIEPEXOAC HE JOCTUTAIOT 3HAYCHUHN HaIIPpsKCHHA JIAaBUHHO-
ro mpo6os, nosromy M = 1. Torna NOMHEIHA TOK 4epe3 OMMYECKHMI KOHTAKT KOJLUIEKTOpa
BBIpa)kaeTcs GopMysIoi

I = IK.p + Is. ren + L ren + Iren- (43)

Toxut I rey, Ik ren> Iren SIBISIFOTCS COCTABJISIONIMME OOPAaTHOTO TOKAa KOJUIEKTOPHOTO
rnepexoa npyu OTCYTCTBUU MHKEKIIMU HOCUTENEH 3apsaja yepe3 SMUTTEPHbBIA NEPEXO:

IKGO = ]6.reH + IK. ren IFCH'
B PE3YIBTATE AJIA MOJIHOI'O TOKa KOJUICKTOpPA CIIPaBCAJIMBO BBIPAXKCHUC!
I = IK.p + Ligo-

KpOMe TOTO, B COCTaB TOKa KOHJ’IGKTOpa MOFYT BXOIUTHh TOKHU yT CUKHU Ha HOBerHO-
CTH TOJIYITPOBOJIHUKA.

Tok yepe3 oMUYeCKUN KOHTAKT 0a3bl MPEACTABIACT COOON anreOpanyecKyro CyMMy
TOKAa WHXKEKIUH JJIEKTPOHOB U3 0a3bl B IMHUTTEP (13.,,), TOKa PEKOMOHMHAIIMU B 3MUT-
TEPHOM TIEPEXOJIE (]3_peK), TOKOB pEeKOMOHWHAIMU B 6a3ze (Ipem + Ipex_s), 00paTHOTO TOKa
KOJUTeKTOpHOTO Tiepexoa (Lso = Is. ren + . ren + Iren ), @ TAKXKE TOKA HOCUTEIIEH 3apsijia, HH-
JKEKTUPOBAHHBIX U3 SMUTTEpa B 0a3y W peKOMOMHHMPOBABIIUX HA OMHYECKOM KOHTAKTE
6a3bl (Lpex. xon ):

16 = IpeK.U + ]peK.s + IpeK. xon T Ie.n + ]3.peK - 16. TeH IK.I‘eH_ (4 4)
- IreH = dpek.v + IpeK.s + ]peK.KOH + [3.n + Ia.peK - IK6O' .
3HaueHue U HaImpaBJICHHUC TOKa 0assl ONpeacIACTCA COOTHOMICHUEM MEXIAY €ro Co-
CTaBJIIOIIUMU.
W3 Beipakenuii (4.1) — (4.4) ciaemyer BaXHOE COOTHOILIEHUE MEXIY TOKaMH OHUIIO-
JIIPHOI'O TpaH3UuCTOpa:
I =1 +1Is (4.5)

W3 Boipaxkenwuii (4.1) — (4.3) cienyer, 4To TOK KOJJIEKTOpA CBSI3aH C TOKOM AMHUTTEpa
COOTHOIICHUEM
IK = 13 - Ia.n - Ia.pek - Ipek.v - Ipek.s - IpeK‘KOH + 16. ren T IK. ren T IreH =
= 13 - ]s.n - ]s.peK - IpeK.’U - IpeK.s - IpeK.KOH + ]K60>
KOTOPOC MOKAa3bIBACT IMYTH YITYUYIICHUA YIPABIACMOCTU TPAaH3UCTOPA.

Jliig noBblieHust 3pHEKTUBHOCTH yIPaBICHHUSI TOKOM KOJIJIEKTOpa IPUHUMAIOT CJie-
JYIOIIUE MEpHI:
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Puc. 4.2 — Pactipenenenue cTaliioHapHbIX OTOKOB HOCUTEJEH 3apsiia B HOPMAJIbHOM
aKTHMBHOM peXHMe paboThl OMIOISIPHOTO TPAH3UCTOPA

e TOJIIMHY 0a3bl JACNIAIOT HEOOJBIIONW MO CPaBHEHHIO ¢ AU(PPY3UOHHOU IITUHOMN
HEOCHOBHBIX HOCUTEJIEH 3apsja B 0ase, 4To IPUBOIUT K YMEHBLICHHIO TOKA [pe v

® TPUMEHSIOT CHEIUAIBHYI0 00pabOTKYy MOBEPXHOCTH MONYIPOBOAHHUKA TS TIO-
JTy4YeHHs] MaJIOl CKOPOCTH TOBEPXHOCTHOH pPEKOMOWHAIIMH, YTO IO3BOJISET
YMEHBIIUTD TOK fpe o5

e BBIBOJ 0a3bl pacmojiaratoT Ha JOCTATOYHO OOJBIIOM PACCTOSHUU OT dMHTTEPA,
9TOOBI CHU3MTD TOK [pex xons

® IUIOMIAJ b KOJUIEKTOPHOTO Iepexoia JeiaroT 3HAYUTENbHO OOJbIIe IUIOIIAIN
SMHUTTEPHOIO Nepexoa Al NOBbIIIeHUS 3()(HEKTUBHOCTH SKCTPAKLIUKU HOCHUTE-
neit 3apsaa u3 0asbl B KOJIEKTOP.

e 00JaCTh AMUTTEPA JICTUPYIOT 3HAYUTEIBHO CHIIbHEE, YeM 00JacTh 0a3bl, o0ec-
neurBas yMeHbIleHue 7, ,.

o),

......................... ’W',‘A BbIBOﬂbI O

Q

Takum 00pazom, TpaH3UCTOpP Kak YINpaBiseMblil MpuOOp AEHCTBYEeT 3a CYET Co-
3aHKs TPAH3UTHOTIO MOTOKA HOCHUTEJEH 3apsaa U3 SMUTTepa uepe3 0a3y B KOJUIEKTOP
U YIPaBIEHUS TOKOM KOJIJIEKTOpA IIyTeM M3MEHEHMs TOKa AMUTTEpa, TO €CTh SBJIAETCS
npubOpPOM, YIPaBISIEMbIM TOKOM.

Pexxum HacbIWweHus

B pexxuMe HacbIlEHUs 3MUTTEPHBIM U KOJUIEKTOPHBIN IIEPEXOIbl OCYIIECTBISIOT
MHXEKIHUIO JbIpoK B 0a3y. [Ipum 3TOM HE Bce IbIPKH, MHXKEKTHUPOBAHHBIE 3MUTTEPOM
U JOCTUTIIHE KOJUIEKTOPHOIO IEPEX0Ja, 3aXBaTbIBAKOTCS NIEKTPUUECKUM IOJIEM KOJI-
JIEKTOPHOTO Mepexoa. YCIOBHO MOXKHO CUUTATh, YTO HABCTPEUY MOTOKY JIBIPOK U3 0a3bl
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B KOJUIEKTOP UJET MOTOK ABIPOK U3 KOJUIEKTOPA B 0a3y, a TOK Yepe3 KOJIJIEKTOPHbIH nepe-
XOJI OIIPENIEeTISIETCS PA3HOCTHIO 3TUX NTOTOKOB. B peknMe HachIeHus B 6a3€ IPOUCXOIUT
HAKOIUICHHE JBIPOK M UX MHTEHCHBHAs PEKOMOHMHALIMA, U TOK 0a3bl MOXKET OKa3aThCs
CPaBHHMBIM C TOKOM SMUTTEpA.

Pexxnum oTcedkun

B pexume orceuku ob6a nepexosia CMEIIEHb B 00paTHOM HalpaBiICHUU U YEPE3 HUX
TIPOXO/ISIT TOKH, OOYCJIOBIIGHHBIE TMPOIIECCAMU TEIUIOBOM T'e€HEpallMi HOCHTENeH 3aps-
Ja B 00JacTIX SMUTTEpa, 0as3bl, KOJUIEKTOPa, B OOCIHEHHBIX CIOSX p-A-TIEPEXOI0B, Ha
OMUYECKUX KOHTAKTaX, a TaKKe TOKU yTedku. [Ipu gocTtatoyHo OGonbIIMX HaMpsiKEeHU-
SIX Ha IIepexo/iax TPaH3UCTOpa MIPOUCXOJUT JIABUHHOE PA3MHOKEHNE HOCUTENIEH 3apsiaa,
KOTOpPOE COIPOBOXKJIAETCS PE3KUM BO3pacTaHUEM OOpaTHBIX TOKOB.

Tokn TpaH3ucTopa B CTaTUYECKOM PeXmme

Toku yepe3 SMUTTEPHBIN U KOJUIEKTOPHBII Mepexo/ipl Haeanu3upoBaHHOTO Oe3peii-
(hoBOTrO TpaH3UCTOPA COAEPKAT TOJNBKO AU(PPY3MOHHBIE COCTABISIONINE.
DNeKTpOHHBIE COCTaBISIOMUE TU((HY3UOHHBIX TOKOB p-1-p-TPAH3UCTOPA:

U, Ux
6)_1 D ]nlc: NSK eXp( 6)_1 5
¢ ¢

T T

Ina = Ipsy eXp(

i€ Ly = qeSDulyso/Lu, Lisc = qeSDyhpo/L, — dNEKTPOHHBIE COCTABISIOUIME TOKOB Ha-
CBILIICHUSI.
Jpipounbie cocTapmsitomue 1u(Qy3HOHHBIX TOKOB p-n-p-TPAH3UCTOPA:

]ps [ U36 w UK6
Ly, = ———| | exp -1)ch|—]-|exp -1
(W ¢r L, Pr
sh|—|*
L,
]s U36 UK6 w ]
L= —2 -1 - ~1|en|—| |,
) " exp or exp o c L
Sh L_ -

p
rae Iy

= geSDppuo /Lp — JBIPOYHAS COCTABISAIONIAS TOKOB HACBIIICHUS.

[Tonubie nudPy3noHHBIE TOKU Yepe3 SMUTTEPHBIA M KOJUIEKTOPHBIN MEPEXObl p-7i-

p-TpaH3uCTOpa:

[3 :Ina -

P35

I = ~Lyc + L.

4.3 CobCTBEHHbIE CTAaTUYECKMe napamMeTpbl

TpaH3ucTopa

CoOCTBEHHBIMH CTAaTHYECKUMU napamMeTpaMu TpaH3uCTOPAa HA3bIBAKOT 3HAYCHHA TO-
KOB HJIN HﬂHpSI)KCHHIﬁ, a TaK’KC COOTHOLICHUSA MCXKIAY HUMU, OIMPCACICHHBIC IIPU 3a/1aH-

HBIX YCJIOBUAX.
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OndpdepeHumanbHbI KOIDUUNEHT UHXKEKLMN

Kos¢pdunment nHXeKuuu xapakTepu3yeT A0 TOKAa WHKEKIIMU HOCHUTENEH 3apsaa
13 SMUTTEPA B 0a3y B MOJIHOM TOKE SMUTTEpA.

Hugpepenyuanvrolii ko3¢huyuenm undxicekyuu onpeoensemcs OmHo-
WeHueM npupaujeHus moka Hocumenel 3apaod, UHHCeKMUPOBAHHbIX
u3 omummepa 6 06aszy, K NPUpaAueHuI0 NOIHO20 MOKA dSMummepa npu
NOCTOAHHOM HANPAXCEHUU HA KOLIEKIMOPHOM nepexooe.

HuddepennmanbHbiii KO3PGUITUESHT WHXKEKITUN JUTSl p-n-p-TPaH3UCTOPA:

dl,,

d13 Uyg=const

Vp

W3 BbIpaXKeHUN 1)1 TOKOB 1, U I, cnexyer:

1 1
Yp = = , (4.6)
D,n,oL % o,L w
1+ ﬂth — 1+ P th| —
Dypy,L, L, OpLy L,

TIE Oy = GellnMn, Opy = {eW,Pp, — yACIbHBIC IPOBOAUMOCTH 0a3bl M 3MHUTTEPHOH p-
00J1aCTU COOTBETCTBEHHO.

IIpu w << L, Bepaxenue (4.6) ynpomaercs:

(4.7)

Juggepenyuanvroiii koappuyuenm undcekyuu 6cec0a meHvule OUHUYLL, U OJIsl €20
VBenuye U HeoOX00UMO 1e2upo8ams SMUMmep HAMHO20 CUulbHee, yem 6a3y, O no-
JyueHus O, << O, u obecneyusams yciogue w << L,, mo ecmb denamv 6a3y MOHKOU.

AudpepeHumanbHbI KOS PULNMEHT NepeHoca

Koa¢dduumeHnTt nepeHoca nokasplBaeT, Kakasi 4acTh HOCUTENIEH 3apsjia, HUHKEKTHPO-
BaHHBIX U3 AIMHUTTEpa B 0a3y, TOCTUTaeT KOJUIEKTOPHOTO MEepexo/a.
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Juggepenyuanvuviii koaghghuyuenm nepernoca onpeoensiemcs OmHo-
wleHuemM npupaweHusi moka Hocumenel 3apaod, UHICEKMUPOBAHHBIX
6 6azy u 0oCmMucWUX KOIIEKMOPHO20 Nepexood, K NpupaujeHuro mo-
KA UHJICeKYUulU u3 smummepa 6 6azy npu nOCMOSHHOM HANPSIHCEHUU HA
KOJLIEeKMOPHOM nepexooe.

Huddepenumansaeiii  k03QUIMEHT IEepeHoca I p-n-p-TPAH3UCTOPA: Oy,
dl
PK

d[ Uyg=const '
g2 KO

-1

w
W3 BeIpaXXeHUN 1)1 TOKOB [, U I, CIETYET Oy = chL— ,ampu w << Ly:
P
2
1 {w
mrl-=—]. 4.8
awsl-3 (1 (48)
(AR
......................... ’@"2 BblBOﬂbl
)

Jughgepernyuanvroviii koagguyuenm neperoca 6ce20a MeHbule eOUHUYLL, MAK KAK
yacme Hocumenetl 3apsoa, UHIHCEKMUPOBAHHBIX 8 a3y U3 IMUmMmepd, peKOMOUHUpyem.

Dpgexmusnocmo Kornekmopa onpedensemcs OMHOUWEHUEM npupauje-
HUs NOTHO20 MOKA KONLEeKMOopa K NpUupaujeHuro moxka Hocumenetl 3d-
PAOa, UHHCEKMUPOBAHHBIX U3 dIMUmMmepa 6 6asy u 00CMUSUUX KOJLLeK-
MOPHO20 nepexood, npu NOCMOSIHHOM HANPSANCEHUU HA HeM.

O} PeKTUBHOCTD KOJUIEKTOPA ISl p-Nn-p-TPAH3UCTOpA:

dl

d] U, '=const'
PK ~x0

B HOpMansHOM pabodeM pexnme, Koraa OTCYTCTBYET JIABUHHOE pa3MHOKEHHE HOCH-
Tesel 3aps/ia B KOJJIEKTOPHOM Iepexoie, 3¢ (eKTUBHOCTh KouleKTopa o = 1, a B ycio-
BUSIX JIABUHHOTO NMPo00si KOJUIEKTOPHOTO Tepexona ompenensercs Koddduuuentom M
JAaBUHHOTO pa3MHOXEHHUs: o* = M.
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OndpdepeHumanbHbin KO ULMEHT Nepesadm Toka aMmTTepa

Huppepenyuanvrnolii koagpuyuenm nepedauu moxa smummepa npeo-
cmasnsiem coboll OmMHOWEHUe NPUpaujenus mokd KOLLeKmopa K 6bl-

3ea6uemy e2co npupauieHuro moka smummepa npu noOCmoOAHHOM HA-
NPAANCEHUU HA KOJIEKMOPHOM nepexode.‘

dl,

dl. 5 ngzconst.

Juddepenumanbabiii k03QPUIMEHT Mepesadyn Toka IMHUTTEpa orpenessercs aAud-
(dhepeHIMaIbHBIM KOA(GGUIIMEHTOM HHXEKINH, TuddepeHnnanbHbM KoddGummeHTom
nepenoca u 3pPeKTUBHOCTHIO KoJueKkTopa. s TpaH3ucTopa p-n-p-THma:

dly

Ol:d—l3

dl, dl, dl,
= e L9 = o Y. 49
(d[pK d1p3 dl3 ) |UK5:const & Oy ( )

Uyg=const

B HOpMankHOM pabodeM pekuMe NMpU W << L, CIpaBesIMBO NMPUOIMKEHHOE BbIpa-
KEHHUE IS OLIeHKU Kod(uimenTa nepegayn Toka IMUTTEpa:

2 2
1{w o,w 1{w oW
a~|l-=|— x|1- rl-=|—] - .
2\L, OpsLy 2\L 0,,L,

P P>

OunddepeHumanbHbIi KOIHUUNEHT nepeaayn Toka 6asbl

Juggepenyuanvuuiii koa¢hpuyuenm nepedauu moxka 6azvi npedcmas-
Jislem coboll OMHOWEeHUe NPUpauyeHusi MoKa KoLIeKmopa K npupauje-

HUIO MOKa 6a3vl nNpu NOCMOAHHOM HANPANCEHUU HA KOLLEKNMOPHOM Ne-
pexooe:

dl,

d]5 UK{;:const.

C yuetoM cooTHomeHus (4.5) koaddUIMEHT nepenadynd Toka 0as3bl CBSA3aH ¢ KO3(-
(UIIUEHTOM TIepeadyu TOKa IMUTTEPA BhIPAKECHUEM:

g U - X (4.10)
dls\Ug=const 1 —a
OTKyZ1a
ue P

5 (4.11)
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OudbpepeHumanbHbii KO3IUUNEHT Nepedadn Toka Kosnekropa
NPV NHBEPCHOM BKITHOYEHUN

Jugepenyuanvrviii koagppuyuenm nepedauu moxa Koaiekmopa npu UHEEPCHOM
BKIIOUEHUU npedcmagisem coooll OmHouleHue NPUPaujenus MoKa SMUummepa K 6bl36a6-
wemy e2o NpupaujeHur0 MoKa KOLLeKmopa npu NOCMOSHHOM HANPSANCEHUU HA IMUM-
mepHoOM nepexooe:

dl,
dI
[To anamoruu ¢ muddepeHnuanTbHbBIM KO3PGUIIMEHTOM TOKa SMHUTTEPA MOXKHO IIO-
JYYUTh TPUOIMHKEHHOE BBIPAKESHHUE JUTS OIICHKU Kod(uipieHTa nepeaaun Toka KoJuIeKTopa:

2 2
1{w o, W 1{w oW

uyr|l-=|— 1- rl-=—| - )
2\L, OpLn 2\L, OpiLn

NHBepcHbIn anddepeHumanbHbl KO3MPUUNEHT nepenaym Toka
basbl

oy .
U,g=const

Hnsepcuwiii ouppepenyuanvrovlii koaghgduyuenm nepedauu moxa 6azvl npeocmaesis-
em coboll OmHOWeHUe NPUPAeHUss MOKA dSMummepa K npupaujeruro moka 6asvl npu
NOCMOSHHOM HANPAJICEHUU HA SMUMMEPHOM nepexooe, K020a mpau3ucmop padbomaem
dl,
d[ﬁ U36:const'

C yueroMm cooTtHouieHus (4.5) uHBepCcHbIN K03 (UIIMEHT nepeaayu Toka 0a3bl CBs-
3aH ¢ KOA(QPHUIUEHTOM Iepesadr TOKa KOJUIEKTOpa MPH MHBEPCHOM BKIIOUEHHH BbIpa-
KECHUEM:

68 UHBEPCHOM AKNMUBHOM pedcume. B[ =

dl, a
~d- = ) 4.12
BI d[6 U,g=const 1- oy ( )
OTKyZa
B:
- : 4.13
H 1+ ( )

MapameTpbl pexnma oTCeYku

B kauecTBe COOCTBEHHBIX CTATHUECKHX I[apaMeTPOB TPAH3UCTOPA B PEKUME OT-
CeUKH OOBIYHO HCIONB3YIOT 3HAYEHHUS TOKOB SMUTTEpa U KoJuiekropa. M3-3a BIUSHUS
OJTHOTO Tepexojia TPAH3UCTOPA HA JPYrod 3TH TOKU HAXOIAT MPU ONPEICICHHBIX YCII0-
BUSIX BKJIIOUYEHUS TpaH3ucTopa. Ilpu obosnauenuu moxog nepexo0o8 ucnonvb3yiom mpu
OVKBEHHbIX UHOEKCA, Nepablll U3 KOMOpPbIX onpeodensem MoK MmpaH3ucmopd, mopoul —
cXemy KIIOYeHUs. MPAH3UCmMopa, a mpemuii — yCl108uUs onpeoeneHus mokd.

Hauanvneimu mokamu nepexo0os nazwléaiom 3HayeHus moKos npu 06-
DPAMHOM HANPANXCEHUU HA KAKOM-TUOO nepexooe mpaH3ucmopa npu
VCI08UU, YO HANPAJICEHUe Ha OPY20M nepexooe pagHo Hyo, Mo ecib
Ha epanuye nepexooa MpaH3ucmopa u3 aKkmueHO20 PeHCUMa 8 PeHCum
omceuKu.
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HOCKOJ’II)Ky HaYaJIbHBIC TOKHU IIEPEXOJ0B AJOBOJILHO MaJIbl, HAIIPAKCHUC HA IICPEXOAC,
PaBHOC HYIIO, JOCTHIaCTCA IIYTEM KOPOTKOr'0 3aMbIKaAaHUA COOTBETCTBYIOIIETO BBLIBOIA
TPaH3HUCTOpPa C BBIBOAOM 0as3ml.

Hauanenvimu mokamu nepexooog asusitomcsi: Il — mok amummepa
MPAH3UCMopa, Ko20a 3MUMmepHbulll nepexo0 HAX00Umcs noo oopam-
HbIM  HANPANCEHUEM, A KONIEKMOPHbIL Nepexo0 KOPOMKO3AMKHYM,
L« — MOK KOeKmMopa mpaH3ucmopd, K020a KoLLeKMOpHbIL nepexoo
HAXoo0umcs 00 0OPAMHBIM HANPANCEHUEM, d IMUMMEPHBIU Nepexoo
KOPOMKO3AMKHY M.

HpI/IHI/IMa}I BO BHUMAaHUEC YCJIOBHS OIPECACIICHUA HAaYaJIbHBIX TOKOB IIEPEXOI0B, HaﬁHeMZ

-1

w
Ly = 1, =l + Ips th|{ — 5
Ui6=0; —Uss>>Pr Lp
-1
Lok = Ik = Dy + ]ps th
Us=0; —Uxs>¢r ‘D
HauanbHble TOXKU NEPEXO0J0B CBA3aHbl COOTHOIICHHUEM!
lsoc = O (414)

1100 obpamuviMu mokamu nepexo0o8 Mpan3ucmopa NOHUMAOM 3Hd-
YeHUsl MOKO8 4epe3 KAKOU-TUb0 u3z nepexooos npu 0Opamuom Hanpsi-
JHCEHUU HA HeM, K020d MOK 8 OOHOM U3 08YX OCMABWUXCS 8blBO00E
pasen wynio.

C yuemom cxemvl 6KIIOYEHUSL MPAHZUCIOPA 0OPAMHBIMU MOKAMU Ne-
PEX0008 ABIAIOMCAL:

— Lyg0 — MOK aMummepa mpaH3ucmopa, 8KIHYEHHO20 No cxeme ¢ 00-
wetl 6a3ou, Ko20a dSMUMMEPHBIL Nepexo0 HAX0OUMCcs no0 0OPAMHBIM
Hanpsicenuem, a MoK KowLeKmopa pagex Hyo;

— I0 — MOK KOLIEKmMOopa mpau3ucmopa, 6KIYeHHO20 No cxeme ¢ 00-
wetl 6a3ou, K020a KoLLeKMOPHbILL nepexo0 Haxooumcs nod 0o6pamHvIM
Hanpscenuem, a MoK dIMUmMmepa paseH Hynio;

— L0 — MOK KOLIEeKMopa mpan3ucmopd, Ku04eHH020 No cxeme ¢ 00-
WUM IMUMMEPOM, K020a KOJLLEKMOPHBLU nepexo0 Haxooumcs noo 0o-
PAMHBIM HANPSJCEHUEM, a MOK 6a3bl pageH HYI.

OOparHble U HayaJIbHbIE TOKH MEPEX0I0B TPAH3UCTOPA CBS3aHBI MEXKIY COOOIA:

[K60 = (1 - aaI)IK6K) [360 = (1 - (1(11)1361(,
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1 - ooy 1

Lo = ox = Lo = 1)/s0- 4.15
0 —a 6 —a 60 ([3+)60 ( )

AudbdepeHumanbHoe conpoTMBNeEHNE SMUTTEPHOTO Nnepexoaa

Huggepenyuanvrnoe conpomusnenue smummepHo20 nepexooa Onpeoeisiencs. OmHo-
uilenuemM NpUpauyeHUs HanpaXcenus K npupaujeHuIo moKa npamocmeujenHo20 smummep-
H020 nepexooa npu noCMOSIHHOM HANPAXCEHUU HA KOJLIeKIMOPHOM nepexooe:

dUs
ST

Uyg=const

B HOpManbHOM akTuBHOM pexume: 1/r, ~ (1/¢r) [19 + L (1 - oc)]m L/dr, oTkyna

o
y N . 4.16
ey (4.16)

B uactHbix ciyuasix, korna U, = 0, 0 7, = ¢7/Ls, a xorma I, = 0, 0 7, »

~ or/(Lec(1 - a)).

4.4 Mopenb 36epca-Monna 6unonapHoro TpaHaucTopa

HCHOHB3Y§I Ha4aJIbHBIC TOKH IICPCXOOA0B, YPABHCHHA TOKOB SMHUTTCpPA U KOJIJICKTOpA
MOTYT OBITD MNpEACTaBJICHLL B BUAC!

I, = 136K(exp ( g:) - 1)—(111K6K(exp ( Z:) - 1), (4.17)
I = —IK6K(eXp ( (qj)f) - 1)+0L136K(exp ( Z;) - 1). (4.18)

Ha ocnose nepBoro npasuia Kupxroda:

Is = Lo (1 — @) (exp(%) - 1)+IK6K (1-a) (exp(zlf) - 1). (4.19)

VYpaBuenusam (4.17) —(4.19) cooTBeTCTBYEeT SKBUBAJICHTHAsA cxema pucyHke 4.3, Ha
KOTOpOoW monbl VD1 u VD2 oTpaxkaroT SMUTTEPHBIN U KOJUIEKTOPHBIN nepexoasl. Tok
L = 136K[exp(U36/¢T) - 1] — TOK, MPOTEKAIOIIUI Yepe3 AMUTTEPHBIA IEPEXOM IPH

3aKOPOYEHHOM KOJUIEKTOPHOM miepexofe. Tok 1, x = KﬁK[exp (U/dr) — 1] — TOK, TIPO-
TEKAIOIINI Yepe3 KOJJICKTOPHBIN MEepexo/ MPU 3aKOPOYCHHOM IMHUTTEPHOM TEPEXOJie.
CBs3b mepexosoB vepe3 001acTh 0a3bl MOKa3aHa C MOMOIIBI0 3aBHCHUMBIX HUCTOYHHUKOB
TOKa, YNPABIAEMBIX TOKOM: Oy, 5 U Oylyy .

[TockonbKy B TEXHHMYECKOW JOKYMEHTAIlMM Ha TPAH3UCTOPHI YKa3bIBAlOTCA HE Ha-
yajabHbIe, @ OOpaTHbIE TOKH SMUTTEpA I,50 U KOJIEKTOpa I, TO ypaBHeHUs (4.17)—
(4.19) nenecoobpa3HO MPECTABUTH B BUJIC:

Lyso Uss L0 U
I, = exp -1]-oy exp -11,
1- ooy (l)T 1- ady q)T
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0‘I’pn,.'c O"pn,:a

() )
N\ &
/

15 |/ /
3 n,s n.K K
s 024 : «
l
6
Puc. 4.3 — DxBuBaneHnTHas cxema Mojaenu Doepca-Moita
I g I, .
L= -— exp(U6)—1 ro2 exp(U6)—1 : (4.20)
1- a0y q)T 1- ooy q)T

l1-a Uy 1-a; Ues
Is=1 e —3)—1+IK—e (“)—1.
6 =160 ocou( xp( o7 ) 607 _ aa Xp b7
VYpaBuenusm (4.20) COOTBETCTBYET PKBHBAJICHTHAsI CXeMa PUCYHOK 4.4, B KOTOPOW
TOKM quosioB VDI u VD2 onpenensitorcsi BRIPAKEHUSIMU:

’ U36 ’ U36
I, ,=Leol| ex (—)—1, I, . =ILgsol €x (—)—1.
pn, 60( p o7 ) p-n, 60( p o7

oyl al,
’ IF I
pn,3{>| |<I Pkl K ok

ls

6

Puc. 4.4 — DxBuBaneHnTHas cxema mozenu D6epca-Moma

HCHOCpe,Z[CTBeHHO 10 SKBUBAJICHTHOM CXEME MOKHO 3amucarh YPaBHCHUA:

U,
I, = ]aﬁo(exp (¢—6) - 1)+0£11K,
T

I = ol, —IKGO(eXp((q])K6) - 1), (4.21)
T
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Is =1, - I

Toku sMUTTEpa M KOJIEKTOpa B YpaBHEHUX (4.21) MOXHO BBIPa3HTh Yepe3 TOK Oa3bl:

L= (B + 1)1360(exp ( Z:) - 1)—6116,

I =Bl - (B + 1)]K60(exp ( gf) - 1). (4.22)

VYpaBHeHusAM (4.22) cOOTBETCTBYET KBUBAJIEHTHAs CXeMa PUCYHOK 4.5, B KOTOpOi
TOKU 1onoB VD1, VD2 onpenenstorcsi BoIpaKeHUSIMU:

];—n,a = (BI + 1)]360(6Xp((qi;6) - 1),

L= B+ l)IKﬁo(exp(%) - 1).

Bile Bls
2\ S0
o/ 2/

K K

5 l5 ’pn,3{>| |<=’en,f( % «

6

Puc. 4.5 — DxBuBanenTHas cxema mozaenu Joepca-Mota

VYpaBuenus (4.17) — (4.22) v SKBUBaJICHTHBIC CXEMbI PUCYHKH 4.3 — 4.5 npeacrasis-
10T c000#1 Pa3sHOBUAHOCTH HEJIMHEHHON MH)KEKIMOHHOW Mozaenn D6epca-Morna, cipa-
BEJIJTMBOM ISl BCEX PEKUMOB PabOTHI TPAH3HCTOPA.

HopmanbHbI aKTUBHBIN peXum

I[pu ycnosuu |Uyg| > ¢r u3 (4.21) cnenyer, uto

IK = Oda + IK607 (423)
au3 (4.20) npu a ~ 1:
1 - aoyl,
Usg ~ oy In L 0%D0). (4.24)
1960

Takum 00pa3zoM, 8 akmueHoM HOPMANLHOM pexcume padomvl UOearU3sUpPOBAHHO2O
MPAH3UCMOPA MOK KOWIEeKMOpAd U HANPAICEHUE IMUMMEPHO20 nepexood He 3a8Ucsim
OmM HANPANCEHUS. HA KOJLLeKMOPHOM nepexooe.
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HBEpCHbIN aKTUBHbLIN PEXUM
B unBepcuom pexume Uy < 0, Ug > 0. Ipu yenosusix |Uss| > o7, |Ug| > o7
u3 (4.20) cnenyer:

(4.25)

1 = a0y,
L=y + L, Ugn q>T1n(1 + (L’))

Lis0

Takum 00pazoM, 8 UHBEPCHOM AKMUBHOM pedicume pabomvl UOeAIU3UPOBAHHO2O
MPAH3UCMOPA MOK IMUMMEPA U HANPAICEHUE KOLLEKNMOPHO20 NEpexood He 3a8UCSm
OM HANPANCEHUS HA IMUMMEPHOM nepexooe.

Pexxnm oTceykun

Ob6a mepexoma TpaH3WCTOpAa CMEMIEHBI B oOparHoM HampaBienuu (U,; < O,
U < 0), a ux abCOIOTHBIE BEIMYMHBI TPEBHIIIAOT (3 + 5)¢r, ciemoBarensHo, crpa-
BC/IVTUBBI BBIPAKCHUS

1 1-a

I = —— (~Lygo + 0lg0) = —Logo——,
) 1 —aqy ( 2600 74 60) 500 1 —aqy
1 1 — 0Oy
I, = — (ol + Iig0) = Ligo—,
1— ooy ( 60 60) 60 1_ oo,

KOTOPBIC C YYETOM O ~ 1 n oy ~ 0 YIIPOIIATCA K BUOY:
IK N ]K60; ]3 ~ 0.
Tox 6a3bl B PEXKHUME OTCCUKHU HpI/I6J'II/IBI/ITeJ'II>HO PaBC€H TOKY KOJUICKTOpPA:
Is =1, - I » —I0.

TakuMm 00paszoM, 6 pedcume Omceuku MoK 3Mummepd NPaKmuvecku pPaseH Hyio,
a uepe3 8blBOObI KOIEKMOpa U 6a3vl npomeKkaem oOpammbwlil MoK KOJLIeKMOPHO20 nepe-
x00a I0.

B pexxnMe 0TCeYKH TOKM MUHHMAIIBHBI, & CONMPOTUBIICHHE MaKCUMAIIbHO. DTOT pe-
JKUM HIHPOKO MCIOJIB3YeTCsS B UMITYJIbCHBIX YCTPONCTBAX, IJIe OUIOISIPHBIA TPAH3UCTOP
BBIMOJHAET (PYHKIUHU JIEKTPOHHOTO KIIIOYa.

Pexxum HacbIweHus

BHemHUM mposiBIEHHEM pEeXHMa HACBIIICHHS SBISETCS HEM3MEHHOCTh TOKa KOJ-
JICKTOpa TPU U3MEHEHHH TOKa SMUTTepa U Toka 0asbl. [Ipu 3TOM TOK KoJIeKTopa ompe-
NeNIeTCs TapaMeTpamMu BHeIIHeH 1ienn. [lo BXo/a B PeKUM HACBIIICHUS TPAH3HUCTOP pa-
00TaeT B HOPMAJILHOM aKTUBHOM PEXHUME, JIJIs1 KOTOPOTO CIIpaBeIMBO BhipakeHue (4.23).
[peneGperas B (4.23) cocrapmsttoneii /g, MOXKHO 3amucars: I, = I/a.

Ha rpaHuile HACBIIIIEHHUS BBIOIHACTCS COOTHOIICHUE I, yac = I yac/0l, KOTOPOE MOXK-
HO TIPEJCTaBUTh B SKBUBAJICHTHOU (opme

I Hac
IG.Hac = —. (426)
p
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IIpu nepexooe 6 peowcum HacvlujeHus ysenuderue moka 6asvl He NpueooUum K yee-
JIUYEeHUI0 MOKA KONIEeKmMopd, KOMopblli ocmaemcsi pagHolM moky I y.c, @ KpUTEPHEM
paboThl TPAH3UCTOPA B PEKUME HACHIIICHUS CIIYKUT YCIOBUE

I vac
Is > I5 yac = f) . (427)

[TapameTpoM, XxapaKTepHU3YIOLIUM PEKUM HACBILLEHUS, BISETCS Koagpuyuenm Ha-
ChluyeHUs MpaH3ucmopa, onpeeNsieMblid KaKk OTHOIIEHUE (PaKTHUECKOro TOKa 06a3bl K TO-
Ky 0a3bl Ha TPaHUIE HACBIICHUS:

Is
16‘Hac‘

kac = (4.28)

Torga kputepuii paboThl TPAH3UCTOPA B PEKHMME HACBHIIICHUS MOXHO TPEICTaBUTh
B BUJIC

Is = kHacIK‘%. (4.29)

N3 ypaBuenuii (4.20) ¢ yuetoM Uy, = Uy — U, clieayeT, 4To B peKUME HACHIIIECHUS
CIIPaBEJIMBO BBIPAKCHHE:

B+ kuae (Br+ 1)
B] (kHac - 1) '

U = ¢rln (4.30)

IIpu Toke KoJIEKTOpa, paBHOM HYJIIO, HAIIPSDKEHUE HA TPAH3UCTOPE B PEKUME Ha-
CBILIECHUS] CTAHOBUTCS MUHMMAJIbHBIM, PAaBHBIM OCTAaTOYHOMY HAIPSKEHUIO:

&é1:¢ﬂné. 4.31)

OTO COOTHOLIEHUE UCHONB3YETCA AN SKCIEPUMEHTAIBHOIO ONpeaeseHus Kodphu-
LMEHTa Nepeadyu TOKa KOJIEKTOpa B MHBEPCHOM PEXKHUME.

UK3. oct — q)T In

Hanuuue ocmamounoeo nanpsoicenusi mexcoy KONNeKmopoM U dMum-
mepom A6NAemcs 8axcHeuulel. 0coOeHHOCMbI0 OUNOIAPHBIX MPAH3U-
Ccmopoe.

4.5 Mogynaumns TonwmnHbl 6a3bl

YacTh 00acTu 6a3bl 3aHsATAa 0OCAHEHHBIMU CIIOSIMU JIEKTPOHHO-IBIPOYHBIX TIEPEXO0-
JI0B, IOATOMY 3 PeKTUBHAS TONIIMHA 0a3bl, OTpenenseMast pACCTOSTHUEM MEX1y TPaHu-
IHaMu O6€I[H€HHLIX CJIOCB, BCCraa MCHBIIIC TEXHOJIOTUICCKOMU TOJIIINHBI, OHpeﬂeHHeMOﬁ
PacCTOSHUEM MEXKy METAJUIyprU4eCKUMH IpaHUuLaMU NepexofoB. Tak Kak U3MEHEHHE
HaIpsKEHUA Ha MEPEXO0AC BbIZLIBACT U3BMCHCHHUE €T0 INMPUHBI, TO S(b(i)eKTI/IBHafl TOJIIIN-
Ha 0a3bl 3aBHCHUT OT PEeKHUMa pabOThl OUIIOJIIPHOTO TPAH3UCTOPA.
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Usmenenue sghghexkmusHou moawunsl 6azvl, 00YCI06/1eHHOE USMEHEHU-
eM MOKO8 U HANPSHCEHUNl OUNONAPHO20 MPAH3UCMOPA, HA3bIBACMCSL
Mooynsayuel moauuHsl 6a3ol.

B akTHBHOM pekuMe paOOoThl MIMPHHA OOCTHEHHOTO CJIOSl AMHTTEPHOTO IMEpexoja
Y ee M3MEHEHUS Majbl U HE OKa3bIBAIOT CYIIECTBEHHOTO BIHUSHUSA Ha 3((EKTUBHYIO
TonmuHy 0a3bl. KoMmeKkTopHBIN ke mepexo]] UMEeT CPaBHUTEIHHO OONBINYIO IMTUPUHY
00€THEHHOTO CII0sI, KOTOPask IMOIBEPKCHA OIIYTUMBIM M3MEHEHUSIM ITO]T ICHCTBUEM 3Ha-
YUTEIHHBIX H3MCHCHUN HAINPSHKCHUS KOJUIEKTOPHOTO Tepexoaa. Takum oOpazom, MOIy-
JISIIASL TOJIIIMHBI 0a3bl OMITOJIIPHOTO TPAH3UCTOPA MPEUMYIIECTBEHHO 00YCIIOBIICHA U3-
MEHEHHUEM IIMPUHBI 00ETHEHHOTO CIIOSI KOJUIEKTOpHOTO Tiepexona. CTeneHb MOAYISIIUN
TOJIIIMHBI 0a3bl 3aBUCUT OT COOTHOIICHUS KOHIICHTPAIMA IpuMeceid (YIeIbHBIX COIMPO-
TUBJIEHUH) oOmacteit 0a3pl U KoJuiekTopa. HambompInas cTeneHb MOMYISIANA TOJIIUHBI
0a3bl HAOTIOMAETCS, €CITM KOHIICHTPAIUs PUMECcei B 001aCTH KOJUIEKTOpa 3HAYUTEIIBHO
Oosblie, yeM B 005acTu 6a3bl (Pg >> Pi), TaK KaK B 3TOM ciIydae 0OeTHEHHBIN CIOH KO-
JICKTOPHOTO Tepexojia MPAaKTHUECKU MOJHOCTBIO COCPEAOTOUEH B 0a3e W MpHUpaIieHUs
€ro IIMPHUHBI BHI3BIBAIOT MPAKTUYECKH paBHbIC MpUpameHus dPQPEKTUBHONU TOIIIMHBI
0as3bl.

Moaynsaumns TonwmHbl 6a3bl Npy NPoTeKaHNN GONbLUMX TOKOB

[Tporekanue OONBIIOrO TOKA B KOJUICKTOPHOHW IETH TPAH3UCTOPA CO3JACT 3HAYH-
TEJbHOE TAJICHUE HAIPSHKCHUS Ha 00BEMHOM COTIPOTHBIICHUH KOJUIESKTOPHOTO CJIOS, YTO
MPUBOAUT K MU3MEHEHMIO HANPSKEHHUS HAa O0OCTHEHHOM CJI0€ KOJUIEKTOPHOTO Mepexona
U, CJIEJIOBATENbHO, €ro MHUPUHEL. [Ipy 5TOM yBeanueHHe TOKa SMHUTTEPA BHI3BIBAET POCT
TOKa KOJJIEKTOpA, POCT MaJCHHs HAMPSHKCHHS Ha KOJUIEKTOPHOM CIIO€, YMEHBIIICHHE Ha-
MPsDKEHUST Ha 00CTHEHHOM CJI0€ KOJUICKTOPHOTO TMEPEeX0/ia, YMEHbBIIEHUE IMPUHBI T1e-
pexona u yBenudeHue 3pQPexTuBHON TOMMMHBI 0a3bl. [Ipu ompeneneHHBIX 3HAYCHHIX
TOKa SMUTTEpa HANpsHKEHUE Ha OOCIHEHHOM CII0€ KOJICKTOPHOTO Tepexo/ia CTaHOBHT-
Csl paBHBIM HYIIO, TO €CTh TPAH3HCTOpP OKAa3bIBA€TCS HA TPAHUIC AKTHUBHOTO pexXUMa
U pexuMa HacbilieHus. JlanpHeiiee yBeluYeHne TOKa CMENaeT KOJIEKTOPHBINA mepe-
XOIl B MPSIMOM HAIPABJICHUH, MEPEBOASI TPAH3UCTOP B PEXKHUM HACBIIIEHUS. Paccmom-
penHvlll 3¢ppexm Hocum Hazeanue d¢hghexkma nacviyenus. 3a caet 3pPexTa HaChIICHHS
KOJUICKTOPHBIN TIepeXo]] TPAH3UCTOPa MOXKET BOOOIIEC MCYE3HYTh, YTO XapaKTEPHO JUIS
BBICOKOBOJIBTHBIX TPAH3UCTOPOB, Y KOTOPBIX OOJIACTh KOJIJIEKTOpA SBISETCS cllabosieru-
POBaHHOM.

A dekT Ipnu

Mooynsyus monuwunsvl 6a3bl 10O Oelicmseuem 1eKmpuidecko2o Nnois
KOLIeKMOPHO20 nepexooa Hocum Hazeéaue 3¢gpgexma Spnu.
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H3meneHne HAIIPAKCHUS KOJIJICKTOPHOI'O MEPEXOAa BbI3bIBACT MPHUPAIICHNUE TOJIII-
HBbI 6&3];1, PaBHOC 110 BCIIUMYMHE U IPOTUBOIIOJIOKHOC IO 3HAKY MPUPAIICHUIO TOJIIHWHBI
06GI[HCHHOFO CJI04:

€€y

dw=-dd=—, [ —————
2qu6‘ UK6. oﬁp‘

d|UK6. 06p|> (432)

rae Ny — KOHLEHTpalus JIerupymoluei npumecu B 0aze TpaH3uCTopa.

N3 Beipaxenus (4.32) BUIHO, 4TO 9¢hhexm Dpau gvipasicen mem cuivHee, 4em MeHb-
uie geruyuUHa 06PaAMHO20 HANPANHCEHUs. HA KOJLLeKMOPHOM nepexooe u 4em 6oavuie yoeib-
Hoe conpomugienue 06asol.

Dddexr Dpau uMeeT LBl P MPAKTUISCKU BaKHBIX CICICTBUH.

e li3menenue >(hdekTUBHON TONIIMHBI 0a3bl BIMSET Ha JIONIO0 HOCHUTENEH 3aps-
J1a, UTHXXEKTUPOBAHHBIX U3 AMUTTEPA U JOCTUTIIUX KOJIEKTOPHOTO IMEpexoja.
Uem MeHbIe TONIMHA 0a3bl, TeM Ooiblle Mo Takux Hocurenei. Criemosa-
TEJBHO, TIPU HEM3MEHHOM TOKE SMUTTEPA MOAYJISALIUS TONIIHUHBI 0a3bl TPUBOIUT
K U3MEHEHUIO TOKA KOJUIEKTOpa. DTO 3HAYUT, UTO K0Ihuyuenm nepedauu moxa
amummepa a61emcs QyHKyuell KouleKmopHo20 HANPs*CeHUs, d KOJLIeKMOPHbLl
nepexoo umeem KoHeuHoe ouggepenyuanvroe conpomusieHue.

I[I/I(i)(i)epeHHI/IaHBHOC COIMPOTHUBJICHUEC KOJUICKTOPHOT'O IEpEXoda OIPECACIACTCA
OTHOIICHUEM MaAJIoro nmpupamcHust BCJIUYHNHBI O6paTHOFO HaIpsKECHUA KOJIJICK-
TOPHOTI'O II€EPEXOaa K MaJIOMy IPHUPAHICHUIO TOKa KOJIJICKTOpa IPH ITOCTOSHHOM
TOKE OMUTTEpA:
_ d‘ UK6. 06p|
AT

Jna ouenku nud@depeHInaIbHOr0 CONPOTUBIEHUS KOJUIEKTOPHOTO IEpexona
UCIIONIb3yeTcs hopMyia:

I,=const

2 L2 Uss.o
I ALY (4.33)
€ey 0w vl,

o Mooynayus monuunsl 6a3el NPUBOOUM K NOAGLEHUIO 8 MPAHIUCOPE BHYMPEH-
Hetl 0OpamHoll C643U NO HANPAICEHUIO.

Kosgpgpuyuenm enympenneit oopammuoii césa3u no HAnpINceHuo 8 OUNOIAPHOM
MPAH3UCOpe ONPeoeliemcs: OMHOWEHUEM MAl020 NPUPAUeHUsT HANPAHCEHUS
HA SIMUMMEPHOM nepexooe K ManoMy NpUpauyeHur0 HanpsadceHus Ha Koa1eKmop-
dUys

dUKﬁ 13:const'
OrneHoyHOE BBhIpakeHHE A Kod(hduimeHTa BHYTpEHHEH 0OpaTHOM CBS3U 1O
HATPSHKCHUIO UMEET BUJI:

HOM nepexode npu nOCMoOAHHOM mMoOKe amummepa: g =

€€

S 4.34)
2QeN6|UK6.o6p| (

3HaK «MHUHYC» TOBOPUT O TOM, YTO yBEJIHMUEHHE aOCOIIOTHOTO 3HAYEHUS 00paT-
HOT'O HalpsDKEHUs HAa KOJUIEKTOPHOM IIEPEXO0/IE€ BBI3BIBAET YMEHBILIEHNE BEJINYU-
HBI IIPSIMOTO HAIPSDKEHMSI HA SMUTTEPHOM IIEPEXOJIE.
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e [lockoybKy TEIIOBOM OOpATHBIM TOK AIMUTTEPHOTO MEpexoAa 0OpaTHO MPOIop-
[IUOHAJICH TOJIIUHE 0a3bl, TO U3MEHEHUe KOJLIeKIMOPHO20 HANPSHCEHUS] 8bI3blEA-
en uUsMeHeHue 5moco moka, a Cﬂ€006am€ﬂbH0, u 60szm—aMnepHozZ xapakmepu-
CNMUKU SIMUMmMepHoco nepexoda.

e Moynsius TOMIIHUHBI 6a3bl COMPOBOXKIACTCS M3MEHEHHEM 3apsijia HEOCHOBHBIX
HOCHTENeH B 0a3e Mo JEHCTBUEM KOJUIEKTOPHOTO HANPSHKEHUS, TIOATOMY KO-
JIEKMOPHBILL nepexo0 obradaem Hekomopou Ouphy3uoHHoU eMKoCmbio.

e Moaynsius TONIIMHBI 0a3bl U3MEHSET BpeMs IPOJIETa HEOCHOBHBIX HOCHUTEIEH
3apsfa uepe3 6asy, TO €CTb HanpsdceHue KoLIeKmOopHO20 nepexooa eausem Ha
YyacmomHule C80UCMBAa MPAHIUCMOPA.

e Bcuencreue addexra Dpnu mpu 10CTATOYHO OOTBITUX OOPATHBIX HAMPSIKEHUSIX
Ha KOJUICKTOPHOM Tiepexojie 001acTh 00bEMHOT0 3apsijia KOJUIGKTOPHOTO Tepe-
X0Jla MOXET JIOCTUTHYTh IMUTTEPHOTO nepexona. JlaHHoe siBIeHHe Ha3bIBACTCS
CMbIKAHUeM nepexo008 UIH HPOKoAoM 6a3zvl bunonsprozo mpauzucmopa. Ha-
MPSDKEHUE TIPOKOJIA OIICHUBACTCS BRIPAKESHUEM:

geNew? w2

(4.35)

Un okona — =
b 2ee)  2egolisPs

7€ |l — IMOBMYKHOCTh HEOCHOBHBIX HOCHUTENECH 3apsaa B 0ase; pg — yAeIbHOE
COTIPOTHUBJICHHE 00acCTH Oa3bl.

[Tpu cMBIKaHUU TTEPEXOI0B TPAH3UCTOPA MOTCHIIMAIBHBIA Oapbep IMUTTEPHOTO Iie-
pexojia MOHMKAETCs, BO3PACTaeT TOK IMHUTTEPA, @ 3HAUUT, M TOK KoJuiekropa. [1o BHer-
HUM TpHU3HAKaM CMBIKaHUE TIEPEXO/I0B HAIIOMUHAET MPOOO MM KOPOTKOE 3aMbIKaHUE
YMHUTTEPA C KOJUIEKTOPOM. A61eHue npokoia 6azvl 00bIYHO CONPOBOHNCOAEMC L 8bIXOOOM
MPAH3UCMOPA U3 CIMPOSL Oadice NPU HATUYUU 02PAHUYUMENbHO20 Pe3UCOPA 6 Yenu KO-
JleKmopa, max Kax 3¢)ghexmusHas monyuna 6asvl He 00UHAKOBA HA PA3TUYHBIX YUACH-
Kax u no3momy CMbIKAHue nepexo008 npoucxooum Ha yuacmke, 20e 3@ ekmusHas moi-
WuHa 6azvl MUHUMATbHA. B pesynomame 6 oepanuuennol obracmu npokoia npoucxo-
oum cyujecmeeHHoe 803pacmarniue Mmoka U 8blOeisemcs 3HaUUmenIbHas MOWHOCMb, YMo
npueooOUm K menyiogomy npoooio mpaH3ucmopa.

ConpotumBneHune 6asbl

ComnporuBneHue 0a3bl 75 CKIaIbIBACTCS U3 ABYX COCTABISAIOIINX OOBEMHOIO COMpO-
! "
TUBIEHHS 0a3bl g U JM(P(Y3HOHHOrO CONPOTHBIICHHS 0askl 7'y :

"

r6=r'+r. 4.36
6775

Ob6bvemMHOE compoTHBIIeHHE 0a3bl OINpeNeNsieTcsl B HallpaBlICHUH, MEPHIEHINKYISp-
HOM JIB)KEHHIO HEOCHOBHBIX HOCUTENEH 3aps/ia, MHKEKTUPOBAaHHbBIX U3 SMUTTEpa B Oa-
3y. 3HaueHue 0OBEMHOTO CONPOTHBICHHS 3aBUCUT OT KOHPUTypaluyu U TeOMETPUIECKUX
pa3MepoB aKTUBHOMW, MACCUBHOM M mepudepuueckoi odnacteit 0a3bl, yIeIbHOrO COMpo-
TUBJIEHUS Marepuaia 0a3bl U CONPOTUBIEHUS 0a30BOro KoHTakra. CleqyeT OTMETHUTD,
4T0 00BEMHOE COIPOTUBIIECHUE 0a3bl SIBIAETCS PACHPEAEICHHBIM, OMHAKO JUIl y1oOCTBa
€ro 4acTO PaccMaTpPHUBAIOT KaK COCPEJOTOUEHHOE CONPOTUBIICHHE.
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Jlist uaeanm3upoBaHHOM CTPYKTYpPBI CIUIABHOTO TPAaH3UCTOPA, MPEACTABICHHON HA
pucyHke 4.6, 06beMHO€E COIPOTUBIICHNE 0a3bl OMPEACIAETCS BHIPAKEHUEM:

/ / ’ / p6 1 1 RK 1 R6
7"6:7"61+7’62+7’63=E(2—M}1+W—21HR—3+MT31HR—K , (437)

14 7 4 o o v 3
TIIE 7', I's, U Fgy — CONPOTHBIIEHHs] aKTUBHOM, MACCUBHOM 1 mepudepuyeckoii obnacreit
0asbl.

000&4}‘ L
-

b

Puc. 4.6 — neanu3zupoBaHHas CTPYKTypa CILIABHOTO TPaH3UCTOpa

[Ipr MaybIX TOKaX OCHOBHYIO POJIb B BEIUYHMHE OOBEMHOTO CONPOTHBICHUS Oa-
3Bl UTPAET aKTUBHAsI 00JIACTh 0a3bl, MOCKOJIbKY OHA 00JaacT HAUMEHBIICH TOJIIMHOM.
[Tpu GonpIuX TOKaX Ha HU3KUX YAaCTOTaX 0ObEMHOE COMPOTUBICHHE 06a3bl B OCHOBHOM
oTpesensieTcsl MacCUBHON U mepudeprueckoil oO6macTsaMH, a Ha BBICOKUX YacTOTaX —
nepugeprudecKoil 06aacToio.

Hugpghyszuonnoe conpomuenienue 06a3vl AGIAEMC NAPAMEMPOM, KOMOPbLUL HAPAOY
¢ K0auyuenmom oopammoti cesa3u |\, XapaxKmepusyem HympenHior 0Opammyio cés3b
NO HANPANCEHUIO U ONpeoelsiemcsi OMHOWEHUEM MAlo20 NPUPAWeHUs HanpsaxiCeHus Ha
IMUMMEPHOM nepexooe K MaloMy HPUpaujeHur0 moka KOJLIeKmopa npu nocmosHHOM
mokKe smummepa:

v dUsg
r6 B d[K 13=const.

Juddy3nonHOE conmpoTuBiIeHne 0a3bl CBA3aHO ¢ MapaMeTpaMy OUTONISIPHOTrO TpaH-
3HCTOpPa COOTHOLICHUSIMHU:

" o
76 = Ko ¥ 2(y-a)  2(1-a)

Juddy3noHHOE CONMPOTUBIIEHUE Oa3bl MOXKET OBITh 10CTaTOYHO OoybIIUM. [To3TOMY
Ha HU3KHUX YaCTOTaX CONMPOTHBICHUE 7, KAK MPABHUIIO, 3HAYUTEIILHO MPEBHIIIAET MPUBO-
JTUMYIO B CIIPABOYHHUKAX BEIIMYHMHY OOBEMHOTO CONPOTHBIICHUS 0a3bl r’6.

(4.38)

- %([5 +1). (4.39)
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4.6 Npobon dbnnNonspHbIX TPaH3UCTOPOB

OcHOBHBIMH (haKTOpaMH, KOTOpPhIE OIPaHUYMBAIOT BEIIMYMHY OOpPATHOTO Hampsixke-
HMSI Ha KOJIJIEKTOPHOM II€peXOjie, SIBJISAIOTCS SIBICHHE MPOKosia 06a3bl M MPOOOH KOJIIeK-
TOpHOTo mepexona. Hambonee BeposTHBIMU BHJIAMH Hpo00s KOJJIEKTOPHOTO Iepexosa
SBJISIFOTCS JIABUHHBIN TIP000 ¥ BTOPUYHBINA MPOOOH.

JTaBUHHBIN Npobon

MexaHnu3M JIaBUHHOTO Hp060$I KOJIJICKTOPHOI'O nepexoga 3aBUCUT OT CXEMbI BKIIIO-
YEeHUs TPaH3HCTOPA.

[Tpu BKIIIOYEHUH TPAH3UCTOPA MO cxeme ¢ olmiel 6a3oi mpoOoil TpaH3HUCTOpa HE
OTJIMYAETCs! OT MPOOOs MOITYNIPOBOAHUKOBOTO 1M0/a. TOK KOIIEKTOpa B peXXUME JIaBHH-
HOTO TPO0O0ST ONIPE/IENIAeTCS BHIPAKECHHEM:

IK.J’IaB = MIK =M ((113 +IK60) = OLMI3 +MIK60) (440)

1

1- (UK6/UK60.Hp06)n
psifa B KOJUIGKTOPHOM mepexone; Usso. npos — HANIPSDKCHHUE JTABUHHOTO IPOOOS KOJLUICK-
TOPHOIO IEPEX0Ja TPAaH3UCTOpa B cxeme ¢ oOmiel 6asoi npu I, = 0; oy, = Mo — Ko-
S(I)(I)I/IHI/IGHT nepeaadu ToOKa SMHUTTEpa B PCIKHUMC JIABUHHOI'O PA3MHOXCHUS HoOcHUTeleun
3apsja.

Eciu orpaHuuuTh TOK KOJUIEKTOPA, TO JIABMHHBIHA IIP0o6OH OyaeT 00paTuMbIM.

B cxeme ¢ 00IIUM SMUTTEPOM MPU PA30MKHYTOM Hemnu 0a3bl WM TPH BKIFOUYCHHU
B HEE J0CTATOYHO OOJIBLIOTO CONMPOTUBIEHHS Haphl HOCUTENEH 3apsia, KOTOpble 00pa-
3YIOTCS TIPU JIABUHHOM Pa3MHOKEHUH, Pa3IeIISIOTCS SIEKTPUUECKUAM MOJIEM KOJLIEKTOP-
HOT'O Mepexo/la TakK, YTO HCOCHOBHLIC IJIA 0a3bl HOCHUTEIH 3apsaaa yxondaT B KOJIJICKTOP,
a OCHOBHbBIC — B 6213y. B 6aze CcO3aa€TCA M30BITOYHBII 3apsga OCHOBHBIX HOCHTeﬂeﬁ, BbI-
3BIBaIOH.IPII>i CHUXXCHHUEC IMOTCHIMAJIBHOTO 6apbepa OMUTTCPHOI'O IMEPEX0oJa U POCT TOKa
amutTepa. Tak Kak TOK 0a3bl paBeH HYJIO, TO HOCUTEIH 3apsijia, HHKEKTHPOBAHHbIC W3
SMUTTEPA B 6a3y, MPAKTUYECKU HE PEKOMOMHHPYs, JOCTUIAIOT KOJIEKTOPHOTO TIEPEXO0/IA,
4YTO U NPUBOAUT K CYIHCCTBECHHOMY POCTY TOKa KOJIJICKTOpA.

B cxeme ¢ 0OIIUM SMUTTEPOM TOK KOJUIEKTOPA MPH JTABUHHOM PA3MHOKEHHU HOCHU-
TeJIeN 3aps/ia ONPENEISETCs BEIPAKEHUEM

rme M =

— K03 QUIMEHT JTaBUHHOTO Pa3MHOKEHUSI HOCUTENeH 3a-

(0574 MIK60
I nas = I5+ . (441)
1- (05.Y2 1- Ops
YcioBue BO3HUKHOBEHUS JIABUHHOTO Hp060ﬂ HUMECT BU/
a
Oy = -1, (4.42)
1 UK30.np06
Ux0. ipo6

1€ U0, npos — HAIIPSOKEHHUE JIABUHHOTO MPO00sI KOJUIEKTOPHOTO MEPEX0a TPaH3UCTOPA
B CXeMe ¢ 00muM 3MHUTTEpOM TipH Toke /5 = 0.
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N3 cootHomenus (4.42) cnenyeT CBsI3b HANPSHXKEHUM JJABUHHOTO MPOOOS VISl CXEM
¢ obmIeit 6a30¥ U OOIIMM AMUTTEPOM:

UKa.np06 = Uss. npoo \n/ l-oa (443)

BripakeHue MOKa3bIBACT, YTO HANPANCEHUE NABUHHO20 NPoDOs 6 cxeme ¢ 00uum
IMUmMmMepomM MeHvule, Yem 8 cxeme ¢ obwjell 6aszoll, u mem menvuie, yem OOIbULe KOIGh-
Quyuenm o. u uem meHvue KoIPPuyueHm n.

BTopuyHbIn npobon

Hannuue pa3nuynbix 1eeKToB Ha MOBEPXHOCTU U B 00beMe TPAH3UCTOPHOM CTPYK-
TYpBl SIBJISETCA NPUYUHON HEOAHOPOIHOCTH IPOBOJUMOCTH KPUCTAIa B OTAEIbHBIX
o0nacTax u, CJIEJ0BaTEIbHO, HEPABHOMEPHOCTH IUIOTHOCTHU TOKA.

Hp06012, BbI36AHHBII TOKATbHBIM yeeaudernuem niomrocmu moKka 4epes
KOﬂﬂQKmOprlﬁ nepexoc), HOocum Hasedanue emopuvinoco l’lp060ﬂ.

JloxanpHOE YBCIIMYCHUC TUNIOTHOCTH TOKa NPUBOAUT K JIOKAJIBHOMY Pa3orpeBy, 4TO
00yCIIOBIMBAET:

e YBEJIMYECHUE TEIUIOBOW I'€HEpallMd HOCUTENEH 3apsja B KOJUIEKTOPHOM IIEpPEXO-
JI€, YTO BBI3bIBAET JONOJIHUTEJIBHOE YBEJIMYEHUE JIOKAJIbHON IUIOTHOCTU TOKa
U eule O0IbIINHI JOKaIbHBIA pazorpes. [Ipu 3ToMm TemioBas reHeparyst HocuTe-
Jel 3apsaa MOXKET BO3pacTH HACTOJIBKO, YTO 00JacTh OOBEMHOIO 3apsiia Koll-
JIEKTOPHOTO Mepexojia Ha Y4acTKe JIOKAJIbHOTO pa3orpeBa UCUE3aeT;

® JIOKAJIBHOC YMCHBIICHUC TOJIIIHWHBI KOJIJICKTOPHOI'O IICPCXOad, IMOBBINICHHUC HaA-
MNPSA’KEHHOCTHU IMOJIA U YBCIIMUCHUC yzlapHoﬁ HMOHU3aIl1H. HpI/I 9TOM JOIIOJITHH-
TCJIbHO YBCIIMYUBACTC JIOKAJIbHAA MJIOTHOCTh TOKA U JIOKaJIbHBIN pa3orpeB;

e yBenMyeHHE Kod(duImeHTa mepenayn TOKa SMUTTEpa Ha JOKAJIbHOM y4yacTKe
M3-3a pOCTAa BPEMEHHM JKU3HM HOCHUTENeH 3apspa. [Ipum 3TOM Takke NONOIHU-
TCJIIBHO YBCIIUYMUBACTCA JIOKAJIbHAA IJIOTHOCTh TOKa U JIOKaTBHBIHA pa3orpeB.

[Tpu BTOpHYHOM NPOOOE MPOUCXOAUT PE3KOE YBEIMUEHHE TOKA M YMEHBIICHUE Ha-
HNPsDKEHUS.

Ecnm Tox uepes TpaH3UCTOp MpU BTOPUYHOM MPOOOE HE OTPAHUYECH, TO BTOPUUHBIN
po0oil pHUBENIET K JIOKAJIbHOMY MPOIUTABJIICHUIO 0a3bl TPAH3UCTOPA, B KOTOPOU 00pasy-
€TCsI TOHKasi 00J1aCTh TOTO XK€ THIIA 3JIEKTPOIPOBOTHOCTH, YTO AIMUTTEPA U KOJLIEKTOPA.
[Ipu 3TOM XapakTEpPUCTUKU KaK AMUTTEPHOIO, TaK M KOJIEKTOPHOTO MEPEXO/I0B MOTYT
OCTaTbCs1 HCM3MCHHBIMU, a 3MI/I’IT€pHa$I 158 KOJI.HCKTOpHaH o6nacm OKa)KyTCH SaKOqueHHbIMH.

Ecnu xe Tok yepe3 TpaH3HCTOpP MPU BTOPUYHOM IPOOOE OrpaHUYUTH, TO JIOKAJb-
HBIM Pa30rpeB MOXKET HE IPUBECTH K PACIUIABICHUIO KpUcTauia. B aToM ciydae uHorma
MOJKET CYIIIECTBOBAaTh OTHOCUTEIBHO CTAOMILHOE COCTOSHUE C MAJIBIM TaJICHHEM HaIpsi-
KEHHSI MEXKIY KOJUIEKTOPOM U dMUTTepoM. OHAKO COXpaHEHHE MOJO0OHOTO COCTOSHUS
B TCUCHUC MJIUTCIIBHOIO BpeMeHI/I NN HeOHHOKpaTHBIC HOBTOpeHI/ISI BTOpI/I‘-IHOI‘O HpO-
0051 0OBIYHO MPHUBOAAT K HEOOPATUMbIM M3MEHEHUSIM [1apaMEeTPOB TPAH3UCTOPA B CBS3U
C JIOKaJTM3anuel BEIIEISIONIEHCS MOIITHOCTH.
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OtcytcTBue ne(hEeKTOB B CTPYKTYpE TPAH3UCTOpPa HE TapaHTUPYET OT BO3HUKHOBE-
HUS BTOPUYHOTO MPOo00si, TaK KaK HEPAaBHOMEPHOCTh MJIOTHOCTH TOKA BO3HHUKAET M TTOJI
BIIMSIHUEM TaJICHHsI HAIIPSDKEHUS Ha TIOTIEPEYHOM COTPOTUBIICHUH 0a30BOi 06IacTH pu
MPOTEKaHUHM 0A30BOTO TOKA.

D Beposmnocme 6mopuunozo npobos eo3pacmaem ¢ ygeiuuenuem pabo-

< uyeco nmoKa u HanpisiceHusl Ha KOJUIEKNOPHOM nepexode, TaK KakK IIpu
. 9TOM JIOKaJIU3aluAa BBII[GJ'[?II—OHIGﬁCfI MOIIHOCTH HPOABIIACTCA CUIIBHEC.

4.7 Ctatnyeckne xapakTtepucTukn

bunonsipHbIii TPaH3UCTOP MOXKHO MPEIACTABUTH KaK HEJIMHEHHBIN YETHIPEXTIOIFOCHUK
C KOPOTKO3aMKHYTOH CTOPOHOM, COOTBETCTBYIOIICH 00IIEeMY 3JIEKTPOLY.

DNEKTPUUYECKOE COCTOSTHUE YETHIPEXITOIIOCHUKA XapaKTePU3yeTCsl YEThIPbMsI BEJIH-
YHMHAMH, CBA3aHHBIMH C BXOJJHOM U BBIXOJIHOW CTOPOHAMU: BXOAHBIM HaIpsKeHHEM Uy,
BXOJIHBIM TOKOM [y, BBIXOAHBIM HampsbpkKeHUEeM Up,y Y BBIXOIHBIM TOKOM [ . JIBE U3
YEThIPEX BXOJIHBIX M BBIXOJHBIX BEJIMYMH NMPUHUMAIOT HE3aBUCUMbBIMU, BBhIpaXkasi yepes
HMX JIBC OCTaBIIHECS BEIUYHMHEI.

Cmamuueckue 801bm-amnepHvle XapakmepucmuKy 4emvlpexnoiioCHuKa npeocmas-
JIA0OM COO0U 3A8UCUMOCTNU MEHCOY NOCMOAHHBIMU BXOOHBIMU U BbIXOOHBIMU MOKAMU
U HANPSANCEHUAMU NPU OMCYMCMBUU HAPY3KU 6 8bIX00HOU Yenu. KaXaoMy COYeTaHHIO
HE3aBUCUMBIX BEJIMYMH YETHIPEXIOIOCHIUKA COOTBETCTBYET YEThIPE CEMEHCTBA Xapak-
TEPUCTHK.

VIl Cemericmeo 6xoonwix Xapaxkmepucmux ces3vleaenm moK U Hanpsoice-
< HUe Ha 6xode Npu NOCMOAHCMEe OOHOU U3 6bIX0OHbIX eenuyul. Ce-
[ 3 MeLCMB0 BbIXOOHBIX XAPAKMEPUCTNUK C653bl6aem MOK U HANPId’CeHUe
HA 8bIX00e Npu NOCMOAHCMBE OOHOU U3 6XOOHbIX 6elUHUH. 3asucu-
MOCMb B8bIXOOHOU BEIUHUHBL OM 8XOOHOU YCMAHABIUBAEN CeMelCmB0
xapakmepucmux nepeoadu (nepeoamodnblx XapaKkmepucmuk), a 3a6u-
CUMOCMb 8XOOHOU BEIUYUHBL OM BbIXOOHOU GETUYUHBL ONpedelsiemcs
cemelicmeom xapaxkmepucmux oopamuot céa3u. JIBa U3 4eThIpex ce-
MEHCTB XapaKTePUCTHUK SBJISIOTCS OCHOBHBIMH, a JBA IPYTHX — BTOPO-
CTENIEHHBIMH, (DOPMHUPYEMBIMH U3 OCHOBHBIX ITyTEM IEPECTPOCHUSI.

N3-3a YI[O6CTB3 OKCIICPUMECHTAJIBHOI'O OIMPCACIICHUSA U MMPAKTHUYCCKOTr0 MCII0JIb30Ba-
HUsI OCHOBHBIMU JIA 6I/IHOJ'I$[pHI)IX TPAH3UCTOPOB ABJIAIOTCA CceMeiCTBa BXOJHBIX M BEI-
XOOHBIX CTATHYCCKUX XaPAKTCPHUCTHUK, COOTBECTCTBYIOIIUX CUCTCME COOTHOH.ICHPIﬁ, B KO-
TOpOfI HE3aBUCUMBIMH BEITUUMHAMH SIBISIOTCS BXOJHOMN TOK M BBIXOJTHOE HaIIpsHKCHUEC!

UBX = hl (IBXJ UBLIX) D

4.44
IBLIX = h2 ([Bx: UBLIX) . ( )
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D10 00BACHSAETCSA TEM, YTO MPHU FIKCIEPUMEHTAIbHOM CHATUHU XapaKTEPUCTUK OUIIO-
JSIPHBIX TPAaH3UCTOPOB MOAJEPKAHUE 3aJaHHOTO BXOJHOTO TOKA M BBIXOJHOIO Hamps-
KEHUs peanusyercss Haubosee npocTo. J[eHCTBUTENbHO, B CXeMax ¢ OOLIMM 3MUTTEPOM
1 o01eli 6a30ii BXOIHOH TOK IMPOTEKAET Yepe3 MPSIMOCMEICHHBIH SMUTTEPHBINA ITEPEXOT
TPaH3UCTOPA, KOTOPBIN 00JIaaeT MaJIbIM COIPOTUBIEHUEM, I03TOMY 3aaHHBII BXOIHOMN
TOK JIETKO NOJAEPKUBACTCA ITyTEM IOIKIIOUEHUS MOCIIEI0BATENBHO ¢ BXOAOM OTHOCH-
TEJIbHO OOJBIIOro comnpoTuBieHus. HeobxonnmMoe BBIXOAHOE HAIpPSKEHUE JOCTATOYHO
IIPOCTO MONJCPKUBACTCS PU MTUTAHUH BBIXOJHOW LIENU OT UCTOYHMKA HANPSKEHUS, TaK
KaK BBIXOJHAs LI€Nb TPAH3UCTOPA 00Ja1aeT BBICOKMM COIPOTUBIICHUEM.

Taxkum 00pa3oM, ceMeMCTBO BXOAHBIX XAapaKTEPUCTUK OUIOJIAPHBIX TPAH3UCTOPOB

COOTBETCTBYET 3aBUCUMOCTIM Upy = hgy (1)
B BUIC I5x = fox (Usx)

]BBIX = thIX (UBI:IX) .
Isx=const

Bun crarnyeckux XapakTepUCTHK 3aBUCUT OT Croco0a BKIIIOUEHHUS OHUIOJISIPHOTO
TPaH3UCTOPA.

, KOTOPBIC NIPUHATO MPCACTABIATH
Ugpix=const

,a CEMEUCTBO BBIXOJHBIX XapaKTCPUCTHUK — 3aBUCUMOCTAM
Ugpix=const

CtaTnyeckune xapakTepucTUKn BunonspHoro TpaH3ncTopa,
BKITHOYEHHOIo No cxeme ¢ odLien basom

Ilpu sxatouenuu mpanzucmopa no cxeme ¢ oowett 6azou Iy = 1, Uy = Usg, Ly = I,
UBI)IX = UK6-
Bxoounwle xapaxmepucmuxu TIpeICTaBISIIOT CO00i 3aBUCUMOCTH 1, = fix (Uss)

b
Uys=const

IIpU 9TOM HamnpskeHue Ug SBISETCS MapaMeTpoOM CEMEUCTBA XapaKTEPUCTHUK.

Obwuii xapakmep 8X00HbIX XAPAKMEPUCIUK ONPeOensemcst C80LUCMEa-
MU SIMUMMEPHO20 Nepexo0d, CMEWeHHO20 8 NPIMOM HANPAGIeHUuU, No-
9MOMY BHEUIHe 8X0OHble XAPAKMEPUCIUKIU NOXONCU HA NpsSMble 6emeU
B0IM-AMNEPHOU XAPAKMEPUCMUKU D-N-Nepexood.

CemencTBO BXOIHBIX XaPAKTCPUCTHUK C ILOCT&TO‘-IHOﬁ TOYHOCTBIO COOTBETCTBYCT BbI-
paXeHHUI0, KOTOpOe cienyeT u3 Mojenu Joepca-Moina:

U, Uy
L = L exp(¢—6)—1 — 0L exp(q)—ﬁ)—l . (4.45)

T T

IIpu U = 0 BxomHas cTaruyeckas XapaKTepUCTHKA MPEACTaBIsAET COOOW BOJIBT-
aMIICPHYI0 XapaKTEPUCTUKY p-n-TIiepexoa:

I = L exp(za6)—1 . (4.46)

T

Bxoounasa xapaxmepucmuxa npu U,; = 0 aensiemca epanuyeti 0iis 6cex yemvipex pe-
arcumos pabomul mpanzucmopa (cm. puc. 4.7, a).
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Korma Ko/uIeKTOpHBIN Mepexoi cMelieH B ooparHom HanpasieHud u |Usg| > dr, TO
BBIPQKEHUE JUTS BXOJHBIX XapaKTEPUCTHK MIPUHAMAET BHI

U36 U36
I, = Lys¢ €Xp ( ) — 1 |+alsse ~ Lk exXp ( ) >
¢r br

TO €CTh XapaKTEPUCTUKU CMELIAIOTCS BBEPX. XapakmepHou 0cobenHOCmblo dmux Xa-
PAKmepucmuK A6JAemcs mo, Ymo npu HAnpsA’CeHuUu Ha SIMUMMmMepHoM nepexooe, pagHom
HYI0, 6XOOHOU MOK OMAUYAEMC S OM HYNA U NPUOIU3UMeENbHO pagen moky Is,. Jlns Toro
4yTOOBI BXOJHOM TOK CTaJl paBeH HYJIO, HA SMUTTEPHBIN MEPEX0]] TOHKHO ObITh MOAAHO
OTpHLIATETIbHOE HaNpspKeHue (paboTa B pexKUME OTCEUKH).

Bxoonvie xapaxmepucmuxu 01 paziuyHulX 0OPAMHBIX HANPAANCEHUL
HA KOJLeKMOPHOM nepexooe PAchollodCceHbl 04eHb OIU3Ko opye K Opy-
2y, NO3MOMY NPUHAMO UCHONBL308AMb BXOOHYIO XAPAKMEPUCUK) OJiA
00H020 3HAUEHUsI 0OPAMHO20 KONNEKMOPHO20 HANPSHCEHUSL.

[Ipu cMeleHnn KOJUIEKTOPHOTO TIEpexXoAa B MPSIMOM HarpaBlIEHUH BXOJIHBIE Xapak-
TEPUCTUKUA CMEIIAIOTCS BHU3 OTHOCHUTENBHO Xapaktepuctuku st Ug = 0. 10 00b-
SCHSIETCS TEM, YTO B PEKHMME HACBHIIICHUS KPOME TOKA MH)KEKIMHM Yepe3 SMUTTEPHBII
MepPEeXo/ TeUET BCTPEUHBIN TOK HOCUTENEH 3apsiaa, MHKEKTUPOBAHHBIX B 0a3y U3 KOJUIEK-
Topa. [Ipu MOCTOSTHHOM HANps>KEHUU HAa SMUTTEPHOM NEPEXOAE U YBEIMUYECHUH HPSIMOTO
HaIpsKeHUs] Ha KOJJIEKTOPHOM IE€PEXO0/Ie BCTPEUHBIA TOK YBEJIMYUBACTCS, a MOJIHBIN
SMUTTEPHBIA TOK YMEHBIIIACTCS.

Bbixoouvie xapakmepucmuxu TPeCTaBISIOT c000# 3aBUCUMOCTH Iy = fox (Uss)

b
I,=const

TIPU 3TOM TOK [/, SIBIISIETCS MMapaMEeTPOM ceMeiCcTBa XapakTepucTuk (puc. 4.7, 6).

A f3 UKG >0 UK5 =0 A IK AIS J
b~
K
o l;#0
¥
L —
)
a6k — I,=0
> A >
Uss U
a 0

Puc. 4.7 — CemeiicTBO BXOAHBIX (@) M BBIXOJIHBIX (0) XapaKTEPUCTHK OUTIOISIPHOTO
TPaH3UCTOPA MPU BKJIIOUEHUH C 0011eil 6a3oii
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Obwuii 6u0 3MuX Xapaxmepucmuk onpeoeisiemcss 0OpamHo cmeujet-
HbIM  KOJLIEKMOPHbIM Nepexo0oM, HOIMOMY AHAN02UYeH O0OpaAmHOll
8emeU BONbM-AMNEPHOU XAPAKMEPUCTIUKU P-N-NEPexood.

BeipaxkeHue [uisi ceMelcTBa UACAIM3UPOBAHHBIX BBIXOAHBIX XapaKTEPUCTHK, IOITY-
YeHHOE Ha OCHOBE ypaBHeHM Monenu D0epca-Mouia, UMeeT BUL:

U
I =ol, + Ig| 1 —exp ( s 6) . (4.47)
T

IIpu TOKE SMUTTEPA, PAaBHOM HYIIIO, BBIXOIHAsI XapAKTEPUCTHKA COOTBETCTBYET BbI-
Pa’KEHUIO

I = Lo| 1 = exp ( gﬁ) , (4.48)
T

KOTOPOE MOKA3bIBAET, YTO XapaKTEPUCTUKA IPOXOJUT YEPE3 Hauajao KOOPAUHAT U IIPHU 00-
paTHOM HaIpsHKEHUU Ha KOJUIEKTOPHOM IE€pPeXO/ie Mpe/ICTaBIseT co0oi 00paTHyI0 BETBb
p-n-niepexoa. Ipu |Uys| >> ¢7 TOK KOIEKTOpa MPHHAMAET 3HaYEHHE OOPATHOTO TOKA /g0 .
C pocToM TOKa SMUTTEPA BBIXOJHbBIE XapPAKTEPUCTHKHU CMEIIAIOTCS BBEPX M Iepece-
KatoT och opauHar (U = 0) B Toukax /[ = al,. [Ipu oOparHOM HanpsHKEHUH Ha KOJJIEK-
TOPHOM TIEpPEXO0Jie TIOBEACHUE HICATHM3UPOBAHHBIX BBIXOIHBIX XapaKTEPUCTUK C JOCTa-
TOYHOUW TOYHOCTHIO TIOJUHHSIETCS BEIpOKEHUIO [ = al,+Lg0. BenencTeue addexra Dpnu
yBEJIUYEHHE 0OpaTHOrO KOJUIEKTOPHOI'O HAINPSKEHUs MPUBOAUT K pOCTy KOdhPHUIHEHTa
nepesiaud TOKa SMUTTEPA O, @ BBIXOIHBIE XapaKTEePUCTUKU UMEIOT HEOOJbIION HAKIIOH.
[Tpu mpsiMOM HaNpPsHKEHWH Ha KOJJICKTOPHOM IIEpPEeXojie YK€ NMPH HEOONBIINX €ro
3HAYEHUAX TOK KOJUIEKTOPA PE3KO YMEHBILAETCS, a 3aT€M HM3MEHSET CBOE HaIlpaBJIEHUE
1 OBICTPO BO3PACTAET, UTO OOBSICHIETCA MEPEXOJOM TPAH3UCTOPA B PEKUM HACHIILICHUSI.

Xapaxmepucmuku nepedayu IPeCTABIAIOT COOON 3aBUCUMOCTH I = frep (1)

Uyg=const
(puc. 4.8, @), KOTOPBIM COOTBETCTBYET aHATUTHYECCKOE BhIpakeHue (4.47).

XapakTepUCTUKH Tepelayd B IEPBOM MPUOIMKEHUN MOXHO CUUTATh MPSIMBIMH JIU-
HUsMH. B neficTBUTENbHOCTH KOA(PPHUIMEHT NMEpeaaynd TOKa SMUTTEPA 3aBUCHT OT TOKa
SMUTTEPA, MTOITOMY XaPAKTEPUCTUKU HE3HAYMTEIBHO OTVIMYAKOTCA OT JUHENHBIX. [Ipn
Ui = 0 XxapakTepucTHKa Iepeiaud BbIXOAUT U3 Hadajia KoopauHart. [Ipu oOparHoM Ha-
NPSKEHUU Ha KOJUIEKTOPHOM IIEPEXO/I€ XaPAaKTEPUCTUKU CMEIAIOTCA BBEPX U BBIXOISAT
U3 TOYEK Ha OCH OpPJMHAT, COOTBETCTBYIOIUX OOPAaTHOMY TOKY KOJIJIEKTOpaA lygo-

Xapakmepucmuku 06pCZH1HOL7 cesA3u NpCACTaBIAKOT co0OM 3aBHCUMOCTH U36 =
= foc (Uss) (puc. 4.8, 6).
I,=const

XapakTepucTHKA OOPaTHOM CBS3M MOTYT OBITH MOJYYEHBI U3 CEMEWCTBAa BXOTHBIX
XapaKTePUCTUK ITyTeM rpaMuecKoro MEepecTPOSHUsI M SIBISAIOTCS MOHOTOHHO IaJalo-
IIMMU BeeacTBHE dpdexTa Dpi.

[Ipu yBenrueHuu TOKa SMUTTEPA XapaKTEPUCTUKU CMEILAIOTCS BBEPX, YTO OOBSICHSI-
€TCsl POCTOM I'PaJUeHTa KOHLEHTPAI[MM HEOCHOBHBIX HOCUTeENeEH 3apsa B Oase.
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A "K A U35
UK5 #()

U =0

/ k60

Ia UKG

a o

v

Puc. 4.8 — CemeiicTBa XapaKTepUCTHK Tepenadn (a) u oOpaTHOM CBs3H (0)
OUITONISAPHOTO TPAH3MCTOPA MPHU BKIIOUEHUH C 001l 6a30i

CraTtnyeckue XapaKTepPUCTUKn 6I/II'IOJ'IFIpHOFO TpaH3UCTOpPAa,
BKJTHFO4YEHHOIO NO cXemMme C obLmm SAMUTTEPOM

[Ipu BKIFOYEHHH TPAH3UCTOPA IO CXEME C OOIIUM SMHUTTEPOM Iy = I, Uy = Us,,
IBLIX = IK; UBLIX = Uka-

Bxoouvle xapaxmepucmuxy npeCTaBISIOT co00i 3aBucuMocti I = fox(Us,)

9
Uy =const

IIPU 3TOM HaINpsDKEHHE SBISIETCS MapaMeTpoM ceMeicTBa XapakTepucTuk (puc. 4.9, a).
Hcnonp3ys ypaBHeHUs Monenu D6epca-Moia, BbIpaXKeHHUE I ceMeWcTBa BXOJ-
HBIX XapaKTePUCTHUK MOXHO IIPEJCTaBUTh B BUJE:

16:&60%[(%+exp(g§))exp(g§)_(%+l)} 4.49)

[Tpu Uy, = 0 Beipakenue (4.49) npuHuMaeT BU

,6:,@0&(&H)lexp(%)_l], .50

B+P,+1\P ¢r

OTKyJla BUJIHO, YTO BXOJIHAsI XapaKTEPUCTUKA SIKBUBAJICHTHA XapaKTEPUCTUKE p-n-IIEPeEXoa.

Ecmu Uy, < 0, To TOK 06a3bl yMEHBIIAETCS, BXOJHbIC XapAKTEPUCTUKU CMEIIAIOTCS
BHH3 H HE MPOXOJSIT Yepe3 Hayano koopauHatr. Kpome toro, npu (—U,) > br BXOqHbBIC
XapaKTEPUCTUKU PACIOIOKEHbI OYEHb ONM3KO APYT K APYTY, MOATOMY JUIsl HUX MOMKET
OBITh HUCIIOJIB30BAHO OHO 0O0IIee BhIpaKEHHE

16 ZIK(;()% I:%(exp(gia)—l)—ll (451)

W3 Boipaxkenus (4.51) cnenyert, uro npu I; = 0 HanpspKeHWE Ha SMUTTEPHOM Iepe-

U 1 br1 o,
xone Us, = ¢rlin m~ —1k60-

Br

Br+P

), a ipu U, = 0 Tok 6a3bl I5 = —I50
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A f5 UK3 S0 A "K /5 A //
Ugs =0 ,
//
K I #0
.___'___,_—’
//
__._______/
) g =0
~— > Y >
- Uss 7\ Uka.ocm Uks
K60
a 0

Puc. 4.9 — CemeiicTBO BXOMHBIX (@) ¥ BBIXOJIHBIX (0) XapaKTEPUCTHK OUITOJISIPHOTO
TPAH3UCTOPA MPU BKIFOUECHUH C OOLIUM SMHUTTEPOM

Buvixoonvie  xapaxmepucmuxku  TpenCTaBIAIOT coOOM  3aBUCHUMOCTH [, =

= fox(Uso) , TIPU 3TOM TOK [ ABISIETCA MapaMeTpPOM CEMENCTBA XapaKTEPUCTHUK
Ig=const

(puc. 4.9, 0).

OO11ee BeIpaKeHHE JUISI CEMEWCTBA BBIXOIHBIX XapaKTEPUCTHUK, IMOJyYSeHHOE Ha OC-
HOBe Mojenu DOepca-Moiia, MOXKET OBITh IPEACTABICHO B BUJE:

61[616 + (F) + I)IKGQ]—[ﬁ(ﬁ + 1)]6 + B](B + 1)1K60]6Xp %

T

I = : (4.52)
B+ B U
+Pex
I P o7
IIpu I = 0 BEIXOAHOM XapaKTEPUCTUKE COOTBETCTBYET ypaBHEHUE
UK3
l-—exp| —
T
IK = [3[([3 + 1)IK60 U , (453)
+Pex °
Pr + Pexp o

13 KOTOPOTO CJIENYET, YTO XapaKTEPUCTHUKA BBIXOAUT U3 Hadala KOOPIWHAT U C YBEIUYe-
HreM HanpspkeHus U, TOK KojutekTopa Bo3pacraet 10 Beuuusbl [, = (B + 1)lgo = Leo.

Ecnu Tok 6a3bl 6omblie HyIs, TO ipu HanpspkeHuH Uy, = 0 TOK KOJUIEKTOpa SBISIETCS
OTPUIATEIHHBIM U MPUOTUZUTEIBHO PABHBIM TOKY 0a3bl:

Le-P paor (4.54)

B+ P
a 3TO O3HAYACT, YTO KOJUIEKTOPHBIN IEPEXOJ CMELICH B IIPSMOM HAIPaBICHUU U 4epe3
HEro MPOTEKAEeT MPSIMOH TOK.
C pocrom HanpsixkeHus Uy, NPAMON TOK YMEHBIIAETCS U CTAHOBUTCSI PAaBHBIM HYJIIO

IIpHU HAIIPSKCHUU U, = q) In|1+—- 616 KOTOpPOC€ IIOJYYHJIO Ha3Ba
K. OCT T B[ [316"'([5"'1)[1(60 s
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HHE€ OCTaTO4YHOro HanpspkeHus. [Ipu ycnouu I >> [i5) OCTaTOYHOE HAIIPSKEHHUE IPaAK-
TUYECKHU HE 3aBUCHUT OT TOKa 0a3bl U MOXET ObITh ONPEAETICHO COOTHOIIEHUEM:
1 1
Us.oecr =OrIn|1+— ) =drIn| — . (4.55)
Br oy

ITpu Uy, > Uy oer TOK KOJJIEKTOPHOTO HEPEX0Aa CTAHOBUTCS OOpaTHBIM M CHadaja
pe3ko Bo3pactaet, a npu (—Uy,) > ¢y onpenensiercsi BeIpaKeHUEM:

L= Bl + (B + 1) Lis0 = Bl + Lo0- (4.56)

Ha mosnorom y4actke XapakTepHCTUK TOK KOJUIEKTOPA YBEIMYHBAETCS C POCTOM Ha-
npsokernst Uy, BCIIEACTBUE TMOBBIMICHUS KOAQQHIMEHTa Nepeaayn Toka 0a3bl 3, o0y-
cinoieHHoTo ddexTom Dpmu. Tak kak 3 eKT Dpiau oka3bpIBacT OOJIbIEE BIUSHUE HA
K03((UIMEHT nepeadyn Toka 0a3bl, YeM Ha Kod(pPUIMEHT nepesadn Toka IMUTTEpa, TO
HAKJIOH BBIXOAHBIX CTaTHUECKUX XAPAKTEPHCTUK TPAH3UCTOPA B CXEME C OOLIMM AMHT-
TEPOM 3aMETHO OOJIbllIe, YEM B cXeMe ¢ o01iel 0a3oil.

[Tpu omuHAKOBOM M3MEHEHUH TOKa 0a3bl XapaKTEPHCTUKU PACIoaraloTcs Ha pas-
HBIX PAcCTOSHUSX APYT OT Jpyra: ¢ POCTOM TOKa 0a3bl PACCTOSHHE MEXIY Xapakre-
pUCTHKAaMH CHavaja yBEJIMYMBACTCS, a 3aT€M CHOBA yMeHbIIaeTcs. HepaBHOMEpHOCTh
PacIIONIOKEHUsT XapaKTEPUCTUK CBsI3aHA ¢ M3MEHEHHEM Kod(pQHIMEHTa mepenadl ToKa
0a3bl IPU U3MEHEHHH TOKA KOJIJICKTOPA.

Xapaxmepucmuku nepedayu NPEACTABILIOT OO0 3aBUCUMOCTH I = frep (15)

(puc. 4.10, a).

IIpu Uy, = 0 xapakrepucTuka nepetadyd BEIXOAUT U3 Hadajaa KOOPAMHAT U pacIolIo-
KEHa B YETBEPTOM KBaJIpaHTE.

Ecmu (-Ug) > ¢r, TO XapaKTEepUCTHKA IEpeladd COOTBETCTBYET COOTHOIIE-
Huto (4.56), U3 KOTOPOTO CIENYET, YTO XAPAKTEPUCTUKU BBIXOJAT U3 TOYEK [,o HA OCHU
TOKa U SIBJIIIOTCS. MOHOTOHHO Bo3pacTarolmumu. Poct Hanpspkenust Uy, BbI3bIBaeT cMe-
IIEHUE XapaKTEePUCTHUK Iepelaull BBEPX U3-3a YBEIMUCHHS TOKA [y, IPUUYEM CMEIEHHE
XapaKTEepUCTUK OoJiee 3HAYUTENIBHO 10 CPABHEHHUIO CO CMELICHHEM XapaKTepUCTHK Iie-
penayu B cxeMme ¢ oomiel 06a30ii.

B cBs3u ¢ Tem, uTo ko3P duuneHT § 6onee CyleCTBEHHO 3aBUCUT OT TOKA KOJIEKTO-
pa, 4eM K03 PHUIHMEHT 0., HEIMHEHHOCTh XapaKTePUCTUK Nepe/iaun TPAH3UCTOpa B CXEME
¢ OOIIMM SMHUTTEPOM MPOSBISIETCS B OOJNBIICH CTETICHU.

Xapakmepucmuxu obpammuoil cesA3u TPEACTABISIOT coboi 3aBucumoctd Us, =

= foe(Us) (puc. 4.10, 6).
Is=const
XapaKTepI/ICTI/IKI/I O6paTHOI\/’I CBA3HU ABJIAIOTCA MOHOTOHHO BO3paCTAalOIIMMH, TaK KaK
npu 16 = const YBCIMYCHUC HAIIPSKCHUA UK3 MNPUBOAUT K POCTY I'paAUCHTAa KOHICHTPA-

UM HEOCHOBHBIX HOCHUTENEH 3apsiia B 0as3e, 4To, B CBOIO OYepellb, BHI3BIBACT yBEIUYC-
Hue HanpspkeHus Ug,. [1pu yBenuuennn Toka 0a3bl XapaKTEpUCTHKN CMEIAIOTCS BBEPX.

Uxy=const

4.8 [InHamunyeckne napameTpbl TpaH3nCcTopa

ITpu pabGore B pexume NEPEMEHHOIO CUTHajga OUIOJSPHBINA TPAH3UCTOP OOIanaeT
WHEPLUHUOHHBIMU CBOICTBaMH, OOYCIIOBIEHHBIMH IpOIIECCAMH TEpeHOCca, HAKOIUICHUS,
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Al AU
K Ugs %0 62 le
Ika0
le Uks
Ui =0
a o

Puc. 4.10 — CemelicTBa XapaKTepUCTUK Tiepenadn (a) U oOpaTHOH cBs3HU (0)
OUITONIIPHOTO TPAH3UCTOPA MPH BKIIOYCHUHU C OOIIUM SMUTTEPOM

paccachiBaHUsS HOCHUTEIIEH 3apsiia, a TaKKe Nepe3apsiAkol eMKocTeil mnepexonoB. Eciu
BpeMsl MPOTEKAaHUS YKa3aHHBIX MPOIIECCOB COM3MEPHUMO HIIM MPEBBIMIAET MEPHOA BO3-
JIEHCTBUS CUTHANa, TO YaCTOTy CHUTHaja Ha3bIBalOT BBICOKOH. CleqyeT OTMETHUTh, YTO
IIOHATHUE «BBICOKAs1 4aCcTOTa BO3I[€I>1CTBPI$I» ABJIACTCA OTHOCUTCIIbHBIM.

BapbepHble eMKOCTU NepexoaoB

W3MeHeHus: HanpspKeHU Ha SMUTTEPHOM U KOJJIEKTOPHOM IEepeXoAax TpaH3ucTopa
BBI3BIBAIOT MU3MEHEHMS BEIMYMH HEIOABMKHBIX 3apsii0B B OOCTHEHHBIX CIIOAX MEPEXO-
JI0B, CIIEI0OBATENIbHO, JIEKTPOHHO-BIPOUHBIE TIEPEX0/Ibl TPAH3UCTOPa 001a1a0T 6apbep-
HBIMH €MKOCTSIMHU.

BbapbepHble eMKOCTH SMUTTEPHOTO U KOJUIEKTOPHOT'O IEPEXO/I0B B paboUeM pekume
OLIEHHBAIOT SMIIMPUUYECKUMH COOTHOILIECHUSAMMU:

qe€€0
C3‘6ap = (195 - 197)S3 —N6a CK.6ap = SK

24y

Xomsa S, > S,, obviuno bapvepHas eMKOCMb IMUMMEPHO20 Nepexo0d 8 HeCKONbKO
pas bonvue 6apbepHoli eMKOCHU KOLIEKMOPHO20 nepexodd, nockonwvky |Uss| > dy.

A py3noHHbIE EMKOCTUN Nepexoaos

V3MeHeHus1 HapsDKEHH Ha MEepPexXo/iaX TPaH3MCTOpa BHI3BIBAIOT M3MEHEHUS BEJH-
YUHBI 3apsa, HHKESKTUPOBAHHOTO B 0asy, CIEIOBaTEIbHO, MEPEXOAbI TPAH3UCTOpa 00-
nagaroT 1uhy3MOHHBIME €MKOCTSIMU.

Juddy3rnoHHas EMKOCTh SMUTTEPHOTO MIEPEX0/Ia XapaKTepU3yeT MpUpaIIeHUue 3apsi-
Ja n30BITOYHBIX HOCUTENEH B 0a3e, BRI3BAHHOE MPHUPAIICHUEM HAIPSHKCHUS HA IMHUTTEP-
HOM TIEpeXoie MPHU MOCTOSHHOM HANpsHKEHUH Ha KOJUIGKTOPHOM TEepexojie:

dQs.

Comp = =
. H .
¢ dU36 Ugs=const
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B HOpMansHOM akTUBHOM pekuMe padoThl 0e31pei(hoBOTO TpaH3UCTOPA TIPH yCIIO-
BHAX W << L, |Usg| > ¢ 1 v ~ | cripaBenmBo:

N d(1316)| _, d(Ig)‘ I
> A dU36 Us=const 0 dU36 Uyg=const 7"3.

Hugpghysuonnas emxocmos asmummepHo20 nepexooa 3HA4UMeNbHO npe-
80CX00UM €20 OAPbePHYI0 eMKOCHb.

Huddy3roHHast eMKOCTh KOJUIEKTOPHOI'O Iepexo/ia XapakTepu3yeT NpupalleHue 3a-
psila HEOCHOBHBIX HOCHTENIEH B 0a3e, BBI3BAHHOE MOAY/ISALMEN TOIILUHBI 0a3bl KOJJIEK-
TOPHBIM HarpspkeHHeM (3QQeKToM Dpiu) MpU MOCTOSHHOM TOKE IMUTTEpa:

dQs
dUK6

CK‘ aud =

I,=const

H OIIpCACIIsICTCA BBIPAKCHUCM !

2QeN6|UK6|.

Hugpghyszuonnas emxocmov KoNIeKMOPHO20 nepexooa CyujecmeeHHo
MeHbute OUPPY3UOHHOU eMKOCIU IMUMMEPHO20 NePexood.

DTO 0OBACHAETCS Pa3HbIM MEXaHH3MOM BIIMSHUS HANPSHKEHUH SMUTTEPHOTO U KOJI-
JICKTOPHOTO TEPEXO/IOB Ha 3apsiji HEOCHOBHBIX HOCHTENEH B 0a3e: MpuUpalieHue Harpsi-
JKCHUS Ha DMUTTCPHOM IICPEXOAC BIIUACT HA 3apsAd HCIOCPEACTBCHHO, MCHSS KOJIMYCCTBO
HWHKXCKTUPOBAHHBIX HOCI/ITCJICf/'I, TOTIa KaK MPpUPAIICHUC HAIMPSKCHHA Ha KOJIJICKTOPHOM
Tiepexozie BIUSIET Ha 3apsi/i KOCBEHHO Oaroapsi MOAYJISIIMN TOMIIMHBI 0236l (3G dekTy Dpim).

o)

......................... .Wb‘. BbIBO'qu C e et e ettt e

Q

Hugpghyszuonnas emkocms KOAIeKMOpHO20 nepexooa uzpaem omHOCUMENbHO MALYIO
PONb, NOCKONbKY ee 3HadeHue He npesvluiaent 3Ha4eHus OapbepHoli eMKOCmU KOJIeK-
MOPHO20 nepexooa.

HnHamunyeckmnin KoapdunumeHT nepeHoca

TouHble BbIpaXKeHMs JUIsl IHHAMUYECKOro Kodg¢uiueHTa rnepeHoca, MnojrydyaeMble
pelIeHrneM HeCTallMOHAPHBIX ypaBHEHUN Tu(dy3un, SBISIOTCS HEYTOOHBIMU AJIs paK-
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THYECKOTO HCIOJIB30BAaHUS, TIOITOMY IIUPOKOE PACIIPOCTPAHEHHE HAXOAAT pa3IHYHbIC
aNMPOKCUMAIINU STHX BBIPAKECHHH.

JInst Ge3pefpOBBIX TPAH3UCTOPOB HAMOOIIEE MMPOCTOH AIIPOKCHMAIINEH JHHAMHYE-
CKOTO KO3 HIMEHTA SBJISETCS ONEepaTOpHOE U300paKeHHE BUA:

o (p) =

Oy
— 4.58
Tt (4.58)

rae Ty, = Oy (w2 / 2Lé) T — MIOCTOSIHHAsE BpeMeHu Koddduimenta mnepenoca; Lg, Tg—

mudy3ruoHHas AJIMHA U BpeMs J)KU3HU HEOCHOBHBIX HOCHUTENEH 3apsia B 6ase; o, — cTa-

THYECKHUH KOA(DPHUITMEHT mepeHoca, onpeaeIsieMbli MPUOIIMKEHHBIM BhIpakeHUuEM (4.8).
[TocTosIHHYIO BpEMEHH T,, MOXKHO TPEICTABUTH B BUJE:

2 2

w w
= al‘l
2D6 2M6¢T

Ta, = Oy = Oyls, (4.59)
OTKyZa BHJHO, YTO T, NPAaKTUYECKU paBHA CPEJHEMY BPEMEHM INPOJETa HEOCHOBHBIX
HOcCHUTeINeH 3apsina depes 0asy.

Bripaxenue (4.59) roBOPUT 0 TOM, UTO uacmMomHbvle U nepexoonvle XapaKmepucmu-
KU MpAaH3ucmopa YIyyaomcs ¢ ymeHvbuieHuem monyunsl 6azvl. Kpome Toro, Bak-
HYIO0 POJIb MTPaeT MOJBMKHOCTh HEOCHOBHBIX HOCUTENeW 3apsga B Oasze. [lockombky
MOJIBMYKHOCTh DJICKTPOHOB TPEBBIMIACT MOABIKHOCTD JIBIPOK, 051 8bICOKOUACHOMHBIX
MPAH3UCMOPO8 UCNONB3VIOM N-p-N-cmpykmypsi. Harpumep, n3-3a MEHbIICH MOIBIIK-
HOCTH DJICKTPOHOB KPEMHHEBBIC TPAH3UCTOPHI 110 AMHAMHUYECKAM CBOMCTBAM YCTYIAIOT
apCeHU/I-TaJNTUEBBIM TPAH3HCTOPAM.

Omneparopromy nzo0pakeHuro (4.58) COOTBETCTBYIOT aMIUTUTYIHO-4aCcTOTHasI, (pa3o-
JaCTOTHAS M TIEPEXOIHAST XapaKTePUCTHKH BUIA:

1 1
2\ "2 2\ "2

®
ogp(w) =0, 1+|— —a| 1+ = ,
Oy On
®
g, (0) = —arctg| — | = —arctg L ,
U‘)(Xn O

t
a(t) =ay|1-exp|-——/| |,
O

e fo, = 1/ (27, ) — npenensHas yactora Ko3GdUIMEHTa TepeHoca.

Ilpu uacmome @HewiHe20 2APMOHUYECKO20 B030€UCMBUs, PABHOU fq,, AMIIUMYOd
moKa, 00pazo8anHo20 HOCUMENAMU 3aPA0d, UHHCEKMUPOBAHHBLIMU U3 dMummepa 6 6asy
U docmuuumMy KoNIeKMOpHO20 nepexood, 8 \/E pas memnvuie, 4em 8 CmayuoHaApHOM
pedxcume. Kpome mozo, na wacmome f,, smom mox omcmaem no ¢gasze om moka uH-
Jrcexyuu uz smummepa 6 6azy Ha 45 an. epad.
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Paccmotpennas anmpokcumanus kodp@uineHTa nepeHoca MpUBOANUT K ITOTPEITHO-
CTH Ha Ha4yaJIbHOM y4YacTKe TIepEXOIHOM XapakTepucTuku. [lepexoqHas XxapakTeprcTuka,
COOTBETCTBYIOIAsl TOYHOMY OIEPAaTOPHOMY H300pakeHHI0 KO3((HUIMEHTa MepeHoca,
XapaKTepU3yeTcsi HECKOJIBKO MEHBIICH TOCTOSIHHOW BPEMEHH T,, U HaJHYHEM HeOOJb-
0¥ 3a7iep KKK Havyajia (poHTA, MOMYUYUBILEH Ha3BaHHUE OuUpY3UOHHOU 3a0EePHCKU.

AvHamMmnyecknin KOaPMUUMEHT NHXKEKLINU

[Tpu paboTe OUIONAPHOTO TPAH3UCTOPA B PEXKUME MEPEMEHHOTO CUTHAja TOK IMUT-
Tepa CKIAAbIBACTCS U3 TOKOB MHXKEKIIMH, TOKa PEKOMOMHALIMU U TOKa CMeIIeHus, 00y-
CJIOBJICHHOTO TIepe3apsAaKoil OapbepHOH €MKOCTH IMUTTEpHOro mepexoaa. Tok cmere-
HUS SMUTTEPHOTO MIEPEX0/1a HE CBA3aH C MH)KEKLIMEH HEOCHOBHBIX HOCUTEINEH 3apsia U3
SMUTTEpa B 0a3y U yBEIMYUBAECTCS C POCTOM YaCTOTHI, BbI3bIBas YMEHblIeHHE K03 du-
LUEHTa WHKEKI[HH.

OmnepatopHoe M300pakeHne TUHAMHYECKOTO KOI(PPHUIIMEHTa WHKEKIIUN OIMpeIes-
€TCsl BBIPAKECHUEM:

_ "
v(p) = T+ pr, (4.60)

rie Ty = 7,C, 6ap ® (P1/1,) Cs 5ap — MOCTOSIHHAS BPEMEHN KOA(DMUIHEHTA HHKCKIHH; Y —
CTaTU4ECKUN K03()(HUIIMEHT WHKEKIINH, ONpeaesieMblil BbipakeHUsIMH (4.6), (4.7).

OmnepatopHomy n3zo0paxeHuto (4.60) COOTBETCTBYIOT aMILIUTYIHO-4acTOTHas, (a3o-
YacTOTHAs M MEPEX0/IHasl XapaKTePUCTUKH BUA:

N
|
N—

1
2\72

w /
v(w)=y[1+|— =y 1+~ :
Wy Iy

dy(0) = —arctg 2 (L), vw-i|i t
J(w)=—arctg| — | =-arctg| =], v(@)=v[l-exp|-—]|,
' Wy Sy | Ty

rne fy = 1/ (2nvy) = 1/ (2nr,C, 6ap) = 1,/ (287 C, 650p) — HpesienbHAS YaCTOTA KOIPDH-
LUEHTA UHIKEKIUH.

BeipaskeHus [J1s1 TOCTOSHHOM BPEMEHH U NPEAEILHON YacTOTh KO PHIMEHTA UH-
JKEKLUH [TOKA3LIBAIOT, YTO YACHOMHbIE U NePEeXOOHble CE0UCMEA MPAH3UCTIOPA YIYYLLd-
I0MCsL ¢ Yy8enudeHueM moka omummepd.

KoadhdomumeHT nepegaym Toka ammtTepa

OmneparopHoe M300pa’keHNEe TUHAMUYECKOTO KO3 QHIMEHTa Tepeaadn ToKa SMHT-
Tepa MpEACTaBIsAeT cOOOW MPOU3BENCHHUE ONEPATOPHBIX M300pakeHHH KO3 PHUIMCHTA
MHXXEKUIUH, Kodpduunenta neperoca u 3PPeKTUBHOCTU KOJUIEKTOpa

a(p) =v(p) - an(p) - @* (p). (4.61)

[pu stoM Y(p) XapakTepu3yeT WHEPIMOHHOCTH MEepe3apsaKi 0apbepHON eMKOCTH
IMHUTTEPHOTO Tepexoa, o, (p) OTpakaeT KOHEYHOE BpEeMsi MPOJIETa HOCHUTENCH 3apsiia
uepe3 6asy, 0" (p) CBsI3aH ¢ KOHEUHBIM BPEMEHEM IIPOJIeTa HOCUTENICH 3apsiia uepe3 00-
JacTb 00BEMHOTI0 3apsiJia KOJJIEKTOPHOTO epexo/ia U nepe3apsaakoi 6apbepHOi eMKOCTH
KOJUIEKTOPHOTO TIepexo/a.
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Haubonee cymiecTBeHHbIM (aKTOPOM, ONPEAEISIONUM JUHAMUYECKUE XapaKTepH-
CTHKH, SIBJIIETCS MHEPLUOHHOCThH MpOJIeTa HEOCHOBHBIX HOCHUTENEH 3apsa uepe3 0asy,
MO3TOMY MOKHO CUHTATh:

a
a(p) = ———, (4.62)

1 +prg,
IJe O = YO — CTaTU4ecKuil ko3(pPUIMEHT nepenaun TOKa SMUTTEPA; Ty = Ty, = Oyls &

~ w?[ (2Dg) — noCTOSsIHHASL BpeMeHH KOG (HUIIMEHTa epeiadn TOKa IMUTTEPA.
OmnepatopHomy u3zo0paxkeHuto (4.62) COOTBETCTBYIOT aMILTUTYIHO-4acTOTHA, a3o-
YaCTOTHAS M MIEPEXO/IHASI XapaKTePUCTUKH BUIA:

o 2 _% f 2 _%
a(w)=al 1+ (u)_a) =all+ (ﬁ) , (4.63)
¢ (w) = —arctg (mﬂ) = —arctg (fji) , (4.64)
a(t) =a| 1 —exp (—Ii) , (4.65)

e fy = 1/ (271, ) — npenenbHast yactora ko3 duIeHTa mepenayn Toka IMUTTEpA.

AV
......................... ’@":" BblBOﬂbl

Q

Ilpu yacmome @newiHe20 2apMOHUYECKO20 8030€UCMBUsl, PABHOU f,, AMNAUNYOA MO-
Ka KOA1eKmopa 6 \/E pas mMeHvuie, Yem amMnaumyoa moka smummepd, a Omcmasauue
no ¢aze moka KouleKmopa om moka smummepa cocmasnsem 45 sn. epao.

Annpoxcumayus (4.62) u ceasanmnvie ¢ et xapakmepucmuxu (4.63) — (4.65) wupo-
KO UCNONL3YIOMCSL NPU AHAU3E INEKMPOHHBIX CXeM, eCliu (Aa308blil COBUS U 3A0ePHCKA
@pouma moka Koiiekmopa ueparom 6mopoCcmeneHHy0 poib.

KoadhdpuumeHT nepenaym Toka 6asbl

OmneparopHoe H300pakeHUEe TUHAMUYECKOTo KOd(pQHIMEHTa Mepeaayd Toka 0a3bl
OTIPEEIISCTCS BBIPAKCHUEM:

_ o) B
B(p) = a(p)  Tipn (4.66)

TIE Tg = Ty /(1 -a) =1,(1+p)— mocrosiHHast BpeMeH# KO3(bUIHEHTA TIepeiati ToKa 6a3bl.
AMIUTUTYIHO-9aCTOTHAs, (Pa30-4acTOTHAS U MEPEXOIHAS XapaKTEPUCTUKH, COOTBET-
CTBYIOIIIME OTIEPaTOPHOMY H300paskeHHIO (4.66), UMEIOT BHI:

1 1
-2 2\"2
-pl1+ (JJT;) , (4.67)

2

B(w) = B 1+(3)

Wp
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¢p(w) = —arctg (mﬂﬁ) = —arctg (]]7;) , (4.68)

B(?) = B(l —eXp(—é) ) (4.69)

rae fs = 1/ (2ntg) = (1 - a)fe = fo/ (1 + B) — npedenvnas wacmoma xosppuyuenma ne-
pedauu moxa 6azvl, na KOMOPOLl AMATUMYOA 2aPMOHUECKO20 MOKA KONIeKmOopd 6 /2
paz MeHbule, YeM AMAIAUMYOa 2apMOHUYECKO20 MOKA 6a3bl, d omcmaeanue no gasze
moka Koliekmopa om moka 6asei cocmagisem 45 a1. 2pao.

(VG
......................... ’@":‘! BblBOﬂbl

Q

W3 BeIpakeHuii 11 fg ¥ Tg CIEYET, UTO Koagpuyuenm nepedayu moxka bazel oona-
oaem XyOuuMu 4acmomHbIMU U Nepexo0OHbIMU XaAPAKMEPUCMUKAMU, YeM KOdduyuenm
nepedauu moka s3mummepa.

Yacmoma capmonuuecko2o 8030elicmeausi, Ha KOMmopou Mooylb Koaghguyuenma ne-
peoayu moka 6azvl pasex eouHuye, HOCUM HA38AHUE SPAHUYHOU YACTNOMbL:

a
O = wpy/ B2 — 1~ wpf = P (4.70)

4.9 JlnHenHble mogenu BUNonapHOro TpaH3ancTopa

BunonapHbIN TPaH3UCTOP KakK NIMHEWHbIN YETbIPEXMOSTHOCHUK

ManocursaipHble MPUPALICHUS] TOKOB U HANpsSOHKEHUH OUMOJSIPHOTO TpaH3UCTOpa
CBSI3aHBI MEXIY c000# JMHEHHBIMU (DYHKIIUSMH, YTO MO3BOJISIET paccMaTpuBaTh TPaH-
3UCTOP B PEKUME MAJIOro CUTHaJa KaK JIMHEWHBIN YEThIPEXIIOIIOCHHUK.

Jlnst Hambosee pacmpoCTpaHEHHOM CHUCTEMBI COOTHOLICHUH MEXKIY BEIMYMHAMHU
TPaH3UCTOPA KaK YETHIPEXIIONIOCHUKA, onpenenseMoil GyHkiusamu (4.44), B mamocur-
HaJIbHOM pEeXHUME pabOThl CIIPABEATUBO:

dUBX = hlld[Bx + hlZdUBblxa

4.71
dIBBIX = thdIBX + hZZdUBmx- ( )

CoBOKYyITHOCTB KO3(PPHUITUEHTOB /;; CUCTEMBI ypaBHeHUH (4.71) monyuyunna Ha3BaHUE
cucmemul h-napamempos, ONPeNeIsieMbIX BbIPAKCHUSIMU:

i aUBX dUBX i aUBX dUBX |
N e dlp Um0 7 QU AUy =0
o/ BBIX dl BBIX 0/, BBIX dl BBIX
h21 = = h22 =

= = N = = .
0l dlyy |dUn=0 Uy AUyl dlx=0
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Cucrema h-mapaMeTpoB SIBISICTCS CMEIIAHHOW (THOPUIHOI), TaK KakK A-mapaMeTpsl
HMMEIOT Pa3HyI0 Pa3MEpPHOCTb: /j; UMEET Pa3MEpHOCTh COMPOTHUBIEHUS, /iy, — pazmep-
HOCTb IPOBOJUMOCTH, a MapaMeTPhl /1 U Ky SBIAIOTCS O6e3pa3MEepHBIMU.

Ilapamemp hy, npeocmasnsem cooou 6x00HOe CONPOMUBTIEHUE MPAH-
sucmopa, a hy — kosghghuyuenm nepedauu moxa, onpeoensiemvie npu
VCLO8UU NOCIOSIHCMBA BbIX0OH020 Hanpsicenus. [lapamemp hy, npeo-
cmasngem coboil Kodhguyuenm 0Opamuol CesA3u No HANPSHCEHUIO,
a hyy — 8bIXOOHYI0 NPOBOOUMOCMb MPAHZUCMOPA, ONpedensemvle Npu
NOCMOSHHOM 8XOOHOM MOKe.

OCHOBHBIM JOCTOMHCTBOM CHUCTEMBI /-IapaMETPOB SBJISAETCS TOYHOCTb U3MEPEHMUS,
TaK Kak HeoOXOAMMBIE AJISi U3MEPEHHUs MMapaMeTPOB PEXHMMBbI XOJIOCTOTO XOa Ha BXOJE
U KOPOTKOT'O 3aMbIKaHHUS Ha BBIXOJE JIETKO OCYIECTBUMBI.

HuzkouacToTHbIe 3HAYEHUS /-TIapaMETPOB MOXKHO OIPENEIUTh MO0 CTAaTHYECKUM
BXOJIHBIM U BBIXOJHBIM XapaKkTepucTukaM. [l onpeaeneHus Bcex A-napamerpos rpado-
aHAJIUTUYECKUM CIIOCOOOM HEOOXOIMMO UMETh HE MEHEE JIByX XapaKTePHCTUK KaX10To
ceMericTBa. [TapaMeTpel pacCUUTHIBAIOTCS 110 BEJIMYMHAM KOHEUHBIX IIPUPALICHUI TOKOB
U HalpspKeHUH BOIM3H paboueid Touku Tpan3uctopa (puc. 4.11). Ha cemeiicTBe BXOIHBIX
XapaKTEePUCTUK CTPOAT TPEYTOJIbHUK: U3 paboyeil TOUKH «A» MPOBOAAT MpsAMbIE, apa-
JeJIbHbIE OCH a0CLUCC U OCH OPJAUHAT, JO IEePEeCceueHHsl CO BTOPOM XapaKTepUCTUKON
B Toukax «B» u «Cy.

N3 1nomy4eHHOro XapaKTEepUCTUYECKOTO TPEYIOJbHUKA IIOJy4arOT IpUpPAILCHHE
BXOJIHOT'O TOKa IPH MOCTOSSHHOM BBIXOHOM HampspkeHUu (0Tpe3ok «AC»), a Takke npu-
paleHust BXOAHOTo (0Tpe30k «AB») M BBIXOIHOIO HampspKEHUH (Pa3sHOCTh BBIXOIHBIX
HaMpsDKECHUM COOTBETCTBYIOLIMX BXOJHBIX XapaKTE€PUCTHUK) IPU IOCTOSIHHOM BXOAHOM
Toke. Torma

A AUy 4B AUy AB
UUALy ACT T AU Uy — Up
A ,’K
,6 Ny D ’SX
C, "
AIGIJIX 8X
Nex| | /v [ | == ’
Al ?B
| ]
|
" _X : !
8x | | »
T I Ll
» AUspix y  Uks
|

Puc. 4.11 — Onpenenenue A-mapameTpoB OUTIOISPHOTO TPAH3UCTOPA

Ha ceMelicTBe BBIXOIHBIX XapaKTEPHCTHK M3 paboueii Touku «A'» IpOBOAAT BepTH-
KAJIBHYIO IPSIMYIO J0 MEPECEUEHUs CO CIAEAYIOIIEH XapaKTEPUCTUKON U HAXOJAT MpUpa-
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ILEHUs BHIXOAHOTO (0Tpe30ok «A’ D'») 1 BXOIHOro (Pa3sHOCTh BXOAHBIX TOKOB COOTBET-

CTByIOHII/IX BBIXOIHBIX XapaKTepI/ICTI/IK) TOKOB HpI/I IIOCTOSIHHOM BBIXOOIHOM HaHpH)KeHI/H/I.
AIB]:IX A,D ’
Torpa hy; = N
BX Bx ~ 1BX ,
Jlnst onpeneneHus napamerpa /p; U3 TOYKH «A » TMPOBOAUTCS MpsMasi, HapajJielb-
Hast OCH abCIMCC, TAKOM JUTMHBI, 9YTOOBI MOKHO OBLIO OIPEIECITUTD JOCTATOYHOE IS H3-
MepeHus NpHpalleHne BIXOJHOro Toka. Mcronb3ys TpeyronsHuk «A'B'C'», onpenens-

IOT TIPUpAIEHUe BBIXOAHOTO Toka (0Tpe3ok «B'C'») u mpupaleHue BBIXOIHOTO HAps-
'~/ / A‘IBLIX B/ Cl

XKeHHs (0TPe30K «A B'») mpu mocTosHHOM BXOAHOM Toke /. Torna hyy = —— = ——.

AUy A'B

3HaueHus MapaMeTpoB TPAH3UCTOPA, MIPEICTABICHHOTO B BUJI€ YETHIPEXIIOIIOCHUKA,
3aBUCAT OT CXEMBbI €r0 BKJIIOYEHHSI, TOITOMY B O0O3HAYCHHSIX MapaMmeTpoB IUGPOBHIC
MHJEKCHI TONOJIHIIOT OyKBaMH, KOTOpbIe 0003HAYalOT BHIBOJ TPAH3UCTOPA, COOTBETCTBY-
IOLIMN KOPOTKO3aMKHYTOM CTOPOHE YETBIPEXIIOIIFOCHUKA: «3» I CXEMbl BKIIIOUEHUS
C 0o0IIMM AMHUTTEpPOM, «O» I CXeMbl BKIIIOYCHHsI C OOIIe 0a30, «K» A CXeMbI

BKIJTFOYCHHSI C OOITUM KOJUIEKTOPOM.

MarnocurHanbHble 3KBUBAlEHTHbLIE CXEMbl TpaH3UCTOpa

[Ipu pacuere SMEKTPOHHBIX IIETIE TPAH3UCTOP MOXKET OBITh MPEICTABICH SKBHBA-
JICHTHOH 1eTbI0, COepIKalllell MaCCUBHBIC IByXITOMIOCHUKU (JTMHEHHbBIE U HEIMHEHHBIC)
1 3aBUCHUMBIC UCTOYHHWKHU TOKA U HAIPSAKCHUS. CxeMa SKBHBaJIEHTHOM OCIIM HAa3bIBACTCA
CXEMOW 3aMEUICHUS WU KBUBAJICHTHOM CXEMOW TPaH3HCTOPA.

[To cnocoby mocTpoeHus pa3indaroT gopmanvhsie U usuyecKkue IK8UBANIEHMHbIE
cxembl.

CDOpMaJ'II)HI)Ie OKBUBAJICHTHBIC CXCMBbI CTPOAT HAa OCHOBC OIIMCAaHUSA TPAH3UCTOpa
C MOMOILBIO YPABHEHUHN YETHIPEXIOIOCHUKA. DOopMasbHasi 3KBUBAJICHTHAs CXeMa s
CUCTEMBI A-TIapaMeTpOB Ipe/CTaBlIeHa Ha pucyHke 4.12.

I I,
«—0
A A

Ui By U,
T 1) hyy
N/
~/12Us
O ® ® O

Puc. 4.12 — ®opmanibHast S5KBUBAJICHTHAsI CXeMa OUIOJISIPHOTO TPAaH3UCTOPa B CHCTEME
h-napameTpoB

ITaccuBHBIMHU 3JIEMEHTAMH SKBHUBAJICHTHOM CXEMBI SBIISIOTCS BXOOHOC COIIPOTHUBIIC-
HHUC M BbIXOJHAad MPOBOJUMOCTH TPAaH3HUCTOpA. 3aBUCUMBINA MCTOYHHUK TOKA XapaKTepu-
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3yeT YCHJIMTEIIbHBIE CBOMCTBA TPAH3UCTOPA. 3aBUCUMBIM MCTOYHUK HAMPSKEHUS Xapak-
Tepu3yeT 00paTHYIO CBA3b.

Henocratkom QopManbHBIX 5KBUBAJICHTHBIX CXEM SIBISETCS TO, YTO UX MapaMeTphl
OKa3bIBAIOTCS Pa3HBIMHU JI PA3IMYHBIX CXEM BKJIIOUEHHUS TPAH3HCTOpPA, OTCYTCTBYET
CBS3b IAPaMETPOB CO CTPYKTYpOH M TEXHOJOTHMEW M3TOTOBICHUS TPAH3HUCTOpA, a 3a-
BUCHUMOCTh MapaMETPOB OT PeXUMa pabOThl U TEMIEPaTyphl CIOKHA. ITUX HEAOCTAT-
KOB JIMIIEHBI (DU3UYECKUE DKBUBAJICHTHBIE CXEMBI TPAH3UCTOPA, KOTOpPbIE (hOpMUPYIOT
Ha OCHOBE MAaTeMAaTHYECKOTO OMHCAHMUA (U3MYECKUX TMPOILIECCOB B OTIEIbHBIX YaCTAX
CTPYKTYpPBI TPAH3UCTOPA.

Haubonee pacnpocTpaHeHHBIMU (PU3NISCKUMHU MAJIOCUTHATBHBIMU DKBUBAJICHTHBI-
MU CXEMaMHU TpaH3UCTOpa SBISIFOTCS T-o0pas3Hasi Hu3kouactotHas (puc. 4.13, a) u T-
oOpasHas BeicoKko4acToTHas (puc. 4.13, 6) PKBUBAJICHTHBIE CXEMBI.

Ha Hu3kouacTtoTHON 3KBHUBalIeHTHOH cxeme (puc. 4.13, @) SMUTTEpHBIN U KOJUICK-
TOPHBIA TIEPeXO[bl MPEACTaBlIeHbl AU GEPeHINATHHBIMU COMPOTUBICHUSIMU 7y U Fy.
Dddexr mepemaun SMUTTEPHOTO TOKA B IEMb KOJJIEKTOpA IMPEICTABICH 3aBHCHUMBIM
HWCTOYHUKOM ToKa o.f,. BHyTpeHHss1 oOpaTHasi CBSI3b MO HAIPSKEHHUIO BCJIEICTBUE MO-
TYJSIIIAN TOJIMHBI 0a3bl OTPa’kK€HA BKIIOYCHHEM 3aBHCHMOTO MCTOYHHUKA HAMPSKEHUS
W Uks B LIETIb DMUTTEPA.

o

a

Puc. 4.13 — ®usnyeckue ManoCUrHajabHbIE SKBUBAJIEHTHbIE T-00pa3Hble CXEMBbI
OUITOJISIPHOTO TPAH3MCTOPA: @ — HU3KOYACTOTHASI; O — BHICOKOYACTOTHAS

Jlisa ynoOcTBa MPaKTHYECKUX PACYETOB 3aBUCHUMBIA MCTOYHHMK HAMPSIKEHUS oy Uyg
U3 cxeM pHUCYHOK 4.13 HCKIIIOYalT, 3aMEHHMB €r0 CONPOTHBICHUEM rg, BKJIFOYCHHBIM
B 1ienb 0asbl (puc. 4.14, a). Torna obuiee conpoTuBiieHre 0a3bl TPAH3UCTOPA CKIIAbIBA-
eTcs M3 JIBYX COCTABIIOLINX: 15 = Fg+7'5, TIE I's — OOBEMHOE CONPOTUBJIECHUE Oas3bl; 7'y —
T Gy3MOHHOE CONPOTHUBIIEHUE 0a3bl, 00YCIOBIEHHOE BIUSHUEM HAIPSHKEHUS Ha KOJI-
JIEKTOPHOM IE€PEX0/ie Ha HaNpsKEHHE SMUTTEPHOIO Mepexoa B pe3ysbTare MOAYISIUN
ToNmKHbI 6a3bl. [Ipy BBeZleHNH B SKBUBaJIEHTHYIO cxemy Iu((y3HOHHOTO COMPOTHUBIIE-
HUsl 0a3pl HEOOXOMUMO OJHOBPEMEHHO 3aMEHHUTHh AU(QPEepeHIInaTbHOE COMPOTHBICHUE
SMUTTEPHOTO TIepPeXo/ia C 7, Ha r,/2, 4TOOBI HE M3MEHUIIOCH BXOIHOE COTMPOTUBIICHHUE.

BricokouacToTHass manocurHanbHas T-oOpa3Hasi SKBHBaJeHTHast cxema (puc. 4.13,
0) TOTIOTHUTEIHLHO COJEPKHUT EMKOCTH SMUTTEPHOTO U KOJUIEKTOPHOTO NIEPEXO0I0B U YUH-
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THIBAE€T 3aBHCUMOCThH KO3((dullMeHTa mepeaayu ToKa 3MUTTEpa OT 4acTOThl. EMKOCTh
SMUTTEPHOTO Tepexoa MIYHTUPYETCS MaJlbIM COMPOTUBIEHUEM 75, TIO9TOMY OHa cjabo
BJIMSIET HA MHEPLMOHHOCTB IIPOLIECCOB B TPAH3UCTOPE U, KaK MPABUJIO, B IKBUBAJICHTHON
cxeme He yuuTbiBaercs. JuddepeHipanbHoe CONPOTUBIEHUE U eMKOCTh KOJJIEKTOPHOTO
Iepexo/ia MOXKHO IPEJCTaBUTh SKBUBAJIEHTHBIM OIIEPATOPHBIM CONPOTUBIECHUEM

z(p)

TAC Ty = CKI"K — HOCTOAHHAas1 BpEMCHHU KOJUJICKTOPHOI'O IIE€PEXo/aa.

4% I

= = 4.72
1 +pCere  1+pt (4.72)

/\-\\aia QB';G
\J \J
i Tk K 66 6 e K
o——__1 l [ H—+—0 O« _}—+— }I—+90
v c
Ie CK * ||_K
r ra
I'e

66 3 °

a 7]

=
(-] |<.)-'"

Puc. 4.14 — ®usnueckue ManocuruaibHele T-00pa3HbIe BEICOKOYACTOTHBIE
9KBUBAJICHTHBIE CXEMBbI OHMITOISIPHOTO TPAH3UCTOpA: d — C AUPPY3UOHHBIM
COINIPOTUBJICHHUEM 0a3bl; 6 — AJISL CXEMBI ¢ OOLIMM 3MUTTEPOM

UYucnoBble 3HAUEHUS MapaMETPOB 3JIEMEHTOB (M3MYECKUX SKBUBAJICHTHBIX CXEM
(puc. 4.13 —4.14) onpenensoTcs BRIPAXKECHUSIMUA COOTBETCTBYIOIIUX CTAaTUYCCKHUX U JIH-
HaMHYECKUX MapaMeTpoB OUIOJIIPHOTO TPAH3UCTOPA.

OKBHUBAJIECHTHBIE CXEMBI, IIPEJCTaBICHHbIE Ha pucyHKax 4.13, 4.14, a, cnpaBeniu-
BBI 15 JIFOOOW CXEeMBI BKITIOUEHHS TPAH3UCTOPA, OAHAKO HamOojee ymMOoOHBI ISl CXEMBI
BKJIIOYEHMsI ¢ o0miel 0a3oil. J{s cxem BKIIIOYEHHs TPaH3UCTOpa ¢ OOLIMM 3MUTTEPOM
1 OOIIMM KOJUIEKTOPOM BXOJHBIM TOKOM SIBJISIETCS TOK 0a3bl, IOATOMY Ui 3THX CXEM
yaoOHee MCMOJIb30BaTh SKBUBAJICHTHYIO CXEMY, B KOTOPOM 3aBUCHMBIH MCTOYHUK TOKa
yIpaBIIsieTCsl HE TOKOM 3MUTTEpa, a TOKOM 0a3bl (puc. 4.14, 6). ITapameTpbl 3J1eMEHTOB
KOJUIEKTOPHOM IIeTIN SKBUBAJICHTHBIX CXeM pUCYHKH 4.14, 6, u 4.13, 6 cBA3aHBI COOTHO-
LIEHUSIMU:

* I8 * CK
VK(p):VK(l—(X(p)): PR Y2R N, Cx(p):—:CK(1+B(p))
1+p(p) - a(p)

OKBHUBAJIEHTHOE OIEPAaTOPHOE COMPOTHUBIIEHUE KOJUIEKTOPHOTO MEPEX0/ia ONpenesi-

€TCs BBIPAKEHUEM:

r:(p) _ i) ) (4.73)

zp) = 1+pC:(p)r:(p) N 1 +pCiry - 1 +pt
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[Tapamerpsl popMabHBIX U (PU3HUSCKUX YKBUBAJICHTHBIX CXEM CBSI3aHBI MEXKIY CO-
001 COOTBETCTBYIOIUMU (PopMysIamMu mepecyeTa, MpeICcTaBICHHbBIMU B Tabnuie 4.1.

Tabnuma 4.1 — CBsi3b A-mapaMeTpoB ¢ COOCTBEHHBIMHU MapaMeTpaMu TPaH3UCTOpa

e
=
S Cxema ¢ 00mmM Cxema ¢ oO0ureit Cxema ¢ o0muM
§. IMHMTTEPOM 0a3oii KOJIJIEKTOPOM
=
¥sZy rﬁzK( 1 - (X(p)) 'sZx
h I'e + Pyt ———————= 76 +
ry+zo(1 - a(p)) Vs + Zx 7y +z(1 - a(p))
) 75 s Zk(l - Ot(p))
e +z(1-a(p)) ro + Zx ry+z(1 - a(p))
\ zea(p) — 1, Tet zea(p) B Zy
o ra(l-ap)) ro + Zx ratze(1 - a(p))
5 1 1 1
2| nrz(l-ap)) o + Zx o+ 21— a(p))

4.10 YemnutenbHble CBOMCTBA TpaH3ucTopa

[Ipu paGoTre B HOPMAJIBLHOM aKTUBHOM PEXHME U B PEKHMME HACBIIICHUS TPaH3U-
CTOp 0OeceunBaeT yCUJIEHHE BXOJHOIO CUTHalla [0 MOIIHOCTH. JInHelHas CBA3b Mex-
Zly BXOJHBIMH U BBIXOJHBIMU TOKAMH U HAIIPSPKEHUAMH TPAH3UCTOPA CYIIECTBYET TOIBKO
npu ero pabore B HOPMaJIbHOM aKTUBHOM PEXHME, IIOATOMY 3TOT PEXHM HCHOIb3YIOT

B Ka4€CTBC OCHOBHOI'O JI YCUJICHHA SJICKTPUYCCKUX CHUT'HAJIOB.
HJ’I?I YCUIICHUA JJICKTPUYCCKUX CHUIHAJIOB B HOPMAJIbHOM aKTUBHOM PEIKUMC HEeo0-

XOOuMO Ha BMI/ITTepHHﬁ nepexon IIoaaTrb IMOCTOAHHOC HpSIMOC Har[meeHHe E3 u 11e-
pEeMEHHOE HANpsHKEHUE YCUIIMBAEMOTO CHTHAJA €., Ha KOJUIEKTOPHBIN Mepexoa Moaarh
MIOCTOSTHHOE 00paTHOE HaNPsDKeHUsI E, M BKIIFOYUTH B KOJUIGKTOPHYIO IIETIh HArPy304HbBIN
pesuctop R (puc. 4.15).

[Ipsimoe Hampsikenue E, oOecriedyuBaeT CMEIICHHE SMUTTEPHOTO Tepexoja B Mpsi-
MOM HaHpaBJ'IeHI/II/I, a HCpCMeHHOG HaprDKCHI/Ie €, —HU3MCHCHHE BO BpeMeHI/I BBICOTHI
MOTEHITHATBHOTO Oaphepa AMUTTEPHOTO Tepexona. B cBow odepennb, M3MEHEHHE BBI-
COTHI TIOTCHIIMAJILHOTO Oapbepa MPHUBOAUT K M3MEHEHHUIO KOHIICGHTPAIMH HEOCHOBHBIX
HOCHUTENICH 3apsiga B 0a3e, W, CIEI0BaTEIbHO, TOKA KOoJUleKTopa. Jljs MalbIX ycHiuBa-
€MBbIX CUTHAJIOB 3aBHUCUMOCTDH MC)KILy N3MCHCHHUEM HaHpH)KCHI/ISI Ha HpSIMOCMGH_IeHHOM
BMHTTepHOM nepexo;:[e U U3MCHCHHUCM KOHIIGHTpaIII/II/I HCOCHOBHBIX HOCI/ITGJ’IGI\/'I B 63,36,
a CJIeI0BaTEIbHO, U U3MEHEHUEM TOKa KOJUIEKTOpAa MOXXHO CUMTaTh JIMHEWHOW. Takum
0o0pasomM, B peKHUME YCHUJICHUSI MAJIOTO CHTHAJIa TOK KOJIJICKTOpa U3MEHSETCS 110 3aKOHY

YCHIIMBACMOI'0O CHUI'HaJIa.
HepeMeHHaﬁ cocCTaBJiAromas iKN KOJUICKTOPHOT'O TOKa CO34aCT HAa HArpy304HOM pC-

3UCTOPE NEPEMEHHYIO COCTABIIAIOLLYI0 HANpsKEHUs ug. = Riy.. HanpsokeHne Ha Koi-
JIEKTOPHOM IIEPEXO/I€ BINAET HA BEIUYMHY TOKA KOJUIEKTOPA CYLIECTBEHHO MEHBIIE, YEM
HanpsHKEHUE SMUTTEPHOIO NEPeXoia, CIEI0BATEIbHO, MOXKHO 33 CUET BBIOOPA OOJIBIIOTO
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ORI ONE NI,

Puc. 4.15 — Cxembl ycuieHus 3JIEKTPUYECKUX CUTHANIOB ¢ obmel 6a30ii (a), oOumm
OMUTTEPOM (6) U OOIIMM KOJIJIEKTOPOM (8)

COIIPOTUBIICHUS HATrPy304YHOIO PE3UCTOpA IMOJNYUYUTh NEPEMEHHYIO COCTABIIAIOLIYIO Ha-
MIPSKEHUS Ug., KOTOPAsl MIPEBBILIACT HAIPSIKEHUE e, yCUIMBaeMoro curnana. Ilpu stom
YCHJICHUE CUTHAJIA 10 HAIPSHKEHUIO COIPOBOXKIACTCS YCUICHUEM CUTHAJIA 110 MOILHOCTH.

[TpuHuMN ycuaeHust OUIOISIPHBIM TPAH3UCTOPOM IEKTPUUECKUX CUTHAJIOB IO MOIII-
HOCTU OOBSICHSETCSI B3aUMOJAEHCTBMEM HOCHUTENEH 3apsija € SIEKTPUYECKHM I0JIEM
B KOJUIEKTOPHOM IIEPEXOJIE, KOTOPOE COAEPKUT IOCTOSHHYIO COCTABIIAIOLIYIO, CO3Ja-
BAEMYIO UCTOYHUKOM HAIPSDKCHUSA Ey, U NEPEMEHHYIO COCTABIISIOLIYI0, BO3HUKAIOLLYIO
3a c4eT SKCTPAKLIUU HEOCHOBHBIX HOCHTENEH U3 0a3bl B KOJUIEKTOPHBIN MEPEXOI.

IlepemenHas cocTaBisomas MEKTPUUECKOrO M0JIS B JIFOOOH MOMEHT BPEMEHH Ha-
IIpaBJIeHa MPOTHUBOIOJIOXKHO IOCTOSIHHOM cocTasisitomeil. Hocutens 3apsaa, npoxozns
II0 KOJUIEKTOPHOMY II€PEXOAY, B3aUMOAEUCTBYET C ABYMS COCTABIISIFOIIMMHU 3JIEKTPHU-
YECKOIo IOJIs, IIPUYEM HAlpaBICHUE IBHYKEHUS HOCHUTEIS COBIIAJACT C HaIPaBJICHMU-
€M IIOCTOSIHHOM COCTAaBIIAIOLICH U IIPOTUBOIIONIOKHO IIEPEMEHHOM cocrasisitonieit. [Ipu
9TOM HOCHUTEIb 3a0MPaAET SHEPTHIO OT MOCTOSIHHOW COCTABIISAIOLIEH IEKTPUUYECKOTO TO0-
Js1 M OTJIAeT YacTh SHEPIMM NEPEMEHHOM cocTaBisitomeil noss. Takum obpa3om, npouc-
XOJUT CBOEOOpa3HOE MEepeKaunBaHUE PHEPTUU OT MCTOYHMKA HampspKeHUs Ey K Harpy-
304HOMY pe3ucTopy. [locpenHrKkamMu B 3TOM IEpEeKaYuBaHUU YHEPTUHU SBIISIOTCS HOCUTE-
JIM 3aps/ia, MTHKEKTUPOBAHHBIE U3 DMUTTEPA U JOLIEANINE 10 KOJUIEKTOPHOTO IEPEX0Aa.
JUia uX MHXKeKUUU TpedyeTcs OTHOCHUTENbHas HeOojblas paboTra, MOCKOJIbKY BbICOTA
MOTEHIMAIBHOTO Oapbepa IMUTTEPHOIO MEPeXoaa Maja.
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JIJIs KONMMYeCTBEHHOW OIEHKH YCHIIUTEIBHBIX CBOWCTB OWIONSPHOTO TPaH3UCTOPA
B MaJIOCUTHAJIBLHOM peXHMe PabOThl yI00OHO MPEACTABUTh TPAH3UCTOP KaK YETHIPEXITO-
JIOCHUK B CUCTEME /i-mmapaMeTpoB (puc. 4.16).

di

szx

hydl ebzx R
@™ ("™ "]
hdU

8blX

O

Puc. 4.16 — Cxema 3aMellieHUs] YCUITUTEIBHOTO KacKaja, cojepkaliasi OunoIsspHbId
TPAH3UCTOP KaK YETBIPEXMOIIOCHUK B CUCTEME /-TIapaMeTPOB

JUi1 MaTeMaTH4eCcKOro OMMCAHUS NIEKTPUUECKOTO COCTOSHUS CXEMbI PUCYHOK 4.16
HEOOXOMMO CUCTEMY YPaBHEHUH UYETHIPEXIIOMIOCHHUKA B /-TapaMeTpax JAOMOJIHUTH BbI-
PaXEHUSAMHU, KOTOPBIE CBS3BIBAIOT IPHUPAILEHUS BXOJHOIO HAINPSIKEHUS M BBIXOJHOIO
TOKa C IapaMeTpaMH UCTOYHHMKA CHTHAja U HArpy3KH:

dUBX = hlldIBx + hlZdUBLIX;
dIBbIX = h21d]Bx + hZZdUBan

AUpy = e, — redly, (474)
d Usiix
dIBbIX == .
R

W3 cuctemsl ypaBHeHMi (4.74) ciieayloT BbIpaK€HHUs AJI1 OCHOBHBIX IIapaMeTpOB
YCHUIIMTEIBHOIO KacKaja:

e KOX(PPUIMEHT YCUIICHHS TIO HAPSIKESHUIO

kU _ dUBLIX - _ hZIR , (475)
dUBX hii + R hll h12
! h21 h22

e KOX(PPUIMEHT YCUIICHUS IO TOKY

dIBLIX h21
kr = = 4.76
! dIBX 1+ hzzR’ ( )

® BXOJHOC COIPOTHBIICHHUC
hy hi
h]] +R

Ry = = , 4.77
dIBx 1+ hzzR ( )
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® BLIXOAHOC COIIPOTHUBJICHUC

dU,
BBIX h .
RBI)IX = Rooo - nrn . (478)
dIBbIX hll h12 + h 7
k=0 hy hay e

JUis ycusneHusl JIEeKTPUUECKUX CUTHAJIOB [0 MOILHOCTH MPUMEHSIOTCSI BCE TPU OC-
HOBHBIE€ CXEMbI BKJIIOUEHHUSI OUMOJSPHBIX TPAH3UCTOPOB: C OOIIKMM 3MUTTEPOM, 0OIIEit
0a30i1 ¥ OOIIMM KOJIJIEKTOPOM.

YcuneHue anekTpuyecknx CUrHaroB B CXeEMe C oben 6ason

B cxeme ¢ o6eit 6a30it dU,, = dUyg, dloy = dI,, dUy = dUss, dlyyx = —dly.

BripakeHus 17151 OCHOBHBIX MAapaMETPOB YCHIIMTEIBHOTO KacKaja MOTYT OBITh TO-
Jy4YeHbl MyTeM NOACTAaHOBKU B BbIpaxkeHUs (4.75)—(4.78) h-mapaMeTpoB ISl CXEMBbI
¢ obOmeit 6a3oii. [ cxembl ¢ 001Iel 6a30if MOKHO B TIEPBOM MPUOIMIKEHUHN TTOJI0KHUTH

h h
his % 0, hoog < 1, Rhyye < 1, h;z hzz ~ h116M226, TOTAA BEIPAKEHUS TIPUMYT BUJL:
i hy16R 1 hy16R i A
UOB ~ — : N = > 1OB ® N216,
hits 1+ Rhygs hiis

1+ Rh226 1

R ~hyjg——— =his, R N —,

Bx. Ob 1161 N Rh226 116 BbIX. OB h226

Vcnionb3ys BeIpaXeHHs I A-IapaMeTpoB OUTIONSIPHOTO TPAH3UCTOPA B CXeMe C 00-
et 6a30i, OCHOBHBIE MapaMeTPhl YCUIUTEIHHOTO KAacKa/la MOTYT OBITh BBIPAXKEHBI Ye-
pe3 cOOCTBEHHbIE MTapaMeTpbl TPAH3UCTOPA!

aR

T kesr-a
ry+ (1 _ G,)7”6, 1.Ob )

ku.os ~
RBX.OB R Tyt (1 —0(.)7”6, RBLIX.OB N k.

YcuneHue ANEKTPUHECKUNX CUTHAJIOB B CXeEME C 06LLI,I/IM SAMUTTEPOM

B cxeme ¢ o6mum smutrepom dU,y = dUs,, dlox = dls, AU,y = AUy, dlyyy = dI.

BripaxkeHus 711 OCHOBHBIX MapaMETPOB YCHIUTEIBHOTO KacKaJa MOTYT OBITh IO-
Jy4YeHbl IIyT€M IOACTAHOBKU B BbIpaxkeHUs (4.75)—(4.78) h-napaMeTpoB IUIsl CXEMBbI
C 00IIKMM SMHUTTEPOM, MPUYEM MOXHO B TIEPBOM NPUOIMKEHUU CUUTATh, 4TO Ao, ~ 0,

h h
hyy << 1, Rhypy < 1, [, 7' s hyyohon,, ToTR:
h213 h223
h213R 1 h213R
kuon ~ - : N koo = hai,

hiis 1+ Rhyp, - hits ’

1+ Rh223 1

Ryx o ™ hna—h =iy, Rpuxon ® P
1 + Rhy, 225
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Wcnonb3ys BeipaskeHUs 7151 A-miapaMeTpoB OUITIONIIPHOTO TPAH3UCTOPa B CXeMe C 00-
MM SMUTTEPOM, HalIeM:

BR

- k ~
’s N (1 N [D’)V; 1.0D Ba

kuon ~ -

I'x

1+p

RBX.03 RTet+ (1 + 6)r33 RBI;IX.03 N

YcuneHue anekTpUYecknx CUrHanoB B cxeme ¢ o0Lmm
KONIEKTOPOM

B cxeme ¢ ob6muM komiektopoM dUgy = dUg, dly = dls, dUpyx = dUsy, dlyy, =
= —dl,. JIns cXembl ¢ OOIIUM KOJJICKTOPOM MOKHO B IEPBOM MPUOIMKCHUU MPUHSTH,

hl]]( h12K
’ h211< h221<
OCHOBHbIE TapaMeTpbl YCHIINTENBHOTO KacKaja, OlpeiesieMble BhIpaKeHUsIMHU (4.75) —
(4.78), MoryT ObITh IpeACTaBIEHbI MPUOTMKEHHBIMH BBIPAKEHUSIMU:

910 Mo ® 1, hope << 1, Rhnpy < 1,(7’c + hllk)hZZK «< 1 N hy1chook — haix, TOTIA

k hZIKR hZIKR k h
vorT Bt (1 + Rhpay) — Rhyi h horR = hyti FOKR T T2
Rhyi
RBX Nh K_—Nh K_Rh K>

0K M ik~ T Rl 1 21
i +re hy +71e

RBLIX OK ™ N
h221<(h111< +7”c) - haix haix

Wcnionb3ys BeipaskeHUs 7151 A-niapaMeTpoB OUTIONIIPHOTO TPAH3UCTOpa B CXeMe C 00-
MM KOJIJIEKTOPOM, HaWJIEM:

P B+1)R
VORT B+ 1) (R+r) +rg

kiok ~ —([3 + 1),

re+ (1L+P)r, +r.

(1+B)

RBX.OKN’/‘6+(1+|3) (R+7‘3), RBLIX.OKN

Y
......................... .@2‘! BblBO,D.bl

Q

AHanu3 BBIPOKEHUH OCHOBHBIX MMAPaMETPOB YCHIIMTEIbHBIX KAaCKaJIOB IO CXeMaM
¢ obmei 6a30i, OOITUM SMHUTTEPOM U OOIIMM KOJUICKTOPOM ITOKA3bIBACT:

o hazoswiil cO8US MeHCOY BXOOHBIM U BbIXOOHBIM HANPANCEHUIMU 8 CXeMax ¢ 00-
wetl 6aszou u 0bwum konekmopom cocmasisiem 0 on. 2pad. (ky.os > 0, kyox > 0),
a 6 cxeme ¢ obwum omummepom — 180 on. 2pad. (ky.os > 0);
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® ycunumenvHvle KacKaovl ¢ obujel 0a30u u 00WuUM IMUMMEPOM VCUTUBAIOM
6XOOHOU CUSHA NO HANPANCEHUIO (kUOE > 1, ky.os| > 1), npuuem ky o ~ |ku.osl,
a YCUNUMeNbHbIL KACKA0 ¢ 00UUM KOLIEKMOPOM YCUTeHUs. NO HANPSINCEHUIO He
oaem (kU.OK < 1),

® ycunumenvhvle KACKAObL ¢ 00WUM IMUMMEPOM U OOWUM KOJLIEKIMOPOM YCUTU-
6arOm 6X00OHOU CUSHATL NO MOKY (|k1.0,<| ~(B+1)> 1, koo~ P> 1), npuvem
koo ~ |krok|, moeoa xax ycurumensuwiii kackao ¢ obweil 6azoti ycunenus no
moky ne daem (|k[05| =a< l);

® YCUNUMENbHBIU KACKAO C 00WUM IMUMMeEPOM obecneuusaem Hauboabulee yCcu-
JleHue CUcHAaIa no MOWHOCMU (3a cuem YCUleHuUs U No HanpsdiCeHUuro u no moky),
npu 3mom kp.OE ~ kU,OE: kp.OK 7 (ﬁ + 1), kp'og N (B + l)kp.og;

® B8X00HOEe CONpOmuBieHUe Kackaod ¢ 0OWuUM IMUMmMepomM npesocxooum 8x00Hoe
conpomusnenue Kackaoa c ooujeu 6azou (Rgx, 0o~ (P+ 1R, 05), a ycunumeno-
HbIIL KACKAO ¢ 00WUM KOLIEeKmMopom oobaaoaem HAubOIbWUM 6XOOHLIM CONPO-
mueneHuem (Rgx. ok ™ Rexon+ (P + I)R);

® GbLIXOOHOE CONPOMUBIEHUE KACKAOA C 00WUM IMUMMEPOM MEHbULE 8bIXOOHO20
conpomuenenus kackaoa ¢ obweil 6aszoul (Rgb,x. 05 ® Reur o5/ (P+1) ) a ycu-
JUMENbHBIU KACKAO ¢ 00WUM KOJLEKMOPOM 001a0aem HAUMEHbUUM BbIXOOHbIM
conpomuesnenHuem (Rgb,x' ok ® (Rewon+r) [ (B+1) )

4.11 PaboTta 6unonsapHOro TpaH3ncTtopa B UMMyfIbCHOM
pexume

[Tpu paboTe OHUITONSPHOTO TPAH3UCTOPA B UMITYIIECHOM PEKHUME B 3aBUCUMOCTH OT
aMIUTUTYbl 3JEKTPUUECKUX UMIYJIBCOB PA3INYAIOT PedCcUM YCUNEHUS MATbIX UMNYIbC-
HbIX CUSHATIO8 U PEXCUM YCUTIeHUs OONbUUUX UMNYTIbCHBIX CUSHANO8 (PEdCUM NepeKioye-
HUsL, KIIOYEBOL PEeNHCUM,).

[Tpu ycuneHuM MaibIX UMITYJIbCHBIX CHTHAJIOB TPaH3HCTOp paboTaeT B HOpMallb-
HOM aKTUBHOM PEXMMeE, MPOLECCH MPHUHINIHAIBFHO HE OTIMYAIOTCS OT PeKUMaA YCHUIIe-
HUS MaJIBIX CHHYCOMIATBHBIX CUTHAJIOB, a HEIMHEHHOCTHh TPAH3UCTOpA MPAKTHUECKU HE
MIPOSIBIIAETCSL.

B pexume ycuneHus OOJbIINX MMITYJIbCHBIX CHUTHAJIOB CYIECTBEHHO CKa3bIBAIOT-
Csl HeJIMHEHHbIe CBOWCTBA TPAH3UCTOPA, KOTOPBIA B 3TOM CiIydae MOXKET paboTaTh He
TOJIBKO B HOPMAJIbHOM aKTHBHOM PEXHMME, HO M B PEKMMAaX OTCEUKU U HACBILIICHUS.

WHepriioHHbIE CBOICTBAa OMTIOISIPHBIX TPAH3UCTOPOB MPHU paboTe B UMITYIIECHOM pe-
KHUMe 0OYCIIOBJICHBI HHEPIIMOHHOCTHIO TIPOIeccOB UG dy3Hun, HAKOTUICHUSI B PAaccachl-
BaHMs HEOCHOBHBIX HOCUTENIEH 3apsizia B 6a3e, a TakKe [IPOLECCOB Nepe3apsia eMKOCTeH
SMHUTTEPHOTO U KOJUIEKTOPHOTO MEPEXOI0B.

[Tpu ananu3e pexxuMa MEPeKIIOUEHHs IUPOKO MPUMEHSETCS METO]| 3apsijia, KOTo-
pBIii OCHOBaH Ha ONPE/IEICHUU 3aKOHA M3MEHEHHUS BO BPEMEHH 3apsija HEOCHOBHBIX
HocHTeNel B 0a3e M CBS3M 3TOTO 3aKOHA C MPOTEKAOIIUMH B TPAH3UCTOPE TOKAMH.

B nepBoM npubmimkennn u3MeHenue 3apsina O(¢) HEOCHOBHBIX HOCHTENCH B 0ase
YIAOBJIETBOPSIET OOBIKHOBEHHOMY U (depeHIINaTbHOMY YPaBHEHUIO BUIA



4.11 PaboTta 6unonsipHoOro TpaH3McTopa B UMNyJfibCHOM peXxume 145

CKde;(z) . d%gt) . Qit) ~is(o), (4.79)

rne C, — GapbepHasi eMKOCTh KOJUIEKTOPHOTO TEPEXo/a; T — BPeMsl JKU3HU HEOCHOBHBIX
HocuTeNel 3apsaa B Oase.

B nopmanvrnom axmusnom pescume cupasemiuBo T ~ Tg = 1/ (2nf3), rae fz —npe-
ACJIbHasA 4aCToTa nepcaadyu TOKa 6a3bl, a U3MCHCHHUC 3apsiga HCOCHOBHBIX HOCHUTEIEHu
B 0a3e CBA3aHO C U3MEHEHHEM TOKa KolulekTopa cootHommenueM O(t) ~ (tp/P) i (7).

B pesyinbrare ypasaerue (4.79) B HOpMaabHOM aKTHBHOM PEXHME MOXHO TIPeCTa-
BUTbH B BHJIE:

dUs di ) )
: Zt(t) - ’dy) +i(£) = Bis (1). (4.80)

B pesxcume nacviuyyenus MOXHO ¢ TOCTATOYHON TOYHOCTBIO CUUTATh, YTO T ~ T
u Us (1) = const, mostomy ypasHenue (4.79) npuHUMaeT B

dt Tp

BC

is(2)- (4.81)

B peoxcume omceuxu 3apsin HEOCHOBHBIX HOCHTENEH B 0a3e HE3HAYUTEIICH, U UM
00bruHO TMpenebperarot, cunrast Q(¢) ~ 0.

B ycranoBuBiemcs pexume is(t) = const = I, Use = const u u3 (4.79) cnenyer,
410 QOyer = Tpls, TO €CTH PA3ITMYHBIM TOKaM 0a3bl COOTBETCTBYIOT PAa3IMYHbIE BETHIHMHEI
3apsifla HEOCHOBHBIX HocuTenel B 6aze. C pocTom Toka 0asbl 3apsij pacTeT U Ha rpa-
HULE HACBHIEHUS A0CTHTraeT 3HadeHUS Oy = Tpls yac = Tp (Li nac/P)- IIpH manpHeimem
YBEJIMYCHUH TOKa 0a3bl, TO €CTh B 00JIaCTH HACHIIICHUS, B 0a3e co3AaeTCsl U30BITOYHBIN
3apsit Ouss = 0 — Qrp =Tp (16 - 16.H8.C)'

[Ipu paboTe OUMOIAPHOTO TPAH3UCTOPA B PEKUME MEPCKIIOUCHHS TPHUMEHSIIOTCS
BCE TPU OCHOBHBIE CXEMBbI BKJIFOUCHUS, OJJTHAKO HAUOOJbIIIee PACIPOCTPAHEHUE TTOTyIH-
Jla CXeMa BKIIFOUEHUS C OOIUM SMHUTTEPOM.

Pexxum nepexkrn4yeHna B cxeme C O6LLI,I/IM SAMUTTEPOM

Pabota OumnomnsipHOro TpaH3UCTOPA, BKIFOYCHHOTO C OOIIMM SMUTTEPOM, B PEKUME
MIEPEKITIOUCHHST MCIIONB3YETCsl B CXeMaX JJIEKTPOHHBIX TPAH3UCTOPHBIX KIFOUEH, Mpen-
CTaBJICHHBIX Ha pUCYHKe 4.17. PaccMOTpUM pexkuM NEpeKITIOUeHHs n-p-n-TPaH3HCTopa
B cxeMe C¢ oOmuMm smuttepoM (puc. 4.17, @) npu momaye Ha BXOJ Pa3HOIOJSPHOTO
YIPaBJIAIOLIEro HanpsbkeHus (puc. 4.18).

[Ipr mocTymeHnn Ha BXOJ CXEMbI YHPABISIONIETO HANPSHKEHUS MOJIOKHUTEITBHOM
noJsipHocTy U, HaumHAeTCsl npoyecc 6KIoueHus:, KOTOPBI COICPKUT TP CTAIUU: 3d-
0epHCKU BKIIOUEHUS], CNAOd 8bIXOOH020 NOMEHYUALA, HAKONAEeHUs. U30bIMOUHO20 3apsoa
6 basze.

Cmaous 3a0epicku 6ka0yeHuss 00yCIOBIICHA 3apsiioM BXOAHOH eMKocTH Cyy TpaH-
3UCTOpA JI0 MOPOroBoro HanpsukeHust Ug, nop, MPH KOTOPOM HavHETCs d(pdexTrBHAS
WH)KEKIIUSI HEOCHOBHBIX HOCHTeNel 3apsina B 0a3y. Ha mHTEpBase 3aaepKu BKIIOYC-
HUSI TPAH3HCTOP HAXOIUTCS B PEKUME OTCEYKH, TIOATOMY BBIOIHIIOTCS COOTHOIICHHS

d
U (t) = const u dUqg(t)/dt = d_t( Us, (1) = U () )= dUs(t) /dt, a Toxom Ga3bl MOXKHO Ge3

CYLIECTBEHHOMN MOTPEIIHOCTH IpeHedpeyb. B pesynbrare:
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USbIX = uf(a quIX = uKS

=

Puc. 4.17 — CxeMsblI KIItOU€H ¢ OOLIMM SMHTTEPOM Ha TPAH3UCTOpAxX n-p-n-THna (a)
u p-n-p-tuna (6)

dUs (1) c dUs, (1)
a " dt
rae C, —6apbepHast eMKOCTbh SMUTTEPHOTO MEPexo/a.
Takum o6pa30M, BXOJHas IMmapasuTHass CMKOCTb TPAH3UCTOpPA HAa UHTCPBAJIC 3aACPIK-
KN BKIIKOUCHUA O6YCJIOBJ'ICHa 6ap]':>epHBIMI/I CMKOCTAMH SMUTTCPHOI'O W KOJIJICKTOPHOI'O
nepexoja. 3apsi BXOJHOM Mapa3UTHONM €MKOCTH MPOUCXOAMUT IO SKCIIOHEHLIHUAIBHOMY
3aKOHY:

in = l.Q + iCK = (C3 + CK)

Ue (1) = Usy (1) = Usy(00) + (Ugy(0) ~ Ugy(00) ) x exp | ———|.

T3. BKJI
TIIE Ty pen = R Cyx — MOCTOSTHHASE BpEeMeHH 1eH 3apsina; Us,(oo) ~ U,

 Us,(0) ~ =U_,.
C yuaeroM ycnoBust Ug, (At sin) = Uss. nop JIMTEIBHOCTD HHTEPBANA 33ICPXKKU BKIIIO-
YEHUS OTPECIISICTCS BhIPAKESHUEM:

+ —
UBX + UBX

Aty o = RgCox In ———2—,
3. BKJI 0 U;X _ U63. nop

(4.82)

Ha cmaouu cnada 6vixoonoeo nomenyuana TpaH3UCTOP pabOTaeT B HOPMAIBHOM
AKTUBHOM PEXKHUME, U TIPOUCXOJUT HAKOIICHHE 3apsi/ia HCOCHOBHBIX HOCHTEJICH, MHKCK-
TUPOBAHHBIX M3 AMHUTTepa B 0a3y. B cOOTBEeTCTBHM ¢ 3apsoBOW MOIEIBIO CKOPOCTh
HAKOIUICHUsI 3apsjga B 0a3e ONpenelisieT CKOPOCTh HapacTaHWsi TOKa Kosuiektopa. [lo
Mepe yBEIWYCHHsI TOKA KOJUIEKTOpa YMEHBIIAETCS BBIXOMHOUM MOTEHIMAN, B pe3ybTa-
TE€ Yero MPOUCXOIUT M3MECHEHHUE 3apsiia 0aphepHO eMKOCTH KOJUIEKTOPHOTO TIEpexo/a.
B TeueHne wHTEpBana crajga BBIXOIHOTO IMOTCHIIMAIA HAIMPSDKEHUE Ha KOJUICKTOPHOM
nepexoic U3MEHSIETCsl Ha 3HAYUTEIIbHYIO BEUYMHY. [Ipy 3TOM Ha SMUTTEPHOM mepe-
XOJIe HAIIPSDKECHUE U3MEHSIETCS HECYIIECTBEHHO (IECSITKH-COTHH MHJUIUBOJIBT), IIOATOMY
MOXXHO cumTath, uT0 Ug,(t) = const.

d
Torna dUs(t)/dt = ~dU, (1) /dt = —d—(EK — Ryi(t))= Ridix(t) /dt n ypasuenue (4.80)
INIPUHHUMACT BUJ !
di (1)
dt

+ ii(2) = Pis (1),

Te
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rze T, = T+ C R — DKBUBaJIEHTHAs IOCTOSHHAS BPEMEHU MHTEPBAJIa CI1a/1a BBIXOIHOTO
MOTEHIIHAaNA.

IMockombky i5(t) = (U];*X + U63(t)) [Rg = const = I yen, TOK KOJJIEKTOpA OyIeT BO3-
pacTarh MO AKCHOHEHIHANbHOMY 3aKoHY. C ydeToM ycioBuii ix(00) = Bl pn, ix(0) ~ 0:

t
i () = Plo.sn| 1 —exp|——

c
PocT TOKa KOJUIEKTOpa BBI3BIBAET HKCIIOHEHIIMAIBHOE YMEHBIIEHUE BBIXOJHOIO Ha-
MPSKCHUS:

t
UBBIX(t) = Uxa(t) = EK _RKZK(t) = EI( - BRKlﬁ.BKH 1- eXpl|——
T

MHTepBai cnajga BHIXOAHOTO IOTEHIMANA 3aBEPILAETCS, KOIa TPAH3UCTODP BBIXOIUT
Ha TPaHUIY peXuMa HACKIIEHUS: i (Al,) = I wae = (Ex — Ui ac) /R
JUIMTENBLHOCT MHTEPBAIA CIIA/Ia BEIXOJHOIO MIOTEHIMANIA ONPENENISETCS BEIPAKEHUEM:

ﬁIG.BKJ'I

At,=t,In ———,
616.13101 - IK. Hac

(4.83)

[Ipy BKITFOUCHHH TPAH3UCTOPA «CULLHBIMY CUSHALOM, KOTIA g nen >> Is wac = Ic yac/Ps
YTO YaCTO BBHITIOJIHAETCS HA MPAKTHUKE, BhIpakeHue (4.83) MOXKHO YIPOCTHUTH:

I
Alc N T 0. Hac

(4.84)

¢ .
]6. BKJT

[Tociie OKOHYAHWS MHTEPBaJaA CIIajla BBIXOJAHOIO MOTEHIMAIa TPAH3MCTOP HEPEXO-
JIMT B PEXHUM HaChlleHUs. TOKM TPaH3UCTOpa HPH 3TOM IPAKTHYECKH HE M3MEHSIOT-
cd, a B 0ase HakalIMBAeTCS M30BLITOYHBLIA 3apsj HEOCHOBHLIX HOCHMTEIEH 3a BpeMs
Aty ~ (3 +5)1p.

VcTaHOBUBIIEECS 3HAYEHHE 3apsjia HEOCHOBHBIX HOCHTEEH B 0ase Ompemensercs
BBIPA’KCHUEM: chT = 1:|316.m<n = Hachp = tﬁkHaCIK. Hac/ﬁ-

[py MOCTYIUICHUH HA BXOJ KJIKOYa YIPABIAIONIEr0 HampsukeHus U, OTpHIaTeNh-
HOM TIOJSPHOCTU HAYUHAETCS NPOYecc 6bIKAIOUeHUsl, KOTOPBI CONEPKUT TPU CTAIMU:
3A0epIHCKU BLIKIIOHUEHUS], HAPACMAHUS 8LIXOOHO20 NOMEHYUAA, YCMAHOGNEHUS. BbIKITIOYCHUSL.

3adepoicka eviknOUeHUs CBI3aHa C TPOILIECCOM PACCAChIBaHKs M30BITOYHOIO 3apsa
HEOCHOBHBIX Hocutesei B 6ase. Jlo tex nop, noka Qyuss(t) = O(t) — Orp > 0, Tpansucrop
paboTaer B peKMME HACHIIIEHHs, a KOJUIEKTOPHBIM TOK M HANpsKEHHS Ha Mepexojax
TPAH3KMCTOPA MPAKTHYECKU He M3MeHsroTcs. ClieqoBaTelbHO, HA MHTEPBAJE 3a/IEPKKH
BBIKJIIOUEHUS M3MEHEHHE 3apsaa OapbepHBIX €MKOCTEHM TPaH3MCTOPA HE MPOMCXO/IMT.

Tok 6a3sl onpeaenseTcst BEIpakeHueM i(t) = ————————— = const = —Is_pyxn-

B cooTrBercTBUU ¢ ypaBHeHueM (4.81) 3apsig HEOCHOBHBIX HOCUTENEH B 6a3e yMEeHb-
MIAETCS 0 SKCTIOHCHIIMAIBHOMY 3aKOHY

0(r) = 0(c0) + (0(0) - Q(OO))XGXp(—é),

rac Q(OO) = _Tﬁlﬁ.BLIK.TD Q(O) = QyCT = T[3[6.13101-
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WHTepBa 3aep)KKU BBIKIIIOUEHHS 3aBEPIIUTCS, KOTa 3apsi] HEOCHOBHBIX HOCHTE-
et B 6aze cTaHeT paBHBIM rpaHuaHOMYy 3apsiny Q(Ats wucn) = Orp = Tpl6 nac = Tplk nac/P-
JIIMTEIbHOCTh HHTEPBAIIA 3a1€PIKKU BBIKIKOUYEHUS ONPENEISIETCS BhIPAKEHHEM

]6 Boikn T [6 BKJI
Aty gen = Tg I ————F—. (4.85)
IG,BLIKH + 16. Hac
HpI/I «CUNbHOMY» 3anuparouiem cucHaule, Korga [6.131,1101 > [6.BKH > [6.Ha0a BBIpaXE-

Hue (4.85) MOXKHO YIIPOCTHTH:

Al‘& pucn = T 16‘ BRI _ T kﬂacIvS.Hac _ Tﬁ@ . IK. Hac ‘ (486)
6. BBIKJI I 6. BBIKII 6 I 6. BBIKJI

Ha smane napacmanus 6b61xo00H020 nomenyuania TPaH3UCTOP paboTaeT B HOPMAJIb-
HOM aKTHBHOM PEXHME, a IPOUCXOIAIINE MTPOIECChl 00YCIOBICHBI TEMH ke (haKTOpaMHu,
YTO ¥ Ha WHTEpBAJIC CMaja BBIXOAHOTrO mMoTeHiuana. CienoBareibHO, JUIs JTarna Ha-
pacTaHusi BHIXOJAHOTO MOTCHIIMAIA CIPABEUTMBBI MOJCIb M JIOMYIICHHUS, CBOHCTBEHHbBIC
HHTEpBAITy Claja BBIXOIHOTO MOTEHIIHAJA.

[MockonbKy ig(t) ~= const = —Ig sy, TOK KOJUIEKTOPaA OyIET CIagaTh MO SKCIIOHCH-
[UAIBHOMY 3aKOHY, KOTOPBI ¢ y4eToM yCIaoBuit iy (00) = —Bls. e ix(0) = L wac = PI6. wac
OTIPEICIIACTCS BIPAKCHUEM:

t t
lK(t) = BI6.H8.C eXpy—)— 616.131,11(}1 1 - eXpl—11>
Ty Ty
IIe Ty = T, = Tg + PC R — SKBUBAJICHTHAs MOCTOSHHAS BPEMEHH MHTEPBaja HApaCTaHU
BBIXOJHOT'O ITOTCHIIHAaJIa.
C YMCHBIICHUEM TOKa KOJUICKTOPA BBIXOJHOC HAIIPAKCHUC SKCIIOHCHIMAJIBHO BO3-
pacraer:

t t
UBBIX(t) = EK - [316.Hac exXpl{—1+ [316.131,11( 1- eXp| ——
T T

H H
NurtepBan HapacTaHus BBIXOJHOIO ITOTEHIMAJIA 3aBEPLIAETCS, KOIa TPAH3UCTOP BbI-
XOJIUT Ha TPAHUILy pexuMa oTcedku. [Ipu 3tom i (At,) ~ 0 U ITUTETPHOCTH HHTEPBATIA
HapacTaHUsl BBIXOJHOTO MOTEHIMAJIA ONPEIEIAECTCS BHIPAKEHUEM

Aty =1,1n (1 + Jo.mac ) (4.87)

0. BBIKJI

[Ipyu BBIKIIOUEHUH TPAH3UCTOPA «CUIBHBIM» CUTHAJIOM BbIpaxeHue (4.87) MOXKHO
YIPOCTHUTD:

At ~ 7, S0 (4.88)
6. BBIKIT

Ha unmepeane ycmanoénenus 6vik1i0ueHus: TPAH3UCTOP paboTaeT B PEXHUME OT-
CEUYKU U NPOUCXOAUT Iepe3aps] BXOJHOW MapasUTHOM €MKOCTH TPaH3UCTOpA 10 Ha-
npspkenuss Ug, = Us, ~ —U,, 10 DKCIIOHCHIIMAJIBbHOMY 3aKOHY C IIOCTOSIHHOM BpEMeE-
HA Tyer n = ReCox = R (C, + Ci) B TedeHne MHTEPBANA Alyer pocn ® (3 + 5)Tyer pun =
= (3+5)Rs (C, + Cy).

ITpu 3TOM GapbepHas eMKOCTh 3MUTTEPHOIO Mepexona mepesapspkaeTcs 10 Hamps-
xenust Ug, = U, ~ —UL, a OapbepHasi eMKOCTb KOJUIEKTOPHOTO Iepexojia — 10 Hampsi-
xenust U, ~ Us, — Ex = -U,, — E.

Bpemennsle nuarpaMMbl paboThl OUIIONSIPHOTO TPAH3UCTOPA B UMITYJIIbCHOM PEXKHUME
B CX€Me C OOIIMM 3MHUTTEPOM TIPE/ICTaBICHbI Ha pucyHke 4.18.
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= f
Ugait) 4
Usanop —1- Uss riac \
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Puc. 4.18 — BpemenHble nuarpaMMbl paboThl OUITOJIIPHOTO TPAaH3UCTOPA
B MUMITYJIbCHOM pEXHME B CXEME C OOIIUM 3MUTTEPOM

4.12 3aBMCMMOCTb NapamMeTpoB OT pexnma padoTbl

[TapameTprl TpaH3UCTOpa 3aBUCAT OT peKUMa paboThl. B kauecTBe BenW4uH, onpe-
JETSIOIIMX PEKUM paboThl OUTIOISPHOTO TPAH3UCTOPA, YIOOHO UCIIOIB30BaTh TOK AIMHT-
Tepa U HANPSHKCHUE Ha KOJJICKTOPHOM IEPEXO/Ie.

3asucumocms Kod(Duyuenma nepedauu moka smummepa. 3aBUCUMOCTH K03 du-
[UEHTa TIepeladyd TOKa SMHUTTEpa o OoT HampsbkeHHus Uyg Ha KOJUIGKTOPHOM IIepexojie
B OCHOBHOM OOYCIIOBJICHA NBYMs (paKTOpaMH: MOIYJISIUACH TOJNIIMHBI 0a3bl U YIAPHOM
WOHU3AIMEH B KOJJICKTOPHOM IEPEXO/Ie.

W3-3a MOIYIISAUM TONIIMHBI 0a3bl ¢ POCTOM a0COJIOTHOTO 3HAUCHUS HAINPSKECHHS
Ui ymenbinaetcs 3G GeKTUBHAS TOMIMHA 0a3bl U MPUOIMKACTCS K enuHuIe Kodhdu-
IIUCHT O; MEPEHOCAa HEOCHOBHBIX HOCHUTEIICH, a CIIeOBATEIbHO, BO3PACTACT M MPUOIIH-
Kaercs K KodpPHUIHUEHTY WHXXEKLIUH Y Kodduiuenr a.

[Tpr Hanmu4uM ymapHON HOHHM3AIMK TOK KOJUICKTOpa BO3PAcTaeT, a KOA(PQPHUIMEHT
niepe/iaud ToKa SMUTTEpa B PEKUME JTABUHHOTO Pa3MHOKEHHS HOCUTENICH 3apsijia orpe-
JeNsAeTCs BhIpakeHueM oy, = Ma, tae M — ko3 PHUIHMEeHT TaBUHHOTO Pa3MHOXKEHHSI HO-
CUTEINel 3apsiia B KOJUIEKTOPHOM Tiepexoie. B pexkrnme JTaBUHHOTO Pa3MHOXKEHUS KO-
3(QUIUESHT Tepeayd TOKa SMUTTEPa MOXET IMPEBBINIATh SIUHHILY, YTO KaYeCTBCHHO
MEHSIET CBOMCTBA TPAH3UCTOPA.
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3aBUCHMOCTh 0. OT TOKa 3MHTTEpa OOYCIIOBJICHA, TIIABHBIM 00pa30M, M3MEHEHHUEM
k03¢ UIMEHTa WHKEKIMH Y. B 001acTH MajbIX TOKOB CYIIECTBEHHOE BIIMSHHE Ha KO-
3G GUIUEHT UHXXEKIIMU OKa3bIBaeT TOK PEKOMOMHALIMU B 00JIACTH SMUTTEPHOTO MEPEX0-
7la, BBI3BIBAsI yMEHbIIIeHHE K03(pHIIMEeHTa Y TPH YMEHBIIIEHUU TOKa YMUTTEpa. BriusHue
TOKa peKOMOMHALIMK MOXET MPUBECTU K YMEHBIICHHIO 0. B 2 1 OoJiee pasa.

[Tpu BEICOKOM YpOBHE HMHXEKIIMH 3aBHCUMOCTH KOA((HIIMEHTa Y OT TOKa SMUTTEpa
OOBSCHSICTCS MOMYJISIIMEH COMPOTHBIICHHS 0a3bl: C YBEIMYCHUEM TOKA IMHUTTEpA yBeE-
JMYMBACTCS yJellbHas MPOBOAMMOCTH 007acTu 0a3bl U yMEHbIIAaeTCs KOA(PUIMEHT Y.
YMmenbiienue ko3duienTa o sBIsgeTCs BaXXHBIM (DAKTOPOM, OrpaHUYHMBAIOIINM MaK-
CUMAJIBHBIN pabo4yuii TOK TPaH3UCTOPA.

YMeHnbiieHue ko3gpuiimenta o B 001acTi OONBIINX U MaJIBIX TOKOB MPUBOAUT K Ha-
JINYUIO MaKCUMyMa B 3aBUCUMOCTH 0. (/,) TpH TOKE, PEKOMEH/lyeMOM B KaueCTBE HOMH-
HaJIbHOTO.

3asucumocms conpomugnenuss smummepHo2o nepexooa. COnpoTUBICHUE SMUTTEP-
HOTO Tepexojia 7, 00paTHO MPOMOPIMOHAIBEHO TOKY AMHUTTEpPA BIUIOTH 10 OYEHb MallbIX
3HAUEHHUH TOCIIEAHEr0. 3aBUCHMOCTD 7, OT HAINPSDKCHHS Ha KOJUICKTOPHOM IIEpEXOje
OuYeHb cliaba, U €10 MOXKHO TIPEeHEeOpeyb.

3asucumocms conpomugnenus KoniekmopHozo nepexooa. ConpoTUBIECHHE KOJIIEK-
TOPHOTO TIEpexo/ia #, 00paTHO MPOMOPIHUOHAIBHO TOKY SMUTTEpa U MPOMOPIHOHATBHO
BEJIMUMHE \/7,«;. C pocToM HampspKEHUS Ha KOJUIEKTOPHOM TMEPEXO0jie BETMYHHA 7y pac-
TET, HO MPH HEKOTOpoM 3HaueHUH U,s BO3pacTaHHUE 7 MPEKPAIIAeTCs] BCIESICTBHE BO3-
pacTtaHusl MMOBEPXHOCTHON YTEUKH W YIApPHOW MOHHW3AIMH B KOJUICKTOPHOM IIepexoje,
a npu JanpHenneMm yBenudeHnn Uy CONPOTUBIIEHUE 7, HECKOJIBKO Ma/laeT.

3asucumocms Koaghuyuenma eHympenneli obpamuoii céa3u no nanpsaxceruio. Ko-
3G GUIUEHT W, 0OPATHO MPOMOPIHOHATICH BETMUMHE \/U_K6 Y HE 3aBUCHUT OT TOKA SMHTTEpA.

3asucumocms obvemnoco conpomusnenus 6asvi. OOBEMHOE COMPOTHBICHUE 0a3bl
s MOAYJIHPYETCS IPpY OOJBIIUX TOKaX SMHUTTEPA, YTO MPOSBISETCS, B IEPBYIO OUYEPE.b,
B aKTUBHOW 001acTH 0a3bl, TIOATOMY C POCTOM TOKa AMHTTEPA COMPOTHBICHHE aKTHB-
HOI 00nacTu 6a3bl UTPAET BCE MEHBIIYIO POJIb M CyMMapHasi BEIMYUHA 75 BCe OOJblIe
OTIpeNIeTSAETCS TACCUBHBIMU OONACTSIMH.

3asucumocms cpednezo 8pemeHu npoiema Hocumenell 3apsaoa yepes o6azy. 3aBUCH-
MOCTb BPEMEHH TpOJIeTa HEOCHOBHBIX HOCUTENEH uepe3 0a3zy OT TOKa SMHUTTEpa ompe-
JeNIAeTCs BIMSIHUEM 3TOro Toka Ha ko3¢ duuueHt nuddysuu. B obnactu Oonpmmx To-
KOB HaOJTI0IaeTCsl HEKOTOPOE YMEeHbIeHne Ko durmenta quddys3uu, a caeaoBaTenbHO,
YBEJIIMYCHHE BPEMEHU MPOJIETa.

3aBUCUMOCTh BPEMEHHU MpoJieTa HOCUTeNel uepe3 0a3y OT HampspKeHHUsl Ha KO-
JIEKTOPHOM TIepexone oOycioBieHa 3PPEeKTOM MOIYISIUHN TOIIIUHBI 0a3bl: ¢ POCTOM
HanpspkeHUs! Uyg TONIIIHA 0a3bl yMEHBIIASTCS, YTO TPUBOANT K YMEHBIICHUIO BPEMEHU
MpoJieTa HEOCHOBHBIX HOCHUTENEH yepes 6asy.

3asucumocms emxocmeti nepexodos mpanzucmopa. bapbepHasi eMKOCTh KOJIEKTOP-
HOTO Iepexo/ia 00paTHO MPONOPLUOHATbHA BETMYUHE \/U_KG Y HE 3aBHCHUT OT TOKa SMUT-
Tepa. YBEIWYCHHE TOKA SYMUTTEpA MPUBOIUT K YBETUUCHUIO TU(PPY3HOHHBIX EMKOCTEH
SMHUTTEPHOTO M KOJUIEKTOPHOTO IEPEXOJI0B, a BCIEACTBUE MOAYJSIHMH TOJIIMHBI 0a3bl
€MKOCTH YMEHBIIAIOTCS ¢ pOCTOM HanpspkeHUst Ugg.
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BnunsHue Temnepatypbl Ha napameTpbl OBUNONAPHbLIX TPAH3UCTOPOB

CunbHasi 3aBUCUMOCTD 3JIEKTPOPUZNYECKUX CBOUCTB MOIYMPOBOAHUKOB OT TEMIIe-
parypbl 00yCIIOBIMBAET CYIIECTBEHHOE BIUSHUE TEMIIEPATYPhl HA XapaKTEPUCTUKH U T1a-
pameTpsl OUITONIIPHBIX TPAH3HCTOPOB.

Kosgpgpuyuenm nepedauu moxa smummepa 0. yBeTUIHBACTCS C POCTOM TEMIIEpaTy-
pBI, TTIaBHBIM 00pa3oM Onarosapsi CylieCTBEHHOMY BO3PACTaHUIO BPEMEHH KH3HU HOCH-
TeJer 3apAa.

ObpamHuwlli MOK KOLIEKMOPHO20 nepexoda 00yCIIOBIEH TEIUIOBOM TeHEepaluei Ho-
CUTeNeH 3apsa U BO3pacTaeT C pOCTOM TEMIIEPaTyphl O AKCHIOHEHIIUAIBHOMY 3aKOHY.
Yacto TemrieparypHasi 3aBUCUMOCTh OOpaTHOTO TOKa KOJUIEKTOPHOTO mepexonaa [go Xa-
paxkTepHu3yeTcs TeMneparypoi yaBoenus. TemneparypHas 3aBHCUMOCTb 0OpaTHOTO TOKa
KOJUIEKTOPHOTO TEPeXo/ia 0COOCHHO CHIIBHO MPOSIBISIETCS B CXEME € OOIIUM SMUTTEPOM,
JUISL KOTOPO# Tino = (1 + ) Lg0-

Temnepamypuas 3a8UcCUMOCMb NPAMO20 HANPSAICEHUS HA SMUMMEPHOM nepexooe
00ycCJIOBIICHa BIUSHUEM TEMIIEPATyphl HA TEMIIEPATYPHBIN MOTSHIMAN (7 U HA TEIJIOBOM
0OpaTHBII TOK IMepexoja, KOTOphIe ¢ POCTOM TEMIIEpaTyphl BO3pacTaroT. B pesynbrare
npsiIMOE HaIpsDKEHHE Ha AMHTTEPHOM MEPEXOe C POCTOM TEMIIepaTyphl YMEHBIIIACTCS
npUOIU3UTEIbHO Ha BenmuuHy (2-3) MB/°C.

Bruanue memnepamypul Ha cmamuueckue 801bm-amnepHvie XapaKkmepucmuxu ooy-
CJIOBJICHO TEMIEPATypHBIMH 3aBHCUMOCTSIMH OOPAaTHOTO TOKA KOJJICKTOPHOTO IEPEXO-
na, KosdduuueHTa nepeaadyl Toka SMUTTEPA U MPSMOT0 HaNpsHKEHHUS Ha SMUTTEPHOM
nepexonie. C pocToM TemrmepaTrypbl BXOIHBIE XapaKTEPUCTHK TPAH3UCTOPA CMEUIAOTCS
BJIEBO, & BBIXOJHBIC XapaKTEPUCTUKH — BBEPX. [l0CKONBKY TeMmepaTypHasi 3aBUCUMOCTh
00paTHOTO TOKa KOJUIEKTOPHOTO Tepexoaa M Kod(pQHUIMEeHTa Nepefadyn ToKa SMUTTepa
HanboJiee CHIIBHO TPOSBISIOTCSA B CXEME C OOIIMM IMHUTTEPOM, aHHAS CXeMa IO TeM-
NepaTypHBIM CBOICTBaM SIBJISIETCS. HAUMEHEE CTaOMIIBHOMA.

1) B xakom pexume paboTaeT OUIIONSIPHBIN p-n-p-TPaH3UCTOP, €CIU HANpsHKEHUE
6aza-smutrep U, = —0,4 B, a HanpspkeHue KoJuiektop-amuttep U, = -5 B.

Omeem: B HOPMAJIbHOM aKTUBHOM PEKHME.

2) B 6a3e n-p-n-tpanzucropa pekoMOUHHUPYET 3% 3IEKTPOHOB, HH)KEKTHPOBAHHBIX
u3 smurTepa. Onpenenuts k03(QGUINUEHT Tepeaayn ToKa SMUTTEpa, €CIIU B TO-
K€ SMHTTEpa JIBIPOYHAsi COCTaBIsAIOIas paBHa 2%, a JJaBUHHOE pa3MHOKEHHE
HOCHUTEJICH 3apsi/ia B KOJUIEKTOPHOM MEPEXO0e OTCYTCTBYET.

Omeem: 0,9506.

3) B Tpan3sucrope, BKIIOYEHHOM I10 CXeMe C OOLIUM 3MUTTEPOM, TOK KOJIEKTOpa
paBeH 29 MA, Tok 6a3bl paBeH 500 MxA. Uemy paBeH kodDUIIMEHT nepenadn
TOKa sMuTTepa. OTBET OKPYIIIUTH JO COTHIX.

Omeem: 0,98.
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4)

5)

6)

7)

8)

9)

HauanbHblll TOK KOJUIEKTOPHOTO Iepexoja OWUIONISIPHOrO TPAaH3HCTOPA, BKIIIO-
YEHHOTO TI0 cXeMe ¢ o01Ieit 6a3oi, paBeH 4 MKA, K03 PUIIMEHT Mepeaadu Toka
smutTepa 0.99, uaBepCcHBIN KO3PGUIIMEHT Tepenayn Toka kojuiekTopa 0.6. Ye-
My paBeH OOpaTHBI TOK SMUTTEPHOTO mepexona /.50 B MKA. OTBET OKpYyTIIUTh
JI0 COTBIX.

Omesem: 0,98.

Koadpdunuent mmxeknun Ttpansuctopa paseH 0,99, korddunmeHt nepeHoca
0,99, apdexTuBHOCTD KOMIEKTOpa 1. OnpeaenuTh TOK KOJUIEKTOpa B MA, ec-
au ToK 0a3bl paBeH 20 MKA, a oOpaTHBIA TOK KOJIJIEKTOpa B cCXeMme ¢ oOImeit
6a3oii 1MKA. OTBET OKpYIIIUTH 10 ECATHIX.

Omeem: 1 MA.

Tox KoJeKTOpa OUIOIIPHOTO TPAH3UCTOPA, pabOTAIOIIET0 B PEXKUME HACHIIIIE-
Hus, paBeH 10 MA, ko3 durmeHT nepenayn Toka 6a3sl paBeH 50, koapdurueHT
HachllleHus paBeH 1.2. OnpenenuTs TOK 0a3bl B MKA.

Omeem: 240 MKA.

bunonspHblii TpaH3UCTOp 007a/1aeT COOCTBEHHBIMU MapaMmeTpamu 7, = 26 Om,
rs =400 Om , B = 25, ry > co. Onpenenuts napameTp /ji,.
Omeem: 1076 Om.

Onpenenuts U Py3UOHHYI0O €MKOCTh 3MUTTEPHOTO TMEPEeXo/a TpPaH3HUCTopa
(8 H®), ecau TOK dMUTTEpa paBeH 2 MA, a BpeMs IposieTa HOCUTENeH 3aps-
na gepes 6a3y paBHo 39 HC.

Omeem: 3 ud.

Omnpenenuts NpeienbHyI0 YacToTy Ko3((uUIMeHTa nepeay Toka 6a3sl TpaH3u-
CTOpa, €CJIM TpaHuyYHas yacTtora Tpansucropa pasHa 100 MI'n, a koadduuneHt
nepenayu Toka 6assl paBeH S0.

Omeem: 102 MI'L.
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TUPNCTOPBDI

Tupucmop — 5mo nonynpo8oOHUKO8bIL Npubop ¢ mpems u bonee p-
n-nepexooamu, 601bM-AMNEPHASI XAPAKMEPUCMUKA KOMOPO2O UMeem
Y4acmox ¢ ompuyamenvHulm OupphepenyuanrbHbimM ConpomusieHuem.

b

G;‘ (BBIKJTFOYCHHBIM) U OTKPBITBIM (BKJIFOUCHHBIM).

TI/IpI/ICTop o6naL[aeT JABYM: YCTOfIqHBBIMH COCTOAHUAMM: 3aKPbITbIM

B 3aKkpbITOM COCTOSHUU THPUCTOP MMEET BBICOKOE COMPOTHUBIIEHHE W IMPOIYCKAET
MaJlblif TOK, & B OTKPBITOM — COIIPOTUBIIEHUE THPUCTOPA Mai0 U 4epe3 HEro MPOTEKAeT
OOJIBILION TOK.

KOHCTpYKTHBHYIO OCHOBY OOJIBIIMHCTBA TUPUCTOPOB COCTABIISICT YETHIPEXCIONHAS
CTPYKTypa C YepeayHIIUMHUCS OOJACTSAMHU IMOJYNPOBOAHUKA p- U n-tumna (puc. 5.1).
BHemniHue o61acTu Ha3bIBAIOTCA SMUTTEPAMH (P-IMUTTEP U n-3MUTTEP), a BHYTPEHHUE —
6a3zamu (p-6a3a u n-6aza). DMUTTEpHBIE OOJACTH OMHUYECKHMHU MEPEXOJaMH CBSI3aHbI
C METAJUIMYECKHUMH 3JIEKTPOAaMHU. DIEKTPOJ p-dMUTTEpAa HOCUT HAa3BaHWE aHOAA, a Ni-
IMHUTTEPA — KaToja. BEIMPAMIIIONINE MEPEeXoAbl MEXIy SMUTTEpaMu M 0a3zaMH THPU-
CTOpa HA3bIBAIOT SMUTTEPHBIMHU MEPEXOJIAMH, a TIEPEXO] MEXKIY p- U n-0a30i — KOJIJICK-
TOPHBIM.

IIpy W3roTOBIEHMH TUPHUCTOPOB HMCXOAHBIM MaTE€pHAIOM, KAaK IPABHIIO, CIYXKHUT
KPEMHHEBAsl MOJUIOKKA /-TUIA, B KPUCTAJUIE KOTOPOW CO3HAETCS p-n-p-n-CTPyKTypa.
B muddy3noHHO-CIUIaBHBIX TUPUCTOpPaX 00IACTH SMUTTEPOB JETHPOBAHBI CUIIbHEE, UEM
p-6a3a u ocobenHo n-6a3a. [ImacTuHy KpeMHUS C TOTOBOW YETHIPEXCIOWHON CTPYKTYpOH
MIPUIIAUBAIOT K KpUCTaJLIoAepKaTeat0. KOHTakTHBIE IUIOMIAKHA CO3MA0T METaJUIM3UPO-
BaHUEM, a COEIMHEHHE UX C BHEIIHUMHU BBIBOJIaMHU OCYIIECTBISIETCS Yepe3 BoIbppamo-



154 aBa 5. Tupuctopsbl

M1 M2 M3

Puc. 5.1 — KoHCTpyKTHBHAasi OCHOBa TUPUCTOPOB

BbIe MPOKIAIKU. [ €pMEeTU3NPOBAHHBIN KOPITYC MPEIOXPaHsIeT KPUCTAII OT BO3ACHCTBHS
OKpY’KaloIel Cpelibl.

B 3aBHCHMOCTH OT 4HCIlIa BBIBOJOB, KOHCTPYKTHBHBIX OCOOCHHOCTEMH
U CBOWCTB THPHUCTOPHI JENISAT HA TUOAHBIC (IUHUCTOPHI), TPUOIHBIC
(TPUHHUCTOPBI) U TETPOIHEBIE.

JloHbIE TUPUCTOPBI UMEIOT J1BA BBIBOJA: aHOA U KaToA. Cpeau AMOIHBIX TUPHUCTO-
POB pa3In4aOT TUPUCTOPHI, 3allpaeMble B 0OpaTHOM HampaBiI€HUH, TUPUCTOPHI, MPO-
BOJIALIME B OOpAaTHOM HAIpaBJICHUH, U CUMMETPUYHBIE.

TpronHblE TUPUCTOPBI MMEIOT TPU BBIBOJAA, TAK KAK COIEPKAT JTONOJHUTEIbHBINA
OMHUYECKHH Mepexo]l, CBA3BIBAIOLINI OfHY U3 0a3 ¢ ynpasistomuM 3r1ekrpogom. Cpeau
TPUOIHBIX TUPUCTOPOB BBIIEISIOT TUPUCTOPHI, 3allMpaeMble B 0OpaTHOM HaIpaBJICHUH,
IPOBOASIIME B 0OPaTHOM HAIlpaBJICHUU U CUMMETPHYHbBIE (JIByHanpaBieHHbIe). B 3aBu-
CHUMOCTH OT TOTO, C KaKkoi 0a30ii CBs3aH yNPaBIISIOUINNA IEKTPOJ, PA3INYalOT THPUCTO-
PBI C yIpaBIEHUEM IO aHOAY HJIM IO Katoxy. Kpome Toro, mo crnocoOHOCTH K BBIKIIIO-
YEHUIO T0J| JEHCTBUEM CUTHAJIA HAa YIPABIIIFOLIEM 3JIEKTPOAE TUPUCTOPBI ACIATCS Ha
OZIHOOIIEPALMOHHBIE U JIBYXONEPALMOHHBIE (3alIUpaeMble).

[ToMHMO YEeTBIPEXCIOMHBIX CTPYKTYP HEKOTOPbIE BU/IbI TAPUCTOPOB UMEIOT OOJIbIIIEE
YHCIO0 HOJTYHNPOBOAHUKOBBIX oOsacted. Hampumep, cUMHCTOpPBI UMEIOT CTPYKTYpYy W3
ISITH CIIOEB U Oortee.

VYcnoBHbIE 0003HaUCHUS TUPUCTOPOB MPUBEICHBI HA PUCYHKE 5.2.

5.1 lnogHble TMpUCTOpSI

Bonbr-amrniepnas xapakTepucTUKa AUOAHOTO TUPUCTOPA, 3alMUPAEMOTO B 0OpaTHOM
HanpapiaeHuH (puc. 5.3), COOEPKUT MATh 00JACTeH, COOTBETCTBYIOIIUX IATH BO3MOXK-
HBIM peXHMaM pabOTHI:

e pexuM mpsMoro 3anupanus (obmacte 0-1) — HampspkeHHe Ha aHOJAE TOJIOXKH-
TEJIbHO OTHOCUTEIBHO KaTojla, TOK HE3HAYUTEJICH; 3Ta 00JacTh COOTBETCTBYET
3aKPBITOMY COCTOSTHUIO TUPHUCTODPA;

® IIEPEXOJHBI YYacTOK C OTpHULATEIbHBIM U (HEepeHIIMATBHBIM COIPOTUBICHU-
€M, COOTBETCTBYIOUIMI HEYCTOWYMBOMY COCTOSIHMIO TUpucTopa (obmacts 1-2);
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Puc. 5.2 — YcnoBHbIe rpadudeckue 0003HAUCHUS TUPUCTOPOB: @ — JTUOTHBIMH,
3anupaeMblii B 0OpaTHOM HAIpaBIIEHUU; 6 — TUOAHBIN, TPOBOIAIIHNI B 0OpaTHOM
HANPaBJICHUH; 8 — TUOJIHbII CUMMETPUYHBIN; 2, 0 — TPUOAHBIE C YIPABIECHUEM MO
aHO[TY, 3allMpPacMBbIil U MPOBOJAIINN B 0OpAaTHOM HANpaBICHUU; €, HC — TPUOIAHbBIC

C YIIpaBJICHHEM I10 KaTO[y, 3allMPacMbIii U MPOBOAIINI B 0OpaTHOM HampaBlIeHUU; 3 —
TPUOJHBIN CUMMETPUYHBIN; U, K — TPUOJHBIE BYXONEPALMOHHBIE C YIPABICHHEM 10
aHOAY U TIO KaToMy; 1 — TETPOJHBIN, 3allMpaeMblii B OOpaTHOM HaIlpaBlIEHUU

B Touke | BAX Boimonusiercs yenosue dU [dl = 0, a HanpshkeHHE U TOK Ha3bIBa-
I0TCS HAIIPSDKEHUEM BKIFOUCHUS Upy; U TOKOM BKJIFOUCHHMS 5, COOTBETCTBEHHO;

® DPEXUM NpSAMOM MPoBOAUMOCTU (007acTh 2-3), COOTBETCTBYIOIINNA OTKPHITOMY
COCTOSIHHIO TUPUCTOpA; TOK B Touke 2 BAX Ha3biBaeTCs TOKOM yuepKanus Iy,
a HaIPsHKEHUE — HANIPSDKEHUEM B OTKPBITOM COCTOSAHUU Uy, MM HANPSIKEHH-
eM yaepxanus Uyy;

e pexuM oOpaTHoro 3amupanus (o6macts 0-4), B KOTOPOM HampsHKEHHE Ha aHOJE
OTHOCHUTENFHO KaToJla OTPUIIATENbHO, a TOK MaJl,

e pexxuM oOpaTHOro npobdos (06macte 4-5), KOTOPBIA HAYMHACTCS NPH HAIPSIKE-
HHY HA aHOJIE, PABHOM HaNpPSKEHUIO MP000s TUPUCTOPA Uypos.

B pexxume npsiMoro 3anupaHusi SMUTTEPHBIE IEPEXOAbI CMELIEHBI B IPSIMOM HalpaB-
JICHWH, a KOJUICKTOPHBIH mepexon — B 00paTHOM. Uepes MpsMoO CMEIEHHbIE SMUTTEPHBIE
nepexobl NPOUCXOIUT MHKEKIMS HOCHTENEH 3apsiia u3 SMHUTTEpoB B 0a3bl. duddyn-
Ipys depe3 obmactu 0a3, NHKEKTHPOBAHHBIE HEOCHOBHBIE HOCHTEH JOCTUTAIOT KOJI-
JIEKTOPHOTO TIEPEX0/1a, €ro IMOJIEM IEPEHOCITCS Yepe3 NMepexo U MOonaalT B 001acTH
0a3, T71e ABISAIOTCS OCHOBHBIMU HOCHTENSIMU 3apsiza. [Ipyu ManbIx 3HaUCHUAX MPUITOKEH-
HOTO HanpsDKEHHS OHO MPAaKTHYECKHM TOJIHOCTBIO MaJaeT Ha KOJJIEKTOPHOM IEpexoje,
MO3TOMY HpsSIMbIE HAMPSDKEHUS Ha SMUTTEPHBIX MEPEXofax Majbl U CTENEHb WHKEKLIUU
HOCHUTEIeH 3apsaa HeBerKa. TOK, MPOTEKAIOIINI Yepe3 TUPHCTOP, MaJl U MPECTaBIsAET
co00# TOK 0OOPaTHOCMEIIEHHOTO KOJJIEKTOPHOTO TEepexo/ia.

PocT npuiiojkeHHOTO HanpsKEHHs BBI3bIBAET YBEJIWYEHHE MPSIMBIX HAMPSDKEHUN Ha
SMUTTEPHBIX ME€PEX0/aX, B Pe3ylbTaTe 4ero MHKEKIMs 4epe3 HUX CTaHOBHUTCA Oolee
UHTEHCUBHOM. [Ipy 3TOM IBIpKM U3 p-3MHUTTEpa, NPOXOAsS 4epe3 KOJUIEKTOPHBIN Ie-
pexoj, MOMagalT B 00NacTh p-0a3bl U MOHIKAIOT NMOTEHIMANBHBIN Oapbep mepexona
[13, yTO BeneT K BO3PACTAHUIO MHKEKIUHM 3JIEKTPOHOB M3 n-3MHUTTEpa. B cBowo oue-
penb, 3TU AIEKTPOHBI, Homnajas B n-0a3y, CHIKAIOT NMOTEHLUAIbHBIA Oapbep mnepexona
11, yBenuuuBas TeM CaMbIM MHXXEKIHIO IBIPOK U3 AMUTTepa. Takum oOpa3om, B THpH-
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Puc. 5.3 — BonbTr-aMiiepHasi XapakTepUCTHKa JUOAHOIO TUPUCTOPA, 3alIUPAEMOI0
B 00paTHOM HampaBJICHUU

CTOpE CYIIECTBYET MOJIOKHUTENbHAsE 00OpaTHasl CBSI3b M0 TOKY — YBEJIMYEHUE TOKA 4yepes
OJIMH SMUTTEPHBIN EPEXO0]T CHOCOOCTBYET YBEIIMYEHHIO TOKA YEPE3 APYTOi SIMUTTEPHBII
HIEPEXON.

JlpyruM Ba)KHBIM CJIEACTBHEM IIOBBIIICHUS HANPSDKEHUS HAa TUPUCTOPE SBISIETCA
YBEIMYECHHUE HAIPSPKEHHOCTH I10JIS KOJUIEKTOPHOIO IEPEX0/1a, YTO CO3AACT yCIOBUS AJIs
JJABUHHOTO Pa3MHOYKEHUsSI HOCUTENEH 3apsaa. BenencTBue JIaBUHHOTO pa3MHOXKEHUS HO-
CUTEJIEN TOK Yepe3 KOJUIEKTOPHBIN MEePEX0/l YBEIUIUBAECTCS, & €r0 COPOTUBIICHUE U Ta-
JICHUE HAIIPSDKEHUS Ha HEM YMEHBINAIOTCA. JTO BEIET K MOBBILICHUIO HANPSHKCHUN Ha
SMUTTEPHBIX NEPEX0/aX U YBEINYCHHUIO MH)KEKIIMH Yepe3 HUX, UYTO BBI3OBET JaJIbHEH-
IIMHA POCT TOKA KOJIJIEKTOPHOTO Iepexo/ia, 6oiee MHTEHCUBHOE pa3MHOKEHHE HOCUTEINeH
B IIEPEXO/IC U JAJIbHEHIINI POCT TOKOB MHIKEKIUH.

[TonoxxuTensHas oOpaTHas CBA3b 110 TOKY M JJABUHHOE Pa3MHOXEHUE HOCUTEINEeH 3a-
psza B KOJUIEKTOPHOM II€pEXOJ€e IPUBOIAT K TOMY, UYTO IIPU HEKOTOPOM HAIpPsKEHUU
U = Ugy, BO3HHUKAET JaBUHOOOPA3HOE YBEIUUYEHUE TOKA THPUCTOPA, KOTOPOE COIIPOBOXK-
JTAeTCsl YMEHBIIECHUEM HAIIPSDKEHUS HAa KOJUIEKTOPHOM IIEPEXO/e, a CIIEIOBATeNIbHO, Ha
TUPUCTOPE B LEJIOM. TUPUCTOP MEPEXOAUT B HEYCTOMYMBOE COCTOSIHHE, COOTBETCTBYIO-
mee yyactky BAX ¢ orpunarenbHbM U depeHIMaIbHbIM COIPOTUBICHUEM, a 3aTeM
CKaQuKOM — B PEKUM NPSMOU IPOBOJUMOCTH.

B pexume npsiMoil mpoBOAMMOCTH HEPABHOBECHBIN 3apsijl, HAKOIJICHHBINH B 0azax,
CO3/1a€T HAa KOJUIEKTOPHOM IIE€PEXOI€ PAa3HOCTh INOTEHIHUANIOB, KOTOPAas CMELIAET €ro
B IIPSIMOM HaIlpaBiieHuH. [IpoBoguMOCTh THUpPUCTOpPA MPU ITOM BeJMKa, a MaJeHUE Ha-
MPSDKEHUS HA HEM MaJlo M OINpeAeIAeTCsl CYMMOM NaJCHUN HANpsKEHUW HA Tpex Mps-
MOCMEIIIEHHBIX p-n-Nepexosiax, NaJeHni HalpspDkeHUH Ha 0as3ax, 00JacTsaX SMUTTEPOB
Y BHEITHUX BBIBOJAX.

Tupucrop OyIeT HaAXOAMTHCS B PEKUME MPSIMON MPOBOIUMOCTH 110 TeX IOp, MO-
Ka 3a CYET MPOTEKAIOIIEro TOKa OyleT MOIAEpKUBAThCs M3OBITOUHBIN 3apsia B 0a3ax,
HEOoOXOAMMBIN Uil CMELIEHHs KOJIJIEKTOPHOTO Iepexoia B MpsiMoM HamnpasieHuu. [Ipu
CHMJKCHUM TOKA JI0 3HA4YE€HMs, MEHBIIErO TOKA yAep:KaHus Iy, 3a C4eT PEKOMOUHAIMU
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Y paccachiBaHHUs YMEHBIIIAETCS KOJIMYECTBO HEPABHOBECHBIX HOCHTENEH 3apsiia B 06a3ax,
KOJUIEKTOPHBIA TIepeXo/ CMEMaeTcss B 0OpaTHOM HalpaBICHUH, MPOMCXOIUT Hepepac-
npenesieHre NMaJeHui HampsKeHHsl Ha Mepexofax TUPUCTOPHOU CTPYKTYphI, YMEHbIIIa-
€TCSl MHKEKIIUS U3 SMUTTEPHBIX 00JIacTel U THPUCTOP MEPEXOAUT B 3aKPBHITOE COCTOSIHHE.

B pexxume 00paTHOTO 3armupaHus SMUTTEPHBIE TIEPEXO/Ibl CMEIICHBI B 0OpaTHOM Ha-
NPaBJICHUH, a KOJUIEKTOPHBIN Nepexoa — B MpIMOM. TOK uepe3 THPUCTOP OIpeesieTCs
TOKaMH OOpPaTHOCMEIICHHBIX 3MHUTTEPHBIX MEpexofoB. B pexumMe oOpaTHOTO 3amupa-
HUS HET YCIIOBUH Ui MEepPEeKIIOueHUs] TUPUCTOPA, a 00paTHOE HAIPSHKEHHUE OTPaHUYEHO
100 JJABUHHBIM IMPOO0EM 3MHUTTEPHBIX MEPEX0/I0B, TUO0 3PPEKTOM CMBIKAHHUS MEePEX0-
JIOB B pe3yJbTaTe PaclIMpeHHs OJHOTO U3 0OPaTHOCMENICHHBIX IMUTTEPHBIX MIEPEXOI0B
Ha BCIO TOJIIMHY cliaboierupoBaHHoi Oasbl. HampspkeHue mpoOos TupHcTOpa MEHb-
ie, 4eM HarpspKeHHe mpo0osi H30JMPOBAHHOTO p-A-NIEPEX0Aa, TOCKOIbKY B THPHUCTOPE
SMUTTEPHBIEC MEPEXO/bl CBSI3aHBbl C KOJUIEKTOPHBIM IepexooM, o0pa3ys TPaH3UCTOPbI
C Pa30MKHYTHIMH 0a3aMH, BKIIOUEHHBIMHU 110 CXeMe C OOIIMM 3MUTTEPOM.

Jlnst oObsICHEHUsI TOBEICHUSI U OIpPEICICHUS YCIOBUH MEPEKIIOYEHUS CTPYKTYPY
TUPUCTOPA MOXKHO IIPEICTaBUTh B BUJIE IByXTPAaH3UCTOPHOM Moaenu (puc. 5.4).

A
‘A QA
p' 31| p
n B1| n P | K2
Py oe | Zgo n | &2
K1
nt P 32

Tk K

Puc. 5.4 — JIByXTpaH3UCTOPHBIN aHAJIOr TUPUCTOpA

Jns quonHoro tupucropa /, = 0 M ¢ y4eTOM JJaBUHHOIO Pa3MHOKEHHs HOCHUTEIIECH
3apsza B peXuMe MPsSIMOTo 3allUpaHysl CIIPaBEIJINBO

I= M(IK] +IK2) =M(O(1]+IK60] + a21+11<602) ,

OTKyHa:

_ M(Loor + loo2) = M I (5.1)
T1-M(a +o) 1-Ma '
TJe o = 0 + Oy — CYMMapHbIH cTarn4eckuil ko3hduimenT nepeaayn Toka THPUCTOPHOM
CTPYKTYpBI; Iy — OOpaTHBII TOK KOJUIEKTOPHOTO TEepPeXojia THPUCTOPA.

Crarnueckuii k03 GULIMEHT epenadyn TOKa SMUTTEPA O PACTET C YBEIMYCHUEM TOKa
IMHUTTEpA B PE3YJIbTaTe YMEHBIIICHUS BIHMSIHHUS PEKOMOWHAIIMU B SMUTTEPHOM TIEPEX0/Ie
Y TIOSIBJICHUS DIIEKTPUIECKOTO TOJIsl B 0a3e M3-3a YBEIMYCHHUS IPaJHeHTa KOHIICHTPALUU
Hocutenel 3apsanga. Kpome Toro, koadGUIMEHT o pacTeT ¢ yBEIMYCHHEM HampsOKEHUS

1
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Ha KOJUIEKTOPHOM mepexone BeieacTBue agdexra Ipnu. C pocTOM HANPSHKEHUS KOJUIEK-
TOPHOTO MEPEeX0/a TaKKe YBEIHMUUBACTCS U KOOPPUIMEHT M JTaBUHHOTO Pa3MHOKEHUSI.

[Tockonbky M © O 3aBUCST OT MPUIOKEHHOTO K TUPUCTOPY HAINPSDKEHUS, a O eIl
Y OT MPOTEKAIOIIEro ToKa, BeipaxkeHue (5.1) mpencrasnser coboii ypaBuenue BAX nu-
OZIHOTO THPHCTOpA B PEKUME MPSMOTO 3aIUPaAHUSL.

[Tokxa npunoxeHHOE HAIpPsHKEHUE M TOK TUPUCTOPA HEBEJIMKHU, BBIMOIHAETCS yCIIO-
Bue Mo < 1, U TOK, IPOTEKAIOIINI Yepe3 TUPUCTOP, OMpeAessieTcs] 0OpaTHBIM TOKOM
KoJutekTopHoro nepexoaa I ~ I,. C pocTOM NPHIOKEHHOTO HAMpSIKEHHs] U TOKa TH-
puctopa KodQPUIHEHTH M U o yBENIWYHBAIOTCS, Mpou3BeAeHUe Ma mpuOmmKaeTcs
K equHuIe U npu Mo ~ 1, kak cienyeT u3 ypaBHeHus (5.1), IpoucxoauT pe3koe Bo3pac-
TaHUE TOKAa, COOTBETCTBYIOLEE NIEPEXOAY TUPUCTOPA B HEYCTOWUMBOE COCTOSIHUE. Takum
obpazom, u3 (5.1) cienyert, 4TO MpU BKIOYCHUH TUPUCTOPA BBITIOJIHICTCS YCIOBHE

Mo = 1. (5.2)

Vcnonb3yst SMIMpUYECKOe COOTHOIICHUE Ui KOA(QHUIMEHTa JTaBUHHOTO pa3MHO-
KEHUS, MTOITyYUM

a
L (Yee)
Unpo6
OTKyda CJIeayeT
Usin = Unp06 \n/ l-ax< Unpoﬁa (53)

TO €CTh HANpsHKCHHE BKIIIOYCHHS] TUPHCTOPA MEHbBIIE HATPSIKEHHS JTJABUHHOTO MPo0os,
YTO O0YCJIOBIICHO HAJTMYMEM TIOJIOKUTEIBHON 00OpaTHOM CBSI3M B THPUCTOPHOU CTPYKTYpE.
Huddeperuunpys (5.1) ¢ yuerom 3aBucumocteit M = M(U) u o = a1, U), nonydum

1-M Iaa
dUv \*ar) |- Mi 5
dl I dM 3l dao I dM 3l da’ '
——+M +IM— ——+M +IM —
M dU QU U M dU oU oU

e = 0//0l, — mubdepeHiranbHpii K03hQUIMESHT Mepeaadn TOKa SMUTTEPA.
U3 (5.4) cnenyer, urto ycnosue dU /dI = 0, onpezensitoiiee TOYKY BOIBT-aMIEPHOI
XapaKTEePUCTUKH, B KOTOPOU MPOUCXOAUT BKIFOUEHUE TUPUCTOPA, BHITIOIHIETCS TPU

Ma=1. (5.5)

Tak xak nmuddepeHnnanbHpii KOAGPUIMEHT epeaadn Toka IMUTTEPA & HECKOIBKO
OosbIie cTaTudyeckoro koddduimenta o, To yciaoue (5.5) peanusyeTcs paHblIe, YeM
ycnoBue (5.2). Takum 06pa3om, HETIOCPEACTBEHHO B TOUKe BKJIIOYeHUss Mo < 1, a ypas-
HeHue (5.2) ABnseTcs ypaBHEHUEM BOJIBT-aMIIEPHOM XapaKTEPUCTUKM YK€ Ha ydacT-
K€ OTpHLATENBbHOIO JuddepeHlnaIbHOro conpoTuBieHus, korna Ma > 1. Ilocnennee
YCIIOBHE 03HAYAET, YTO MPHPAIIECHUE TOKA KOJUIEKTOPHOTO TIepexoia MPEBhIIIaeT Mpupa-
IICHUS TOKOB SMUTTEPHBIX MepexoJoB. IMEHHO B 3TOM cily4yae MPOHCXOAUT HaKOILIe-
HUE U30BITOYHBIX HOCHUTENEH 3apsia B 0a30BbIX 00NACTSAX, YTO BBI3BIBAET YMEHBIIICHUE
HanpsHKEHUS] Ha KOJUIEKTOPHOM IIEpEXoJie, a CIe0BaTeNIbHO, U Ha BCEH TUPHCTOPHOM

CTPYKTYpE.
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5.2 TpunogHbie TUPUCTOPDI

Kak oTMeuanocs, st epeKIFoueHUs] THPUCTOpa U3 3aKPhITOTO COCTOSIHUS B OTKPBI-
TO€ HEOOXOIMMO HAKOIUIEHHE M30BITOYHOTO 3apsijia HEPABHOBECHBIX OCHOBHBIX HOCH-
Tened B 0a30BBIX 001acCTAX. DTO MPOMCXOAUT 3a CUET YBEIMUEHUS YPOBHS MHKEKLUU
yepe3 AIMUTTEPHbIE MIEPEXO/Ibl U BCIEACTBHUE JIABUHHOTO Pa3MHOXKEHUSI HOCUTENIEH 3aps-
Jla B KOJUIEKTOPHOM II€peEXoJie.

B TpuomHoM tupucrope (puc. 5.5) momaueil COOTBETCTBYIOLIETO HaNpsKEHUs Ha
ynpasisitonuid anextpon (YD), cBsI3aHHBIH OMHUYECKMM KOHTAKTOM C OAHOM u3 0a3,
MOKHO YBEJIIMYUTHh YpOBEHb HWHKEKIUU 4epe3 MpHIEraroluid K 3Toil 6a3ze sMuTTEp-
HBII IIepexXo/l U BbI3BATh TEM CaMbIM BKJIFOUEHHE TUPUCTOPA MPU MEHBIIEM HalpsHKEHUH
MEXIy aHOOM U KarofioM. [1onspHOCTh HampsiKeHUs, M0JJaBaeéMOro Ha yHpPaBIISIOLINHA
JIEKTPOJ], JOJDKHA 00eCcIIeurnBaTh CMELIEHHE COOTBETCTBYIOLIETO SMUTTEPHOTO IIEPEX01a
B MIPSIMOM HalpaBJICHUU.

7 2
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Puc. 5.5 — Crpykrypa TpHOAHOTO TUpHUCTOpA

Hcnonp3ys NBYXTpaH3UCTOPHYIO MoJeNb (puc. 5.4), NepeKItoueHue TPUOJHOTO TH-
pHUCTOpa 3a CYET NOAAYM HANPSHKEHUs Ha YIPABJISIOIIMNA 3JIEKTPO MOXKHO MPEICTaBUTh
KaK MepeBoJ OJHOW M3 TPAH3UCTOPHBIX CTPYKTYpP B PEXKHUM HACBHIILIEHUS IPU OOJIBIIOM
Toke 0a3bl. IIpu 3TOM KOIJIEKTOPHBIN NEpeXo TPaH3UCTOPHOM CTPYKTYpHI (OH ke KOJI-
JIEKTOPHBIN MEpexo]] TUPUCTOPA) CMELIAETCS B MPSIMOM HalpaBlICHHH.

Ha ocHOBe ABYXTPaH3MCTOPHOM MOJENMU Ul PEXKUMA HPAMOIO 3alUPaHHs MOXKHO
sarucath [ = M (I + 1) = M(all + Lo +ap (I +1,) + ]K602); OTKYy/1a:

M ([K601 +]K602 + 0'2[}/) M
1= = I L). 5.6
LM (o) 1= Ma ot eh) (56)

Tak kak M 3aBUCHUT OT MPWIOKEHHOTO K TUPUCTOPY HAIPSKEHHS, O — OT MPUJIIO-
KEHHOT'O HAIpPSDKEHUS U OCHOBHOTO TOKa, a O — OT NPHJIOKEHHOTO HAIpsKEHUS, OC-
HOBHOT'O TOKa U TOKa YIpaBJlieHUs, TO BeIpaxkeHue (5.6) npencrapiser coool ypaBHEHUE
cemeiictBa BAX TpuomHOTo THpUCTOpa B pEXHUME MPSIMOTO 3alUpPaHUS.

VYpaBuenue (5.6) MOKa3bIBAET, YTO YBEJIUUYECHHUE TOKA YIIPABJICHUS IPUBOAUT K POCTY
OCHOBHOI'O TOKa TUPUCTOPA, TO €CTh YBEIMUYEHUIO KPYTU3HBI BOJIBT-aMIIEPHBIX XapaKTe-
PHUCTHK.

VYcnoBue BKIIOUEHUS TPUOJAHOTO TUPUCTOPA MOXKHO TOJTYYHUTh 110 aHAJIOTUU C JTUHU-
ctopom, auddeperiupys (5.6):
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OTKYyHa CJICAYCT, YTO YCJIOBUC BKIKOYCHUS OIPECACIACTCA COOTHOIICHUCM

a(lz
M E~l+[y¥ = 1,

TO €CTb 3aBUCHUT OT TOKa YIIPaBJICHHA.

(5.7)

(5.8)

OueBHIHO, YTO YeM OOJBIIE TOK YNPABICHUS, TEM MPU MEHBIIUX 3HAYCHUSIX MPH-
JIO)KEHHOT'O HAIPsUKEHUS HAaYMHAET BBINNOJIHATHCSA yciaoBHE (5.8), TO €CTh yBeIMUEHUE
YIPABJISIONIETO TOKAa COMPOBOXKIAETCS YMEHBIICHUEM HANpPsHKCHHS BKIIOYCHUS THUPH-
ctopa (puc. 5.6). Ilpu onpeneneHHOM 3HAYECHUU TOKA YIIPABJICHH, HA3bIBAEMOM TOKOM
CIIpAMIIEHHUS I, Ha TIPAMON BETBH BOJILT-aMIIEPHOM XapaKTEPUCTUKU HUCYE3AIOT ydacT-
KU MIPSIMOTO 3allpaHus U OTpULIATeNbHOTO U depeHIInaIbHOr0 CONPOTUBICHUS, U OHA
BBIPOXKJAETCS B IpsiMyto BeTBb BAX nuozpa (TroBOpsT, YTO mpsiMasi BETBb CIPSMIISIET-
cs1). Tupuctop B 3TOM ciydyae BKJIIOUAETCS, MUHYS 3alleépTo€ COCTOSIHME, MPHU Tojaye

IIOJIOXKUTCIIbHOI'O HAIIPSAXKCHUA HAa aHOJ OTHOCUTCIIBHO KaToda.
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Puc. 5.6 — CemeicTBO BOJIBT-aMIIEPHBIX XAPAKTEPUCTUK TPUOJHOTO TUPHUCTOPA
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B pexxume npsmMoil mpoBOIMMOCTH Yepe3 TUPUCTOP MpOTeKaeT OOJbIION OCHOBHOM
TOK, TO3TOMY TOK YIPAaBJIECHHUS MPAKTUUECKH HE OKa3bIBACT BIMSHHS HAa COOTBETCTBY-
IOIIMN y4acToK XapakTepucTuku. CienoBaTenbHO, HOCE BKJIIOYEHMs LENb YIpaBlie-
HUSI MOXKET OBITh PA30MKHYTa, @ TUPUCTOP OyJeT MPOIOKATh HAXOAUTHCS B OTKPHITOM
COCTOSIHMM, TIOKa IIPOTEKAIOLMI TOK HE CHU3UTCS JI0 BEIMUMHBI, MEHBILIEH TOKA YIEp KaHHUSI.

5.3 CUMMETpUYHbIE TUPUCTOPBI

CuMMempuquZM mupucmopom, uiu CUMUCNIOPOM, HA3bleAOM MUpuU-
cmop, Komopbn? nepexidaentci U3 3aKpoblimoco COCmMOosAHusl 6 OmKpbsl-
moe KakKk 6 npAmom, mdakxK u 6 06pal’l’ZHOM HanpaejleHuu.

CuMMeTpHUUHBbIE THPUCTOPHI UMEIOT CUMMETPUYHBIE BOJIBT-aMIIEPHBIE XapaKTepH-
CTHKH, TO €CTh OJIMHAKOBBIEC MO BHUYy MpsMble U 0OpaTHbIE BETBU. B cBs3u ¢ 3TUM cu-
MHUCTOPBI MPUMEHSIOT KaK NEePeKIIIoYaroiire Npruoopsl B IEMsIX MEPEMEHHOT0 TOKa.

CuUMMETpUYHBIC TUPUCTOPBI PA3JICISIOT Ha TUOHbBIC U TPUOAHbIC. /u-
OOHbBIU CUMMEMPUYHbIL mupucmop (JIMaK) BKJIKOYAETCS MPU JOCTH-
JKCHUH TIOJIOKUTEIBHOTO WM OTPUIATEIILHOTO HANPSHKEHUS MEXITY
aHOJIOM M KaToZOM, PaBHOTO HANPSDKEHUIO BKIIOYCHUS. Tpuoomviil
CUMMEMPUYHBLI MUupucmop (mpuax) BKIIIOYAETCS KaK B MPSIMOM, TaK
U B 00paTHOM HalpaBlICHHUSX MPH MOJaYe CUTHAJA HA €ro YIpaBIsio-
LIUI 3JIEKTPOL.

CTpyKkTypa CUMHUCTOpa XapaKTepHU3yeTcsl OONBIIMM, Ye€M YEThIPE, YHCIOM Yepely-
IoLMXcs 00nacTel p- W n-TUIA M COOTBETCTBEHHO MMEET HE TpH, a OoJbllee YucIio
BBITIPSIMJISIFOIIUX TIEPEXOIOB: /IS JUaKa MSATh CJIOEB U YEThIpe Mepexosa, s Tpruaka —
mIecTh U 0oJiee CIoeB, MATh U 00Jiee MEPEXOI0B.

PaccmoTpum cTpyKTypy M OpUHLUI AeHCTBUS cumMucTopa (puc. 5.7).

KoHTakTHble MeTamIM3UPOBAHHBIE TUIOLIAAKU SJIEKTPUUECKU COCIUHSIIOT BEPXHUE
MOBEPXHOCTH MPABOW YacTH o0nacTu p;, odmactu n; u ny (puc. 5.7, a) u UMEIOT 00Ut
BbIBOJ A (aHO[). MeTamnu3upoBaHHas IJIOMIAKa B [IEHTPE BEpXHEH MOBEPXHOCTU 00-
JIACTH p; COEIMHEHA C BBIBOJOM YIPABISAIOIIETO AieKTpona Y. HukHMe MOBEpXHOCTH
obmacteit p, M n3 NEKTPUYECKU COCAMHEHbI KOHTAKTHOW IUIOMIAAKONH CO BTOPHIM OC-
HOBHBIM BbIBOJIOM K (katoza). B 0oCHOBHYIO 1elb BKIJIFOUAIOTCS UCTOUHUK NEPEMEHHOTO
HaNpsDKEHUS U Harpy3Ka, a B LEMb YIPABICHUS — UCTOYHHUK UMITYJIbCOB TOKA YIIPABIICHUSI.

DTy CTPYKTYpPY MOKHO paccMaTpHUBATh KaK J1BA OOBIYHBIX THPUCTOPA, BKIFOYCHHBIX
BCTPEYHO-NIApAJIENBbHO. [IepBhIil U3 HUX BKIIOYAET YacTb CTPYKTYPBI C IIPaBOM CTOPO-
HBI — p| — Ny — pp — h3 ¢ iepexonamu 11, I15 u Iy (puc. 5.7, 6); nist Hero npsiMbiM OyzeT
IIOJIOKUTETIBHOE HAIPSKEHUE HA aHOAE OTHOCHUTEIIBHO KAaTOJa.

B stoMm ciyuae nepexons! I1, u Il HaxogsaTcs mon npsMbIM HanpsbkeHueM, a [1; —
o ooparHbM. Kak Ob110 MOAPOOHO paccMOTPEHO It OOBIYHOTO THPUCTOPA, C YBEIH-
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YEHUEM TOKA B 715-CJI0€ HAKAIIJIMBAKOTCS AIEKTPOHBI, & B P)-CJI0€ — IBIPKH, YTO IPUBOJIUAT
K IepeMeHe MOSIPHOCTH HamnpsbkeHus Ha nepexone [1; ¢ oOpaTHol Ha IpsMYyIo, U TUPU-
CTOp NEPEKIIIOYAETCA U3 3aKPBITOrO COCTOSIHUA B OTKPBITOE.

\4C) OCH
«~ 0, Y3 0O
Uy i : L
—— ! L
| ny nkE m
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Puc. 5.7 — IlonynpoBOIHUKOBAsI CTPYKTypa CHMMETPUYHOTO TUPUCTOpaA ()
Y SKBHBAJIEHT CUMMETPUYHOTO TUPUCTOPA B BUJIE JBYX TUPUCTOPOB (0)

Ecnu Ha snextpon YO nojgaBaTe UMITYJIbC YIPABIIAIOLIETO HANpPSHKEHUS CO 3HAKOM
«IIJTFOC» OTHOCHUTENBHO aHoJa A, TO Ha JomnoaHUTeIbHOM nepexoze Ils cozmaercs nps-
MO€ HaNpsKEHUE, SIEKTPOHBI MHKEKTHUPYIOTCS U3 00JIACTH 14 B 00NACThb py, UG PyHIN-
pyroT depe3 Hee Kk nepexony Il, u mepeOpachiBaloTCsl MOJIEM €r0 KOHTAKTHOW pa3sHOCTU
MOTEHLUAJIOB B M,-ciioil. Hackllenue n,-cios MpUBOAMT, B CBOIO Ouepellb, K YBEJU-
YEHUIO NPsAMOro HampspkeHus Ha nepexone 11, moj nefictBueM KOTOpOro yCHIMBaeTCs
WH)KEKLUS JBIPOK p1-CII0S B 1p-CJI0M; oHU AU QYyHIUPYIOT yepes n,-Ciloi U nepedpachl-
BalOTCs MO JeHCTBMEM 00paTHOrO HanpspkeHus Ha nepexone I1; B ,-cioil. Hakomienue
JBIPOK B p,-CJIO€ U 3JIEKTPOHOB B /1,-CJIO€ O] JEHCTBHEM HMMILYJIBCOB YIIPABIISIOIIETO
CUTHaJja IPOUCXOAUT MTHOBEHHO, U TUPUCTOP MEPEKIIIOYAETCSI B OTKPHITOE COCTOSHUE
IIPY MEHBLIEM HaNpsHKEHUM MEXy OCHOBHBIMH 3JIEKTPO/IaMH, YEM HallpsDKEHHE nepe-
KIIIOUEHMSI TIPU OTCYTCTBUM TOKa YIPaBICHMUS.

ITpu nepemMeHe NOIAPHOCTH HANIPSKEHUS. B OCHOBHOM LIEMH — IUIIOCOM K KaTo.y, MU-
HYCOM K aHOJy — NPSIMOE HAIIPSKEHUE OKa3bIBAECTCS HA JIEBOW YAaCTH YETHIPEXCIOMHON
CTPYKTYpHI (puc. 5.7, a), cocrapistoniel kak Obl BTOPO OOBIYHBIN THPHUCTOP: CHU3Y
BBEpX p, — Ny — p1 — ny nepexonamu I3, I, u Iy (puc. 5.7, 6). Ha nepexonax I1; u IT;
JIEWCTBYET B 3TOM cllyyae NpsiMoe HarpsbkeHue, a Ha nepexoae I1, —obGparHoe. IIpouec-
CBI MIPOUCXOAAT TaK e, KaK B 0OBIYHOM THUpHCTOpE. MIMITybC yIpaBisIoIero curuaia
CO3/1aeT JOIOJHUTENBHOE MpsMOE HampshkeHue Ha nepexoze I1;, u uepe3 Hero mpoxo-
JWT TOK yNpaBieHUs [, BBI3bIBas NMEPEKIIOUYCHUE CUMUCTOPA M3 3aKPBITOTO COCTOSHMS
B OTKPBITOE.
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Puc. 5.8 — CemelicTBO BOJIBT-aMIIEPHBIX XapaKTEPUCTUK CUMMETPUYHOTO THPUCTOPA

PaccmoTpeHHbIe Mpolecchl OTPaKeHbl Ha CEMENCTBE BOJIBT-aMIIEPHBIX XapaKTepH-
CTHK cuMucTopa (puc. 5.8). B npssMoM HampaBlIeHHH OHU TaKUe ke, KaK JJIsl OOBIYHOTO
TUPHUCTOPA, @ B 0OPaTHOM — aHAJIOTUYHBI UM, HO PACIONAraloTcsi CHMMETPUYHO B Tpe-
ThEM KBaJIpAaHTE CUCTEMbI KOOpPMHAT.

5.4 Cnocobbl ynpaBneHns TMpuctopamm

OCHOBHBIMH cHIOCO0aMHU BKIJIOYEHHSI THPUCTOPOB SIBISIOTCS YBEIWYEHHE HaIpsKe-
HUSI MEXIYy aHOIOM M KaroJOM M MOJaya CUTHajla Ha yHpasBisrolMi iekTpod. Ilpu
9TOM JI1 AUOJHBIX THPUCTOPOB HepBBIﬁ CII0CO0 SIBIAETCA CIUHCTBCHHO BO3MOXHBIM,
TOTJIa KaK JJI TPUOJHBIX TUPUCTOPOB IMPUMEHUMBI 00a crocoba, XoTs Oojee pacrpo-
CTPaHEHHBIM SIBIISICTCS] BTOPOH U3 HUX.

BkntoyeHne Tmpuctopa ¢ NOMOLLIbIO TOKa ynpaBneHus

Kak Ob110 moka3aHo, o0ecriedeHne COOTBETCTBYIOIIETO TOKA YIPABICHUS BbI3bIBACT
YMEHbILIEHUE HANPSKEHHs BKIIIOYEHUS 110 CPABHEHUIO C HANpPSKEHUEM BKJIFOUEHUS NPU
Pa30MKHYTOM LIENIN YNPABIISIOLIETO NIEKTPOJIA.

ITockonbKy HaKOIUIEHHME HEPAaBHOBECHBIX HOCUTENEH 3apsaa B 0a30BbIX 00IacTsaX
IPOMCXOJUT HE MTHOBEHHO, Ul BKIJIIOYEHUS THUPHCTOpa HEOOXOAMMO, YTOOBI MMITYJIbC
YIPaBIIAIOLIETO TOKA UMEN ONPEIEICHHYI0 JUINTENbHOCTh U aMIuIUTyny. [Iponece Bkito-
YEHMsI TUPUCTOPA XapaKTEPU3YETCs BPEMEHEM BKIIFOUEHHUS 110 YIPABIISIIOIIEMY JIEKTPO-
Ay THPHUCTOPA Iy pey. ITO MHTEPBAIl BPEMEHM MEXKIY MOMEHTOM, KOIIA YIPABIISIOIIUI
Tok coctasisieT 10% oT ero aMIIuTyzibl, U MOMEHTOM, KOTJIa OCHOBHOM TOK YBEJIMYHUTCS
710 90% ot ero 3HaYeHUs B OTKPBITOM COCTOSIHHH.
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Bpewmst BKITtOUEHUS 110 YIIPABIISIONMIEMY AJIEKTPOAY MOXKHO MIPEICTaBUTH B BHJIE CYM-
MBI BPEMEHH 1y, 5; 3aJCPKKHU M0 YNPABISAIOMIEMY DJIEKTPOIY U BPEMEHH f,, HAPACTaHHs
JUISL THPUCTOPA.

Bpemst 3aiepKK 110 YTIPABIISFOIIEMY SJIEKTPOAY — 3TO MHTEPBAT BPEMEHH MEXKITY
MOMEHTOM, KOTJIa yIpaBJsitoIMi Tok cocTasisieT 10% oT ero aMIMTyasl, U MOMEHTOM,
KOIJJa OCHOBHOM TOK yBesnn4uuTcs 10 10% OT ero 3HaueHusi B OTKPBITOM COCTOSHUU. Bpe-
Msl HapacTaHUs AJIs THPUCTOPA — 3TO UHTEPBAJl BPEMEHH, B TEYEHHE KOTOPOTO OCHOBHOM
ToK yBenuuuBaetcs ¢ 10% no 90% Toka B OTKPBITOM COCTOSHUU.

HecMoTpst Ha yCIOBHOCTE OTpECIICHUS IEPEUNCICHHBIX MTAPAMETPOB MIEPEXOTHOTO
HPOLECCa, MOKHO CUHMTATh, YTO BPEMS 3aJCPHKKH fy, 5, ONPEAEIACTCS BPEMEHEM IIEPe3a-
psinga 6apbepHON EMKOCTH SMUTTEPHOIO MEPEX0/ia U BPEMEHEM MPOXOKICHHS WHKEKTU-
POBAaHHBIX HOCHUTeENEH 3apsiia yepe3 o0nacTh 06a3bl U KOJUIEKTOPHBIN Mepexol, a Bpems
HapacTaHUs — MHEPIIMOHHOCTHIO HAKOIUICHUS HEPAaBHOBECHBIX HOCHTENEH 3apsana B Oa-
3ax W mepe3apsaoM 0apbepHON eMKOCTH KOJUIEKTOPHOTO Tepexoa.

Ecnu npu BKITIOYEHUM TUPUCTOPA CKOPOCTHh HApACTaHHS TOKA OYCHBb BEJUKA, TO BO3-
MOYKHO TOBPEXJICHHE TOTYIIPOBOIHUKOBON CTPYKTYpHI B pailoHe YIPaBIISAIOIIEro 3JeK-
tpoma (3bdexr di/dt). IT0 0OBICHACTCS KOHEUHOU CKOPOCTBIO PACIPOCTPAHEHHUS MPO-
Hecca BKJIIOYEHHMS IO IUIOIAMU p-N-p-n-CTPYKTYPhl. B TeueHue BPEMEHU Iy y,; CyILe-
CTBYET TOJBKO HEOOJbIIasi 0OJACTh BBICOKOW MPOBOAMMOCTH BOJH3U YIPABISIONIETO
3JIEKTPOJia, BCIEACTBHE YEro Mpu OOJIBIION CKOPOCTH HAapacTaHHs TOKa BO3MOXKHO JIO-
KaJIbHO€ BBIJICJICHHE 3HAYUTEIbHOM MOLTHOCTH.

BkntoyeHne tupuctopa nyTeM yBeEINMMY4EHUA HaNpAXXeHnda Mmexay
aHOAOM N Katoa4oM

VYBenuueHne HanpspKeHHsT MEKIY aHOIOM M KaTOJOM A0 HAIpsKEHHs BKIIFOUEHUS
o0ecrneyrBaeT BKIIIOYEHHE TUPUCTOPOB JIFOOBIX BUJIOB. PaznuyaroT pexuMbl BKIIOUEHUS
IIPYU MEJICHHOM U IIpU OBICTPOM YBEJIWYEHUU HaNpPsHKEHUSL.

MexaHu3M BKIIIOYEHHS IIyTEM MEUICHHOIO YBEIIMYEHUS IPSIMOIO HAIPSHKCHHS HA
TUPUCTOPE PACCMOTPEH IPU OOBACHEHUU (U3NYECKUX NPUYUH U YCIOBUN BKIFOUEHUS
JUOJHBIX TUPUCTOPOB.

ITpu ObICTpOM yBENMYEHHUHU MPSMOIO HANPSIKEHUs Ha TUPUCTOPE depe3 Hero OyneT
MPOTEKAaTh €MKOCTHOM TOK, OOYCIIOBJIEHHBIH OapbepHBIMH €MKOCTSIMH KOJUIEKTOPHOI'O
U SMUTTEPHBIX MepexonoB. Yem Oosblie CKOPOCTh M3MEHEHMs HAlpsDKEHHsS Ha THUPU-
CTOpe, TeM OoJIbllle 3HAYEHHE €MKOCTHOIO TOKa 4epe3 KOJUIEKTOPHBIN mepexoi. DTOT
TOK, MPOTEKasi 4epe3 IMUTTEPHbIE MEPEXObl, BbI3bIBAET YBEIMUEHUE KOAIPPUIIMEHTOB
nepeJadu TOKOB SMUTTEPOB, YTO MPUBOJUT K BKIFOUEHUIO TUPUCTOPA IIPHU HANPSKECHUH,
MEHBIIEM HaNPsDKEHUS BKIIFOUEHUS Ha IOCTOSHHOM TOKE. EMKOCTHBIE TOKM SMUTTEPHBIX
NIEPEXOJI0B HE CBA3AHbI C MHXKEKIMEH HOCUTEINIEH 3apsia, I03TOMY IIPU YBEJIIMYEHUHU CKO-
POCTH N3MEHEHUS HAIPSKEHUS CIIOCOOCTBYIOT YMEHBIIECHUIO K03(pPUIIMEHTOB Nepeiaun
TOKOB AMHUTTEPOB U POCTY HANPSIKEHUS BKIIOUCHMUS.

ITpakTudecku 6apbepHast EeMKOCTh KOJUIEKTOPHOIO MEpexojia CKa3blBaeTCsl CUIIbHEE,
TaK KaK OHAa LIYHTHPYET OOJbIIOE CONPOTHBICHHE OOPATHO CMEIIEHHOTO KOJIJIEKTOp-
HOTO nepexoza. bapbepHble ke €eMKOCTH AMUTTEPHBIX IEPEXOA0B 3allyHTHUPOBAHbI Ma-
JBIMU CONPOTUBJICHUSIMU 3TUX MEPEXO0B, CMEIICHHBIX B NMpsAMOM HampasieHuu. Cie-
JIOBAaTEIbHO, HANPSKEHNE BKIOYEHHSI TAPUCTOPA C YBEJIMYEHUEM CKOPOCTH HAPACTaHUs
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OPSIMOTO HAMPSDKEHHST YMEHbIIaeTCs. ITOT 3 ekt HocuT HazBanue dddexra du/dt. Dd-
ekt du/dt daie Bcero SBIACTCS HE MONOKUTEIBHBIM, @ OTPHUIIATEIIBHBIM CBOHCTBOM,
TaK KaK MOXKET MPUBOJHUTH K CAMOIPOU3BOJILHBIM BKJIFOYCHHUSIM THPHCTOPOB, OCOOCHHO
MOIIHBIX. D(hEeKTHBHBIM MeToZoM ocnabnenus sddekra du/dt SBIAsSETCSA MYHTHPOBA-
HHUE SMUTTEPHOTO Iepexosia 00BEMHBIM COIPOTUBIIEHUEM TpHIIeraromiei 6a3oBoii oba-
CTH, B pe3yJbTaTe 4ero 4epe3 SMUTTEPHBIN Mepexo]] MPOTeKaeT JUIb He3HAYUTEIhbHAsS
94acTh TOKAa CMEIICHHUsI, 00YCIOBICHHOTO 0apbepPHOI €MKOCTHIO KOJUIEKTOPHOTO TIEpEXO0-
na. Takoii crocol MO3BOISIET YBEIMYHTH YCTONIHBOCTD K 3ddexTy du/dt 8 100 u Gonee pas.

Briximouenne TUPUCTOPA OCYHICCTBIACTCA YMCHBIICHUCM OCHOBHOI'O TOKa OO 3HaA-
YCHUA, MCHBIICI'O TOKA YACPKaHUSA, ITYTEM pa3pbiBa LHCIIU NPOTCKAHUA OCHOBHOI'O TOKA,
HU3MCHCHHUEM MOJAPHOCTU MPUIIOKECHHOTO HAIMMPSXKCHUA WKW C TIOMOIIBIO TOKa YIIpaBJIsi-
HOIICTO 3JICKTPOJA.

Tupucrop nepeier U3 OTKPBITOTO COCTOSHHS B 3aKPBITOE TOJIBKO MOCIIE Paccachl-
BaHUs HEPABHOBECHBIX HOCHUTENCH 3apsiia B 0a30BbIX oOnacTsx. Ecim mo oxoHwanust
TpoIlecca BHIKIIOUYCHHUS] Ha TUPHUCTOP BHOBB IMOAATh MPSIMOE HAIPSIKEHUE, TO OH BEP-
HETCsl BO BKJIIOUEHHOE cOocCTosiHWe. TakuMm 00pa3oMm, THUPUCTOPY AJIi BOCCTAHOBICHUS
3aMUParOIIUX CBOMCTB TPeOyeTcsl OMpeaeieHHOE BPEMSL.

[Ipu BBIKITIOYECHUW TUPHUCTOPA MYTEM CHIDKEHUS OCHOBHOTO TOKA HUXKE TOKa yuep-
YKaHWs WK MyTEeM pa3pbiBa MK MPOTEKaHUsI OCHOBHOTO TOKA paccachblBaHHE HEPABHO-
BECHBIX HOCHUTEJCH 3apsma B 0azax MPOUCXOIUT TOJIBKO 3a CYET peKoMOMHaIuu. Bpe-
MsI BOCCTAHOBJICHMSI 3aIIUPAIOLIMX CBOMCTB B ATOM CIIy4ae OKa3bIBACTCSl 3HAUYUTEIbHBIM,
MOATOMY TaKOW CIOCOO MPUMEHSETCS, KOrJa K CKOPOCTH BBIKIIOUEHHUS TUPHUCTOPA HE
MIPEABSBISACTCS 0COOBIX TPEOOBAHMIA.

[Tocne n3aMeHeHus] MPUIIOKEHHOTO K TUPUCTOPY HANPSDKEHUS ¢ MPSIMOTO Ha oOpat-
HOE€ THUPUCTOP OCTAETCS BO BKIIFOUEHHOM COCTOSIHMM O T€X MOp, MOKa I'PaHUYHbIE KOH-
LIEHTPAIllMi HOCHUTENIEH 3apsijia SMUTTEPHBIX MEPEXOJ0B HE YMEHBIIATCS 10 PaBHOBEC-
HbIX 3HaueHui. Ha maHHOM mHTEpBaie THPUCTOP O0JIAAeT BBHICOKOW MPOBOIUMOCTHIO,
U Yepe3 Hero MpoTeKaeT 3HAYMTENIbHBIN OOPaTHBIN TOK, ONpEAC/IIeMbld BETUIHMHONW 00-
pPaTHOTO HANpSHKEHHs] U COMPOTHBICHHWEM BHelIHed nenu. Korma rpaHuYHbIE KOHIICH-
Tpaluuu HOCHUTEINIEH 3apsiia SMUTTEPHBIX NEPEXOAOB CTAHOBATCSI MEHbILIE PABHOBECHBIX,
IMHUTTEPHBIE MEPEXO/IbI CMEMIAIOTCS B 00paTHOM HAIpaBJICHUH, & OOPATHBIN TOK YMEHbB-
1aeTcsl.

Cy1ecTBeHHOE YMEHBIIEHNE BPEMEHM BOCCTAHOBIICHUS 3allMPAIOIINX CBOWCTB Ja-
&Ke MpH HEeOOJIBIINX OOpaTHBIX HAMPSKEHUAX YIACTCs JTOCTUYb JAJIsl TUPUCTOPOB, MPO-
BOJSIIIMX B 00OpaTHOM HanpasieHUH. [10CKOIbKY y 3TUX TUPUCTOPOB SMUTTEPHBIE MEpe-
XOJIbl 3alIYHTHUPOBAHbI CONPOTUBIICHUSMHU MPUIIEralouX 0a30BbIX oOjacTel, TO Aaxke
HeOoJbIIne OOpaTHbIE HANpPSKEHUS CIIOCOOCTBYIOT OBICTPOMY pPAacCAChIBAHUIO HAKOII-
JICHHBIX B 0a3aXx HEPaBHOBECHBIX HOCHUTENEH 3apsna.

JUist BEIKITFOYSHHSI TUPHCTOPA C MOMOIIBIO TOKA YNPABISIOMIETO AIEKTPoIa Heo0Xo-
JIMIMO 3a CYET ITOTO TOKA OTBECTH HEPABHOBECHBIE OCHOBHBIE HOCUTENH 3apsiia U3 0as3bl,
CBSI3aHHOM C YIPABJISIFOIUM 3JEKTpoAoM. B To ke BpeMs OCHOBHOM TOK, TPOTEKAIOLIMIA
gepes elle OTKPBIThIH TUPUCTOP, HEMPEPHIBHO BOCIOIHAET KOJIUYECTBO HEPABHOBECHBIX
HocuTenel 3apsaa B 6a30BbIX oOnacTsax. Takum oOpa3oM, 3HaYEHUE TOKa YIpPaBJICHUS,
HEOOXOIMMOTO U BBIKJIIOYEHUSI TUPUCTOPA, 3aBUCHT OT BEITMYMHBI OCHOBHOTO TOKA.
Cy1iecTBYIOT TUPUCTOPBI, 3aupaeMble (IBYXONEpallMOHHbIE) U He3anupaeMble (OaHO-
OIEPALMOHHBIE) N0 YIPABIAIOLIEMY NIEKTPOLY.
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OcHognvie napamempsl MUpUCmopos:

HAIPSHKEHUE MEPEKITIOUEHNUS (MTOCTOAHHOE — Uppy, UMITYIIBCHOE — Uppy , ECAT-
KH — COTHH B);

HAIPSHKEHUE B OTKPLITOM COCTOSHUM U, — IaJeHUE HAIPSIKEHNS Ha THPUCTOPE
B oTKpbITOM coctostauu (U, = 1 + 3B);

obpatHoe HanpskeHne Uy, — HANpsKEHHE, TIPU KOTOPOM THPUCTOP MOMKET pa-
0orarh JIMTENbLHOE BpeMsi 0e3 HapylleHHUsi ero paboTocrnocoOHOCTH (EaUHU-
116l — THICSTYH B);

TOK B OTKPBITOM COCTOSIHUH /,, — MaKCHUMaJIbHOE 3HaYeHHUE TOKA OTKPHITOTO TH-
puctopa (cOTHU MA — cOTHU A);

TOK yzepKaHus Iy, (IeCATKH — COTHH MA);
00paTHbIi TOK /6, (H0MTH MA);

OTNHUPAIOIMI TOK YNPABIEHUS Iy oy —HAUMEHBIIMI TOK YIPABIISAIOIIETO JIEK-
TpOAA, HEOOXOIMMBIH JJIsl BKJIFOYEHHSI TUPUCTOPA (IECITKU MA);

CKOPOCTh HapacCcTaHus HAMNPSKCHHA B 3aKPBITOM COCTOAHHU — MAaKCHMaAJIbHAs
CKOPOCTb HapaCTaHHWd HAIPAKCHUA B 3aKPbBITOM COCTOSIHHUU (ILGCSITKI/I—COTHI/I
B/mMkc);

BpEMs BKITIOUCHHS fy,; HHTEPBAJ BPEMEHH, B TCUEHHUE KOTOPOTO TUPUCTOP Tepe-
XOAMUT U3 3aKPBITOTO COCTOSIHUS B OTKPBHITOE (MKC — JAECATKH MKC);

BpEMS BBIKIIFOUEHUS 1fy; HAUMEHBIIWI MHTEPBAJ BPEMEHH, B TEYEHUE KOTO-
POTO BOCCTAHABIIMBAIOTCS 3alMPAIOIINE CBONCTBA TUPUCTOPA (IECSITKU — COTHU
MKC); TI0O UCTEUEHHUHU 3TOTO BPEMEHHM Ha TUPUCTOP MOXKET OBITh CHOBA IOJAHO
MPsIMOE HANPSKEHUE; TUPUCTOP OCTAETCS 3aKPBITHIM JI0 CIEAYIOIIEr0 OTHUpa-
IOLLIETO UMITYJIbCA.

1)

2)

Kakoii yuactok BAX nuomHoro tupucropa, NpeicTaBiIeHHON Ha pUCYHKe 5.3,
COOTBETCTBYET PEXKUMY MPSIMOTO 3allMpPaHUs.

Omeem: ydyactok 0 — 1.

Kak Tok ynpaBieHusi TPHOAHOTO TUPUCTOPA BIMUAET HA BOJIBT-aMIIEPHYIO XapaK-
TEPUCTHKY:

a) yBeJIMYEHHE TOKA YIPABJIEHUS BbI3bIBAET YMEHbBIICHNUE HANPSKEHUS BKITIO-
YeHus,

0) yBeIMYEeHHE TOKa YIPaBJICHUS BBI3BIBAET YBEIMUYEHHE HANPSXKECHUS BKITIO-
YeHMUH,

B) YBCJIIMYCHUC TOKA YIIPABJIICHUS BbI3bIBACT POCT TOKA YACPIKAHUA,

I') YBEIWYEHHE TOKA YIIPABJIECHHUS BbI3BIBACT YMEHBIIICHHE HAMPSLKEHHS TPo0o,
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J1) TIpU TOKE yIpaBJICHUs, PABHOMY TOKY CHPSIMJICHHUS UCUE3A0T YUACTKH Mpsi-
MOTO 3allMpaHusl U OTPHULATENBHOTO MU (HepeHIINaTBbHOTO COTPOTUBICHHUS.

Omesem: a, 1.

3) Ilpu HampsoKeHUH HA AUOIHOM THUPUCTOPE, PABHOM HAMPSIKEHHUIO BKIHOYCHUS
BBITIOJTHSIETCS YCTIOBHE:

dU
a) WZO,
dl
0) EZO’
B) Ma=1,
. 0mp
r) M a+1yw =1.

Omeem: a, 0, B.
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[MOJIEBBIE TPAH3NCTOPHI

Ilonesou (yHunonsApHwli, KaHAIbHbll) MPAH3UCTOD — IMO AKMUBHBIU
NOTYNPOBOOHUKOBYILL NPUOOP, 6 KOMOPOM UCHONb3VIOMCA I hekm
opetigha ocHo6HbIX HOCUMeNell Yepe3 NPOBOOAWULL KAHAL NOO OelicmaU-
eM NPoOOIbHO20 INLEKMPUYECKO20 NOs U IPGhekm mooyaayuu opetigho-
6020 MOKA NONEPEUHbIM INLEKMPULECKUM NOTEM.

HaspaHue TakuxX TPaH3UCTOPOB YHHIIOJSPHBIMU OOYCIIOBIEHO TEM, YTO, B OTINYHE
OT OUTIONSIPHBIX TPAH3UCTOPOB, padOTa KOTOPHIX OCYIIECTBISACTCS 32 CYET OOOMX THUIIOB
TTOJIBMKHBIX HOCHUTEJIEH 3apsi/ia (3JIEKTPOHOB | JBIPOK), B OCHOBE PaOOTHI ITOJICBBIX TPAH-
3MCTOPOB JIKHUT UCIIOJIIb30BaHHE HOCUTEIICH 3apsiia JHIIb OJHOTO 3HaKa (JHOO TOJIBKO
AJIEKTPOHBI, JTUOO TOJIBKO JIBIPKH).

KoHCTpYKTHBHO# OCHOBOI MOJIEBOTO TPAH3UCTOPA SBISETCS MACCUBHAS 001aCTh IMO-
JTYMPOBOJIHUKA, Ha3bIBaeMasi noonodckou. TlomynpoBonHUKOBass 001acTh, OT KOTOpPOI
MIPOMCXOIUT Jpei( OCHOBHBIX HOCHUTENEH, HAa3BbIBACTCS UCMOKOM, a 00IacTh, K KOTO-
poli ApeidyroT 0CHOBHBIE HOCHTENH, — cmokom. CTOK M MCTOK IOJICBOTO TPaH3UCTOpa
OOBIYHO SIBJISIFOTCSI CHIIBHOJIGTHPOBAHHBIMU 00JIACTSIMH, KOTOPHIE OMHUYECKUMHU KOHTAK-
TaMH CBSI3aHBI C JIByMs 3JICKTPOJaMU TPAH3UCTOPA, TAK)KE HA3bIBACMBIMH CTOKOM U HC-
TOKOM COOTBETCTBEHHO. O01acTh, B KOTOPOW OCYIIECTBISIETCS APeiid) OCHOBHBIX HOCH-
TEJIeW W MO/ 3HAUCHUs Apei(hOBOrO TOKa, HA3BIBACTCS KaHAIoM. B OONBIIMHCTBE
CTPYKTYP ITOJICBBIX TPAH3UCTOPOB KaHAJ MPEJICTABIISIET CO00H cl1aboernpoBaHHBINA TOH-
KHH CITOH, paCTIOJNIOKEHHBIH JTHO0 HEMOCPEICTBEHHO Y MOBEPXHOCTH TOATIOXKKH, JTHOO Ha
HEKOTOPOM PAaCCTOSHUH OT MOBEPXHOCTHU U MapaJuIebHO MOBEPXHOCTH. [1oaynpoBoaHu-
KOBasl I METaJUIM4YeCKasi 00JIacTh, HCIIONIb3yeMast TSl oTydeHus 3P exTa MOayISIun
3HauEHUs APe(PoBOro TOKa, HOCUT HAa3BAHUE 3aMEOPA.

[To Tumy NPOBOIAIIETO KaHaJIa TIOJICBBIC TPAH3UCTOPHI PA3ACISAIOT HA TPAH3UCTOPBI
C KaHAJIOM 7-THTIA U C KaHAJIOM p-THIIA.
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[ToneBble TpaH3UCTOPHI SIBISAIOTCS MOJYIPOBOJHUKOBBIMH YCHIIMTEIbHBIMU MTPHOO-
pamu, ynpaBisieMbIMU HE TOKOM, KaK OMIOJISIpHBIE TPAaH3UCTOPHI, a HanpsokeHueM. [lpu
9TOM HAIIPSDHKEHUE, CO3JAOIIEE MONEPEUHOE NIEKTPUUECKOE I0JIE, [T0NAETCs Ha 3aTBOP
OTHOCHTEIJIBHO MCTOKA, a MOAYJISAIMS 3HAUYCHUS Apei(oBOro Toka OCyIIeCTBISETCS pas-
HOCTBIO ITOTEHIIMAJIOB MEXY 3aTBOPOM U KaHAJIOM.

Pa3nuuaror nBa OCHOBHBIX BHJA IIOJIEBBIX TPAH3UCTOPOB: 1OAE6ble MPAH3UCHIOPDbL
C YNpasiAowum nepexooom u noiesvie mpaH3ucmopbvl ¢ U30AUPOSAHHBIM 3AMBOPOM.

6.1 lNoneBble TpaH3NCTOPLI C yNpaBnALLMM Nepexonom

Ilonesoli mpansucmop ¢ ynpasiawuwum nepexooom — 3mo Noiesol
MPAH3UCTNOD, MOOYIAYUS NPOBOOUMOCTIU KAHANA KOMOPO20 NPOUCXO-
Oum 3a cuem usMeHeHusi MONWUHBL C1051 00bEMHO20 3apA0a 8bINPAMIIA-
10Ue20 INeKMPUYEcKo20 nepexood, CMeujeHHo20 8 0OpamHoM Hanpas-
JIeHUU.

B kadyecTBe BRIMPAMIIAIONIETO AJIEKTPUUYECKOTO MEPEX0Ia MOKET OBITh UCIOJIB30BaH
p-n-Nepexo]l, TETEPONEePEXo]] MU BBIIPAMISIIOIIANA MEPEX0], METAIUI-IIOTYTPOBOIHUK
(nepexon Ulortku). Ilpu 5TOM mpUHLIMI AEHCTBHS TMOJEBBIX TPAaH3UCTOPOB C YIIpaB-
JSIOLMMHU TIEPEXOAAMH Pa3IUYHbIX TUIIOB UJIEHTUYEH.

[ToneBble TPaH3UCTOPHI C YIPABISAIONIMM TE€TEPONEPEXOJOM H3TOTABIMBAIOT B OC-
HOBHOM METOJIOM SIMTaKCHH XUMHUYeCKuX coenunennii A/BY Ha kpucramibl apcenua
ramud. Beimpsamistonue nepexos! LLIOTTKH BBITOIHAIOT HAHECEHWEM MeTallla Ha KpH-
CTaJUIbl KPEMHUS, apCEHU A TAJUIUS WIM Ha pa3InuyHble TeTepOCTPYKTYphl. B HacTosiee
BpeMsI IIUPOKOE MPUMEHEHNE HAXOIAT KPEMHHUEBBIE TIOJIEBBIE TPAH3UCTOPHI C YIIPABIISIO-
UM p-n-TIEPEX0/IOM M KaHAJIOM #-THIIA, TI0O3TOMY B Y4eOHOM MOCOOMHU paccMaTpuBaeTCA
MMEHHO JJaHHBII THUII MOJEBBIX TPAH3UCTOPOB.

Haubonee pacnpocTpaHeHHas CTPYKTypa MOJEBOIO TPaH3UCTOPA C YNPaBISIOIINM
p-n-NIEPEXOJIOM M KaHAJOM n-TUIa IpejAcTaBieHa Ha pucyHke 6.1. Ha momnoxke u3
KPEMHHUS p-TUTIA CO3AAaeTCs SMUTAKCUATIBHBIN CIION n-THIMA, U MeToAOM Auddy3uu dop-
MUPYIOTCSl 001acTu 3aTBopa (p*-THMa), cTOKa (n*-THMA) U MCTOKA (n*-TUMA), KOTOPHIE
OMHMYECKUMHU KOHTAaKTaMH CBSA3BIBAIOTCS C 3JIEKTPOJIaMU 3aTBOP, CTOK M UCTOK COOT-
BEeTCTBEHHO. KaHanoMm sBisieTcst Cloi n-TuMa, 3aKJIIOYEHHBIM MEXAy OOJIacThIO 3aTBO-
pa u nomioxkkord. O6macTu 3aTBOpa M KaHasa 0Opa3yloT YMPaBISIOMUNA p-n-TIEPEXO.
OnuTaKkCUalIbHBIN CIION n-TUIIA U TOAJIOKKA p-TUIIA TaKke 00pa3yroT p-n-niepexon. [Ipu
paboTe TpaH3HCTOpa 00a p-n-mepexoaa JOJKHBI ObITh CMEIIeHbl B OOpaTHOM Harmpas-
neHuu. C NOMOUIbIO HANPSDKEHUs HA TMOUIOKKE MOXKHO HM3MEHSTh MapaMeTphbl TpaH-
3uctopa. MHoraa nmoaiokka ¢ MOMOIIbI0O OMUYECKOTO KOHTAKTa CBsI3aHA C OTICIbHBIM
3IEKTPOIOM M MOXKET MCIOJIb30BaThCs KaK BTOPOU 3aTBOP.

Mexny CTOKOM U MCTOKOM II0JIEBOTO TPAH3UCTOpA Iojaercs Hanpsbkenue U, Takou
MOJIIPHOCTH, YTOOBI OCHOBHBIC HOCUTEIN 3apsi/ia IBUTAINCH 110 KaHAy B HAINlPABICHUU
OT MCTOKA K CTOKY. Ha 3aTBOp OTHOCHTENBHO MCTOKA MOAAETCs HanpspkeHue Us,, cMe-
hjaroiee p-n-nepexo B oOpaTHOM HampapieHHH. [lJig TpaH3UCTOpa ¢ KaHAJOM An-TUMa
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Puc. 6.1 — CrpykTypa moneBoro TpaH3ucTopa ¢ ynpaBJsIIOMIUM p-n-MIEPEXOI0M
Y KaHAJIOM n-THIIa

Ha CTOK MOAAETCA MOJIOKHUTEIBHOE, a Ha 3aTBOP — OTPUIIATEIIbHOE HAIPSKEHUS] OTHOCH-
TeJbHO UcTOKa. [Ipy 3TOM MO KaHay OT UCTOKA K CTOKY JIBUKYTCS JICKTPOHBI, CO3/1aBast
B KaHaJI€ ¥ BO BHELIHEW LENU TOK CTOKA /., HAIPABJICHHBIM OT CTOKA K UCTOKY.

Hanpsoxkenne U,, MEXIy 3aTBOPOM M HCTOKOM CO3JA€T NEKTPUYECKOE MOJIE, HAIPSI-
JKEHHOCTbh KOTOPOTO HAIIPaBJIEHA MTONEPEYHO N0 OTHOLICHUIO K KaHaiy. [Ipu n3mMeHennn
a0CcoMOTHOM BenuuuHbl HanpspkeHust U, U3MEHseTCsl BeIMYMHA HAPSXKEHHOCTH 3JIeK-
TPUYECKOTO IOJIs, TOJIIMHA OOEAHEHHOTO CJIOS YIPABIAIOIIEro p-n-lepexona, a 3Ha-
YUT, TOJIMHA MPOBOASILEH YacTHU KaHajla, €ro MPOBOAMMOCTL U TOK cToka. C pocTom
abcomoTHOM BennuuHbl HanpsbkeHus U,, pacimmpsieTcss oOeHEHHBIN CIION mepexona,
Cy’KaeTcs KaHajl, YMEHBIIAIOTCS €ro MPOBOAUMOCTh M TOK cTOKa. HampsokeHue mexny
3aTBOPOM M MCTOKOM, IPHU KOTOPOM I'paHHIla OOEAHEHHOIO CJIOS TOCTUTAET MOIJIOKKU
U NIPOUCXOUT MEPEKPHITUE KaHaa, Ha3bIBAIOT HANPSHKEHUEM OTCEUKH Usy o TIOJIEBOTO
TpaH3ucTtopa. CTporo ropopsi, Npu HANPSYKEHUH OTCEYKH TOK CTOKA JAOJKEH CTAHOBHUTH-
Csl paBHBIM HYJIIO, O/THAKO HAJIMYUE TOKOB YTE€UKH U CIIO)KHOCTb U3MEPEHHS 0C000 MajIbIxX
TOKOB MPAKTUYECKN 3aCTaBJISAIOT CYUTATh HANPSDKEHHEM OTCEYKH TO HAIPSDKEHHE, TPH
KOTOPOM TOK CTOKa JOCTHUTaeT ONPENEICHHOIO Majoro 3Ha4CHHUs.

Ecnun nanpsbxenune U, MEXIy CTOKOM M MCTOKOM PaBHO HYJIIO, MPOJOJIBHOE AJIEK-
TPUYECKOE T0JIe, 0OecreunBalolee Apeiid OCHOBHBIX HOCUTENEH OT UCTOKA K CTOKY, OT-
CYTCTBYET, IIO3TOMY TOK CTOKa paBeH Hyito. [Ipu yBenuueHun aOCOMIOTHOM BETMYMHBI
HanpspkeHust U, HanpsbKeHHOCTh MPOJIOJIBHOTO 3JIEKTPUYECKOTO OIS PACTET, BhI3bIBAs
pocT Toka cToka /.. Tok /., mpoTeKarImuil yepe3 KaHal, CO3AAeT M0 JIMHE MOCIEAHETO
MaJICHUE HAIMPSDHKEHUs, KOTOPOE OKAa3bIBAECTCS 3AMMPAIOIIUM AJI p-n-IEPEeXoaa 3aTBOp-
KaHaJI. JTO MPHUBOAUT K M3MEHEHUIO IIHUPUHBI O0CTHEHHOTO CJIOS p-n-TIepexofa BIOJb
KaHaJja, IpU4eM IIHUPHUHA p-n-NIEPEX0/ia YBEIUNYUBAETCS 110 MEpEe NPUOIIMKEHUS K CTOKY.
[Ipu onpeneneHHOM HaNPsSYKEHUH MEKIY CTOKOM U HCTOKOM, Ha3bIBAEMbIM HalpsiKEeHU-
€M HachleHUS Ugy yae, TOK CTOKA CO3JAET BAOJIb KaHaja TAKOE NaJCHUE HalpPsKEHUs,
YTO MPOUCXOJIUT MEPEKPHITUE KaHalla y o0NacTu croka. JlanpHeHIMii poCcT Hampsike-
Hus U, IpUBOIUT K TMHAMHYECKOMY PAaBHOBECHIO, KOT/a yBeIUUeHUe HanpspkeHus Uy,
U POCT TOKa /. BBI3BIBAIOT YBEJIMUYEHUE JJIMHBI NEPEKPHITOTO y4yacTKa KaHaja, a clle-
JIOBaTEJIbHO, 3HAYUTEIbHOE YBEJIMYEHUE CONpPOTHBIEHUS KaHana. B pesymnbrare poct
TOKa CTOKa CYUIECTBEHHO 3aMEJUISETCs, a TPAH3UCTOpP MEPEXOAUT B PEXKHUM HACHIIIE-
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HudA. B pexxume HaceleHus Hanpsbkenue U, nepepacupenernsieTcss MexXay NepeKpbITOr
Y HETIEPEKPBITON YacTsAMHU KaHaya. [Ipu 3TOM Ha mepekphITOl 4acTH KaHajla Hallpsike-
HUE OCTACTCSA MOCTOSHHBIM M PaBHBIM Uy yac, @ HA YYACTKE NEPEKPBITHA COCTABISAET
Ucn - Ucu. Hac-

6.2 CTaTuyeckne xapakTepuCTUKN NOMeBbIX
TPaH3UCTOPOB C YNPaBnsOLWUM p-N-Nepexoaom

[ToneBbie TPaH3UCTOPBI UMEIOT OOJIBIITUE BXOJHOE M BBIXOHOE COMPOTUBIICHUS, T10-
ATOMY TPHU SKCIIEPUMEHTAIILHOM CHSATHU XapaKTEPUCTHK HanOoJIee MPOCTO pPean3yeTcs
MOJJIEP/KaHUE 3aJaHHBIX BXOJHOTO U BBIXOJHOIO HAMPSKEHUH 3a CUET ITUTAHUSA BXOJHOM
Y BBIXOJHOM Iiened OT UCTOYHMKOB HampspkeHus. CleloBaTellbHO, CTaTHUECKUE XapaK-
TEPUCTHUKHU JOJKHBI COOTBETCTBOBATh CUCTEME YPAaBHEHUM

[BX =M1 (UBX9 UBLIX) )

]BLIX =) (UBXa UBLIX) .
Ba)KHeﬁHIHMH CeMeﬁCTBaMH CTAaTUYCCKHX XapaKTepI/ICTI/IK JIA ITIOJIEBBIX TpaHSI/ICTO-
POB ABJIAIOTCA CEMENCTBO BBIXOJHBIX CTATHUYCCKUX XAPAKTCPUCTHUK U CEMENCTBO CTaTH-
YCCKUX XAPAKTCPUCTHUK IICPCAAYM:

I BBIX — JVBBIX ( UBLIX)

b
Usx=const

IBLIX = ynep( UBX)

Uspix=const

BbixogHble XxapakTepUCTUKK

BrIXoHbBIE XapaKTEepUCTUKU TMOJICBOTO TPAH3UCTOPA MPEACTABIAIOT c000i 3aBHCH-

MOCTH 1. = Voux (Uey)
CTBa XapaKTEPUCTHK.

CeMeliCcTBO BBIXOIHBIX XapaKTEPHUCTUK IOJIEBOTO TPAH3UCTOPA C YIPABISIOIINAM p-
n-TIEPEXOIOM IIPEJCTABICHO Ha PUCYHKE 6.2, a.

BbIxoHbIe XapaKTEPUCTUKHA BBIXOASAT M3 Havalla KOOPJWHAT, SBJISIFOTCS MOHOTOH-
HO BO3paCTAIONIUMHU U CONep)KaT TpU 00JacTH: KPyTyro (JIMHEHHYI0) 00iacTh, 00JacTh
HaCBIIICHUS U 001acTh mpo0osl.

B xpyToii 061acti BOMIM3M Havaga KOOPAMHAT XapaKTEPUCTUKHU NMPAKTUYECKH JTMHEH-
HBI M PacXOJSATCS TOJ Pa3HBIMU yriamMu. TaHTeHC yTIiia X HaKJIOHA, 0OpaTHO IMPOIOp-
UOHATBHBIA CONMPOTHUBJICHUIO KaHajla, YMEHBIIAETCS C POCTOM a0CONIOTHOTO 3HAYCHUS
HanpsbkeHust Uy,.

C yBenuuenueM HanpsikeHus U, pOCT TOKa CTOKa 3aMeUIgeTcs, 4To 00yCIOBIECHO
YBEJIIMYCHUEM COTPOTHUBIICHHS KaHAlla M3-3a YBEJIMYCHUS IIUPUHBI OOCIHEHHOTO CIIOS
p-n-Tiepexoia Mo Mepe MPUOIMKEHUS K CTOKY, & TaK)KE YMEHBIICHHEM IMOIBUKHOCTU
HOCHTEJICH 3apsaa B KaHaJe PU YBEJINYCHUU B HEM HAINPSKEHHOCTH MPOIOIBHOTO HIIEK-
TPUYECKOTO TIOJIS.

, IpY 9TOM HamnpsbkeHue U, ABISETCs mapaMeTpoM CeMew-
Usy=const
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Puc. 6.2 — Beixonnsle (a) 1 nepenaroyHas (6) XapakTepUCTUKH MOJIEBOTO TPAH3UCTOpa
C YIPABJISIIOUIUM p-N-TIEPEXOJIOM U KaHAJIOM n-TUIa

I'panuneil Mexay KpyTod OOJNIAcThiO M 00JACTHIO HACHIILEHUS SIBISETCS YCIOBHE
Ui = Uy iac, TIPU KOTOPOM TPOUCXOUT TMEPEKPHITHE KaHaja BOIU3M 00JACTH CTOKA.
B oOnactu HacelieHus yBenuueHue HampsikeHus U, CONMPOBOXKIAETCS HE3HAUUTEINb-
HBIM POCTOM TOKa /., IIOCKOJIbKY IPOMCXOANUT 3HAYUTEIBHOE YBEIMYEHHUE COIPOTHUBIIC-
HUSI KaHaJla 3a CYeT yBEJIMUYEHHsI JAJIMHBI €ro NMepeKphIToro yyacTtka. Ecnu Obl ynHa me-
PEKPBITON 4aCTH KaHajla yBEJINYUBaIach IPONOPLMOHAIBLHO HANPKEeHUIO Ugy,, TO TOK /.
B 00JIACTH HACHIILICHHS HE YBEIWYHUBaJICs Obl BooOme. OIHAKO UTMHA TEPEKPHITON YacTH
KaHaja yBEJIMYMBAETCS MU3-3a YBEJIUYEHHUS TOJIIMHBI OOEIHEHHOTO CIIOS p-n-Nepexona,
3aBUCUMOCTb KOTOPOH OT HampspKEeHUs sABisieTcs Ooisee cinaboi, yeM IpsMo IpOnopLu-
OHaJIbHAs CBA3b (NIPONOPIMOHAIBHA \/U_CM).

[Tpu yBenmveHnn aOCOTIOTHOTO 3HAYEHUS HANPsDKEHUsT U, BBIXOAHBIC
XapaKTePUCTUKU CMEIIAIOTCA BHU3, TPU 3TOM HAIPSKEHNUE HACBIIECHUS
Ucy. yac YMEHBIIIAETCs. TOK CTOKA, COOTBETCTBYIOIIUI 00IaCTH HACHIIIIE-
HUS 10JIEBOTO TpaH3ucropa npu Uy, = 0, Ha3bIBAIOT HAYAIbHLIM MOKOM
CMOKa TIOJIEBOTO TPAH3UCTOPA /¢ yaq.

[Tpu mocrarouno GonbmuX HanpspKEHUsAX U, BO3HHKAET MPOOOH p-n-miepexoza 3a-
TBOpa, KOTOPBIA B KPEMHHUEBBIX TPAH3MCTOPaX HOCHUT JIAaBUHHBIA Xapakrep. OOpaTrHOe
HaIpspKeHUE Ha p-n-TIepexojie 3aTBopa I0CTUTaeT MAaKCUMaIbHOTO 3HAYEHUSI Y CTOKOBO-
ro KOHIIA KaHaja W Ompenensercs cyMMoil HampsikeHus U, U aOCONIOTHOTO 3HAYCHUS
Hanpsokerus: U,,. CienoBaTenbHO, ¢ pOCTOM a0CONIOTHOW BEJIMYWHBI HampsokeHus Usy,
HanpsokeHue Mpo0ost Uy npos YMEHBIIAECTCS.
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MNepenatoyHble XxapakTepUCTUKK

Ilepenarounble XapaKTEPUCTUKU IMOJEBOTO TPAH3UCTOpPA MPEACTaBIIAIOT co00il 3a-

BUCUMOCTH I = Yyep(Usu) , Ipy >ToM HanpsokeHue U, SABISETCS I1apaMeTpOM

Ucn=const

ceMeiCcTBa XapaKTePUCTHK.

OCHOBHBIM pa60qI/IM pe)KI/IMOM II0JICBOTO TpaH3PICTOpa SABIISACTCSA pe)KI/IM HaChIIIC-
HMUs, HOSTOMy HaI/I60HBHIHﬁ I/IHTepeC Hpe}ICTaBJ'ISHOT XapaKTepI/ICTI/IKI/I nepeﬂatm HpI/I I10-
CTOSTHHOM HampspkeHuH Uy, KOTOPOE COOTBETCTBYET OOJACTH HACHIIICHHUS BBIXOTHBIX
xapakTepuctuk (puc. 6.2, 6). Ilpu n3meHenun HanpspkeHus U, CMENICHUS TepeaaTod-
HBIX XapaKTepI/ICTI/IK HpaKTI/I‘-IeCKI/I HC Ha6JHOI[aCTC$I B CBsS3U C MAJIBIM U3MCHCHHEM TOKaA
CTOKa B 0071aCTH HACKIIIECHHUS.

XapakTep nepeaaToyHbIX XapaKTepUCTHK MTOJIEBOTO TPAH3UCTOPA OIpe-
JeNSeTCsl YMEHBIICHHEM TOKa CTOKA MPU YBEJIMYEHUH OOpaTHOTo Ha-
MPSDKEHUS. Ha YIPABISIOLIEM p-n-TIEpEXOJIe.

AHanuUTU4yeckoe onnucaHme ctaTtnyecKknx XapaKTepunucTuk

AHaIMTUYECKOE ONUCAHNE CTATUYECKUX BOJIBT-aMIIEPHBIX XapaKTEPUCTUK MOJIEBOTO
TPaH3UCTOPA, 0OECIEYNBAIOIIEE TOCTATOUHYIO IS IPAKTUYECKUX IeNeld TOUHOCTh, MO-
KeT OBITh TIOJYYEHO Ha OCHOBE YIIPOIICHHOH MTIOCKOMapauIeNbHOM CTPYKTYPBI paboueit
4acTH TPaH3UCTOpA, IPEICTaBICHHON Ha pUCyHKE 6.3.
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Puc. 6.3 — YnpomienHast ctpykTypa paboyeit 4acTu TpaH3HCTOpa

[Ipu sTOM TIpenmnonaraercs, 4To BECh KaHaJI PACTOIOKEH B MOI3aTBOPHON 007IaCTH,
HE YYUTHIBAIOTCSI 0ObEMHBIE CONPOTUBIIEHUS 00JIaCTEeil CTOKA U MCTOKA, a TAaKXKe COIpPO-
TUBJICHUS] OMUYECKUX KOHTAKTOB. Kpome Toro, B mepBoM MpUOIMKEHUH TPEIoiaracT-
Csl, YTO TOJIBUKHOCTb HOCUTEJIEH 3apsijia HE 3aBUCUT OT HAIPSHKEHHOCTH AJIEKTPUUYECKO-
ro MoJjs, a, CIeA0BaTeNbHO, YAeIbHas IPOBOAUMOCTh KaHalla OCTAETCS MMOCTOSHHOM.

TonmuHa KaHana B TOYKE C KOOPJIAUHATOMN X, OTCYHUTAHHOM OT UCTOKA, ONPEAEIAETCS
BBIPOKEHHUEM

w(x) =a-90(x), (6.1)

IJIe @ — KOHCTPYKTHUBHAS TOJNIIMHA KaHaia; O(Xx) — ToNmMHa 00paTHO CMEUIEHHOTO YII-
PaBISIIOIIETO p-N-TIEPEX0jia B TOUKE KaHajla ¢ KOOPIHMHATOM X.
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I[J'If[ CTYIIEHYaToro HECCUMMCTPHUYHOI'O YIIPABIAIOLICTO p-n-NICPEXOoaa HAIIPAKCHUC
OTCEYKH TIOJICBOTO TPAH3UCTOPA:

Nnd?
Usc.orc = ge 24 (62)
2eg,
[Toncrasnss (6.2) B (6.1), momyunm
U
w(x)=al|l- % : (6.3)

ITockonbKy TOK CTOKa CO3JAeT BIOJb KaHaja IIaJCHUE HAIPsLKCHUs, MOTCHIMAI
Ui (X) pasHbIX TOYCK KaHajda OTHOCHUTEIBHO MCTOKA pasnuucH. [Ipu 3ToM abcomroTHast
BEJINYMHA HANPSDKEHUS MEXK]ly 3aTBOPOM M KAHAJIOM YBEJIIMUMBAETCS, a TOJIIMHA KaHAJIa
YMEHBUIAECTCS B HAIIPABJIEHUH OT UCTOKA K CTOKY:

| U (x)] = |Usu| + U (), (6.4)

|Usye| + Ui ()

6.5
Usu. orc ( )

w(x)=all-

BcnencrBue CY’KCHHUA KaHalla €TI0 COIMPOTUBJIICHUC U3MCHACTCA, IIPUYCM COIIPOTHUB-
JICHUC 3JICMCHTAPHOI'O ITOIICPCYHOT'O CJI0A KaHalla JUIMHOM dx u MaJiCHHUC HAIIPSKCHUA Ha
9TOM CJIOC OIIPCACIAIOTCA BBIPAXKCHUAMMU:

I
B U = LdR = Py, (6.6)

dR = pr(x)’ Zw(x)

rae Z — ApuHa KaHaua.
[Toncrabnss (6.5) B (6.6) u paznensis nepeMeHHbIe, MmonydaeM AuddepeHImaibHOe
ypaBHEHHUE BHUJA:

31 KH IC
|U|+—U(x) du,, = —pdx. (6.7)

USI/I. OTC Z a

Pemas guddepenumansnoe ypaBHenue (6.7) ¢ y4eTOM TIPaHMYHBIX YCJIOBHM
U (0) =0, Uu(L) = Uy, THE L — AnviHA KaHANA, HAWIEM

3 3
1 2 |Us|2 = (|Usu| + Uen)?
l.=—|Uy+ = ; , (6.8)
3 1
UB%I.OTC

e Reyo = pL/ (Za) — maddepenumansroe conporusienne kanama npu Uy, = 0 u U, = 0.

Beipaxkenue (6.8) mpenacrabnser coOoil aHaIMTHYECKOE OMMCAHUE MepelaTOYHbIX
(npu ukcupoBaHHOM HaNpsDKeHUN Ug,) U BBIXOAHBIX (MPH (PUKCUPOBAHHOM HAIpsDKe-
HUM U,,) CTaTHYECKHX XapaKTEPUCTHK MOJEBOTO TPAH3HCTOPA C YHPABIAIOUUM p-H-
MIEPEX0/IOM B KPYTOW 00JacTH, KOIZla OTCYTCTBYET MEPEKPBITUE KaHala 3a CYET MpOoTe-
KaHUs TOKa CTOKA.
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PeskuM HaCBIIIEHHWsT HACTYIACT, KOTJA HANPSIKCHHE MEXKIY 3aTBOPOM M KaHAJIOM
BOJIM3M CTOKA CTAHOBHUTCSI PaBHBIM HampspkeHHI0 oTCeUKH: U (L)| = Uy ore- YUHUTHI-
Bas (6.4), monyyaem:

Ucn.Hac = Usp.orc — |U3I/l|' (69)

Ucnonb3ys (6.9), moinyyaeM 3aBUCMMOCTH TOKa HACBIIICHHS OT HANpsHKEHUS HACHI-
HICHUS U OT HanpspkeHus Us,:

3

1 2 UI/I TC U H. Hal 2 2
Ic.Hac = 5 Ucn.Hac + ( o 1 ‘ C) - _U3I/I.0TC . (610)

chO 3 2 3

U314.0Tc

1 |1 2 |Us

[C.HaC = 5 _U3I/LOTC - U3I/I l1-= — . (611)
RcuO 3 | | 3 USI/I.OTC

Bripaxenus (6.10) u (6.11) xopomio anmpoKCUMUPYIOTCS 00Jiee MPOCTHIMHA KBaJIpa-
TUYHBIMHU 3aBUCHUMOCTSIMH, KOTOpBIE, KaK MPaBUIIO, U UCIOJBb3YIOTCS Ha MPAKTHUKE:

1 U2 U, 2
ICHac:—’M=ICHaq = 5 6.12
b 3ch0 Um. oTC ‘ ( U31/1. oTc ) ( )
S CAS % AT S
& e 3ch0 Usu. oTC & Um. oTC ’ .

e e ywaw = Usuore/ (3Reno) — HauaIIbHBINA TOK CTOKA IOJICBOTO TPAH3UCTOPA C YIIPABIIS-
IOLIAM p-N-TIEPEXOIOM.

Breipakenus (6.12) u (6.13) onpenensitoT cTaTHYECKUE BOJIbT-aMIIEPHBIC XapaKTepH-
CTHKH TIOJIEBOTO TPAH3HMCTOPA C YIPABISIONUM p-A-TIEPEXOJOM Ha TpaHUIle U B 00Ja-
CTH HacChIlIeHUs. V3 3THX BBIPOKCHHUU CIICAYET, YTO MPH CACIAHHBIX JOMYIICHUAX TOK
CTOKa B PEXHMME HACBHIIIECHHUS 3aBUCHT TOJIKO OT HampsbkeHus: U,, U HE 3aBHCUT OT Ha-
npspkenust Uy, a BoipakeHus (6.11) u (6.13) ¢dakTuyecku OnuCHIBAIOT MEPENATOUHYIO
CTaTUYECKYIO XapaKTEPHCTHUKY.

Ha camom perne B pexuMe HachIICHUs HaOMIOmaeTcst ciadas 3aBUCHMOCTh TOKa
CTOKa OT HANPSDKCHUS MEXIY CTOKOM M HMCTOKOM, OOYCIIOBJICHHAsT MOAYJSIMEH -
HBI KaHaja: ¢ poCcToM HampspkeHus U, NIMHA KaHana L yMEHBIIAeTCs, CONPOTHBICHUE
Rewo = pL/ (Za) ymeHbInaeTcss U TOK CTOKa /., HECKOJIBKO BO3pACTACT.

6.3 ManocurHanesHble napamMeTpbl NOfeBbIX
TPaH3UCTOPOB C YNpaBnsoWwmM nepexoaom
ManocuruajinHEIE napaMeTpbl MOJCBOTO TPAaH3UCTOPA OMPEACIAIOTCS OTHOMICHUCM

MaJIbIX MPHUPALICHUI TOKOB U HAIPSIKEHUH MIPU ONPENEICHHBIX YCIOBUAX U XapaKTEpH-
3yI0T paboTy TPaH3UCTOPA B PEKHUME YCUIICHUS MaJIbIX MEPEMEHHBIX CUTHAJIOB.
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KpyTn3Ha nepenaTtovyHon XapakTepucTUKu

KpyTtusna nepenarouyHoi XxapakTepUCTHKY (II€pe1aTouHasi IPOBOAUMOCTD) S ABISAET-
Csl OCHOBHBIM MaJIOCUTHAJIbHBIM I1apaMEeTPOM, XapaKTEePHU3YIOLIUM yCUIUTEIbHbIE CBOM-
CTBa I10JIEBOTO TPAH3UCTOPA:
o, 0L
U, O|Us|
ITockonbKy npu paboTe B yCUIUTEIBHOM PEXXUME OCHOBHBIM SIBJISIETCS Y4acCTOK Ha-
CBIIIEHUS, KPYTHU3HA, KaK MPaBUIIO, ONPEEsIeTcs UMEHHO B 00JacTH HACBIIICHHS MOJIe-
BOro Tpansucropa. Juddepenuupys (6.11), nomyunm:

S

(6.14)

1 |Us
S=—1[1-1/ —1. 6.15
RCI/IO UBI/I. oTC ( )

Hcnonw3ys annpokcumarnuio (6.13), KpyTU3HY MOJIEBOr0 TPAH3UCTOPA B PeKUME Ha-
CBIILIEHUS. MOKHO MPEACTABUThH BBIPAKECHUEM:

2 U,y Usy
S = (1— Ul ):SHaq(l—u), (6.16)
3ch0 USM‘OTC USM‘OTC

21 vau
e Sygy = —— =S — HayaJbHas KpyTHU3HA.

U3I/I. oTC Usu=0

VAN

......................... ’@":—. BblBO,D,bl

Q

Boipaxkenus (6.15) u (6.16) mokaspIBaloT, YTO ¢ pOCMOM AOCONOMHOU BeNUYUHb]
nanpsicenus U, Kpymusna noneeo2o mpansucmopa yMeHbulaemcs.

Lna nonyuenusi 6onvuiux 3naueHull KpymusHol HE0OX00UMO UMemb MeHbuiee 3HA-
yenue conpomuenenus kanaia R, = pL] (Za), mo ecmv credyem ymenvwame Onumy
Kanana L, yeenuuueamv e2o wupuny Z u momyuny a, a makoice yMeHovulamv yoeiv-
Hoe conpomusnenue p = 1/ (q.w,Ny) 3a cuem yeenuuenus noOBUNICHOCMU NEKMPOHOB
U cmenenu 1e2upo8aHusl Kanaud.

B 10 e Bpems KOHILIEHTpalus NpuMecei B KaHalle TOJDKHA ObITh HEOOMBIIOM, YyTO-
Obl yHpaBIAIOLIMNA p-n-1iepexo OblT HECHMMETPUUYHBIM M €ro OOeHEHHBIH clIoH pac-
oJIarajcsi IpeuMyIlecTBEeHHO B KaHaie. Boipaxenus (6.2) u (6.9) nokasbiBaroT, 4To ¢
yeenuuenuem monyuHvl KaHaia CyujeCmeeHHo pacmym HANPA}CeHUSA OMCeYKU U HACbl-
Wjenus, TOTIa KaK 3TU HAPSHKEHUS JTOJKHBI ObITh MaJIbl, IIOCKOJIBKY PEXXKHUM HACBHIILCHUS
SABJISIETCA JUIS TTOJICBOTO TPAH3UCTOPA C YIPABISIIOIIUM p-A-TIEPEX0I0M OCHOBHBIM pabo-
quM pekUMOM. CIe0BaTeNbHO, MOMWUHY KAHALA Oelaron HeOONbUlOU, HeCMOMPs Ha
HEKomopoe yMeHbuleHue KPYmu3Hbl No1e6020 MpaH3ucmopa.

AudppepeHymanbHoe conpoTUBNEHME KaHana

Hugpepenyuanvrnoe conpomusnenue Kkanaia noiegoco mpaH3uCmopa npeocmasisi-
em coboU omHouleHue Mano2o0 NPUPAueHUs Hanpa*CeHuss Mexcoy CMoOKOM U UCTOKOM
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K MAlOMYy npupauf€ruro nmoxKka cmoxka npu nOCMOAHHOM HANPANCEHUU M@chay 3ameopom
U UCIMOKOM:

dU,
RCH — CH
dl.
JuddepennnanbHOe COIPOTUBICHNE KaHalla B KPYyTOH 00JacTH XapaKTepUCTUK Ha-
neMm, nuddepenuupys (6.8):

oL \! Rey
Rey = (aUC ) - 0 . (6.18)
o |U3I/I| + UCI/I

USI/I. oTC

(6.17)

Usu=const

1 -

W3 Beipaskenwmii (6.11), (6.13) cienyet, 4to B nepBoM npubamkeHun auddepeHun-
aJIbHOE COTPOTHBIICHHE KaHajla B OOJACTH HACHIIICHUS CTPEMHUTCS K OCCKOHEYHOCTH.
Opnako BcneactBue >(dexra MOMYIANUU JUTMHBI KaHala auddepeHInaibHoe COmpo-
TUBJICHUE KaHajla B PEKHUME HACBILICHUS Ry y,c UMEET XOTS M OO0JbIlIoe, HO KOHEYHOE
3HAYCHHUE.

C yuetoM 3(pdexra MOAYIISIMK AJIMHBI KaHana BeipaxkeHus (6.11) u (6.13) mins Toka
CTOKa IMOJIEBOTO TPAH3UCTOPA B PEKHUME HACBHIIIEHUS MOXKHO MPEICTaBUTh B BUJIE:

_ O(Usn)
I = o] (6.19)

JuddepennnanbHOe CONPOTUBICHUE KaHala B PEKUME HACHIIICHUS

1 o/, 0dl. dL I. dL 1.
— == —— . ——— = —— . ——— = — (6.20)
RCH. Hac a UCI/I aL dUCI/I L dUCI/I VM
1 1 dL
rJe napamerp A A K03 pULIMEHT MOIYISAMH AJIMHBI KaHAJIa.
M (9248

D¢ dexTHBHAA IIMHA KaHAIA B PEKHME HACBIIICHUS ONPENEISIETCS BEIPAKEHUEM:
L=Ly-AL, (6.21)

rae Ly — TexHonoruyeckas AjnuHa KaHana; AL — IMHa IepeKphITOi 4acTu KaHama.

B pexxume HacplleHUs HANpPsKEHUE T'PAHULBl MIEPEKPBITUS OTHOCHUTEIBHO HCTOKA
OCTAETCS PABHBIM HATIPSHKCHUFO HACKIICHHS Uey yrac, @ pa3HOCTh HANPSKEHUH (Uey — Uy rac )
MIPUKIIAJBIBAETCA K NEPEKPHITOM 4YacTH KaHajla, KOTopas NpeicTaBiseT coboi oben-
HEHHBIA clol p-n-nepexona. Takum oOpa3om, anuHy AL mepekpbITON YacTh KaHala
B MEPBOM NPUOIMKEHUN MOXKHO ONpPEAETUTh KaK TOJNIIUHY OOpaTHOCMEUIEHHOTO p-ni-
nepexoja, K Kotopoi npunoxeno obparaoe HanpspkeHue (U — Uy prac )

2¢egg
AL = (Ucn - Ue. Hac) . (622)
\/ QeNﬂ

Ucnonb3ys Beipaxenus (6.21) u (6.22), naiigem:

L dL d(AL) AL
dUcn - d(AL) dUcu - 2 (Ucu - Ucu.ﬂac),
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1 AL 1 1 1
VM - 2L Ucu - Ucu.nac - b LO 1 Ucn - Ucn.ﬁac’
AL
VM 2L UCI/I - UCI/I Hac L UCI/I - UCI/I Hac
Rop e = = = 22 Zen™ Zowmae _ o [ 0 ) Do~ P uac (6.23)
I. AL I, AL I,

KoadhdpuumneHT ycuneHma no HanpsikeHuro

Kosgppuyuenm ycunenus no nanpsiscenuro W onpeoensiemcs OmHoOUleHUeM Maio2o
npUpauenust HanpariceHuss Mexcoy CmoKomM U UCMOKOM K MAJIOMY NPUPAUeHUI0 Hanpsi-
JHCEHUSL MeHCOY 3aMBOPOM U UCTMOKOM NONIeB020 MPAH3UCMOPA NPU NOCMOIHHOM MOKe
CMOKa:

|dUs,

- 6.24
dUSH ( )

w

I.=const

3Hak Momyns B BbIpakeHUU (6.24) oOyCIIOBIEH TeM, 4TO pocT HampspkeHus Usy,
COTPOBOXKJIAETCS YMEHbIIICHUEM HanpsikeHus Uyy,.
OnHoBpeMeHHbIe u3MeHeHus HanpsbkeHud U,y u U, BBI3BIBAIOT Mallble MpHUpalie-
HUS TOKa CTOKa:
ol. ol

1
AUy + —=dU,y, = SdU,y + ———d U, (6.25)

dl, = —<
a USI/I a UCl/l RCI/I. Hac

[Tpu nocrostHHOM TOKe cToKa dI. = 0 u u3 BepaxeHwus (6.25) cnenyer:

u= SRy vac- (626)

6.4 OKBMBaANEHTHbLIE CXEMbI MOJSIEBLIX TPAH3UCTOPOB
C ynpasnsitoLnM nepexonom

[ToneBbie TpaH3UCTOPHI MPEACTABISIIOT COO0N CTPYKTYPHI C pachpeneseHHbBIMH T1a-
paMeTpamu, paclpeiesIeHHbIe MOJIEIN KOTOPBIX JTOCTaTOYHO CJIOKHBI U MOTYT MCHOJb-
30BaThCA TOJIBKO B UMCIEHHBIX 3KcrepuMeHTax. [lo 3Toll mpuumMHe niis WHKEHEpPHOU
MIPAKTHKHU pa3pab0TaHO OOJBIIOE KOTMYECTBO YIPOIICHHBIX MOJIENEH ¢ COCPEAOTOUCH-
HBIMU MapaMeTpaMu, UMEIOIINX OrPAHUYEHHBIE TOYHOCTh U 00JacTH MPUMEHEHUSI.

DOKBUBAJICHTHAsI CXeMa TPAH3UCTOpa C YIPABISIOLUIUM p-A-TIEPEXOJIOM M KaHAJIOM
n-TUIA MpeICTaBIeHa Ha pUCYHKe 6.4, a.

DKBUBAJICHTHAsI CXeMa COJEPIKUT HEIIMHEWHBIH MCTOYHUK TOKA /iy, KOTOPBIM OIH-
CBIBA€T CTATUYECKHE BOJIBT-AaMIIEPHBIE XapaKTEPUCTUKHN TPAH3UCTOPA; COTPOTUBIICHUS 7'
U 7, MEX]y pabodeil 00nacThio TPAaH3UCTOPA M BBIBOJAAMHU CTOKA U UCTOKA; oAbl VDI,
VD2, coOTBETCTBYIOLIME Y4YaCTKaM YIPABIISIONIETO IEpexojla 3aTBOP-CTOK U 3aTBOP-
HICTOK; HenuHeiHbIe eMKOCTH Ca,; MEKIY 3aTBOPOM M HCTOKOM U C,e MEXKIY 3aTBOPOM
U CTOKOM.

JIJ1st MaJIoCUTHAIBHOTO PeXUMa padOTHI TTOJIEBOTO TPAH3UCTOPA YKBUBAJICHTHAS CXe-
Ma PUCYHOK 6.4, a ynpoIaeTcss U NpUHUMAeT BUJ PUCYHOK 6.4, 0.
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[TockonbKy mpu paboTe TpaH3UCTOPA YHPABISAIOUIMM MEpPEXo CMEIIeH B 00paTHOM
HamnpaBJIeHUH, Auoabl VDI wu VD2 npencraBieHbl CONPOTUBICHUSIMU R, R,. COOTBET-
CTBYIOIIUX YYAaCTKOB 3aKPbITOrO yIPAaBJISAIOLIETO MEpeXoa.

HcTouHuK TOKa /i,y A MalbIX MPUPALLEHUI TOKOB M HANPSKEHUH NPENCTaBICH
B COOTBETCTBHHU C BhIpakeHHeM (6.25) NMMHEHHBIM 3aBUCHMBIM MCTOYHUKOM Toka SU.,
C MapayieIbHBIM BHYTPEHHUM COIIPOTUBJICHUEM R,y

Henuneiinpie emkocti Csy, Coe 3aMEHEHBI COOTBETCTBYIOIIMMH TOCTOSHHBIMH YCPe/I-
HeHHBIMH eMKocTamu C,, u C,..

Tak kak comnporusneHus R,,;, R, B KPEMHHUEBBIX IOJEBBIX TPAaH3UCTOpPAX BEJIUKU
(mecsaTku — cotHn MOM), uX B OOJIBIIMHCTBE CIy4aeB MOKHO HE YUUTHIBATD.

Cc (o]
RS'C
VD1 fe — e
< =

3c
|
0—| I——Tﬂ L l

C,, = ' SU%, [Reu

|
|

I‘q | —
VD2 7 b/
u RB’M u
7] 7]
a 7]

Puc. 6.4 — Henuneitnas yHuBepcanbHas (a) U MaJOCUTHaJIbHAs (6) SKBUBAJICHTHBIC
CXEMBI TIOJICBOTO TPAH3UCTOPA C YIPABISIONIUM p-A-TICPEXOI0M

ConpoTuBIeHUs 7, B ¥, MOTYT UMETh 3HAUUTEIbHYI0 BerauHy (10 100 OM u 6onee)
U OKa3bIBAIOT CYLIECTBEHHOE BIIMSHUE Ha IMapaMeTphbl TPAH3UCTOPA.

Hanuuue conpomuenenus r, ymeHvuiaem KpymusHy, cyxicaem noaocy pabouux ua-
cmom, yeenuuueaem HAanpsdiceHue HAcblyeHus u meniosvie nomepu. Bausnue conpo-
MueeHUsl NPOSABIAEMCS 6 YBeNUYeHUU HANPAICEHUS. HACbIWEHUS U MEN06blX NOMmepb.

Tem He MeHee CONpPOTUBICHUS 7y, ¥ MOTYT OBITH MCKIIIOUEHBI U3 DKBUBAJICHTHOM
CXEMBI, & UX BIIUSHUE OTPAKEHO BBEIECHUEM A(PPEKTUBHOU KPYyTH3HBI S* U 3PPEKTUB-
Horo auddepeHIaIbHOr0 CONMPOTUBICHU KaHana Ry, .

Ry S

S* = .
- B
Ry+ry+r. 1+8r,

*
R, =Rey +1y +7e.
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B pesynbrare ManocursanbHas SKBUBAJICHTHAS CXeMa MPUHUMAET BUJ] CM. PUCYHOK 6.5.

|C;3c ? c

: SUw LR
« o—— ® 1"
U,, Csu
—1
Sn

Puc. 6.5 — YnpouienHas MajJocurHanbHas SKBUBAJICHTHAs CXeMa MOJIEBOTO
TPAH3UCTOPA C YIPABISIIOIIUM p-A-TIEPEXOIOM

6.5 MlHepUMOHHbIE CBOMCTBA MNOSEBbLIX TPAH3UCTOPOB
C ynpasnsitowmnM rnepexonom

WuepuroHHble CBOWCTBA MOJEBOrO TPAH3MCTOpPA C YHPABISIOLIUM p-H-IEPEXOJIOM
OTIPENIETISAIOTCS [IaBHBIM 00pa30M KOHEYHOW CKOPOCTBIO JIBHXKEHHsI HOCHUTENEH 3apsaa
B KaHaJje, a TaK)Ke eMKOCTSIMH, MPUCYIIMMH UX (U3NYECKON CTPYKType: pachpeiesieH-
HBIMU €MKOCTSIMU MEX]y 3aTBOPOM U KaHAJIOM U Mapa3UTHBIMU €MKOCTSMHU MEX]Ty HJIeK-
TPOAAMH IOJIEBOIO TPaH3UCTOPA.

B nepBoMm npuOIMKeHUU pacnpeiesieHHble EMKOCTH MEXKJY 3aTBOPOM M KaHAJIOM
MOKHO TPEICTaBUTh SKBUBAJIEHTHONW COCPEIOTOUEHHOW eMKOCThIo 3aTBopa C, M HpHu-
HSITh, YTO KaHaJl Ha BCEW JJIMHE MMEET OJAMHAKOBYIO IUIOIIAb MOMEPEYHOrO CEYCHHS
wZ. Torga eMkocTh C; MOXKHO OIEHUTHh KaK €MKOCTH IJIOCKOTO KOHJIEHCATOpa, OOKIIaI-
KaM KOTOPOI'O COOTBETCTBYIOT 00JacTh 3aTBOpa U KaHAI:

_ gelZ

a-w’

G

(6.27)

HHepuroHHOCTh MPOLECCOB Nepe3apsia SKBUBAJICHTHON €MKOCTH 3aTBOpa XapakTe-
pu3yercs MOCTOSHHOM BpEMEHHU 3aTBOpa Ts:

1, = RC,, (6.28)

e R = pL/ (wZ) — compoTHBIeHHE KaHAA.

ITockosbKy CeUeHHE KaHala Ha Pa3HbIX y4acTKax PasinyHO, IPH ONPEACICHHH I10-
CTOSIHHOM BpPEMEHHM 3aTBOpa T, MCIIONB3YIOT CPEIHEe 3HAYCHHE TOJIIMHBI KaHaia w =
a/2, Torna cpeHHe 3HAYCHHS eMKOCTH 3aTBopa C, H CONPOTHBICHHS KaHala R,:

_ 2epelZ - 2oL
C,= 22 R.=E (6.29)
a aZ
a ITOCTOsAHHAasA BpeMeHI/I 3aTBOpa:
_ _ dggepl?
T, = R,C, = 0P (6.30)
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KoHe4Hast CKOPOCTh ABMIKEHUS HOCUTENIEH 3apsia B KaHAJIE OTPaXXacTCs UCIOJIb30-
BaHHUEM OIIEPATOPHON KPYTH3HBI:

S
1 +pts’

S(p) = (6.31)

TIE Tg ® T; — INOCTOAHHAasA BPEMCHU KPYTU3HBI.

6.6 [lonesble TPaH3NCTOPLI C U30SIMPOBAHHbLIM
3aTBOpPOM

Tlonesou mpanzucmop ¢ U30IUPOBAHHBIM 3AMBOPOM — IMO NOLEBOU
MPAH3UCTIOP, 3AMEOP KOMOPO20 INEKMPUYECKU U30IUPOSAH OM NpO-
60051U4€20 KAHANLA OUIIEKMPUUECKUM CA0eM, A MOOVIAYUSL NPO8OOU-
MOCMU KaHAla 00YCl08l1eHa U3MeHeHueM KOHYeHmpayuu Hocumesnel
3apsaoa 3a cuem 3Qgexma nousi 8 CMpyKmype Memaii-OudieKmpux-
NOTYNPOBOOHUK.

KOHCTPYKTHBHYI0 OCHOBY TPaH3HCTOpa C H30JUPOBAaHHBIM 3aTBOPOM COCTAaBISET
CTPYKTypa METaJul-AU3JIEKTPUK-TIONYIPOBOAHUK, Y TOBEPXHOCTH BBICOKOOMHOM MOJ-
JIO)KKH KOTOPOH ¢ MPOTUBOIIOIOKHBIX CTOPOH OT 3aTBOpa C(POPMUPOBAHBI CUIIBHOJIETU-
pOBaHHbIE O00JACTH CTOKA M MCTOKA, 00JaAaroIiye MIPOTHUBOIOIOKHBIM 110 OTHOLLEHUIO
K TIOAJIOKKE TUIIOM 3JIEKTponpoBofgHOocTU. OT obnactell cToka M MCTOKA, OT METaUIU-
YEeCKOro 3aTBOpa, a MHOTJA U OT MOJUIOKKH BBITOTHSIOTCS METAJUTMYECKHE KOHTAKThI
C OJHOMMEHHBIMU BHEUIHMMHU BbIBOJAMH. BBIBOZ MOUI0KKH MOXKET UCIIOIB30BATHCS KaK
JIOTIOJTHUTENbHBIA YIPaBIAIONIMHA 31eKTpoa (BTOPOIl 3aTBOp), OAHAKO Yalle BCEro OH
ANEKTPUYECKH COETUHEH ¢ UCTOKOM. OOIacTH CTOKa M MCTOKA 0Opa3yloT C MOJIOKKOM
JIEKTPOHHO-/IBIPOYHBIE MEPEXObI, OJHAKO BBIIPSIMIISIOIINE 3JIEKTPUUECKUE MEPEXO/IbI
MOJl CTOKOM U HCTOKOM MOTYT OBITh BBINIOJIHEHBl U B BUJE BBIIPSIMIISIOMINX IEPEX0-
708 IIIOTTKM HaHECEHMEM METAJIMYECKHX JJIEKTPOJOB HENOCPEACTBEHHO Ha IOJJIOXK-
Ky. Mcnionb3oBanue nepexonoB LIIoTTku MoxeT obecneuuTs psia TEXHOJIOTHUECKUX Tpe-
UMYILECTB U yAyUIIUTh XapaKTEpUCTUKHU TpaH3ucTopa. Tak, nepexonsl LloTTku nmeror
CPaBHUTEIBHO MaJIyIO TOJIIIUHY, o0Jierdas co3/1aHue TPaH3UCTOPOB C KOPOTKUMH IIPOBO-
namuMy KaHanamu. @opmupoBanue nepexonoB LLIoTTku npoucxonuT npu OTHOCUTEINb-
HO HU3KOW TeMIleparype, 4TO CIIOCOOCTBYET MOBBIIICHUIO Ka4eCTBA JAUIIEKTPUUECKOTO
CJI0s1, @ TAK)K€ MUHUMU3ALUU TPAH3UCTOPHOM CTPYKTYpHI.

Peanu3anus TpaH3UCTOPOB C M30JIMPOBAHHBIM 3aTBOPOM Ha ocHOBe M/III-cTpyKTyp
o0ycioBUiIa IPYroe paclpoCTpaHEHHOE UX Ha3BaHHE — TPAH3UCTOPHI TUIA METalI-Hu-
3NEeKTPUK-NonynpoBogHUK uin MJIII-Tpan3uctopsl. Kak npasuiio, MIII-Tpan3uctopsl
M3rOTaBJIMBAIOTCA U3 KPEMHUS, a B KAYECTBE M013aTBOPHOTO TUAIEKTPUKA HCIIONIB3YETCS
TOHKasl IUIEHKA JUoKcuaa KpeMHUst Si0;, I03TOMY TaKMe TPaH3UCTOPBI HAa3bIBAIOT TPAH-
3UCTOpaMU THUIA METAJI-OKCUA-110aynpoBoAHUK win MOII-tpan3uctop. Ecau B Tpan-
3UCTOPE MCTOIB3YETCS ABYXCIOWHBIN MUANEKTPUK (HUTpuI kpemuus SisNy u Si0;), TO
npubop HazsiBatoT MHOII-Tpan3ucTopom (MeTamI-HUTPUI-OKCUI-TIOTYTPOBOTHUK).
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Cymectsyer aBe pasHoBugHOoCcTH M/III-TpaH3uCTOPOB: CO BCTPOEHHBIM U C MHIY-
LUPOBAaHHBIM KaHAJIAMHU.

B M/III-Tpan3ucTopax CO BCTPOEHHBIM KaHAJIOM TOKOIPOBOASIIMM KaHAJI MEXKIY
o0nacTsMu CTOKa M UCTOKa (pOopMUpYeTCsl MpU U3rOTOBICHUU MpHOOpa B BUIE TOHKOTO
IIPUIIOBEPXHOCTHOI'O MHBEPCHOTI'O 110 OTHOLICHUIO K ITOJUI0KKe citos. MJITI-Tpan3ucTopsl
MOTyT paboTaTh Kak B pekuMe OOeTHEHHs KaHajla HOCHTEISIMM 3apsjia, Korjaa MpoBO-
IMMOCTh KaHaja YMEHBLIAETCS, TaAK M B PEKUME OOOTalleHHs, KOTAa MPOBOJUMOCTD
KaHAJIa YBEJIMYUBACTCA.

B M/III-TpaH3ucTopax ¢ MHAYLUPOBAHHBIM KaHAJIOM TOKOIIPOBOAIIMMI KaHAT MEX-
Iy CTOKOM M MCTOKOM HM3HAYaJIbHO OTCYTCTBYET, @ BO3HUKAET TOJBKO IIOJ JEHCTBHEM
HaIpSDKEHMS], NTPWIOKEHHOIO K 3aTBOpY. [paH3MCTOpPBI ¢ MHAYLHUPOBAHHBIM KaHAJIOM
paboTaloT TONBKO B peKUME OOOTallleHHUs KaHajla HOCUTENIMH 3apsiia.

6.7 MAlN-TpaH3ucTOpbl C UHOYUMPOBAHHLIM KaHarom

Crpykrypa MIII-Tpan3ucTopa ¢ HHAYIHUPOBAHHBIM KaHAJIOM #-TUIIA IIPEICTaBICHA
Ha pUCyHKe 6.6.

Mexny crokom u ucrokom MJIII-Tpan3uctopa nomaercs HampspkeHue U, Takou
HOJISIPHOCTH, YTOOBI MPH 00pa30BaHUM KaHala OCHOBHbIE HOCUTENH 3apsja JIBUTAJIHCh
B HalpaBJICHUU OT UCTOKA K CTOKY. YIPABIAIOLIEE HANPSHKEHUE MPUKIIAABIBAETCS K 3a-
TBOPY OTHOCHUTEJIBHO MCTOKAa U MOXXET OBITh JI000H MOJSPHOCTH, TaK KakK 3aTBOP H30-
JMPOBaH OT KaHAJIa CJIOEM JUAJIeKTpUKa. [Ipy HaiMumy BBIBOJA MOUIOKKK HAa HETO OT-
HOCHUTEJIBHO MCTOKAa MOKHO NOJaBaTh HanpsbkeHne Up, TOJNBKO TaKOM MOJSPHOCTH, KO-
TOpOe 00ecreunBaeT CMELCHUE p-n-IIepexosia UCTOK-MIOJI0kKKa B 0OpaTHOM Harpasiie-
Huu. [IpsMoe BKIIIOUEHHE NEPEX0/ia UCTOK-NOUI0KKA HEJOMYCTUMO, MOCKOJIBKY BBI3bI-
BaeT IOSABJIEHHE OOJIBIIOIO TOKA B LIENHU JONOJHUTEIBHOIO YIPABISIOLIETO JIEKTPOJA.
Jost MATI-Tpansuctopa ¢ kananom n-tumna U, > 0, Uy, < 0.

N 3 C

Puc. 6.6 — Crpykrypa M/III-Tpan3ucTopa ¢ HHAYLHUPOBAaHHBIM KaHAJIOM A-TUIA

IIpu U,;, = 0 TOKompoBOASIINI KaHal OTCYTCTBYET, a Ha y4acTKe MEXIY HCTO-
KOM M CTOKOM HaXOJIATCS JIBa BCTPEUYHO BKIIFOUEHHBIX p-n'- Mepexoaa UCTOK-MOJIOKKA
U cTok-noanoxkka. [loaromy npu nonaue Hanpspkenus U, > 0 B enu cToka OyaeT mnpo-
TEKaTh HUYTO)KHO MaJIbIi TOK, MPECTABISMIOMUNA cOO00H 0OpaTHBIA TOK p-n*- mepexona
CTOK-TIOJITOXKKA.
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Ecnu Ha 3arBOop mopars orpuuarensbHoe HanpsbkeHue U,y < 0, TO IPUIOBEPXHOCT-
HBIN CJIOM TIOJUTOKKH OKKETCS B PEKUME OOOTaIIeHHS JIhIpKaMH, 00pa30BaHUs TOKO-
IIPOBOASAIIETO KaHajla He IPOU30MIET U TOK CTOKA MPAKTUYECKH HE U3MEHUTCSI.

Ecnu e Ha 3aTBOp mojaBaTh BO3pacTarolllee NoJoKuTeabHoe Hanpsbkenue Uy, > 0,
TO CHadaja y MOBEPXHOCTU MOJIOKKH BO3HHKHET CIIOW, OOCTHEHHBIN AbIpKamu (00-
JACTh MPOCTPAHCTBEHHOTO 3apsi/la HECKOMIEHCUPOBAHHBIX NOHU3UPOBAHHBIX aKIIENTOP-
HBIX aTOMOB), a npu HanpsokeHud U, = Uy, Ha3bIBAEMOM IIOPOTOBBIM HANPSKEHU-
€M, — UHBEPCHBIN CIIOM AJIEKTPOHOB, KOTOPBIA M SIBISETCA TOKONPOBOASIIMM KaHAJIOM.
B pesynbrare nonaun Hanpsbxkenus U, > 0 B KaHasle co3/1aeTcs NPOI0JIbHOE 3JIEKTpUe-
CKOE TIOJIe, IO/ IEHCTBHEM KOTOPOTO 3JIEKTPOHBI HHBEPCHOTO CJIOSI OyIyT OCYIIECTBIATh
npetid oT MCTOKA K CTOKY, CO371aBasi BO BHEIIHEH MU TOK CTOKa /., HalPaBJICHHBIA OT
CTOKA K UCTOKY. JlanbHeimee ysenuuenue HanpsokeHus Uy, > Upep BBI3BIBAET yBENUYE-
HUE KOHLEHTpAalMu HOCUTEJIEH 3aps/ia B KaHalle, 4To, B CBOK O4epellb, BEJIET K BO3pac-
TaHUIO MTPOBOJUMOCTH KaHaJIa, a CJIEeI0BaTeNIbHO, U POCTY TOKa CTOKA.

Tok /., mpOTEKaIIMI Yepe3 KaHaj, CO3AAET IO JJIMHE NOCJIEIHErO IaJeHHE Ha-
NPSKEHMS], B PE3yJIbTaTe Yero MOTEHUHAJ MMOBEPXHOCTH IMOJYIPOBOJAHUKA BO3PACTAET,
a pa3HOCTh MOTEHIMAJIOB MEXAY 3aTBOPOM U MOBEPXHOCTHIO YMEHBIIIAETCS OT MCTOKA
K cTOKY. COOTBETCTBEHHO B HAIIPABJIEHUHU OT UCTOKA K CTOKY YMEHBIIACTCS HAIpPSIKEH-
HOCTh TNONEPEYHOr0 AEKTPUUECKOTrO MOJIsA, a 3HAUYMT, U YIACIbHBIA 3aps]l JIEKTPOHOB
B KaHaJe.

[Ipu onpeneneHHOM HaNpPSKEHUU MEXKIY CTOKOM M MCTOKOM, Ha3bIBA€MOM Harps-
JK€HHEeM HachbleHUs Uy yac, PA3HOCTH MMOTEHIUAIOB MEXKIY 3aTBOPOM M MTOBEPXHOCTHIO
NOJTYTIPOBOJHUKA OKOJIO CTOKA CTAHOBUTCS PABHOM MOPOrOBOMY HAnpsKEHUIO Uy, U Ka-
Hal y 00JacTH CTOKa mepeKkpbiBaeTcs. Takum oOpa3om,

Ucn.tiac = Usu — Unop- (632)

Ecmm U, > Uy yac, TO KaHAN TIEPEKPHIBAECTCS HE B OJIHOM TOYKE, 4 HA Y4YaCTKE
KOHEYHOU JyMHBI AL BOMM3M cToka. O0JacTh MEPEKPBITHS MPEICTABIAET COOON YacTh
00€THEHHOTO CIIOSI 0OPATHOCMEIIEHHOTO p-n-TIepexoia CTOK-moanoxka. C pocToM Ha-
npsokeHust Uy, > Uy yae YIACTOK AL TIEpEKPBITHS KaHaa yBETUYUBaETCs, a dQPexTus-
Has JyiMHa KaHaia L = Ly — AL yMeHbIIaeTcs, TO €CTh MPOUCXOTUT MOAYISAUUS IJTUHbI
KaHaia. Pa3HOCTh MOTEHUMAIOB MEXAY 3aTBOPOM M MOBEPXHOCTHIO MOJYIPOBOJHUKA
B KOHIIE KaHaJla OCTAaeTCs PaBHOM MOPOroBoMy HanpsikeHUro U, o3TOMY M3 (6.32)
CJIEAYET, YTO MPOAOIBHOE HANPSLKEHUE, PUIIOKEHHOE K KaHAILY, OCTAETCS MOCTOSHHBIM
U paBHBIM Uy yac, @ pa3sHocTh HANPSDKCHUH (U — Ugy o) TPUKITAIBIBACTCS K yUaCT-
Ky nepekpbITusi. HanpspkeHHOCTh MTPOI0JIBHOTO 3JIEKTPUUYECKOTO TMOJSl HA 3TOM y4acTKe
3HAYUTENBHO OOJbINIe, YeM B KaHAJe, CIEA0BaTEIbHO, SJIEKTPOHBI, TOCTUTAIOIINE KOH-
11a KaHaJla, 3aXBaThIBAIOTCS CHJIBHBIM 3JIEKTPUUYECKUM TMOJIEM U MEPEHOCATCS U3 KaHasa
B 00JIaCTh CTOKA (IIPOUCXOIUT SKCTpakKLus). B pesynbrare, HECMOTps Ha IEPEKPHITHE Ka-
Haja, YMCHBIIIEHUS TOKA CTOKAa HE MPOUCXOAWT. HanmpoTuB, n3-3a ymMeHbIICHUs dpdek-
TUBHOM JIJIMHBI KaHaJla IPOUCXOJIUT YMEHBIIEHHE €r0 CONPOTHUBIICHUS, YTO MPHU HEU3-
MEHHOM MaJICHUH HaNPsHKCHUS Uy yac CTIOCOOCTBYET YBEITMUYCHHUIO TOKa cTOKa. OMHAKO
ecmu AL << Ly, To U3MEHEHUE TOKAa HE3HAYMTEIBHO, U peKuM paboTsl ipu U, > Uy yac
Ha3bIBAIOT PEKMMOM HachwlleHus. Ecin ke AL u Ly COU3MEpUMBI, YTO XapaKTEpHO AJIs
TPaH3UCTOPOB C KOPOTKUM KaHAJIOM, PACHPOCTPAHEHHBIM B MUKPOAICKTPOHUKE, TO H3-
MEHEHHE TOKa CTOKA IMOCIE MEPEKPHITUS KaHAJIa 3HAYUTEIbHO, U HACBIIIEHUS TOKAa HE
HaOJIrOmaeTcs.
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IIpu nocrarouHo GonbiioM HanpsbkeHUH U, 00J1acTh MEPEKPBITUS MOXKET paclpo-
CTPaHUTHCS BIUIOTH JI0 UCTOKA, TO €CTh MPOUCXOIUT TOJTHOE MEPEeKphITHE KaHala, KO-
TOPOE COOTBETCTBYET CMBIKAHHIO OOETHEHHBIX CJI0E€B 000MX p-n-NIEPEX0/I0B UCTOK-TIO/-
JIOKKa U CTOK-TIOJUIOKKA W OOBIYHO HAOMIOMAeTCs B TPAH3UCTOpAaX C KOPOTKUM KaHa-
JoM. B pesynbrare HanpsyKEHHOCTb IIPOAOJIBHOTO 3JIEKTPUYECKOTO IOJIS PE3KO BO3pac-
TaeT, BbI3bIBasi CHWKEHHME MOTEHIMAJIBHOTO Oapbepa U pe3Koe YBEIMUEHUE HHKEKIUU
3JIEKTPOHOB U3 MCTOKA, KOTOPbIE CHIIbHBIM IOJIEM NEPEHOCATCS B CTOK, YTO MPUBOJIUT
K 3HAUYUTEJIILHOMY POCTYy TOKa. Takum o0pa3oM, CKBO3HOE MEPEKPHITHE KaHalla SBISETCS
Pa3HOBHUIHOCTBIO MPOOOS TPAH3UCTOPA.

B Tpan3ucTtopax ¢ 601bI10# IIMHON KaHaIa HalpsKEHUE, MPU KOTOPOM MOXKET BO3-
HUKHYTh CKBO3HOE€ TMEPEKPHITHE KaHaja, MPEBBIIIACT HAMpsHKEHHE JaBUHHOTO MpoOost
CTOKOBOI'O p-n-TIiepexofia, I03TOMY CKBO3HOE MEPEKPHITHE HE JOCTUTAETCA.

6.8 Ctatnyeckme xapakrepuctukn MIAl-TpaH3ucTopoB
C MHOYLMPOBaHHbLIM KaHarom

Kak u mg Bcex MmosieBbIX TPAH3UCTOPOB, BAKHEUIIIMMU CTATHYECKUMU XapaKTepHu-
ctukamMu MJIII-TpaH3UCTOPOB C MHAYUMPOBAHHBIM KAaHAJIOM SIBJISIFOTCSI CEMENCTBA BbI-
XO/HBIX (CTOKOBBIX) M TIEPEIATOYHBIX (CTOKO-3aTBOPHBIX) CTATHUECKUX XaPaKTEPUCTHUK.

BbixogHble XxapakTepUCTUKK

CemelicTBO BBIXOJHBIX Xapakrepuctuk M/III-TpaH3ucropa ¢ MHIYUUPOBAHHBIM Ka-
HaJIOM IIPEJCTAaBJIEHO Ha PUCYHKE 6.7, a.

XapakxTep BBIXOAHBIX CTaTHUECKUX XapakTepuctuk M/III-TpaH3ucropa ¢ MHIyLMpO-
BaHHBIM KaHAJIOM aHAJIOTMYEH XapaKTepy TAaKMX )K€ XapaKTEPUCTUK TPaH3HCTOpa C yII-
PaBJIAIOILUM [IEPEXOAOM.

XapaKkTepUCTUKU BBIXOIAT U3 Hayaja KOOpPIMHAT, MOHOTOHHO BO3pPacTaloT U COAEp-
KaT TpH 00JIaCTH: KPyTylo (JIMHEHHY!0) 00s1acTh, 00JIaCTh HACKIIIEHUS U 001acTh IPOOOSI.

B kpyroit obnactu ¢ yBenuuenueMm HampsokeHus U, TOK /. CHadana pacTeT MOYTH
JMHEHHO, ToKa KaHaj BOJM3U CTOKa ci1abo nedopMHUpOoBaH. YINbl HAaKJIOHA XapaKTepu-
CTHUK IIPH 3TOM YBEJIMYUBAKOTCS ¢ POCTOM HampsbkeHusa U,,. [lanee Hapacrtanue Toka /.
3aMeJUIsIeTCs, MTOCKOIbKY KaHall BOJM3U CTOKA CY>KAeTCsl U €ro CONPOTHBIIEHUE PACTET.
Haxonen, npu Uy = Ugy yae KQHAJI CMBIKAETCSI M HAYMHACTCS YYaCTOK HACBIILEHUS, HA
KOTOPOM TOK /, HE3HAYUTEIBHO PAacTET IIPHU YBEIUYECHUU HanpspkeHus Ugy,.

ITpu yBenuueHUH aOCONIOTHOIO 3HAYCHUs HampspkeHUs U, BBIXOJHBIE XapaKTepu-
CTHKHU CMELIAIOTCSI BBEPX, a HANPSHKEHNE HACBILEHUS Uy yoe YBETUUUBACTCA.

Ha cemelicTBe BBIXOIHBIX XapaKTEPUCTUK, B OTIMYHE OT TPAH3UCTOPA C YNpaBIIs-
IOLIAM TIEPEXOIOM, OTCYTCTBYET XapaKTepucTuka ¢ mapamerpoM U, = 0 < Uygp, 1O-
CKOJIbKY KaHall HHAYLUPYETCs TOIbKO npu Uy, > Uy, Xapaxkrepuctuka npu Uy, ~ Uy
MIPEJICTaBISIET COOON XapaKTEPUCTUKY 0OpaTHO CMELIEHHOI'O CTOKOBOTO p-A-IEPEX0/ia.

[Tpu G6ompimx HanpsokeHusx U, Bo3HUKaeT mpoboit MAII-Tpan3ucTopa, KOTOpBIA
MOXET OBbITh JBYX BHUJOB: MPOOOH p-n-mepexofia CTOK-TOAJIOXKKA WM MpoOoH moaza-
TBOPHOTO JMAJIEKTPHUKA.
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[Ipo6oii p-n-nepexona 0OBIYHO HOCHUT JIaBUHHBIA xapakrep. IIpu aTom Ha nmpoOus-
Hoe HanpsokeHne Uy npos BIMSET HANpPsKEHUE Ha 3aTBOpE: TaK Kak Ha CTOK M HA 3aTBOP
TPaH3UCTOPA C MHAYIMPOBAHHBIM KaHAJIOM ITOJAOTCS HANIPSDKCHUS OHOW MOJSIPHOCTH,
TO C yBenu4YeHueM HanpsiokeHus U,, HanpsbkeHne Uy npos PAcTerT.

Ucu = Ucu.Hac

A ls Al
Usuz >Ugpn ./
| Ueuz > Ueur
|
Usua > Usyp % \
T
K
Ust >Upop 1y
—] |
N |
Ugy » Unop O :
L » ] »
L r L
cunpo6 Uy, Unop Usy
a o

Puc. 6.7 — CemelicTBa BBEIXOJHBIX (@) U MEPENATOYHBIX (6) XapaKTEPUCTUK
M/II-Tpan3ucTopa ¢ MHAYIUPOBAHHBIM KAHAJIOM 71-THUIIA

[NMepenaToyHble XapakTepPUCTUKN

CeMelicTBO MeEpenaToOuHBbIX CTOKO-3aTBOPHBIX Xxapakrepuctuk MJIII-Tpan3ucropa
C MHAYLUMPOBAaHHBIM KaHAJIOM IPEJCTAaBIIEHO Ha pUCYHKE 6.7, 0.

IMpu U,y < Uyep TOKOIPOBOASAIIMK KaHAI OTCYTCTBYEeT U TOK croka /. ~ 0. Ilpu
Usy > Upop XapakTepUCTUKM MOHOTOHHO BO3PACTAIOT, YTO CJIEAYET M3 NPHHLMIA JEH-
cTBUs TpaH3uctopa. [lockonpky ¢ poctoM HanpspkeHus Uy, IPU HEM3MEHHOM HalpsiKe-
HuM U,, TOK CTOKa BO3pacTacT JaXe B PEKUME HACBILIEHMS, TO IEPENATOYHbIE XapaKTe-
PUCTHKHU C yBenuyeHueM napamerpa U, cMmemarorcs Beepx. Eciu napamerp U, cooT-
BETCTBYET 00JaCTU HACBILIEHUS, TO XapaKTep MepeaTOuHON XapaKTePUCTUKH SIBIISETCS
MPUOIU3UTENBHO KBagpatudHbiM. Ecim sxe mapametp U, COOTBETCTBYET KpyTon oOa-
CTH BBIXOJIHBIX XapaKTEPUCTUK, TO MIEPEAATOUHAs] XapaKTEPUCTHKA IIPAKTHYECKH JIMHEIHA.

AHanuUTU4yeckoe onnucaHme ctaTtnyecKknx XapakKTepunucTuk

AHanuTuyeckoe onucaHue crarudeckux xapaxkrepuctuk MJIII-Tpan3ucropa noiy-
YMM Ha OCHOBE YIPOILEHHOH CTPYKTYpHl pabodell YacTH TPaH3UCTOPA, MPEICTaBICHHON
Ha pUCyHKe 6.8, C yuyeToM CIEeNyIOIMX JOMYIIEHUN: B KaHAJIE YYUTHIBAETCS TOJIBKO
npeidoBas COCTABIAIOIIAsA TOKA; MOABUKHOCTh HOCHUTENIEH 3apsijia B KaHAlle HE 3aBU-
CUT OT HANpPsHKCHHOCTU 3JICKTPUYECKOTO TOJIsl; KOHLEHTpalUs JETUPYIOIEH NPUMECH
B MOJUIOJKKE BCIO/ly OJMHAKOBA; OOpaTHbIE TOKU 4yepe3 p-n'- Mepexosl CTOKa M UCTOKa,
a TaxXKe TOK 4Yepe3 MOA3ATBOPHBIA JUDICKTPUK PABHBI HY/IIO; HANPSHKEHHOCTH L), 110-
IIEPEYHOr0 3JIEKTPUYECKOrO IO B KaHAJIE 3HAYUTENIBHO IIPEBBIMIACT HANPSKEHHOCTD
E, mponosbHOro moss; TONIIMHA KaHajda Maja W HalpsKeHHOCTh £, B MPOU3BOIBHOM
MIONIEPEYHOM CEYEHHMH KaHaJla MOCTOsIHHA.
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IInoTHOCTH TOKA B IIOIICPECYHOM CCUYCHHU KaHajia, paCIioIO)KCHHOM Ha paCCTOAHUHA X
OT 00MacTH HCTOKaA, OMPEACIIACTCA BBIPAXKCHUEM

Je(x,¥) = getan(x, y)E;. (6.33)

Cuna Toka cTOKa OonpeAesnseTcss MHTerpupoBanueM (6.33) o mupuHe 3aTBOpa U IITy-
OuHe KaHaa:
I. = Z,0,(x)E,, (6.34)

hy
e h, — 1yOuHa KaHaua B IIONEPEYHOM CEYCHHH C KOOPIAUHATOM X; 0,(x) = [ g.n(x, y) —
0

y,HeHBHBIﬁ 3apsal JICKTPOHOB B KaHAJIC, HpHXOHHMHﬁCﬂ Ha CAWMHUIY IUIOIIa/Ih 3aTBOPA.

éZ/q 3aTBop SiO,

Cr g e i
5(x) ~ on3

NoAnoxKa p-Si

vw 0 |x L

Puc. 6.8 — Ynpomennas crpykrypa padoueit gvactu M/II1-Tpan3ucropa

VenbHbli 3apsif 0,(X) OMPEAeNseTcs: U3 YCIOBUS IEKTPHUCCKON HEHTPaTbHOCTH:
0,(x) = 05(x) - 04 - 05, (6.35)

rie 0,(x), 04— yIeJbHBIC 3apsibl 3aTBOPA ¥ MOHM3UPOBAHHOW aKIIEIITOPHOU PUMECH
B 00nactu nmpocTpaHcTBeHHOTO 3apsana MOII-cTpyKTypbl; 05 — paBHOBECHBIN YIEIbHBII
MOBEPXHOCTHBIN 3apsi/l, BKIIOUYAIONINI B ce0sl 3apsl TOBEPXHOCTHBIX COCTOSHUN TOJY-
MIPOBOJIHUKA U 3apsi]l, 00yCIOBICHHBIN MPUCYTCTBUEM B JUAICKTPUKE HOHU3UPOBAHHBIX
MPUMECHBIX aTOMOB.

VnenbHbIN 3apsii 3aTBOPA OMPENEIAECTCS BhIPAKEHUEM:

0,(x) = CuUy(x) = Co| Uy = Usu(%) ], (6.36)

e Cy = (go€,) /d — ynenbHass eMKOCTh 3aTBOPA OTHOCHTEIBHO MOBEPXHOCTH MOTYIIPO-
BOJIHUKA; €, d;, — OTHOCUTEIIbHAS TUAJICKTPUUECKAs IIPOHUIIAEMOCTh U TOJIIMHA MO/3a-
TBOPHOTO AMAJIeKTpUKa; U, (X) — pa3HOCTh MOTCHIIMATIOB MEKIY TOYKOM KaHada C KO-
OpJIMHATOM X M MCTOKOM.

N3 (6.36) u (6.35) cienyer:

04(x) = Co[Usu = Una(x) |04 — 05, (6.37)
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Tax xax npu U,, < Uy, TOKONPOBOAANIMN KaHaj OTCYTCTBYET, TO CIIPABEIIMBO
0,(x) =0, Ug(x) = 0 u u3 (6.37) Haxoaum

Oy + O
Cy,
IToncrasnss (6.37) B (6.34) ¢ yuetom (6.38) u peliast noay4yeHHOE ypaBHEHHUE C Irpa-

HUYHBIME yCIoBUSIMA U, (0) = 0, Uy (L) = Uey, MOTyYUM ypaBHEHHE BOJIBT-aMIICPHOM
XapaKTEpUCTUKU BUJIA:

Unop = (6.38)

2
I. = k (Uzn - Unop) U - U%‘l 5 (639)
rne k = Zw,Cy/L — ynenbHas kpytuszna M/III-tpan3ucTopa.

[Ipy THMUYHBIX 3HAYCHUSIX mapameTpoB W, = 200 cm?/B-c, C; = 3 - 1078 @/cm?
u Z/L = 10 monyuaem k = 60 MmxA/B>.

Bripaxkenue (6.39) coOTBETCTBYET KPYThIM y4acTKaM BOJIBT-AMIIEPHBIX XapaKTepu-
ctuxk M/III-Tpan3ucropa.

ITockonbKy HpPOMOJIBHOE HAINpPSDKEHUE, MPUIOKEHHOE K KaHaly B YCJIOBHUSX Iepe-
KPBITHS, OCTAETCHA MOCTOAHHBIM: Uy yac = Usy — Uyep, TO, TOACTABIAL Ucy yac = Usy — Upop
B (6.39), mOIy4YMM BOJIBT-aMIIEPHYIO XapaKTEPUCTUKY TPAH3UCTOPA B PEKUME HaCHIIIe-
HUSL:

I = ]% (Us = Unop)” - (6.40)

Ecmu MMOAJIOKKAa HE COCAMHCHA ¢ MCTOKOM M UMCCT IO OTHOLICHUIO K IMOCJICIHCMY
OTpI/IHaTCJ'II:HHﬁ MOTCHI A, TO HAIIPSIXKCHUEC Unn MCKOY HOZ[J'IO)KKOﬁ N UCTOKOM MOXKET
BBICTYIIaTh B KAQYECTBEC YIIPABJIAIOIICTO I'IOI[O6HO HaIPsAXKCHUIO U3H.

Bnusuue HaIIpsKCHUA Um,[ Ha TOK Ic OLCHUBACTCA BbIPA)KCHUCM:

1+m
U2
2 cH |°

2
I =k (Um — Unop — §n|UnH|) U — (6.41)

e M = (1 [ (3Cy) )\/ Ge€0€uN4/ Py, €; — OTHOCHTENBHAS IUAICKTPUUCCKAs MPOHHIAC-

MOCTbh MaTepuaa MOAJIOKKH.
N3 (6.41) nerxko mosyduTh BhIpAKEHUE JIJISI HAMIPSDHKEHUST HACHITIICHUS

1 2
Ucn Hac — 7 U314 - Uno -5 Urm 6.42
= Ty | U = Uion = iU (642)
Y BBIpQYKCHHUE JIJIsl BOJIETAMIIEPHOM XapaKTEPUCTUKU TPAH3UCTOPA B PEIKUME HACHITIICHUS
k 2 2
I.=— Uy — Unoo — =1Uml | - 6.43

6.9 MIAI-TpaH3nuCcTOpbLlI CO BCTPOEHHbLIM KaHarnom

ToxompoBoasammii kaHan moxa 3arBopoM MJIII-TpaH3ucTopa MOXET OBITH CO3/IaH
B pe3yJbTare JOKaIbHOU (G dy3uH WM HOHHOW UMILUTAHTAIIUU COOTBETCTBYIOIIUX MPH-
Mecell B MPUIOBEPXHOCTHBINA clIOM moioxkku. OH MOXKET BOSHUKHYTh H3-3a Iepepac-
NpeaeIeHUs TPUMECE B MIPUIIOBEPXHOCTHOM CJIO€ MOJJIOKKHU B MPOLIECCE TEPMUUYECKO-
TO OKHCIICHUS TIOBEpXHOCTH. HakoHeIl, kKaHaT MOXKET MOSBUTHCS M3-32 (PUKCUPOBAHHOTO



188 aga 6. NoneBble TpaH3UCTOPLI

3apsiga B MOA3aTBOPHOM CJIO€ JUAIEKTPUKA, HA MTOBEPXHOCTHBIX SHEPreTUYECKUX YPOB-
HSIX, a TaKK€ M3-3a KOHTAKTHOM Pa3HOCTH MOTEHIIMAJIOB MEXKIAY 3aTBOPOM U MOJJI0KKON
(puc. 6.9).

Hannune BCTpOEHHOro KaHayia MPUBOAMUT K TOMY, YTO MPU OTCYTCTBHUU CMEILICHUS
Ha 3arBope (U, = 0) depe3 TpaH3uUCTOp MOA AeiicTBHEM HampspkeHus U, MpoTeKaeT
TOK CTOKa, OTpeAeNsieMblii UCXOAHON MPOBOAMMOCTHIO KaHana. Takum obpazom, M/III-
TPAH3UCTOP CO BCTPOCHHBIM KAHAJIOM IMPEACTABISAET COOOW HOPMAIBHO OTKPBITHIN TO-
JTYTPOBOTHUKOBBIN TIPHOOD.

MOI[YJ'ISIHI/IH COIIPOTUBJICHUA TPOBOJAIICTO KaHaJa HPOUCXOJAUT IIpHU
00eux MOJIAPHOCTAX YIIPABIAIOIICTO HAIIPAKCHUSA, I10JaBaCMOI'0O Ha 3a-
TBOP OTHOCHUTCJIIBHO MCTOKA.

B tpan3ucrope ¢ kaHaiom n-tuna npu U, > 0 snekTpuueckoe Ioje 3aTBopa BTs-
TMBaeT B KaHaJ AJIEKTPOHBI U3 MOUIOKKH U olnacTedl cToka U UCTOKa. B pesynbrare
KaHaJ o0oraiaercss OCHOBHBIMM HOCHUTENISIMU 3apsiia U €ro MpPOBOAUMOCThH YBEITHUYU-
BaeTcs. Poct ynpasnstomero HampspkeHust U,y > 0 IpUBOAMT K POCTY MPOBOAUMOCTH
KaHaJla, a CJIeZ0BaTeIbHO, M TOKA CTOKA. TpaH3ucTop paboTaeT B pexuMe 0O0OramieHusl.

SiO;

b

Puc. 6.9 — Crpykrypa MIII-Tpan3ucropa co BCTPOCHHBIM KaHAJIOM A-TUIIA

Korna U,y < 0, anekTpudeckoe Mojie 3aTBOpa BBITECHSET 3JIEKTPOHBI U3 MIPOBOJALIC-
ro KaHaja B 00JIaCTh MOMJIOXKH, KaHal OOeTHSAETCS OCHOBHBIMHM HOCHUTEISIMH 3apsja,
IIPOBOIUMOCTB €T0, a CJIEA0BATENbHO, U TOK CTOKa yMeHbIIatoTcsA. TpaH3ucTop pado-
TaeT B pexxume odenHeHus. [lpy 3HaueHUM OTpULATEIHLHOTO HAIMPSDKEHUS 3aTBOP-UCTOK
Usu. o1c, HA3BIBAEMOM HAIPSKEHUEM OTCEYKH, DIIEKTPOHBI MPAKTUYECKH MOJHOCTHIO BBI-
TECHSIOTCS U3 KaHaja, MOCJIECIHUM NCUE3a€ET, a TOK TPAaH3UCTOPAa YMEHBILAETCS 10 MaJIOi
BEJIMYUHBI, ONPEACIIAEMON TOKAMH YTEUKH.

XO0Tsl BIMSIHUE YIPABIIAIOLIEr0 HANPSKEHUS HA TOK CTOKA TPAH3UCTOPOB C MHIYLIH-
POBAaHHBIM U BCTPOCHHBIM KaHAJIAMH MMEET OTIMYUSA, PA3IUUUA CTPYKTYP TaKUX TPAH-
3UCTOPOB JOCTAaTOYHO YCJIOBHBIC, a MPUHLIMUI JEHCTBHUA U (U3NYECKHE MPOIECCHl O/U-
HAaKOBBI.

Kak cnencreue, cratnueckue xapakrepuctuku M/III-TpaH3ucTOpPOB €O BCTPOCHHBIM
Y MHIYLUMPOBAaHHBIM KaHaJlaMU aHAJOTMYHBI 10 (popMe U MaTeMaTHu4eCcKOMY OIHCAHUIO,
HO II0-Pa3HOMY CMEILEHBI OTHOCUTEIBHO OCEH KOOPJIUHAT.
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CeMeiCTBO BBIXOJHBIX XapaKTEPUCTUK TPAH3UCTOpPA CO BCTPOCHHBIM KaHAJIOM
(puc. 6.10, a) comepXuT XapakTepuCTHKY ¢ mapamerpoM U, = 0. Kak u ams Tpan3ucTo-
pa ¢ ynpaBJsIFOIIUM HEPeXo0M, TOK CTOKa OOJIACTH HACBIIEHUS 3TOW XapaKTepUCTUKU
Ha3bIBAIOT HAYAIbHBIM MOKOM CMOKA I, yaq. Tlpu Uy, # 0 BBIXOJHBIE XapaKTEPHCTHKH
CMEIIAITCs MO0 BBEPX, JIMOO BHU3 B 3aBUCUMOCTH OT MOJIIPHOCTU HampspkeHus: Usy,
Y TUIA 3JEKTPONPOBOIHOCTH KaHaja.

[lepenarounble XapaKTepUCTUKU TPAH3UCTOpPA CO BCTPOCHHBIM KaHasioM (puc. 6.10,
0) CMelleHbI TI0 OCH YIpaBIstomero HanpsokeHust Uy, B TOUKY Usy orc.

u.,=U
Al cu = Yeu.Hac ale
//
Pexum [
Iy
I Hay oborawenns Uy =0 Pexum
Pexum : | 0begHeHus
|
obegHeHna | f
At Ugy <0 Pexum
:: : oboraleHus
N > -
U ' "
ou.npob Ueu Usy ome Usy
a o

Puc. 6.10 — Beixognsie (a) u nepenarounas (0) xapakrepuctuku M/III-Tpan3ucropa co
BCTPOCHHBIM KaHAJIOM An-TUIIA

JUI aHaIUTUYECKOTO ONMCAHUS XapaKTEPUCTUK TPAH3UCTOpA CO BCTPOCHHBIM KaHa-
JIOM MOKHO HCIIOJIB30BAaTh COOTHOLICHMS, cOOTBETCTBYIomMe M/III-Tpan3ucropy ¢ uH-
JOyUMPOBAaHHBIM KaHajOM, B KOTOPBIX BMECTO MOPOroBOro HampskeHus Uy, ciemyer
HCIIOJIB30BaTh HANPSDKEHUE OTCEYKH Usy orc, OIPENEIISIEMOE BBIPAKEHHEM

04+ 0, — Oy

Usn. ore — C
pig

, (6.44)
e 0, — J103a JISTHPOBAHMsI KaHaja (YMCII0 aTOMOB ITPUMECH, BBEJICHHBIX Yepe3 CAMHHITY
MTOBEPXHOCTH).

6.10 Ctatnyeckne napametpbl MAl-TpaH3ncTopoB

MII-TpaH3ucTopbl HAXOAAT NPUMEHEHNE KaK B aHAJIOTOBOW YCHIIMTEIbHON TEXHU-
K€, TaK M B KJIFOYEBBIX (MMIIYJIbCHBIX) CXeMaX.

IIpu ycuneHun ManbIX NEPEMEHHBIX CHUTHAJIOB HCIOJB3yeTcs paboTa TPaH3UCTO-
pa B 00JlacTU HACBIIIEHUS, YTO OOECIECUNBAET HAUMEHBIINE HEJIMHEHHbIE MCKa)KEHUS.
CnenoBarenbHo, ycunutenbHble cBoiicTBa MJIII-TpaH3uCTOpOB XapakTepusyroTcs Ma-
JIOCUTHAJIBHBIMH TapaMeTpaMu, OIpeesieMbIMU B O00NAacTH HACBIIICHUS: KPYyTH3HOM,
nudepeHnaIbHbIM CONPOTHBIEHUEM KaHasa, KOA((UIUEHTOM yCUIICHUS.

OCHOBHBIMHM TTapaMeTpaMH, XapaKTepU3yIOUIMMU KitoueBble cBoiictBa M/III-Tpan-
3MCTOpA, SIBJIAIOTCA CONPOTUBIICHUE KaHajla BKJIIOYEHHOIO TPAH3UCTOPAa U OCTATOYHOE
HarnpsKeHUE.
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Kpytnsna MAl-TpaH3nctopa

ITockonbky B M/III-TpaH3ucTope yInpasisiollee HalpsKEHUE MOMKET IPHUKIAIbI-
BaThCsl U K 3aTBOPY, U K IMOJUIOKKE, Pa3nyaroT KPYTU3HY S TpaH3HCTOpa IO 3aTBOPY
U KPYyTHU3HY Sy 110 TOAJIOKKE.

KpyTtusHna S B 00:1acTH HachILIEHHS ONPEAEISACTCS BBIPAXKEHUEM:

dl,
- dU3H

S =k (Usy = Unop) - (6.45)

KpyrusHa nuneliHO 3aBuCHT 0T 3 dekTnBHOTO HanpsokeHus Ha 3aTBOPE (Usy—Usep ),
a Mpu 3aaHHOM 3((EKTUBHOM HANpPsHKEHUH MPOIMOPLUOHANIbHA YIEIbHON KpyTH3HE K.
Kpyrtuzna M/II1-Tpan3ucropa 0AHO3HaYHO CBsA3aHA C TOKOM CTOKa:

S =/ 2kl,. (6.46)

o)

......................... .W":.! BblBO,D,bl

Q

Kpymuszna MJ{II-mpanzucmopa eo3pacmaem ¢ ymMeHbuieHueM moauursbl H003ameop-
HO20 OUINEeKMPUKA U ONUHbL KAHANA, A MAKdXHCe ¢ yeenudyeHuemM WupuHvl KaHaia u po-
CMOM NOOBUNCHOCNU OCHOBHBIX HOCUMeNel 3apsaod.

Ecnu noteHnnan noaio)Kku OTHOCUTENBHO UCTOKA OTIIMYEH OT HYJS, TO Pa3jindaroT
kpytusHy M/III-Tpan3ucropa 1no 3arBopy

_k
“(1+71)

u kpytusny M/III-Tpan3ucropa no mojjioxke

_odle  2nk
CdlUn|  3(1+7m)

2
S [U314 = Unep — §n|UHH|] (6.47)

Sn

2
[Um Uy - §n|UM|], (6.48)

I7ie 3HaK «MMHYC» FOBOPHUT O TOM, YTO TOK CTOKAa YMEHbIIAETCs NPH YBEIUUEHUU a0CO-
JFOTHOTO 3HAYEHUSI 00PAaTHOTO HANpPsDKEHHS Ha TMEePexXojie CTOK-TOATI0KKA.

CootHouenue S u S; 3aBUCUT OT MapaMeTpa 1), TO €CTh B KOHEYHOM CUYETE OT TOJ-
LIMHBl NOA3aTBOPHOIO IUAJIEKTPUKA U CTENEHM JIETMPOBAHUS IOUIOKKU. Y OOBIYHBIX
kpemuueBbix MIIT-Tpan3uctopos |S,| < S.

OR))
......................... .W":.! Bb|BO,D.b|

Q

Ecnu 3ameop coedunums ¢ noonoxckou, mo M/II-mpanuzucmop 6ydem xapaxmepu-
308ambcst cymmapnou kpymushot S + |S,|.
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O depeHumansHoe conpoTUBIIEHME KaHana

B o6nactu Haceimenust M/II1-Tpansucropa muddepeHnmnaibHoe COMPOTUBICHUE Ka-
Haja onpezensercs 3pPEeKToM MOAYIALNN €ro JUIMHBI, IPUYEM IEePEeKphITas YaCTh KaHa-
Ja mpeacTasiseT co0oi 00paTHO CMELIEHHBIN p-n-11epexo]] CTOK-II0JUI0kKKA, K KOTOPOMY
npusioxkeHo HanpspokeHue Uy — Ugy yac-

Jiss M/III-Tpan3ucTopa 0CTaroTCs B CUIIE BCE COOTHOLIEHUS U JOIYLICHUS, UCIIOTIb-
30BaHHBIC MPH BBIBOJE (HOpMYIBl TU(GEepeHIINATHHOTO COPOTUBICHUS KaHalla TPaH3HU-
cTOpa ¢ ynpasisiomiuM nepexonoM. CienoBareiabHo, auddepeHiaibHoe conpoTHBIIe-
Hus kanana MJIII-Tpan3ucropa onpenensieTcs: BbIpaKeHUEM:

2 N Ucn - Ucn. Hac
Rcu.Hac = L\/ ge : \/ . (649)

€0€n Ic

KoadhdpnumeHT ycnneHmns no Hanpsa>KeHuro

Bripaxxenue ans koadpduimenta ycunenus MJ{I1-Tpan3ucropa no HanpsoKeHUIO!

cu ~ Ycu.Hac eN nLZ
w= SRCI/I.HaC = 2\/ el [U : \/q AC}IM 5 (650)
c €0€n

U3 KOTOPOTO CIENYET, YTO KOdhhuyuenm ycuneHus ysenuiueaemcs ¢ pocmom pabovezo
HANPAXNCEeHUs U C YMeHblleHueM paboue2o moka.

Crartnueckue napamMeTpbl UMMYJIIbCHOINO pexXmnmMma pa6OTbI

B umnynscHbix cxemax M/II-TpaH3ucTopbl paboTaoT B KaueCTBE KIIOYEBBIX 3Jie-
MEHTOB, [I09TOMY OCHOBHOM MHTEPEC IIPEACTABIIAIOT CTATUYECKUE MTapaMeTpsbl, KOTOPBIE
XapakTepu3yloT KpaiiHue pabouue TOUYKH, COOTBETCTBYIOIINE 3alIEPTOMY U MaKCUMaJIbHO
OTKPBITOMY COCTOSIHUIO TPaH3UCTOpa. B KadecTBe KIIIOYEBBIX JIEMEHTOB HauOOJblIEe
pactpoctpanenure Hauuid MJIII-TpaH3uCTOPBI C MHAYLIMPOBAHHBIM KAHAJIOM.

3aneproe coCTOSTHUE 00eCTIEYMBAETCS BBIMONHEHUEM YCIIOBUS Uyy < Upp. IlpH 3TOM
B LIENM CTOKA IIPOTEKAET OCTATOUHBIA TOK, OOYCJIOBIEHHBIN YTEUKaMU 10 IIOBEPXHOCTH
U 00paTHBIM TOKOM p-n-TIEpexoja CTOK-Toasiokka. B xauectBennsix MJII-Tpan3ucto-
pax 3TOT TOK HE MPEBBIIIAECT HECKOJIBKUX HAaHOAMIIED.

MaxkcumallbHO OTKPBITOE COCTOSIHHUE TPAH3HCTOpPa JOCTUTAEeTCs MpU OONbIINX 3HA-
yeHusAX dQPektuBHOro HanpsukeHus Uy, — Uyep, Kora paboyas ToyKka pacnosiokeHa Ha
KPYTOM Y4aCTKe COOTBETCTBYIOLIEH XapaKTEPUCTUKU U OINpPEAEIseT OCTaTOYHOE Harps-
wkeHue Uy ocr MII-Tpan3ucropa. Ha mpakThke 0OCTaTo4HOE HANpPSKEHUE HACTOJBKO
Maso, 9To B BeipakeHnu (6.44) MOkHO TpeneOpeus cnaraembiM U2, /2. Torma

I

Ucn. oT = 7 777 77 ¢
k (U3I/I - Unop)

(6.51)

prrI/IM BaXXHBIM ITapaMETPOM KIJIr04Ya ABJIACTCA COINPOTHUBJICHUC BO BKIIIOUCHHOM
COCTOAHHH. III/I(l)(bCpeHHI/IaHBHOC COIIPOTUBJICHUEC KaHaJIa B HCHACBIILICHHOM PCIKUME:

dUs, 1
d]c - k(U3n - Unop - Ucn)

RCI/L BKI —

(6.52)
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Ilpu Uy < Uy = Uyep CHpaBEIIIUBO

1

RCI/I.BKJ’I = T T T N 6.53
k(Urm - Unop) ( )

N3 (6.51) u (6.53) cnenyer, uro

UCI/I.OCT = RCH.BKJ]IC) (654)

BblBO,EI,bI .........................

mo ecmv ocmamoyHoe Hanpsiicerue Ha MJ[II-mpanzucmope umeem 4ucmo «omuye-
CKOe» NPOUCXOHCOeHUe, YMO ABIAEMC S 8ANCHLIM npeumyuecmeom MIATT-mpansucmopos
nepeo OUNOAPHLIMU MPAHZUCMOPAMY, 8 KOMOPbIX OCMAMOYHOEe HANPAdlCEHUe Cyuje-
cmeyem oagice npu Hy1e8oM MoKe 8bIXOOHOU Yenu.

6.11 OkBuBaneHTHble cxembl MIAl-TpaH3nucTopoOB

Haubonee monHas SKBUBaJEHTHasi CXeMa C COCPEIOTOYCHHBIMU MapameTpaMu AJis
M/II-Tpan3ucTopa ¢ KaHAJIOM 1-TUIA TIPECTaBIeHa Ha pucyHke 6.11.

DKBHBAJICHTHAs CXeMa BKJIIOYAET HEJIMHEWHBIA 3aBUCUMbBIA UCTOUYHHUK TOKA [y, YII-
paBisiemblil HanpsbkeHusamu U, Uy, Uy, KOTOPBIM OMUACHIBAET CTATHYECKUE BOJIBT-aM-
MEepHbIE XapaKTEPUCTUKHU TPAH3UCTOPA.

ConpOTHBIEHUS Fyy, I3 IPEICTABISIFOT COOON COMPOTUBIICHHS YTEUEK YIaCTKOB 3aT-
BOP-HCTOK U 3aTBOP-CTOK; COMPOTUBIICHHUS 7., I'; — COMPOTHUBIICHUS MTACCUBHBIX 00IacTe
Y BBIBOJIOB CTOKA M UCTOKA; COMIPOTUBIICHUS V', Ve — COTIPOTUBIICHHSI OOPATHO CMEIICH-
HBIX MIEPEXO0/I0B MOMJIOKKA-UCTOK U MOJI0KKA-CTOK.

Quw

n
O

Puc. 6.11 — HenuneitHas yHuBepcanpHas 3KBUBaJIeHTHas cxeMa M/III-Tpan3ucropa
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EmkocTH Cayy Cac, Con MPEICTABIAIOT COOOM MOCTOSTHHBIE MEXAIIEKTPOIHBIE U MOH-
TajKHBIE eMKOCTH; eMKOCTH Coy, Cac — HENHHEHHBIC BHYTPCHHUE EMKOCTH, MPHUCYIIHE
MJII-ctpykType; Cuu, Cre — HEHHEHHBIE EMKOCTH JUOIOB HOLIOKKA-HCTOK U MOUIONK-
Kka-CTOK; Cy — HEJTMHEHHAS eMKOCTh MEXKIY KAHAJIOM U CTOKOM, KOTOPasi OBICTPO yObI-
BAeT MO Mepe MPUOIMKCHUS HANPSHKEHUS MEXKIY CTOKOM M MCTOKOM K HAMPSIKCHHIO
HACBIIICHHUS.

[Ipu MHXXEHEpHBIX pacueTrax PacCMOTPEHHYIO MOJEIb MOKHO CYIIECTBEHHO YNpO-
CTUTH 0e3 OombmIoro ymepoa st TOUHOCTH. CONPOTUBICHUS Fsy, Facy Fry, Ve XAPAKTE-
pu3yrorcs BenmuunHamu nopsiaka (1077 1014) Om, a emxocts Cy — BETMUMHO HOpSIKA
0,1 n®, mo3TOMy 3TH 3JIEMEHTHl MOKHO MCKJIIOYHTH U3 3KBHBAJIEHTHOW CXEMBI IIyTEM
paspbiBa. CONPOTHUBIICHHUS 7., 1 00manarot Benmnuraamu (17 10) Owm, crenoBaresbHo, uX
MOKHO UCKJIFOUUTh IYTEM 3aKOPAYMBAHUS.

ITocne ynpomeHI/H/I B Monenu o0pa3yroTcss moiHble eMkoctu Cyy —C3H+ ngI
nC, = C3C+ C3C, HEJIMHEWHBIE COCTABJISIONINE KOTOPBIX Cm, C3C SIBIISTFOTCS CJIOKHEI-
MU (QYHKITUSIMH MEXKIJICKTPOAHBIX HAMPSOHKCHUN. YUET HETMHEHHOCTH €MKOCTEeH Cm,
C3C CYICCTBEHHO YCIOKHACT aHAIN3 IMHAMHYCCKUX PEKUMOB, OJHAKO SCITH Csy > Can,
C3C > C3C U OTHOCHUTENIbHBbIE M3MEHEHUs MOJHbIX eMkocted C,; u C,. He IpeBbIlla-
10T (10-20)%, TO HENMMHEHMHOCTHIO €MKOCTEH MOXXHO mpeHeOpeub, cuutas C,,; = const
C,. = const. KpoMme TOro, HETMHEMHBIE €EMKOCTH Crus Crc MOXKHO 3aMEHHUTB WHTErpajb-
HBIMH MOCTOSIHHBIMU €MKOCTSIMM.,

VYopoueHHas skBuBaneHTHas cxema MJIII-Tpan3ucropa npencraBieHa Ha PUCYH-
ke 6.12.

C
3 Ifc C
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Puc. 6.12 — YopouieHHnas HelMHeitHas SkBUBajieHTHas cxema M/III-Tpan3ucTopa

JIJisi MamoCUTHAIBHOTO PEeXKUMa pabOThl HETMHEHHBIN 3aBUCUMBIA UCTOYHHK TOKA
Iy BCIICNICTBHEC JIMHEAPU3AIMH 3aMCHSCTCS JIMHCHHBIMU 3aBUCUMBIMU UCTOYHUKAMH TO-
Ka SU, 1 S, Uy, a Taoke auddepeHnnaibHbIM CONPOTUBICHHEM KaHala, COOTBETCTBY-
omuM 001acTH HackblieHus. B Hanbosee pacnpocTpaHEHHOM Cilydae, KOT/ia MOJJI0KKa
coeuHeHa ¢ uctokoM, Uy, = 0, ucrounuk toka S, Uy, OTCYTCTBYET, @ eMKOCTh Cyy; OKa-
3BIBAETCS 3aKOpOUYeHHOM (puc. 6.13).
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Csc
3 O—4>—| I & OC
U Cay SU,y, | Reunac | Cou+Cne
Ul == ¥ —
no L oun

Puc. 6.13 — ManocurnanbHast 3xkBuBaneHTHas cxema M/III-tpan3ucropa npu Uy, = 0

6.12 NHepuunoHHble ceoncTea MII1-TpaH3nucTopoB

WNueprmonnsie croiictBa M/II1-Tpan3ucTopoB 00yCIOBICHBI TIEpe3apsiioM €MKOCTH
3aTBOpa U MEXAJIEKTPOIHBIX €MKOCTEH. BiausiHue eMKOCTH 3aTBOpa COCTOUT B TOM, YTO
ckauok HanpspkeHus U, BBI3BIBAET U3MEHEHUE TOJIS B IMAIIEKTPUKE BOMU3U UcToKa. J{o
TeX MOp, MOKa M3MEHEHHE IOJISI HE PACIPOCTPAHUTCS A0 OONAcCTH CTOKA, TOK /. ocTa-
€TCsl HEM3MEHHBIM, IPUYEM BPEMSI PACIIPOCTPAHECHUS ONPENENAECTCS CKOPOCTBIO 3apsiaa
€MKOCTH 3aTBOpa 4epe3 CONPOTHUBIICHUE KaHaja.

CkopocTb nepe3apsiaa MeX3IEKTPOIHBIX €eMKOCTEH 3aBUCHUT OT BEJIMYMHBI BHEITHUX
COIPOTHBIICHUH.

OTHOCHUTENbHAS PO YKA3aHHBIX HHEPIIMOHHBIX ()aKTOPOB HEOTHO3HAYHA U BO MHO-
TOM 3aBHUCHT OT CXEMBbI, B KOTOPOU HCIOJIb3YETCS TPaH3UCTOP. BMecTe ¢ Tem sICHO, 4TO
repe3apsii eMKOCTH 3aTBOpa SIBISIETCS IUMUTHUPYIOMIMM (DaKTOPOM, TTOCKOIBKY OIpesie-
JSIeT mpeAesibHOe OBICTPOICHCTBIE TPAH3UCTOPA B PEKUME KOPOTKOTO 3aMbIKAHUS LEITU
CTOKa, KOI/la BIMSIHUE MEXAJIEKTPOIHBIX EMKOCTEH HE MPOSBISAETCS.

Crporo roBops, Lelb 3aTBOpa MPEACTABISET CO00M CUCTeMy C pacrlpeneieHHbIMU
rapaMeTpamu, OJTHAKO B MHKCHEPHOU MPAKTUKE UHEPLIUOHHOCTH, BHOCUMAsI €EMKOCTBIO
3aTBOpa, 3a4acCTy0 OTPAXKAETCs MCIOIb30BAHUEM OIEPATOPHOU KPYTHU3HBI

_5
1 +pTS’

S(p) = (6.55)

N A L
kd (Ugn - Unop) uw (U3H - UHOP)

W3 BeIpaxkeHust Wi Ty OYEBUIHA MPEANOUYTUTEIHLHOCTh TPAH3UCTOPOB C KaHAJIOM
n-tuna (060abIIasi MOJBMKHOCTD), @ TAKXKE ONMPEEISIoNnIas poiib JUIMHBI KaHaa.

e Ts = CoRey pin = — MOCTOSTHHASI BPEMEHU KPYTH3HBI.

6.13 YcunutenbHble CBOMUCTBA NOMEBbLIX TPAH3UCTOPOB

Kak u OumonsipHbIe TPaH3UCTOPHI, TOJEBbIC TPAH3UCTOPHI BCEX THUIIOB MOTYT BbI-
IIOJIHATH (I)YHKI_II/II/I YCHUIIUTCIIBHBIX 3JICMCHTOB. I[J'ISI YCUIICHUA SJICKTPUICCKUX CUTHAJIOB
¢ MUHUMAaJIbHBIMU HEJIMHEUHBEIMHU UCKAXKCHUSIMA Ha 3aTBOP U HAa CTOK TPaH3UCTOpaA HEOO-
XOAUMO ITOAAaTh MOCTOSAHHBIC HAIIPSAKCHUA COOTBGTCTBYIOHIeﬁ MOJIAPHOCTH U BCIIUYMHBI,
obecneunBaromue padoTy TpaH3UCTOpa B 00JACTH HacklmeHus. [loMUMO TTOCTOSSHHOTO
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HanpspKEHUs. B 1IENb 3aTBOPA IMOJACTCS TAaKKe MEPEMEHHOE HAIpsDKEHUE e. YCHIINBa-
€MOT0 CHUTHaJla, KOTOpOE BHI3bIBAET U3MEHEHHE BO BPEMEHHU MPOBOAMMOCTH KaHajla H,
CJIEJJOBATENIbHO, TOKa cTOKa. IlepemenHas cocraBisomas i.. TOKa CTOKAa CO3JacT Ha
Harpy304HOM pE€3HCTOpE NMEPEMEHHYIO COCTABIAIOLLYI0 HANpsDKEHUS ug. = Ri... Ilpn
pabote B 00JacTH HACBHIIICHHUS HANpsDKEHHE HA CTOKE BIMSAET HA BEJIWYMHY TOKA CTOKA
3HAYUTEIBHO MEHBIIE, YEM HalpsHKEHHE Ha 3aTBOPE, MOITOMY MOXHO 3a CUET BbIOOpa
00JIBIIOTO COMPOTUBJICHUS HArPY304HOTO PE3UCTOPA MOJYUYUTh EPEMEHHYIO COCTaBJIs-
IOLIYIO HAIPSDKEHUS Ug., KOTOPas MPEBBIIIACT HAIPSDKEHUE €, YCHIIMBAEMOIO CUTHAJIA.
IIpu 3TOM ycuileHHE CUTHaa 110 HAPSKEHHUIO COIIPOBOXKAAECTCS YCUIEHUEM CUTHAJA 110
MOIIHOCTH.

[TpyHIMIT yCUIEHUS ANIEKTPUYECKUX CUTHAJIOB IO MOIIHOCTH B IOJIEBBIX TPAH3H-
CTOpax MOXHO OOBSICHUTH C TOUKH 3PEHHUS Nepeaadl HOCUTENIIMU 3apsia SHEPruu Io-
CTOSIHHOTO JIEKTPUYECKOIO IOJIS IEPEMEHHOMY JJIEKTpUYeckoMy moiro. IlocTosHHas
COCTABJIAIOLIAs NIOJIS B KAHAJIE CO3JAETCsl MCTOUHUKOM ITOCTOSIHHOTO HANpsKEHUsI B CTO-
KOBOH LIEIM, a NEPEMEHHAsl COCTaBJIAIOIIAs — MOAYJISALUEN POBOJUMOCTH KaHajla MOJ
JIEICTBUEM YIIPaBIIAIOIIEr0 HapsbKeHUs Ha 3arBope. Hocurenu 3apsiia IBUKYTCA B Ka-
HaJjle, pa3roHsACh MO JEHCTBHEM IMOCTOSHHOW COCTABJISIOLIEH 3JIEKTPUYECKOrO IO,
B PE3YJBTaTe 4YETO0 MX DHEPIUs YBEIWYUBACTCS 3a CUET DHEPIUU UCTOYHUKA IUTaHUS
B LIENIN CTOKA. BenencTBue naneHus HalpspkeHUs. HA Harpy304HOM PE3UCTOPE IIEPEMEH-
Hasi COCTaBJISIONIAs MOJIsl B KaHaje B J1I000 MOMEHT BpEMEHH HalpaBjieHa MPOTHBOIO-
JI0KHO ITOCTOSIHHOM cocTasirAromiei. IIpu 3ToM HocuTenu 3apsiia TOpMO3ATCA IEPEMEH-
HBIM 3JIEKTPUYECKUM I10JIEM, OTAABAasi €My 4acTb dHepruu. Takum oO6pazom, MPOUCXOIUT
CBO€OOpa3HOe NepeKaurBaHUe YHEPTHH OT MCTOYHHMKA MUTAHUS B LEMH CTOKAa K Harpy-
304HOMY PE3UCTOPY.

ITo anamoruu ¢ OUNONAPHBIMU TPAH3UCTOPAMHU CYIIECTBYIOT TPH OCHOBHBIE CXEMBI
BKJIIOUEHHS TTOJIEBBIX TPAH3UCTOPOB: C OOLIMM HMCTOKOM, OOIIMM CTOKOM M OOILIMM 3a-
TBOpOM (puc. 6.14).

6

Puc. 6.14 — CxeMbl BKJIFOUCHHSI TTOJIEBBIX TPAH3UCTOPOB: @ — C OOIIMM HUCTOKOM,
6 — ¢ OOIIMM CTOKOM, 8 — C OOIIIUM 3aTBOPOM

JUIsl OLEHKHM YCHJIIMTENIbHBIX CBOMCTB IOJIEBBIX TPAH3UCTOPOB B MajOCUTIHAIbHOM
pexkume paboThl BOCIIONIB3YEMCs YIIPOIIEHHOH JTMHEHHOM MaJloCUTHAJIbHON KBUBAJICHT-
HOM cxeMoil (puc. 6.13), B KOTOpOH Ul yNpOILEHUS BBIPAKEHUH HE YUTEHA BBIXOJHAs
€MKOCTb.

MaocursanpHasi cXxeMa 3aMelleHHs] KackaJa ¢ OOLIMM MCTOKOM IIPEACTaBIeHA Ha
pucyske 6.15.
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Puc. 6.15 — ManocurtaipHast cxeMa 3aMelleHns KacKaga ¢ OOIMM HCTOKOM

J7is naHHOM CXEeMBbI CIIpaBeINBa CUCTEMa YPaBHEHHH B onepaTtopHoi (Gopme:

dIBX = (chn +PC3c) dUBX _pC3cUBmx>
dIBbIX = (S _pCrsc) dUBX + (Gcn +pC3c) dUBbIX’
dIBBIX =-Gd UBLIxa

(6.56)

rie G = R~! — mpoBOIMMOCTE Harpy3KH.
U3 cucremsl (6.56) crnenyet, 4To K03 HUIUEHT YCUICHHS TI0 HAIPSKEHUIO OMperie-

JACTCA BBIPAXKCHHUEM !
d UBbIX S —-p Czc

ky = =— .
v dUBX G + Gcn +pC3C

Ha #u3kux vacrorax pC,. » 0, ciaemnoBaTenbHO,

k U S S (R||R SR
YT au,, T G+G, (Rl|Reu) ~ =SR

Jlns1 BXOIHOM MPOBOIMMOCTH MOJTYyYaeM BBIPAKEHHE

Yix = j{;" = pCuu+ (1= ky)pCic = pCuy + (1 + |ku|)pCie »

“PCm + (1 +Sch)pC30 :pCBX.BKB'

BI)Ipa)KeHI/ISI JJIsL BBIXOI[HOﬁ MPOBOAUMOCTH M BBIXOJHOT'O COMMPOTUBIICHUA C YUYCTOM
mapa3suTHBIX eMKOCTeH TPaH3UCTOpA ABJIAOTCA 'POMO3AKUMHA, OJHAKO Ha HU3KHUX YaCTO-

tax, nonaras pC,. ~ 0 u pCy, ~ 0, noay4dum

dl, 1
YBLIX = 25 = G us RBblx = =R u-
dU, BBIX ¢ Y, BBIX ¢

ManocurHaiabHas CXeMa 3aMEIICHHs KacKaja C O6HII/IM CTOKOM IpCACTaBJICHA Ha

pucyske 6.16.
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Puc. 6.16 — ManocurnaipHasl cxeMa 3aMeIleHns KacKaga ¢ OOIUM CTOKOM

JIyst cXeMbl BKJIIOYCHHS TPAH3UCTOPA C OOIIHUM CTOKOM (pHcC. 6.16):

dIBX = (pc?sn +pC30) dUBX - PCm UBBIX
dIBBIX == (S+pczc)dUBx + (S+ GCI/I +pc3n)dUBmx (657)
dl, BRIX Gd UBBIX
OTKyJla CJIEIYET
dUBBIX S +pC3M
kU = =

dUBX - S + G + Gcn +PC3M’
a Ha HU3KHUX YaCTOTax
S S (R||Ren) SR

ky = = ~ ~ 1.
Y S+G+Gy S(R|Rw)+1 SR+1

BxonHas mpoBOAMMOCTB:

dl BX
d UBX

YBX= =pC3c+(1 _kU)pCm%pC%:pCBXﬁKB'

Brixognas IPOBOAUMOCTDL M BBIXOJAHOC COIIPOTUBJIICHUC HA HU3KHUX YaCTOTaX:

v dl G +S R 1 R, 1
BLIX_WBX_ cu t O, BBIX — YBMX_SRCH‘*‘INE‘
A\
......................... ’@2‘! BblBOﬂbl
QA

AHanu3 BBIPAXXCHU OCHOBHBIX MMapaMETPOB YCHUIIMTEIBHBIX KACKaJOB MO CXEMaM
C OOIIMM HMCTOKOM M OOIIMM CTOKOM IIOKAa3bIBAET:

o (hazosviii cO8uUe MeHCOy 6XOOHBIM U BLIXOOHLIM HANPANCEHUAMU HA HUKUX Ya-
cmomax 6 cxeme ¢ 0buum cmoxom cocmagisem () on. 2pad. (ky > 0), a 6 cxeme
¢ 0bwum ucmokom — 180 on. epao. (ky > 0);
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® KACKAO ¢ 06WUM UCMOKOM YCcunugaem 6xooHou cuenan no nanpsicenuro (|ky| > 1),
a Kackao ¢ obuwum cmokom ycunenust no Hanpsiicernuio ne oaem (ky < 1, ky. ~ 1);

® BX00HOe CONPOMUBIIEHUE KACKAO08 C 0OWUM UCMOKOM U 0OWUM CMOKOM 00Y-
C/l0BNIEHO 8 OCHOBHOM 6XOOHOU NAPA3UMHOU eMKOCIbIO, NO3MOMY e20 3Hade-
HUe GeIUKO HA HUZKUX YACTOMAX U YMEHbUAemcs 00pamuo nponopyuoHaIbHO
yacmome, npudem 6X00HAsl NAPAUMHASL eMKOCHb CXeMbl ¢ 0OUUM UCTOKOM
bonvuie, uem cxemvl ¢ 0OOWUM CHOKOM;

® Kackao ¢ obwum ucmoxom obradaem OOILUWUM, A KACKAO C OOWUM CHOKOM
MATLIM 8bIXOOHBIMU CONPOMUBTEHUSMU.

PaccMmoTpeHHbIE 0COOEHHOCTH OCHOBHBIX CXEM BKJIIOUEHUS IOJIEBBIX TPAH3UCTOPOB
00yCIIOBITUBAIOT 00JaCTU WX MPUMEHEHUS B YCHIUTEIbHON TEXHUKE.

OCHOBHOI cXeMOM BKJIIOUEHUS SIBISIETCS CXeMa ¢ OOIIMM HCTOKOM, B KOTOPOM MPHUH-
LUIBI paOOThI MOJIEBBIX TPAH3UCTOPOB MIPOSBIIAIOTCS HauboJIee SBHO U 110 KOTOPOH ompe-
JEJIAI0TCS OCHOBHBIE CTATUYECKUE XAPAKTEPUCTUKHU TOJIEBBIX TPAH3HCTOPOB.

Cxema ¢ OOIIKMM CTOKOM, XOTSl M HE 00JIaJJaeT CBOMCTBOM YCHJIEHUS BXOIHOTO CHUT-
Haja MO HAaIpsDKEHUIO, OHAKO M3-3a OOJBIIOT0 BXOJHOTO M MAaJIOTO0 BBIXOAHOTO CO-
IPOTUBJICHUI MPUMEHSETCS AJIS COIVIACOBAHUS KACKalOB JAPYT C JIPyTroM, CIIOCOOCTBYs
YBEIUUEHHIO 0011ero k03 (UIMenTa yCuineHus o HanpspkeHHI0 MHOTOKACKaIHbIX yCH-
nureneid. Kpome Toro, HCHOIB30BaHIE CXEMBI ¢ OOIIUM CTOKOM 00eCIIeYnBaeT CHUKEHUE
BXOAHOU eMKOCTH. [lockonbKy ans naHHOU cXeMbl Ugyy = kyUgy =~ Uy, @ BBIXOZHBIM
3JIEKTPOJIOM SIBJIIETCSL UCTOK, OHA MOTYy4HJIa Ha3BaHUE UCTOKOBOTO TTOBTOPUTEIIS.

Cxema ¢ 00IUM 3aTBOPOM OOBIYHO HE MMEET CaMOCTOSATENILHOTO 3HAYEHUS, HO Ha-
XOJIUT NMIPUMEHEHNE B KaU€CTBE KOMIIOHEHTA CIIOKHBIX YCHUIIMTEIbHBIX CXEM.

6.14 PaboTa noneBbiX TPAH3UCTOPOB B UMIMYJSTIbCHOM
pexume

VIMmynbCHBIN peXUM TpearonaraeT padoTy TpaH3HCTOpa MO ASHCTBHEM OONBIINX
VMITYJIbCHBIX CUTHAJIOB, KOIJIa CYIIECTBEHHO IMPOSIBIISIFOTCS €r0 HEIMHEHHbIE CBOWCTBA,
a TPAH3HMCTOP BBICTYIAET B KaUE€CTBE KIIFOYEBOI'O HJIEMEHTA.

Takoii pexxum paboTsl Hanbosee xapakrepeH st MAII-TpaH3uCTOPOB ¢ UHIyLIUPO-
BaHHBIM KaHAJIOM, BKJIIOYEHHBIX 10 CXEMe ¢ OOIIMM UCTOKOM (puc. 6.17).

B craunonapaom coctosiuuu MU I-TpaH3ucTOp MOKET HAXOAUTHCS B BHIKJIFOUEHHOM
a100 BO BKIIIOYEHHOM COCTOSIHUSIX, COOTBETCTBYIOIIMUX HU3KOMY U! uiun Bbeicokomy UE
YPOBHSIM BXOJHOTO YIIPABIIIOLIEIO HAIPSKEHUSA.

ITpu Uy = Ul < Upep TOKONPOBOIAIIMN KaHaJl OTCYTCTBYET, TPAH3UCTOP 3aKPHIT
U B €r0 CTOKOBOM LEMU NPOTEKAET MAJIbIA HEYIPABIIIEMbIA OCTATOYHBIA TOK [ orc. Ha
BBIXOJIE (hOPMUPYETCSI HAPSHKEHUE BBICOKOTO YPOBHS

Ulfx = Ec - Rc]c. orc N Ec-

IIpu Uy = U, > Uyep TPaH3UCTOP OTKpEIBacTCA. [l obecriedenns Majoro BBIXOJ-
HOTO HampsKEHUs TPAH3UCTOP JOJDKEH paboTaTh B KpPyTOH 0071acTH CTOKOBBIX XapakTe-
PHUCTHK, 4TO 0OecreunBaeTcs Mpu yCIOBUU
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Puc. 6.17 — Cxema xiroda ¢ oommmM ucrokom Ha MJIII-Tpan3uctope

C. BKJI
——=Upep +
S P

e ]c‘ pxn — TOK CTOKa BKJIFOUCHHOI'O TPAH3UCTOPA.
Ha Boixone ¢opmupyeTcst Hanps>KeHHEe HU3KOTO YPOBHS

B
Uge > Upep +

RCI/I. BKII.

H —_ — —
UBBIX - UCH,OCT. - RCI/I. BKJ'I.IC.BKJ'I. - R R [}
CH. BKII. + C

e Rey pxn. = 1/ (k (UE = Unop) ) — CONPOTHUBIICHUE KaHajla TPaH3UCTOpa.

Wueprmonnsie cBoiictBo M/III-TpaH3ucTopoB mpu paboTe B UMITYJIbCHOM PEKUME
00yCIIOBJICHBI, TJIABHBIM 00pa30oM, Tepe3apsAKON Mapa3suTHBIX €MKOCTEH.

[Tpu ckauko0Opa3HOM U3MEHEHHH BXOIHOTO HAIPSHKEHUsSI C HU3KOTO YPOBHS JI0 BbI-
COKOTO HAUMHAETCS MPOIECC BKIIOUEHHUS, KOTOPBIA CONEPKHUT TPU CTATUU: 33JIEPKKU
BKJIFOUEHUS, CTIa/Ia BBIXOJJHOTO MOTEHIINAIA, YCTAHOBJICHUS BKIIIOYCHHS.

Craaus 3a7ep>KKU BKJIFOYEHHS 00YCIOBICHA 3apsiIOM BXOJHOW €MKOCTH TPaH3HCTO-
pa JIo IOpOroBOTO HampsibkeHus. Ha mHTepBalie 3a1ep:KKU BKIIFOYCHHS TPAH3UCTOP BBI-
KJTFOUCH, ¥ C TOCTATOYHOM TOYHOCTHIO MOXKHO CUHTATh, 4TO U, = const. Torma dU,./dt =
= (d/dt) (U, — Uey) = dU,,/dt. Tok 3atBopa M/III-Tpan3ucTopa KpailHe Mall, O3TOMY
UM MO>KHO 0€3 CYIIeCTBEHHOM TOrPEITHOCTH MpeHedpeub. B 3ToM ciiyyae cnipaBenynBo:

. . . dUsy, dU,,

Ipx =1, t1c,, = (C3I/I+C3C) dt = Usgx dt )
TO €CTh BXOAHAA Mapa3uTHAasA €MKOCTb TPaH3UCTOpPAa HAa MHTCPBAJIC 3aJCPKKHU BKIIFOUC-
uus 00ycnosieHa eMkocTIMU C,, U Cy. 3aps BXOJHOM €MKOCTH OCYLIECTBISETCS IO
OKCIIOHCHIIUAJIBbHOMY 3aKOHY, a MJIMTCIbHOCTb MHTCpBaJia 3aJICPKKU BKIIIOYCHHA OIIPC-

ACIICTCS BBIPAKCHUCM

Usn(oo) - U3I/I(O)
Usn(oo) - USI/I (Atnkn)’

Aty pen = Tux IN

rae Tex = R Ciy, UW(OO) = UBBXJ Usn(o) = U}?x’ Usu (At3BKH) = Um’p‘
B pE3YIbTATC Ats. BT N CBer (Usn.nop - U]?x) /UBBX'
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Ha cragum cnaga BeixonHoro noreHnuana M/III-TpaH3ucTop OTKpBIBaeTCs M Iie-
pexoaut B obnacTe HachileHus. KoaQpuiuent ycuinenus uis NpupamieHuii BXOJHOTO
¥ BBIXOJIHOTO HAIMPSDKEHHUI Ompeensiercs BoipaxenueM ky = —SR. = —k (U, — UHOP)RC
Y TIPU TUIIOBBIX 3HAYEHUSX MAPAMETPOB COCTABIISIET BEIMYMHY MOPSIIKA I€CITKOB-COTEH.
DTO CBUIETEIBCTBYET O TOM, YTO MpHUpPAIICHHE HANPSHKEHUS 3aTBOP-UCTOK, OIMpPEaessi-
eMoe Kak Ay, = Augy/|ky| = Aug/|ky|, cyliecTBeHHO MeHbIIE W3MEHEHUsS BBIXOHO-
ro HanpsbkeHud. Ha craauu crmazna BBIXOAHOTO MOTEHIMANA B CXEME KJIto4a JEeHCTBYET
CUJIbHAsl OTpHUIIATENIbHAS oOpaTHasi CBsA3b uepe3 eMkocTh C,. (3dhdexT Mumepa), B pe-
3yJIbTaTe YEro JCMCTBYIONIEE 3HaYeHUE BXOIHOW eMkocT M/III-Tpan3ucTopa pe3ko Bo3-
pacraer:

) ) _ dU,, d dU,,

Igx =1c,, T1lc,, = C3n7 + C3ca_,t (Uzn + |kU|U3n) = CB)L,E[T)
TO €CTh Ciy 5 = Coy + C3C(1 + |kU|)= Csy + Cye (1 +SR,). Bo3pactaer Takxe MOCTOSIHHAS
BPEMEHHU BXOJHOM HENH Ty = R Cyy 5, YTO MPUBOIUT K XaPAKTEPHOMY 3aMEJJICHUIO W3-
MeHeHust HanpsikeHus: U,,. Takum oOpa3om, B epBOM MPUOIIMIKEHUH MOXKHO TPUHSATD,
YTO Ha MHTEpBAJIE CIaJa BBIXOJHOIO MOTEHIIMAIA HAIIPSKEHUE 3aTBOP-UCTOK OCTAETCSA
MOCTOSIHHBIM, PABHBIM €T0 CPEIHEMY 3HAYEHUIO

Ec - Ucyx. ocT

TS (6.58)

Usy = const = Uy, cp = Usimop +
[Ipy TMNOBBIX 3HAYEHUSX mapameTpoB BiausiHUE emkocted C,; U C.; Ha CTaIUI0
criajia BBIXOIHOTO MOTEHIMala HECYIIECTBEHHO.
C ydetoM (6.58) m1s cxeMbl KJIrO4a CIpaBeIJIuBbl COOTHOLICHUS

Ull;x - Usn. cp |A UBI)IX|

iBX‘ pn = CONSt = IBX. BKI — R 3¢ At
r

ITpu 5TOM BBIXOJIHOE HAIPSHKEHHUE YMEHBIIAETCS PAKTHYECKH 10 JTMHEHHOMY 3aKOHY.

OreHuBast UIMTEIBHOCT CTAIMU CIaa BBIXOMHOTO MOTEHIINAIA KaK HHTEPBAaJ Bpe-
MEHHM W3MCHEHHs BBIXOIHOTO HampsokeHus or yposus 0,9 (U — UL ) 10 ypoBHs
0,1 (U, — UL ), 10 ectb ipht [AUyyx| = 0,8 (U, — UB ) ~ 0,8 (E, — Uey. ocr ) » IOTyYaEM

BBIX BBIX

-1
Ec - Ucn. ocT

At. = 0,8R,.C;, (Ec - UCI/[.OCT) x UBBX - UHOP - 2R.S

Ha cramuu ycTaHOBICHUS BKJIFOYCHHS BRIXOJTHOE HAMPSHKCHUE MPAKTHYSCKHA HE W3-
MeHSeTCs: Uyyx ® Uy ocr, ACUCTBUE BHYTPEHHEH OOPATHOM CBSI3M B CXeME IMpEeKpaIiaeT-
cs1, a BxonHast eMKoCTh Cyy = Cyy + C,c SKCTIOHEHIIMAIBHO 3apsbKaeTcs 0 3HadeHus: UE,
C MOCTOSIHHON BPeMeHH Ty = R.Cyy = R, (Cyyy + Cy¢) 3a Bpems

Atyersin ® (3+5)Tax = (3+5) R (Coy + Cse) .

ITpu ckaukooOpa3HOM HM3MEHEHHWU BXOIAHOIO HAMpPSKEHUS C BBICOKOIO YPOBHS 10
HU3KOTO0 HAYMHAETCS NPOLECC BBIKJIIOYECHHS, KOTOPBIM TaKXKE COACPKHUT TPU CTaJUM:
3aEP’KKU BBIKJIFOUCHUS, HAPACTAHUS BBIXOJHOIO IIOTEHIMANA, YCTAHOBIICHUS BBIKIIFOUCHUS.

3azieprkKa BBIKIFOUEHHS 00yCIIOBIIEHA pa3psiioM BXOAHON €MKOCTH TPaH3UCTOPA C Ha-
npspkenust UP, 1o HampspkeHusi, npu koropom M/III-Tpansuctop nepelaer B o0sacTh
HachIIEHUS: Usy o = Unop + Lo sn/S-
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PaSpﬂI{ CEMKOCTH HpOI/ICXOI[I/IT 10 3KCHOH€HHI/I3J'H)HOMY 33,KOHy C HOCTOHHHOI\/'I Bpe-
MEHH Toy = R Cyy = R, (Cyy + Cy) 3@ MHTEPBAT BPEMECHU

B
BX

At& BBIKT — UBX In
3U. Kp

Ha craguu mapacranus Beixognoro noreninuana MJIII-tpan3uctop paboraer B 06-
JIACTU HACBHIIICHUS, U CIIPaBeJIMBBI JOMYIIEHUS, CACTaHHbIe AJIsl MHTEepBasla Crajia Bbl-
XOJIHOTO MOTeHIHana. Takum obpazom,

U314. cp Ué{x _ AUBLIX
——=-C;———.

in. spin = CONSt = _[BX. Bokn = — R v
r

OneHuBas JJIUTEIIbHOCTD CTaAWU HapaCTaHUA BBIXOJHOI'O IIOTCHI[MAaIa KaK HHTECPBaJl

BPEMEHH M3MEHEHHsl BBIXOJHOTO HampsukeHus oT yposas 0,1 (UE, — UE ) mo ypoBHs

0’9 (Ulfblx - U}?};lx)’ I1oj1y4acM
-1
Ec - U U. OCT -
Aty = 0,8R,Cye (E; — Ugyp.oer) X | Unop + ﬁ - U,y

Ha cragum ycTaHOBIEHMS BBIKIIFOYEHHUS! BBIXOJHOE HAIIPSKEHHE NPAKTUYECKU HE
n3MensieTcs: Uy, ~ E., IeMCTBUE BHYTPEHHEH 00paTHOM CBS3U B CXEME MPEKpaIaeTcs,
a BxogHast eMKOCTb Cyy = Cy+C; paspsikaeTcs 10 3HaueHus U} ¢ IOCTOSHHON BpeMeH!
Tox = RiCax = Ry (Cyy + Cye) 32 Bpemst

Atyer s ® (3+5) Tox = (3+5) R (Coy + Ce) .

Usx (TN

Usaft) ]
i i T “?W—k_
1 i I
T T T L] v I
B A | ] t
igx(t) ! : | ! | : : : I
I xRt | 11 | ]
;‘\ | 1l | I
I 1 : P! v :
| 1 | H
: | | : 1 _/l t
X | s H
Ugpix(t) : : | : HE lac.ammn
[} [
N R -
Ll L
Ug,..\ | | : I/:: Orsbgmx_ué‘mx_}
i LI S Yy A | b !
I :'\I_:_EE"X_I_I"‘ i
Ll 1 L
E [l ™ | | )
igft) I e i t
vl
I

H I
A : | FEe—n
e T 1 Ay nycm_anm:n
A3 an A yem axn

Puc. 6.18 — Bpemennsie nuarpammel pabotsl M/III-Tpan3ucropa B UMIYIbCHOM
peXHUME B CXeMe C OOIIUM HCTOKOM
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1)

2)

3)

4)

5)

6)

7)

8)

9)

Hampsikenne 3aTBOp-UCTOK TOJIEBOTO TPAH3UCTOPA C YMPABISIOMIUM p-H-TIepe-
xonoM U,, = —3 B, HanpspkeHHE CTOK-MCTOK Ha rpaHuIle HachleHUs Uy, =
= -3 B. OnpenenuTs HaNpsHKEHUE OTCEYKH 1O aOCOIFOTHOW BEIIMUYMHE.

Omeem: 6 B.

VnenbHas NpoOBOAUMOCTh KaHaJla A-THUIIA I0JEBOIO TPAH3UCTOpA C YIPABIAIO-
1M p-A-TIEPEXOJIOM U IByMsI 3aTBOpaMu paBHa 8,85 CM/M, MOABIKHOCTD JIEK-
tpoHoB 0,12 M?/B-c, OTHOCHTENIbHAS UAIEKTPHIECKAs TIPOHUIIAEMOCTh KPEM-
Hus 12, TonmuHa kaHana 4,8 MkM. OnpenenuTs aOCOIIOTHYIO BEIMYUHY Hamps-
JKEHUS OTCEYKHU B B.

Omeem: 2 B.

Kpyrtusna nonesoro tpansucropa passa 0,6 MA/B, nuddepennmanbHoe compo-
TUBJIEHME KaHajla B pexxume HachlmeHus coctasiuger 300 kOm. Omnpenenutsb
K03()(PULIMEHT yCUIIEHUS 10 HAIPSIKEHHUIO.

Omeem: 180.

HagasbHbIi TOK CTOKA ITOJIEBOTO TPAH3UCTOPA € YNPABISIOIIUAM p-1-IIEPEXOA0M
3 MA. Hanpsxenue orcedku paBHO 3 B. Onpenennuts MakCUMalbHYIO KPYTH3HY
TPaH3UCTOpA.

Omeem: 2 MA/B.

IToporosoe Hamnpsixenue M/III-TpaH3ucTopa ¢ HHIYIIMPOBAaHHBIM KaHAJIOM PaB-
HO 2 B. Onpenenute HanpshKeHUE 3aTBOP-UCTOK, IPH KOTOPOM HAIPSKEHHUE
CTOK-HCTOK Ha I'PaHULE HACBIEHUS paBHO 2 B.

Omeem: 4 B.

B M/III-Tpan3ucTope OTHOILICHKE IHUPUHBI KaHaja K ero anuHe pasHo 10, mpu-
MIOBEPXHOCTHAS MOJIBIKHOCTH 31ekTpoHOB 500 cm?/B-c, yaenbHas eMKOCTh 3a-
tBopa 100 H®/cm?. OnpenenuTh YAeIbHYIO KPYTH3HY.

Omeem: 500 mxA/B?2.

Onpenenute kpytnzny MJIII-TpaH3ucTopa ¢ MHAYUMPOBAHHBIM KAHAJIOM, €C-
nu yaenbHas KpyTusHa paBHa 0,3 MA/B2, moporoBoe HampspkeHue pasHo 2 B,
a HalpsDKEHUE 3aTBOP-UCTOK paBHO 4 B.

Omeem: 0,6 MA/B.

M/II-Tpan3uctop paboTaer B KiIO4eBOM pexume. OnpenenuTb COMpOTHBIIE-
HUE TPAH3UCTOpa BO BKIIOYEHHOM COCTOSIHUH, €CIU YIelbHasi KpyTH3Ha paBHA
0,5 MA/B?, moporosoe Hamnpsikerre | B, a HanpskeHwe 3aTBOP-MCTOK paBHO 5 B.
Omeem: 500 Om.

OnpenenuTts BBIXOIHOE COMPOTUBICHUE YCUIUTEIHLHOTO Kackaaa ¢ OOLIUM CTO-

KOM Ha HU3KHX 4YacToTax, eciu IuddepeHIraIbHoe CONPOTHBICHHE KaHaja
paBro 500 kOwM, a kpyrusna cocrasiser 0.5 MA/B.

Omeem: 2 xOM.
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OMNTOJ3JNEKTPOHHbIE
NOoJYTNPOBOAHUKOBBIE MNMPUBOPHI

OnmoanekmponHblil NOTYNPOBOOHUKOBBLU NPUOOP — 9MO NOTYNPOBOO-
HUKOBbLUL NpUbOp, 4y8CMEUMENbHbIU K 3NeKMPOMASHUMHOMY U3TyYe-
HUIO 8 ONMUYEeCKoM OUana3one CNneKmpa, Uiy ULyYaiowull 1eKmpo-
MA2HUMHYIO SHEP2UIO 8 MOM JHce OUANA30He, UNU UCNONb3YIOWULL ITeK-
MpomMazHumHoe usnydenue ous ceoeli pabomol.

OnThueckuil [uana3oH CIEKTPa AEKTPOMAarHUTHBIX BOJIH 3aHUMAET UHTEpBaJl JUIMH
BoiH OT 1 MM 10 1 HM. OH BKiItO4aeT B ceOs TpU MOJAMANA30HA: YIBTPapHOICTOBBIN
(1am — 0,38mkM), Bugumslid (0,38 —0,78 Mxm) u uH@pakpacHsiit (0,78 MxkM — 1 MM).
PaGouum nuamna3oHOM NONTYyHNpPOBOAHUKOBBIX HMPUOOPOB SBISETCS OOJAcTh JUIMH BOJH
0,2 —20 MKM.

7.1 Knaccuukaumsa onToanekTpoHHbIX Npnbopos

OHTOBJ’ICKTpOHHBIe MMOJYIIPOBOOAHHUKOBLIC HpI/I60pLI MOKHO IIOAPA3ACIUTh Ha ITOJIy-
IMPOBOAHUKOBBIC U3JTy4YaTCIIU, MPUCMHHUKU HU3JTYUYCHUSA, ONTOIAPBI U ONTO3JICKTPOHHBIC
HHTCIPAJIbHBIC MUKPOCXEMBIL.

Ilonynposoonuxoswiti  uznyuamens —3mo  ONMOINEKMPOHHLIL  NOTY-
NPOBOOHUKOBYIL NPUOOP, NPeodpasyowWull NEeKMPUYEcKyr0 IHepeuio
8 IHEP2UI0 INeKMPOMASHUMHO20 U3YYEHUs 8 ONMUYECKOM OUANA30He
cnekmpa.
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[TonynpoBOAHUKOBEIE M3ITydaTeN PA3AeIIIOTCS HA HEKOT€PEHTHBIE U KOTEPEHTHBIC
W3ITyJaTelu.

K HexorepeHTHBIM MONYyIPOBOAHUKOBBIM U3Ty4aTesiM OTHOCSTCS MOJYHIPOBOIHH-
KOBBIE M3JIydaTes BUAMMOM 00JacTU CHEKTPa — HOIYAPOBOOHUKOBbIE NPUOOPLL 0OMOO-
pasicenus ungopmayuu, a TakKe MOIYNPOBOJHUKOBBIC H3ITydaTeldn WHPpPAKpacHOH 00-
JIACTH CIIEKTPa — UHPDPAKPACHbBLE UTYUArOUUe OUOObL.

KorepeHTHbIE MONYHIPOBOJHUKOBBIE H3ITY4aTEIH — 3TO TOIYIMPOBOJHUKOBEHIE JIa3e-
PBI C PA3TUYHBIME BUAAMH BO30YXICHUS, KOTOPhIE MOTYT U3ITy4aTh 3JIEKTPOMArHUTHBIC
BOJIHBI C OTPEACIICHHON aMIUTHTY0M, 4acTOTOM, (pa3oil, HarpaBIeHHEM pacCIpOCTpaHe-
HUA U NOJISIpU3aluei.

Tlonynpo8ooHuKoswviti npueMHUK U3MYy4eHus — Mo ONmodIeKMPOHHbIL
HOYNPOBOOHUKOBI NPUOOP, UYECMBUMENbHYIL K IN1eKMPOMACHUMHO-
MY UBYUEHUI0 ONMUYecKo20 OUAna3oHa Ui npeoopazyioujutl 3Hepeuio
91eKMPOMACHUMHO20 U3NYYEHUSI HENOCPEOCMBEHHO 8 JNIeKMPUUECK)IO
SHepauio.

B coOTBeTCTBHH C pa3iIMYHBIM XapaKTepOM B3aUMOJCHCTBHS ONTUYECKOTO H3ITyde-
HUS C BEIIECTBOM MPHEMHUKH JIEIST Ha TEIUIOBBIC M (POTOAIEKTPHUECKHE.

B TerioBIX MpUeMHHUKaX MOIIOLICHHAS SHEPT sl YBEIMYUBAET TEIUIOBYIO SHEPTHIO
KpHUCTaJUIa, CICACTBUEM YETO SIBISICTCS U3MEHEHHUE ero ¢pu3ndeckux cBoiicts. K Termo-
BBIM NPUEMHHKAM OINTHYECKOTO M3IYyYCHHS OTHOCATCS OOJIOMETPBI, TEPMOPE3UCTOPHI,
MUPOIJICKTPUIECKHAE TPUEMHHUKH, TEPMODIICMEHTBI.

Pabota (oTosnekTpuueckux NPUEMHUKOB OCHOBaHA Ha GHympeHHeM (pomodpghex-
me — 06pazo8anuy HepasHOBECHbIX HOCUMeNell 3apsaod 6HYMpU NOJIYNPOBOOHUKOBOT
cmpyKkmypul noo Oeuicmeuem onmudecko2o uziyyenus. K GOTOEKTpUYECKUM IpUeM-
HUKaM HM3JIy4eHUs OTHOCSTCS (PoTOpe3ucTopsl, poToanonsl, GoTodneMeHTsl, poToTpan-
3UCTOPBI U (POTOTUPUCTOPBI.

7.2 ®OTOTPAH3NCTOPSI

Domompanzucmop — smo Gomoanekmpuieckuii NPUEMHUK U3TYYEHUS
Ha OCHO8e MPAH3UCMOPHOU CMPYKMYPbl, CHOCOOHBIU K 8HYMPEHHEMY
yeunenuio pomomoxa.

Paznuyaror OumnosnspHbie U MoneBble (POTOTPAH3UCTOPHI.

BunonapHbie oToTpaH3nCTOPbI

Crpykrypa ounonsipHoro (GororpaH3ucTopa aHaJOTHYHA CTPYKTYpe OOBIYHOTO OH-
noJIipHOTO Tpan3ucropa (puc. 7.1, a). bunonsipusiii p-n-p-HOTOTPAH3UCTOP COACPIKUT
SMUTTEPHYIO 00JIacTh p*-TUTA, 00IacTh 0a3bl n-THMA, OOJIbIIAS YACTh KOTOPOH SBISETCS
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MIACCUBHOM U OTKPBITOM CBETOBOMY IOTOKY, ¥ IIUPOKYIO KOJJIEKTOPHYIO 00acTh p-THUIIA.
Kopnyc goTtoTpansucropa conep>kut nNpo3payHoe OKHO, Yepe3 KOTOPOE CBETOBOM MOTOK
naJlaeT Ha MACCUBHYIO YacTh 0a3bl.

Ecnu nopats HanpspkeHHe Mexay 0a30H M KOJUIEKTOPOM, CMECTUB KOJUIEKTOPHBIH
nepexos B 00paTHOM HaIlpaBJICHUH, a BBIBOJ SMUTTEPA OCTABUTh HEMOJKIIOYEHHBIM, TO
IIPY MOIVIOIIEHUH ONTUYECKOTO U3JTyUEHUs! B TAaCCUBHON 001acTh 0a3bl U KOJIIEKTOPHOM
nepexojie 00pa3yroTcsi HEpaBHOBECHbIE HOCUTENN 3apsaa. HepaBHOBeCHbIE HEOCHOBHBIE
HOocUTeNU TUPPYHAUPYIOT K KOJIIIEKTOPHOMY MEPEXOY U €T0 MOJIEM MEPEHOCSTCS Yepe3
nepexos, co3znaBasi (POTOTOK.

OnHako 0OBIYHO OUIIONAPHBIN (HOTOTPAH3UCTOP MPUMEHSIOT IIPU €r0 BKIIOUEHUH IO
cxeme ¢ oomuM smutTepoM. Ilpu 3TOM BBIBOJ 0a3bl MOXKET OCTAaBaTbCS HEMOAKIIIOUEH-
HbIM. Takoe BKIIIOUEHHE Ha3bIBAe€TCS BKIIIOUEHHEM C IJIaBaoleil 0a30il U XapakTepHO
TOJBKO 17151 (POTOTPAH3UCTOPOB.

[Tpu BkIIOUEHMM C TUIaBaromed 0azoil ¢ororpansucTop paboTaeT B HOPMaJIbHOM
AKTUBHOM PEXHMME: SMUTTEPHBINA MEPEXO/ CMEIIEH B MPSMOM HAIIPaBJICHUU, a KOJIJIEK-
TOpPHBINA Tepexon — B oOpatHoM. HecmoTpst Ha 3To, TOK uepe3 mpuOOp B OTCYTCTBUU
cBeToBoro noroka (® = 0) HeBenuK. JTO OOBACHAETCA TEM, UTO JBIPKU, MHKEKTHUPO-
BaHHbIE U3 SMUTTEPA B 0a3y, IOJIHOCTbIO HE KOMIIEHCUPYIOTCS 3JIEKTPOHAMH U CO3JAI0T
B 0a3e 00beMHBIN 3aps/, KOTOPBIH YBEIMYMBAET MOTCHIUAIBHBINA Oapbep SMUTTEPHOTO
nepexosa, NpensaTCTBYS pocTy Toka. B pesynbrare uepe3 (poTOTpaH3UCTOP MPOTEKAET
MAaJIbIA TEMHOBOH TOK /.

[Ipu ocBemennn npudbopa reHepupyeMbie B 00JIaCTU MaCCUBHOM Oa3bl HEOCHOBHBIE
HOCHTEIM 3apsAza, NPOXOAs Yepe3 KOJIIEKTOPHBIN Iepexol, co3narT GoToTok Iy. I'ene-
pUpyeMble OCHOBHbBIE HOCHTENM 3apsijla HAaKaIUIMBAIOTCsS B 0a3e, 4TO MPUBOIUT K IO-
HIDKEHHIO MOTEHIMAIBHOTO 0apbepa SMUTTEPHOTO U KOJJIEKTOPHOTO mepexoaoB. M3-3a
YMEHBIIEHHUS BBICOTHI MOTEHIIMAIBLHOTO Oapbepa SMUTTEPHOTO MEPEX0/ia YBEIUINBACTCS
MH)KEKIMSI JABIPOK U3 AMHUTTEpa B 6a3y. MHKeKTUpoBaHHbIE HOCUTENU AUPOYHIUPYIOT
yepe3 0azy K KOJJIEKTOPHOMY MEPEXOAY U €ro AIEKTPUUECKUM MOJIEM MIEPEHOCATCS B 00-
JacTh KoJeKTopa. TOK MH)KEKTUPOBAHHBIX HOCHUTEJEH U, CIE0BATENIbHO, TOK KOJJIEK-
TOpa MHOTOKPATHO NPEBHIMAIOT (GOTOTOK Iy. Takum oOpasom, reHepupyemsie B 6ase npu
€€ OCBEIIEHUN HOCUTENN 3apsija HE TOJIBKO HENOCPEACTBEHHO YyYacCTBYIOT B CO3JIaHUU
(oToTOKA Yepe3 KOJUIEKTOPHBIN MEPEeXoi, HO U CTHUMYJIHPYIOT B mpubope (uzndeckue
TPOLIECCHI, 00YCIIOBIMBAIOIINE MPOTEKaHUE TOKA KaK B 0OBIYHOM OUIOJIIPHOM TPaH3UCTOPE.

C yueroM /5 = 0 ToK KosuiekTopa (OTOTPaH3UCTOpA MPU OCBELICHUM U BKJIIOYEHUU
¢ IUIaBaroliel 0a3oi omnpeaensercs BbIpakeHUEM:

IK‘b = (113 +1¢ + 1= OdK(b +[¢, +1KT,

OTKyJa
1 1

I I, = NI NI 7.1
Tt Tl = B+ Dy + (B+1) (7.1)

W3 Beipakenus (7.1) ciemyet, 4To (OTOTPAH3UCTOP MOXKHO NPEIACTAaBUTH B BUJEC
9KBHBAJIEHTHOTO ()OTONMOA ¥ YCUITUTENHHOTO TpaH3ucTopa (puc. 7.1, 6), KOTOphIil yBe-
JIMYUBACT YyBCTBUTEIBHOCTH SKBUBaJIEHTHOTO (porommona B (3 + 1) pas.

[Ipu monkiroueHnn BbIBO/IA 0a3bl K BHEIIHEW 1IETH U OCBEUICHUU TPaH3UCTOPA MPO-
HCXOIUT U3MEHEHNE TOKa 0a3bl BCICACTBUE BBIX0O/a HEPABHOBECHBIX JIEKTPOHOB U3 00-
nactu 0a3bl BO BHEHIHIOKO Liemb. CTeneHb W3MEeHEeHUs1 6a30BOT0 TOKa 3aBHCUT OT COIPO-

L =
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Puc. 7.1 — Ctpyktypa (@) 1 5KkBUBajJeHTHas cxema (6) OunoiasipHoro (oToTpaH3ucTopa

TUBJICHUSA B 11eTiK 0a3bl. B pesynbsraTe HaKOIUICHHBIH B 0a3e 3aps OCHOBHBIX HOCHUTENEH
YMEHBIIIAETCS, YTO YMEHBIIACT YCUICHHE (OTOTOKA.

Takum oOpazom, OHMOIAPHBIA (POTOTPAH3UCTOP OOIATACT HAUOOJBINCH UYBCTBU-
TENBHOCTHIO K ONTHUYECKOMY M3JYyYEHUIO IPU BKJIIOYEHHUH 110 CXEME C OOIIKUM SMUTTE-
poM c miaBaroriei 6a3oi. [loaToMy y mepBbIX KOHCTPYKIHH (POTOTPaH3UCTOPOB BBHIBOI
0a3bl BoOOIIe OTCyTCTBOBa]. O HAKO HAJIMYKE BBIBOAA 0a3bl MO3BOJIIET MCIOJIb30BaTh
HE TOJILKO ONTHUYECKOe, HO U DJICKTPUUYECKOE YIpaBieHHEe (POTOTpaH3UCTOpOM. BEIBOI
0a3bpl MpUMEHSIETCs Ui MOJa4d CMELIEHUs, 3aarollero IMoJIoKeHHue padoyeil Toukw,
u obecreyeHus TeMIeparypHoil cTabuan3anum.

Buvixoousie sonbm-amnepHvle xapakmepucmuxku GomompaH3ucmopa aHaJIOTUYHbI
BBIXOJTHBIM XapaKTEPUCTHKAM OOBIYHOTO OWIONSPHOTO TPAH3UCTOPA, BKIFOUEHHOTO IO
cXeMe ¢ OOIIMM 3MUTTEPOM, HO ITapaMETPOM CEMENCTBA CIY’KUT HE TOK 0a3bl, a CBETO-
BOM MOTOK (puc. 7.2).

A IK @4 >(D3
(D3 >q)2

®2>(D1
(1)1>0
,  o-=0

A »

IK50‘ Ugs

<

Puc. 7.2 — CeMelicTBO BOJIBT-aMIIEPHBIX XapAKTEPUCTHK OUIOISPHOTO
(dboTtoTpan3ucTopa
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KpyToii HauanbHBIN y9acTOK XapaKTEPHCTUK COOTBETCTBYET PEKUMY HACHIIICHHUS:
TIPH MaJIbIX BBIXOJHBIX HAMPSDKEHUSX KOJUIEKTOPHBIA MEPEXO]T 33 CUST HAKOILICHHS JTbI-
POK B KOJJICKTOPE CMEIAeTCs B MPSMOM HarmpasiieHHH. HakiIoH XapakTepUCTHK B TO-
JIOTOM 00J1acT 00BSACHSAETCS TaK )K€, KaK M JIUIsI OUIOJIIPHOTO TpaH3UCTOpa, dhdexTom
MOJYJISIIIAH TONIIUHBI 0a3bl.

C pocToM BeIMYUHBI CBETOBOTO IMOTOKA MPOWCXOAUT YBEIUYCHUE TCHEPHUPYEMOTO
(hoTOTOKA U XapaKTEPUCTHKU CMEIIAOTCS BBEPX.

BaxxapiM mapamMeTpoM (hOTOTpaH3UCTOPA CIYKHUT Kodhuyuenm ycunenus no ¢o-
MOMOKY — OMHOWEHUe (OMOMOKa KOLLeKmopa homompansucmopa ¢ niasarowet oa-
30U K (pomomoKy oceeuyaemoco p-n-nepexood, UsMepeHHomy 8 OUOOHOM pedcuMe.

I
Ky = I—c" =B+1. (7.2)
¢

Ceemosas xapaxmepucmuka OUNONAPHO20 HOMOMPAH3UCIOPA NPEeOCMAsaAen Co-
001l 3a8UCUMOCMb MOKA KONIEKMOpa Om C68emogo20 NOmoKd. XapakTepUCTHKA JTHHEH-
Ha TOJBKO NMPH MaJIbIX 3HAYEHUSAX CBETOBOTO MoToKa. C yBeIMUEHHE CBETOBOIO MOTOKA
¥ POCTOM KOHLIEHTpAIMK ONTUYECKH FeHEPUPYEMbIX HEPAaBHOBECHBIX HOCUTEIEH 3apsia
MOBBIIIACTCST BEPOSITHOCTh MX PEKOMOMHAILINH, CHIDKAIOTCS KOA(PQPHUIMEHTH WHXEKLIUU
U MepeHoca M JIMHEHHAs 3aBUCUMOCTh KOJJISKTOPHOTO TOKA OT CBETOBOTO MTOTOKA HApY-
1aeTcs.

Humezcpanvnas mokoeas uyecmeumensHoCmy omompansucmopa — 5mo omuoule-
HUe U3MeHeHUsl MOKA KOLIeKmopa omompan3ucmopa K UsMeHeHuI0 NOMmoKa usyueHus
npu X0N0CMOM X00e HA 6X00e U KOPOMKOM 3AMbIKAHUU HA B8bIX00e N0 NepeMeHHOM)
moxky. JlJis cXeMbl ¢ OOIIUM AMUTTEPOM TOKOBAsi UyBCTBUTEILHOCTh paBHA

Ky = IK—(b (7.3)
V)

bnaronaps GonbiioMy ko3(@QUIMEHTY BHYTPEHHEro ycuieHHs! (HOTOTPaH3UCTOPHI
o0safaroT 60IbIIONH UHTETPAIBHON YyBCTBUTEIBHOCTBIO, JOCTUrAIOIEH 3HAUCHUH eu-
HUI A/nM.

CnexmpanvHas xapakmepucmuka — 3a8UCUMOCHb YOMOmMoKa om OAUHbl B0IHbL NA-
oarowezo ceema.

CnexTpanbHas XapaKTEPUCTHKA CO CTOPOHBI OOJIBIIMX JUTMH BOJH OTPaHUYNBACTCS
IIMPUHON 3alpelIeHHON 30HbI MOJIyIPOBOJHMKOBOIO MaTepHualla, a CO CTOPOHBI MaJbIX
JUIMH BOJIH — YBEJIMUYEHHEM TOKa3aTelsl MOINIOMEHHUS U MOBEPXHOCTHOM peKOMOMHALIMU
HocuTenel 3apsanga. Takum o0pa3oM, KOPOTKOBOJHOBAs rpaHulla (pOTOUYBCTBUTEIHHO-
CTH 3aBHCHUT OT TOJIIMHBI 0a3bl U CKOPOCTH MOBEPXHOCTHOW pexomOuHanuu. Ilomo-
KEHHE MAaKCHMyMa CIIEKTPAJIbHON XapaKTePHCTUKU 3aBUCHT OT CKOPOCTH BO3pAcTaHUS
k03 puIMeHTa MOMIONIEHNUs C YMEHbIIEHUEM JJIMHBI BoJHBL. [Ipu Gosnee ObICTpOM BO3-
pacTaHUM MaKCHUMyM JIEKHUT OJIMKe K JUIMHHOBOJHOBOM IpaHMlEe U c1abo 3aBUCUT OT
TOJILLIMHBI 0Aa3bl.

[MoneBble OTOTPAH3UCTOPDI

B moneBom (oTOTpaH3UCTOPE ¢ YNPaBISIOMIMM NepexoaoM (puc. 7.3, a) cBETOBOM
MOTOK T€HEPHPYET HEPAaBHOBECHBIC HOCHUTENN B 00JIACTH 3aTBOpA U MEPEXOAax 3aTBOp-
KaHaJl, 3aTBOP-UCTOK U 3aTBOP-CTOK.
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Puc. 7.3 — Ctpykrypa (@) 1 5KBUBaJICHTHas cxema (6) moJaeBoro GoToTpaH3uCTOpa

DeKTpUYEeCcKoe IoJIe YIPaBISIOLIEro nepexoa pas3ieisieT HepaBHOBECHbIE HOCUTE-
M, ¥ B LIENH 3aTBOpa NOABIAETCS POTOTOK gy = Lo + Lgu + L, TAE L, Lpus Lge — POTO-
TOKHU NIEPEXOA0B 3aTBOP-KaHaJ, 3aTBOP-UCTOK U 3aTBOP-CTOK COOTBETCTBEHHO. DOTOTOK
I coznmaer Ha pesucrope R, B uenu 3arBopa nagenue Hanpsokenus AUs, = R,l, KOTO-
poe BBI3BIBAET yBelndeHHe Toka ctoka Al = SAU,, = SR,1;. Takum oOpa3oM, noneBoi
(hoToTpaH3UCTOP FKBUBAICHTEH (POTOMMOMY 3aTBOP-KaHAI M YCUIUTEIHHOMY MOJIEBOMY
TPaH3UCTOPY C YHPABISIOUIMM IepexonoM (puc. 7.3, 0).

XapakTepuCTUKU U TTapaMeTpPhI MOJIEBOTO (POTOTPAH3UCTOPA AaHATOTHYHBI TIO CMBIC-
Ty XapaKTepUCTHKAM U MapaMeTpaM OHUIOISIPHBIX (DOTOTPaH3HCTOPOB.

CBeroBast XxapaKTepUCTHKa JHHEWHA B OTPaHUYEHHON 00JaCTH U3MEHEHUSI CBETOBO-
ro moroka. [Ipy ManbIX CBETOBBIX MOTOKAaX XapakTepUCTHKA MPHOIM3UTENHHO KBaJpa-
TUYHAS, a TpU OOJBIINX — OTPaHINYEHA MAaKCUMATbHBIM TOKOM CTOKa uepe3 KaHall.

Koa¢dduument ycunenus GpoToToka moieBoro TpaH3ucTopa

Oy

K=
YA

LI}/BCTBI/ITGJ'ILHOCTB I10 TOKY IIOJICBOI'O TPaH3UCTOpPa

Kp= 2k _spk =Kk (7.5)
oD
riae K — MHTerpajbHas YyBCTBUTEIBHOCTh DKBUBAJICHTHOIO JHOJIa 3aTBOP-KaHaL.
YyBCTBUTEIBHOCT TOJIEBOTO (POTOTPAH3UCTOpaA yBesindeHa B K; pa3 mo cpaBHe-
HHUIO C YYBCTBUTEIBHOCTHIO SKBHBAJICHTHOTO (D)OTOAMONA M JIOCTUTAeT 3Ha4eHwid 20 —
25 A/nm. BxomHoe comporusienue Tpanzucropa Beiauko (10— 108 Om), mostomy BbI-
0OpOM COIPOTUBIICHHS R, BCETIa MOKHO 0OECIEYHUTH BBICOKYIO YyBCTBUTEILHOCTD.
HHepuuoHHBIC CBOWCTBA MOJIEBOTO (POTOTpAH3UCTOPA OMpPEEseT B OCHOBHOM I10-
CTOSHHAS BPEMEHHU IENHU 3aTBOPa Ty & R,Cyep, THE Crep — €MKOCTH IIEpEXofia 3aTBOP-
kaHasl. EMkocTh Crep MOXKHO CHIDKATB TOJBKO JI0 HEKOTOPOTO TIpe/ieNia H3MEHCHHEM KOH-
[EHTPAIMK TPUMeCEH, MOCKOIBKY COKPAIICHUE IUIONIA I MEPEX0/a CHIKACT HE TOIBKO
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€MKOCTh, HO U YyBCTBUTEIBHOCTh IKBUBAIIEHTHOTO (hoToaroaa. CHUKEHUE COMPOTHUBIIC-
HUS R, yMEHBIIACT YyBCTBUTEIBLHOCTD M KOG (OUIIMEHT yCHIeHus. /{7151 MaJIbIX CBETOBBIX
IIOTOKOB IIOCTOSIHHAS BpeMeHHU T, ~ 1077 c.

CTpyKTyphI TIONEBBIX (OTOTPAH3UCTOPOB C ympapistonum nepexogom u M/II-do-
TOTPAH3UCTOPOB MHOT000pa3Hbl. Hambomnbiime OBICTPOACHCTBHE U UYBCTBUTEIBHOCTH
XapaKTEePHBI JUIsl CTPYKTYPBI (GOTOAUO/ - TIOJIEBOM TPAH3UCTOP, TaK KaK Ka)kaas COCTaB-
JSIOMIAss CTPYKTYPBhl ONTUMU3UPOBaHA: (POTOIMUOM — MO YYyBCTBUTEIBHOCTH M OBICTPO-
NEICTBHIO, @ TPAH3UCTOP — MO OBICTPOACHCTBUIO U YCHIICHUIO.

7.3 ONTOANEKTPOHHbIE Napsl

Onmosnekmponuas napa (Onmonapa)— 3mo Onmos1eKmpoHHbIL NO-
JIYRPOBOOHUKOBBLU NPUOOP, COCMOAWULL U3 URTYUArOuie20 U homonpu-
EeMHO20 NIeMEHMO8, MeNCOy KOMOPbIMU UMEEmCs ONMUYecKdsl C6513b
u obecneyena 1eKMpULecKas U30NAYUS (2a1b8AHUYECKAsl PA3BA3KA).

B kauecTBe u3inydarenst MOIyT UCIOIb30BaThCs MH(PAKPACHBIN U3Tydarolui JUO,
CBETOU3IIYYAIONIUI U0/, JIEKTPOTIOMUHUCLIEHTHBIN MOPOLIKOBBINA WIIM TJIEHOYHbBINA H3-
ay4daresb. OOBIYHO NPUMEHSIOT MHPPAKPACHBIM W3Iy4aroluil 110, KOTOPbIH OTiINYa-
eTcst oT Apyrux uznyuareneid 6onbmum KIIJ, a Taxoke MpocTOTON CTPYKTYphI U yIIpaB-
JICHMUSL.

B kadectBe (OTONPHEMHOTO 3JI€MEHTa MOTYT OBITh MCIIOJIB30BaHbI (POTOPE3UCTOP,
¢doronmon, GUNONAPHBIN HOTOTpaH3UCTOP, POTOTUPHUCTOP WM OAHONEPEXONHBIN (oTo-
TpaH3ucTOp. B 3aBHcHMOCTH OT BUJa (POTONPUEMHOTO JIEMEHTa Pa3INyaloOT Pe3UCTOp-
HbIE, TMO/IHBIE, TPAH3UCTOPHbBIC WM TUPUCTOPHBIE onTonapsl (puc. 7.4). M3mydaronuii
1 (DOTONPUMHBIH 3JIEMEHTHI TOMEIIAIOT B 00U KOpITyC.

a 7] 8

Puc. 7.4 — Ycnosuble rpaduyeckre 06003HaYEHUS ONTOIIEKTPOHHBIX Map: a@ — JTUOJHOM,
O — TPaH3UCTOPHOM C OUIONSAPHBIM (POTOTPAH3UCTOPOM, 6 — TUPUCTOPHOM

[IpuHuun aeicTBus onTonap OCHOBAaH Ha JIBOMHOM IpeoOpa3zoBaHUM SHEPruu. B ns3-
JydaTelie dJeKTPUUYECKUN CUTHAJ BbI3bIBAET U3MEHEHHE CBETOBOTO ITOTOKA, KOTOPHIN U3-
Jdy4aercsi Ha pabodel AJIMHE BOJIHBI B HANpaBiICHUU (OTONPUEMHUKA, IPOXOAUT Yepes3
ONTHUYECKYIO Cpelly ¢ MaJlbIM 3aTyXaHHEeM U B (OTONpUEMHHKE IpeoOpaszyercs B 3JeK-
TPUYECKUM CUTHAJI, BBI3bIBAsl B 3aBUCUMOCTH OT BHJA OINTOIApbl U3MEHEHHUE TOKA, Ha-
NPSDKEHUS WM CONPOTUBIEHUS. OnTHdeckas CBA3b MEXKAY U3IydaresieM U (oTorpueM-
HUKOM OCYUIECTBJIIETCS 3a CUET NIEKTPUUECKU HEUTpalIbHBIX (POTOHOB M TOJIBKO B OJI-
HOM HalpaBJIeHUU — K (OTOMPUEMHUKY, I1I€ SHEPTUsl U3JIy4YeHUsl MPaKTHUYECKH MOJHO-
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CTBIO Ioromaercs. ['anpBaHnYecKas pa3BsA3Ka BXOJAHOM M BBIXOJHOM LIENEH ONTonapsl
JIOCTUTAETCS 3a CUET ONTHYECKU NPO3PaYHON AUDIEKTPUUECKON Cpeabl MEXAy M3JIyda-
TejaeM U GOTONPHEMHHUKUM. (puc. 7.5)

MeTannuyeckume
dOTONPUEMHUK ———— anekTpoabl
onTuyeckas
cpena o— NpoapayHble
cBeTOMany4YaTenb —— 3neKkTpoabl

O

Puc. 7.5 — O600mieHHas CTPYKTypa ONTOAJIEKTPOHHON Maphbl

OCHOBHBIE TapaMETPHI ONTOIAP MOKHO pa3OUTh HA YETHIPE TPYIIIIBI: BXOIHBIC JJICK-
TPUYECKHE, BHIXOIHBIC ICKTPUUECKUE, TapaMETPhl TIepeiau M MapaMeTphl TalbBaHH-
YECKOU pa3BsI3KHU.

Bxomnbie anekTpuyeckue mapaMeTphl ONTONAPHI XapaKTEPU3YIOT IEKTPUUIECKHM pe-
XKHUM paboThl cBeTon3nydaress. K HUM OTHOCSTCS BXOIHOE HaNpsOKEHHE MPU 33JaHHOM
MMOCTOSITHHOM BXOJHOM TOKE€, HOMUHAJIbHBIN BXOJAHOW TOK MU MaKCUMAaJIbHBIN BXOAHOU TOK
yepe3 u3inyyarellb, MAaKCUMalbHOE BXOAHOE 00OpaTHOE HANpSKEHUE M BXOAHAST €MKOCTb.

BrixonHble 35eKTpUYecKe mapaMeTpbl XapakTepU3yIOT ANEKTPUUECKUN PEKUM pa-
60ThI hoTonpreMHuKa. K HIM OTHOCSITCSI MAKCHMAITLHO JIOITYCTHMBIN BBIXOTHOM TOK 4e-
pe3 GoTonmpueMHHK BO BKIIOYCHHOM COCTOSIHUM OMTOIAPBI, MAKCUMAJIBHO JIOMyCTUMOE
BBIXOZHOE 00paTHOE HampsHKEHHE, BBIXOJHAS €MKOCTb. JlJi TUOIHBIX, TPAH3UCTOPHBIX
Y TUPUCTOPHBIX ONTOMNAp K BBIXOAHBIM MapaMeTpaM OTHOCAT TEMHOBOW TOK M BBIXOJI-
HOE€ OCTaTOYHOE HamNpshKeHUE (HAMpsSHKEHUE HACBIIMIEHMS), a JJI1 PEe3UCTOPHBIX OITO-
nap — BBIXOJIHOE TEMHOBOE comnpoTuBieHrne. Oba mapaMerpa ONpeIeNsiFoTCs Py HyJie-
BOM BXOJTHOM TOKE.

[TapameTpsl mepegaun XapaKTepU3ylOT B3aUMOCBSI3b BXOIHBIX M BBIXOJHBIX CHUTHA-
JIOB Ha HHU3KHX M BBICOKMX YacTOTaX, a TAaK)Xe€ YaCTOTHBIC M WMITYJbCHBIE CBOWCTBA
onronap. JlanHas rpymnmna mapamMeTpoB BKIOYaeT Kod3()(UIMEHT mepeaayd ONTomaphl,
FPAHUYHYIO YACTOTY BXOJIHBIX CUTHAJIOB, MAKCUMAJIbHYIO CKOPOCTD Mepeayu CUTHAIIOB,
BpEMsl HapacTaHUs M CIaJia BBIXOJIHOTO UMITYJIbCA, BpeMsl 3aIePKKU (DPOHTA MMITYIIbCA,
BpeMsI BKIIFOUEHUS M BBHIKIIIOUCHUSI.

Paznmuuaror crarudeckuit K; = (L — Iy) [Ix 1 muddepentmanbubtit K, = dlyyy/dlx
K03 UIUEHTHI TTepeaady MO TOKY AUOAHBIX U TPAH3UCTOPHBIX ONTOMAp.

Koaddunment pe3ucTopHoil onTomapbl —3TO OTHOIIEHHE TEMHOBOTO M CBETOBOTO
BBIXOJHBIX CONPOTUBICHHUN Kp = R;/R.;.

Jljis TUpUCTOPHOM onTonapsl KOAGGUIUEHT Nepeadl He UMeeT PU3NYECKOr0 CMbIC-
na. BMecTO Hero Ucnonb3yroT TOK COPSIMIIEHHS TIO BXOJly — FapaHTUPyEeMbli MUHUMAaJIb-
HBIM BXOJHOM TOK TUPHCTOPHOI ONTOMaphl, MEPEBOASIINN (POTOTUPUCTOP BO BKIFOUCH-
HOE COCTOSIHUE, a TAKKE MAKCUMAJIbHO JOIYCTUMBIN BXOJIHOM TOK MOMEXH, TPU KOTOPOM
(hOTOTHPUCTOD eIlle HEe BKIFOYALSTCS.

['pannynHasi yacToTa BXOJHBIX CHTHAJIOB XapaKTEpU3yeT OBICTPOACHCTBHE OMTOMA-
pBI, paboTaroIieil B yCTpOMCTBaxX Mepeadn aHaJIOTOBBIX CUTHAJIOB, U OMPENETseTCs KakK
4acTOTa, Ha KOTOPOH KoA(hUIIMEHT Tepeaadu CHIKaeTcst Ha 3 b 1Mo OTHOIIEHHIO K HU3-
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KOYaCTOTHOMY 3HaueHHI0. B ycTpoiicTBax nepenauu nu¢poBbIX CUTHAJIOB OBICTPOAEH-
CTBHUE OITOINAPHI ONpPEAESeTCs MAKCUMaJIbHOW CKOPOCThIO Mepeaayn WHGOpMauu, To
€CTb YHUCJIOM OUTOB, KOTOPBIE MOXHO NEPEAATh B €MHUILY BPEMEHH 0e3 MOTepb.

[TapameTppl ranbBaHMYECKOW pa3BA3KU: MAKCUMAaJIbHO JONYCTHUMOE HAampsKEHHE
MEXJy BXOJOM M BBIXOJOM (XapaKTepU3yeT 3JIEKTPUUECKYIO0 IPOYHOCTh ONTONApbI
1 00bIYHO TipeBbImaeT 1kB), mpoxoaHas eMKOCTb, COMPOTUBICHUE TaIbBAHUUECKON pa3-
BA3KH, MAKCUMAaJIbHO JIOIyCTHMAas CKOPOCTb M3MEHEHUs HAIPSDIKEHUS MEXKIY BXOAOM
Y BBIXOZIOM (ONpenensieTcss U3 yCIOBUs, YTO BBIXOJHOW CUTHAJ MOMEXH, MPOHUKAIOLIUH
yepe3 MPOXOAHYI0 EMKOCTh, HE MPEBBIIIAET 3aJJaAHHOTO YPOBHS).

Baxuelmmii napamMeTp AMOTHBIX U TPAH3UCTOPHBIX onTonap — kod3dduiuent nepe-
Jla4! 110 TOKY OIIPENEISETCS BBIPAKEHUEM:

K; = k}»knpnCBVKnpa (76)

rae k) — ko3 PUIUEHT CIEKTPaIbHOTO COTNIACOBAHUS U3TydaTels, (OTONpHUEeMHUKA U OIl-
THYECKOH cpefpbl; Ky, — KodQ(OUIMEHT NPO3padyHOCTH ONTHYECKOH CPEbl; 1), — BHEMI-
HUI KBaHTOBBIN BBIXOJ M3IIydaTensi; v — KBaHTOBas 23(pPEeKTUBHOCTH reHepanuu B GoTo-
npueMHuke; Ky, —kodGOUIUEnT ycunenus (HoTONpHEMHHUKA.

Koa¢¢puiueHT cuekTpanbHOro COrlacoBaHUs ONPEesieTcs] BBIpaKeHUEM

A
L0 50
k}\' ) ‘[ q)max . Smax T(b(X) d>\"

M

e P(1)/Puax, S(N)/Smax — HOPMHPOBAHHBIC CIIEKTPAIbHBIC XaPAKTECPUCTHKH U3ITydaTe-
s ¥ (HOTONIPHEMHHUKA B HANa30He JUIHH BOTH A — Ay; T (A) — criekTpanbHas Xapakre-
PUCTHKA MPOITYCKAHUS ONTUYCCKON Cpebl (3aBUCUMOCTh Kod((HIMeHTa MpomyCcKaHus
OT JIUTMHBI BOJTHBI U3TTyYCHHUS).

B nmnanazone pabouux JvH BOJH A — Ay KOI(GQOUIMEHT MPOMYCKAHUS ONTUYECKOM
Cpelbl TOKEeH ObITh OMM30K K enuHuie. CreKTpalbHbIe XapaKTePUCTUKU MPOITYCKaHUS
crekia (kpuBas 1) u monumepa (KpuBast 2), HICIIOIb3YEMbIX B KAYECTBE ONTUUYECKUX CPEJl
OTITOTAp, MOKAa3aHbl Ha PUCYHKE 7.6.

Tep
0,8+
0,6+
0,4+

0,2

04 06 08 1,0 1,2 A,MKM

Puc. 7.6 — CnexTpanbHble XapaKTEepUCTUKH MPONyCKaHus: 1 — cTekia; 2 — noauMepa

CrekTpanbHOE COITIACOBAHUE M3Iydarels U (POTONMpUEMHUKA 00eCHEeunBaeTCsl BbI-
060pOM ISl HUX COOTBETCTBYIOIIUX MaTepHANIOB.
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CriekTp u3Iy4yeHUs u3iydaresieil onronap OTHOCUTENBHO Y3KUM, T03TOMY YyBCTBH-
TENBHOCTH (POTONMPHEMHHUKA J0JKHA OBITH HaWOOJbIIEH TOJBKO Ha paboyeil AyiMHe BOJI-
HBl M3NlydaTelis, a KOHKPETHBIH BUJ CHEKTPaJIbHOW XapaKTePUCTUKH (POTONPHEMHHKA
4acTO HECYIIECTBEHEH. Y3KHiIl CIIEKTp ONTUYECKOTO CUTHAja 3HAYUTENIbHO OO0lerdaeT
CIEKTPAJIbHOE COINIACOBAHUE M3IIydaTelisi, ONTHYECKON cpensl u ortonpuemMHuka. [lo-
3TOMY KO3 (UIIMEHT CIEKTPAILHOTO COTIacOBaHUs Ha paboueill IJMHE BOJHBI COCTAB-
nseT He MeHee 0.9.

Jlns yBenuyeHust koahuueHTa npo3payHoCTH ONTUYECKON Cpeibl MOJOUPAIOT Ma-
TepUabl U3MydyaTens, ONTHYECKO cpenbl U (oTonprueMHuKa Mo KodhduireHTy mpe-
JIOMJIEHHS], TEXHOJIOTUYECKU YCTPAHSIIOT MHOPOAHbIE BKIIIOUEHUS HA I'paHUIaX pas3zaeia
U3JTy4yaTeslb — ONTHYEeCKas cpefa — POTONPUEMHHK, UCIOIb3YIOT MPOCBETISIOUINE II0-
KPBITUS U CBETOBOJIBL.

JU7is TIOBBILIIEHHS] BHELTHETO KBAaHTOBOTO BBIXOJa M3JIydaTessi He00X0uMOo, BO-TIep-
BBIX, YMEHBIIIATh MOTEPH (POTOHOB B 30HE I€HEPALMH, TOJTHOE BHYTPEHHEE OTPAKECHUE
Ha IpaHHIe pa3zesia NOJTyHpPOBOAHUK — ONITHYECKas cpenia, MOTepr TOPLEBOrO U odpar-
HOTO HM3JTyYeHHs U3JTy4aTelisi; BO-BTOPBIX, YBEIHMUUBATh KOAPPHUINEHT HHKEKIIUH HIICK-
TPUUECKOTO MEpexo/ia U3yyaress; B-TPEThUX, MOBBIIIATh BHYTPEHHUN KBAaHTOBBIN BBI-
xog1. [IepeuncienHble 3a/1aun penarTcs MyTeM Moa00pa COOTBETCTBYIOLIUNX MaTepHalioB
u3Jy4aresei, NCIOIB30BaHuUs B MX CTPYKTYpE IeTepOoIepexoioB, YaydIlleHHsT KOHCTPYKIUH.

JInsi TIOBBIIIEHUST KBAaHTOBOM 3((GEKTUBHOCTH TeHepaluu (OTONPHEMHUKA YMEHb-
MIAI0T KO PHUIUEHT OTpayKeHHs Ha TPAaHUIIEe ONITHYECKas cpesia — MOITYIPOBOJAHUK, CHU-
KalOT NOTEPHU AaCCUBHOIO MOMIOIIEHUS U PEKOMOMHAIIMOHHBIE TTIOTEPH.

C yBennuenuem koddurmenta ycuneHus GoTomprueMHUKA CHIKACTCS ObICTPOICH-
cTBUE omnromnap. Vcrnonp30BaHUe pallMOHAIBHBIX CTPYKTYP (POTONPHEMHHKA, HATIPUMED
(dhoTomMoa — TPAH3UCTOP, MO3BOJSET MONYYHTh MPHUEMIIEMBIA KOI(PPHUIMEHT yCUIICHUS
0e3 CyIIeCTBEHHOTO CHIKEHHUSI OBICTPONIEHCTBHUS.

[Ipu ananu3e aHAJIOTOBBIX 3JIEKTPOHHBIX CXEM ONTONAapy MOXHO MPEICTAaBUTh JIH-
HEMHOW MaJIOCUTHAJIbBHOW SKBUBAJICHTHOW CXEMOil, IPUBEICHHON Ha pUCYHKE 7.7.

Cpase
||
lox [
C—r—¢ —{ 11— * ¢ '9)
Rpase
Kl
=0 [J"@ T
O * ® * ® *— O

Puc. 7.7 — ManocurnanbpHas 35KBUBAJICHTHAsI CXEMa ONTOIMAPBI

B skBuBasieHTHON cxeMe eMKOCTb Cyx M CONPOTHUBIEHHUE 7, OTPAXAKOT BXOAHYIO
eMKOCTh U JuddepeHnnanbHoe CONMPOTUBICHHE CBETOU3ITyYaTeNs; eMKOCTh Cyyx M CO-
HPOTUBIIEHHUE 7 — BBIXOIHYIO €MKOCTh M JU((depeHInanbHoe CONPOTUBIEHUE (POTO-
NPUEMHHKA; EMKOCTb Cpasy M COIPOTUBIIEHUE Rjyy5 — EMKOCT M COIPOTHBIICHHUE Pa3BA3-
KM ONTONaphl; 3aBUCUMBIH UCTOUHUK ToKa K;/BX — nmpeoOpa3oBaHHe BXOIHOTO CUTHAJa
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onronapoil. C yueToM MHEPLHUOHHBIX CBOMCTB KOAPPUIMEHT Mepeiauyd ONTONapbl MOXK-
HO B MEPBOM MPUOIMKEHUU alllIPOKCUMUPOBATh ONEPATOPHBIM BhIpaKEHUEM

Ko
Ki(p)=+——

1+pty

e T, = 1/ (27f;,) — HocTOsSIHHAS BpeMEHH, OlpesiessieMasi TPaHUYHOI YacTOTOH fip.

1) Ompenenuth TOK KOJUIEKTOpa (HOTOTpaH3WCTOpa, eciu KOAPOUIUEHT mepena-
4K ToKa 0a3bl TpaH3ucTopa paBeH 50, TOKOBast UyBCTBUTEILHOCTD p-n-TIEPeXoaa
5 w™MA/Bt, TpaH3ucrop o0ONy4aeTcs MOTOKOM H3IYYEHHS MOIIHOCTBIO
P =400 MBT.

Omeem: 102 MA.

2) Tpan3uctopHas onTonapa UMeeT BXOAHOW 7 MA, K03(h(UIMEHT nepeaadn, pas-
HbIN equHuLe. CBETOIMO U3TydaeT MOTOK MOIIHOCThIO P = 400 MxBT. TokoBas
4yBCTBUTENIBHOCTD p-n-niepexona ¢dororpanzucropa 500 MA/Bt. Onpenenutsb
K03 GUIIMEHT mepeadn Toka 6a3bl (OTOTPAH3UCTOPA.

Omeem: 35.
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MONYrNnPOBOOAHUKOBBIE
TEPMOJJIEKTPUYECKHNE
N TAIIbBAHOMAIHUTHbBIE NMPUBOPbI

8.1 Tepmope3unucTopbl

Tepmopezucmop npedcmagnsem cooou pe3ucmop, 6 Komopom UCnolb-
3yemcs 3a6UCUMOCHb INIEKMPULECKO20 CONPOMUBTIEHUS NOTYNPOBOOHU-
Ka om memnepamypbi.

Cpenu TepMOpPE3UCTOPOB BBIAEISAIOT MEPMUCTIOPbL NPAMO20 NOO02PeBA, MePMUCmO-
Dbl KOCEEHHO20 N0002pesa, boiomempvl U NO3UCHOPYL.

TepmucTopsl

= .
e Tepmucmop — 5mo noaynpo8oOHUKOSbIU Pe3UCNOP C OMPUYAMETbHBIM
2 é memnepamypHuiyM Kodgpuyuenmom conpomuseieHus.

B mepmucmopax npsamozo nooozpesa conpoTUBIEHNE U3MEHSETCS OO IO BIIHS-
HUEM TEIIOThI, KOTOPask BBIAEIAETCS IPU MPOTEKAHUU JIEKTPUUECKOTO TOKa, TM00 B pe-
3yJbTaTe U3MEHEHUS TeMIIEPATYPhl U3-3a U3MEHEHUS TEIIOBOTO OOIy4EHHS.

OTtpunatenbHblii TeMIepaTypHblii KO3(Q(GUIUEHT CONPOTUBICHUS MOXKET ObITH 00Y-
CIIOBJIEH PA3JIMYHBIMU NPUYMHAMU: YBEJIMYEHHUEM KOHIIEHTpAI[MM HOCHUTENeH 3apsna,
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YBEJIMYCHHEM WHTEHCUBHOCTH OOMEHA 3JIEKTPOHAMH MEXIy MOHAMH C TIEPEMEHHOM Ba-
JICHTHOCTHIO0, ()a30BBIMU MPEBPAIICHUSIMU MOTYIIPOBOJHUKOBOTO Marepuaa.

Temnepamypuas xapaxkmepucmuxa mepmMucmopa — 3mo 3a8UCUMOCMb €20 CONpo-
MuUGeHuss om memnepamypbul, KOTOpasi BEIPaKaeTcsi COOTHOIICHUEM:

R:Rooexp(?), 8.1)

rae B — kodpPUIHMEHT TeMIepaTypHOil 4yBCTBUTEIBHOCTHU; R, — KOAPPUIIMEHT, KOTO-
PBIN 3aBUCUT OT MaTepuaja u pa3MepoB TEPMHUCTOPA.

Kospunments! R., 1 B MOTYT ObITh HaiiIeHbl KCIIEPUMEHTAIBHO IyTeM U3Mepe-
HUs CONPOTHUBIICHUM TEpMHUCTOpA IIpu Temueparypax 17 u Ty:

B T R
ROO:Roexp(——), B:Aln(—()). (8.2)
T, T,-T, \R

3aBUCUMOCTb COIPOTUBIICHUSI TEPMUCTOPA OT TEMIIEPATYPbl XapaKTepU3yeTCs mem-
nepamypHovimM K03phuyueHmom conpomusienus mepmucmopa — 3T0 BeIHUUNHA, Opeie-
JsieMasi OTHOIIEHUEM OTHOCHUTEIBHOTO COMPOTUBIICHHS] TEPMUCTOPA K UBMEHEHUIO TEM-

IepaTypsl:

TKR = l . d_R
R dT
TemneparypHbiii KOOQGUIMEHT CONMPOTUBIICHUS 3aBUCUT OT TEMIIEPATYPHI:

(8.3)

TKR = -BT 2.

Cmamuueckas 801bmM-amMnepHas Xapakmepucmuxa TEPMUCTOpA NPEACTABISAET CO-
00l 3aBUCUMOCTD MaJeHUsI HANPSKEHUS OT MPOTEKAIOIIEro TOKa B YCIOBUIX TEIJIOBOTO
paBHOBECHS MEXKIYy TEPMUCTOPOM M OKPY>KaIOLICH Cpeoi.

Bun crarnyeckoit BAX Ttepmmcropa ompenensercss Kod(pQOUIIMEHTOM paccesHUs,
k03 PHUIMEHTOM TeMIIepaTypHOU YyBCTBHUTEIbHOCTH, HOMHHAIBLHBIM COMPOTHBICHUEM
TEPMHUCTOPA U TEMIIEPATYPOU OKPYKAIOIIEH CPEIIbI.

Koadduument paccesuus H Tepmuctopa onpenesseT MOIHOCTb, KOTOPYIO HE00Xo-
JTUMO BBIJEINUTH B TEPMUCTOPE, 4TOOBI HarpeTh ero Ha 1 K.

Kosgppuyuenm suepeemuueckoti yyscmeumenbHocmu mepmucmopa ONpeaenseTcs
KaK MOIIHOCTb, KOTOPYIO HY’KHO MOJBECTH K TEPMUCTOPY AJIsl YMEHBILIEHUS €TI0 COINPO-
tuBieHus Ha 1%. KoaduuneHnt sHeprernueckoil 4yBCTBUTEILHOCTH CBsI3aH ¢ K03 du-
LMEHTOM pacCesiHUsI U TeMIEPaTypPHbIM KOA(PGUIIUEHTOM CONPOTUBICHHSI COOTHOIIEHU-
eM G = H/(TKR) u 3aBHCHT OT peXHMa pabOThl, TO €CTh Pa3iM4eH B KaKIOH TOYKE
cratnueckord BAX.

BricTponeiicTBUe TEpMUCTOPA XapaKTEPUYETCSI HOCMOAHHOU 8pemMeHU, KOTopas Oll-
penenseTcs: Kak MHTEpBal BPEMEHHU, B TEUEHHE KOTOPOIro TEMIEpaTypa TEPMUCTOpA IpU
ero cBOOOJHOM OXJIa)KJE€HUH YMEHBIIAeTCsd B pa3 [0 OTHOLIEHUIO K IepBOHAYaIbHOMN
Pa3HOCTH TEMIIEpaTyp TEPMHUCTOpPA U OKpyXkaromiei cpenpl. s pa3nIuyHbIX TEPMUCTO-
pOB TOCTOsTHHAs BpEMEHHM JIexKUT B mpenenax ot 0,5 mo 140 c.
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BonomeTtpbl

Tlonynposoonukosulii boromemp — 3mo npudop, nPeoHazHa4eHHlll OJisl
UHOUKAYUU U USMEPEHUSL MENTOBO20 U3YYEHUSL.

OObIYHO GOJIOMETP COCTOMUT M3 JBYX IUIEHOYHBIX TEPMUCTOPOB, OAMH M3 KOTOPBIX
SBJISICTCS] aKTUBHBIM, @ BTOPOW — KOMIIEHCALIMOHHBIM. AKTUBHBIM TEPMUCTOP HEMOCPE-
CTBEHHO MOJBEPraeTcsl BO3ACUCTBUIO M3MEPSEMOTO M3IyUeHUs, YTO MPUBOJUT K U3Me-
HEHUIO €0 CONPOTUBIECHUs. KOMIIEHCAIIMOHHBIM TEPMUCTOP CIYXKUT JUIsl KOMIIEHCALUU
BO3MOJKHBIX U3MEHEHUH TEMIEPaTypbl OKpPYXkKarollel cpeibl U SKpaHUPOBAH OT U3MEPS-
emoro usnydeHus. O06a TepMucTOpa MOMELIAIOT B OAMH T'€PMETUYHBIN KOPITYC.

Bonometpsl, kak MpaBuiio, UMEIOT TPU BHEIIHUX BBIBOJA: OT aKTUBHOTO U KOMIICH-
CAI[MOHHOTO TEPMHUCTOPOB H OT CpPEeIHEH TOUYKH.

JUi XapakTepUCTUKH OOJIOMETPOB HCHOJB3YIOT CIEAYIOLIME Nnapamempyvl. cOnpo-
mueJienue aKkmueHo20 mepmucmopa npu KOMHAmuou memnepamype, pabodee Hanpsice-
HUe, Yy8CMeUmenbHOCMb, PaA6HAs OMHOUEHUIO NOLe3HO20 CUSHANLA, CHUMAeMo20 ¢ 0o-
JlomMempa, K MOWHOCMU NAoarwe2o Ha OoloMemp U3NYYeHUs; Nopo2 4y8Cmeumeisb-
HOCMU — MOWHOCMb USTYYEHUsl, KOMOPAs bl3bl8aAen CUSHA, IKEUBAIEHMHbIU YPOGHIO
CODCMBEHHBIX ULYMO8; NOCMOSHHASL BPEMEHU, XAPAKMEPU3YIOWas Menioeyio UHepyuo-
HOCMb aKMUEHO20 MEPMUCMOPA.

[Mo3ncTopsl

R 3
Tlozucmop — 3mo nonynpoBoOHUKOBbIN MEPMOPESUCOP C NOTOACU-
A é MeNbHbIM MeMnepamypHuviM Ko duyuenmom conpomueneHus.

MaccoBoe MpoHu3BOJACTBO MO3UCTOPOB OCHOBAHO HA HCIIOJIb30BAHUU KEPAMUKH U3
tutaHara Oapus. Turanar 6apusi BaTiO; — NUANEKTPUK C YAEIbHBIM CONPOTHBICHUEM
npu KoMHaTHOU Temneparype 10'°...1012 Om-cm.

Ecin B cocTaB kepaMMKM M3 THTaHaTa Oapusi BBECTH NPHUMECH PEAKO3EMENbHbIX
3JIEMEHTOB (J1aHTaHAa, LEPUs U Jp.) TMO00 APYTUX IEMEHTOB (HUOOHMS, TaHTAJIa, CYyPbMBI,
BUCMYTa U Jp.), UMEIOLINX BaJCHTHOCTh, OOJBIIYI0O YEM Yy THTaHa, TO 3TO MPUBEIET
K YMEHBILEHHIO yAeIbHOro conporusieHus 10 10...10% Om-cm.

Pe3ucTuBHBIN ClI0M MO3UCTOPa COCTOUT M3 OOJBIIOTO YUCIA KOHTAKTHPYIOIIUX 3€-
PEeH WIKM KPUCTAJUIUTOB MOJYIPOBOJHUKOBOTO TUTaHaTa Oapus. ConpoTHUBICHHE MO3U-
CTOpa ONpeAENseTCs CONPOTHBICHUM OOCTHEHHBIX MOBEPXHOCTHBIX CJIOEB Ha 3€pHAX.
[Ipu Temnepatypax Hike Touku Kropu, korma B 3epHax CYLIECTBYET CIIOHTaHHas TIO-
JSpU3alus ¥ Mareprall 00JaaeT oueHb OONBIION JUAIEKTPUUYECKON MPOHUIIAEMOCTHIO,
BBICOTA MOBEPXHOCTHBIX MOTEHIIMATIBHBIX OapbepOB Ha 3epHAX OKa3biBaeTcs Mayion. [Ipu
TeMmIeparypax, HpeBbllatolmux Touky Kropu, Tutanar Gapus mperepreBaer (a3oBoe
MpPEeBpaLICHUE U3 CETHETOAIEKTPUUECKOTO B MapaliekTpuueckoe coctosnue. [lpu atom
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MpOMajaeT CIIOHTAaHHAS MOJISIPHU3AIIHS, PE3KO YMEHBIIASTCS TUAJICKTPHUIECKAas TIPOHMIIA-
€MOCTb, PacTeT BBICOTA MIOBEPXHOCTHBIX MOTCHIIMAIBLHBIX OapbepOB HA 3€pPHAX U YBEIH-
YUBAETCS COMPOTHUBIICHHE MO3UCTOpa. TakuM 00pa3oM, B Y3KOM JIHAIa30HE TEMIIEPaTyp
IpU HarpeBe BhIlIe TOUKH Kiopu yaensHOe COMPOTUBICHHE MTOMYTPOBOAHUKOBOTO THUTA-
HaTa Oapusi YBEIMYUBACTCS HA HECKOJIBKO TIOPSIKOB.

[TomoXUTeNbHBIN TeMIIEpaTypHBIA K03()(PHUIIMEHT MOXKHO MOTYYUTh TPU HUCTIOIB30-
BaHuu MatepuasioB Sr7i0; ¢ nobdaBkor HuoOus, PhTiO; ¢ nobaskoii nantana, PbNbOg
¢ mo6aBKkoii Bosb(ppaMa u psaa APyTHX.

CBolicTBa TMO3UCTOPOB OIICHUBAIOTCS XapaKTEPUCTHKAMU W IapaMeTpaMu, aHajio-
TUYHBIMH XapaKTePUCTUKAM U IMapaMeTpaM TePMHCTOPOB.

[Tpr OTHOCHTENBHO MAJIBIX U OOJIBIINX TEMIIEpaTypax TeMIIepaTypHbIC XapaKTepH-
CTHKH ITO3UCTOPOB SIBIISIOTCS TAAIONIUMH, TO €CTh IMO3UCTOPBI 00JIAAI0T OTPUIIATEIIh-
HBIM TEMIIEPAaTypHBIM KOA(PGUIIUEHTOM conpoTuBiieHHus. CylecTBeHHBIM HEO0CTATKOM
MOJIMKPUCTAILUTMYECKUX PO3HCTOPOB SIBJISICTCS HEOJHO3HAYHOCTh TEMIIEPATYPHBIX Xapak-
TEPUCTUK TPU PA3TUYHBIX MPUIOKEHHBIX HAMPSKEHUSX.

TemmnieparypHbiii k03()PHUIMEHT COMPOTUBICHHS IS TIO3MCTOPOB OKA3bIBACTCS HE
OYCHb YIOOHBIM MMapaMeTPOM, TaK KaK €ro 3HAUCHUE CHIIBHO 3aBUCHUT OT TEMIIEPATYPHI.

Crarudeckas BOJIBT-aMIIEpHAs XapaKTepUCTHUKa mmo3ucropa (puc. 8.1) mpencrapiser
co00l 3aBUCUMOCTh HANpsDKEHUS HA MO3UCTOPE OT MPOXOASAIIETO Yepe3 Hero Toka Mpu
YCIIOBUU TEIUIOBOTO PABHOBECHUSI MEX/IY TEIUIOTOM, BBIICISEMON B TO3UCTOPE, U TEILJIO-
TOM, OTBOAUMOM OT HETO.

[, MA
50
S—
0 10 20 U.B

Puc. 8.1 — Bonbsr-amnepHasi XapakTe€pUCTUKA MTO3UCTOPA
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8.2 lNonynpoBogHUKOBbLIE TEPMOISIEKTPUYECKME
yCTpouncTBa

Ilonynposoonurxosoe  mepmosnekmpuyeckoe  yCmMpoOUucmeo — 9mo
yempoticmeo,  Oeticmeue Komopo20 OCHOB8AHO HA  UCHOIb308AHUU
mepmoanekmpudeckux 3¢gexmos Ilenomve unu 3eebexa 6 noaynpo-
B00HUKAX, NPeOHA3HAYeHHOoe O/l NOAYYeHUs Meniomsl Uil Xono0d
C UCNONL30BAHUEM DNEKMPUUECKOU IHepeUU UNU NOTYYeHUs deKmpu-
YecKou IHep2uU ¢ UCNONb308AHUEM MENTIOB0U.

KOHCTpYKUMSA 1 NpUHLMN OeNCTBUS

B nonynpoBOAHUKOBBIX TEPMOIIEKTPUYECKUX YCTPOMCTBAX UCIOJIB3YIOT MOIYIPO-
BOJTHHKOBBIE TEPMOIJIEMEHTHI, KaK/IbIii U3 KOTOPBIX COCTOMUT M3 JIByX BETBEH, 00anaro-
IUX Pa3HbIM TUIIOM 3JIEKTPOIPOBOJHOCTU. BeTBb TepMOaIeMEHTa, MaTEpHUAIl KOTOPOU
HMMEET 2JIEKTPOIPOBOJHOCTD p-THIIA, HA3BIBAIOT ITOJIOKUTEIBHON BETBBIO, & BETBb TEP-
MODJIEMEHTA C IEKTPOIPOBOAHOCTD 7-THUIIA — OTPULIATEILHOU BETBBIO. IlomoxkuTeis-
HYI0O M OTPULATEIbHYI0 BETBH IOJIyIIPOBOJHUKOBOTO TEPMOIEMEHTA COCOUHSIIOT MEXK-
Iy co00# mocien0BaTeIbHO KOHTAKTHOM IIACTHHOM. 30HY SNIEKTPUYECKOTO COSMHEHUS
BETBEH IOJyIIPOBOAHUKOBOIO TEPMOAJIEMEHTA Ha3bIBaIOT craeM. IIpu pabore Tepmoane-
MEHTA €ro CIIal UMEIT Pa3Iu4HyI0 TEMIIEpaTypy: OJMH W3 HUX SBISETCS TEIIONOITIO-
LIAOLIUM, IPYTOl — TEIUIOBBIICIISIOIIHNM.

[TonynpoBOAHUKOBOE TEPMOINEKTPUUECKOE YCTPOWCTBO OOBIYHO HMMEET OOJIbIIOoe
YHCII0 MOCIE0BATEIbHO COEAMHEHHBIX MEXAY cO00i TEpMO3IEMEHTOB B €MHOM KOH-
CTPYKTUBHOM HCHOJHEHUH — MOJyTIPOBOJHUKOBYIO TepMmoOarapero. [lomynpoBomHuKo-
BOE€ TEPMODJICKTPHYECKOE YCTPOMCTBO, BKIIIOYAIOIIEE ONHY WM HECKOIBKO JIIEKTpUYE-
CKU COEJMHEHHBIX TepMoOaTapel B €IMHOM KOHCTPYKTHBHOM HCIIOJHEHHH C CHCTEMOI
TEII000MeHa, Ha3bIBAIOT MOJIYIPOBOTHUKOBBIM TEPMOIIEKTPHUECKUM OJIOKOM.

A dekT 3eebeka (BO3HNKOHOBEHUE TepMO-OC)

[Tpn HanMuyMM pa3sHOCTH TEMIEpaTyp CHaeB B LEMH C TEPMOIIEMEHTOM BO3HHUKAET
TepMOaNIeKTpoaBXKYyIIas cuia (tepmo-2J1C.). lannslii 3¢ pekT HoCUT HazBaHHUE P eK-
Ta 3eeOeKa WM TEPMOIEKTPUUECKOTO dPPeKTa.

Tepmo-31C oOycnornena nuddy3ueit HocuTenei 3apsia OT HarpeToro cmasi K Te-
JIOBBLACISIONIEMY CIa0, TEMIIEPATYPHON 3aBHCUMOCTBIO KOHTaKTHOW Pa3HOCTH MOTEH-
IIMAJIOB M YBJICUCHHEM HOCHTEINICH 3apsia KBaHTAaMH TEIUIOBOW 3HEpruH ((OHOHHBIM
YBIICYCHHUEM ).

Tepmo-2/IC 3aBUCHT OT pa3HOCTH TEMIIEPATyp CIAeB TEPMOAIIEMEHTA U OT JIEKTPO-
(U3NIECKHUX CBOWCTB IOTYPOBOJHIKOBBIX MATEPHATIOB, 00PA3YIOIIMX BETBH TEPMOAJIEMEHTA:

T

ET = f(lu(T)dT,

T
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e 012 (7) — xkoaddunument repmo-IC.
B HeGonbIoM quama3oHe TEMIEparyp TEpMO-3.1.C. MOKHO CUHMTATh MPOTIOPIIHO-
HaJBHOM PA3HOCTH TEMIIEPATyp CriacB aeMeHTa Er = opAT.

A dekT lNenbTbe (nornoweHne n BbigerneHne TennoTbl B crnasax
TEepPMOIrIEMEHTA)

[Ipu nmporekaHuUM MOCTOSIHHOTO TOKA Yepe3 TEPMOIJIEMEHT B €ro Chasx, B 3aBU-
CUMOCTH OT HampaBJIEHUs TOKa, MOIVIOUIAETCS WM BblAensercs temnora. KomnuecTtBo
TernoTsl mpu dddexre [lenprhe mponmopuroHaNbHO BpeMeHu u cuiie Toka: QO = 11T,
rae I, — xoadduruent [lenpThe.

Dddexr [lenvrhe sBiusieTcss oOpatHbIM dhPexTy 3eedeka, MoITOMY sl OZHOTO U TO-
rO ’K€ TEPMODJIEMEHTa CYIIECTBYET CBS3b Mexay KodddunueHtom Ilensrbe u kodddu-
nuertoM Tepmo-IJIC: I1y; = a7

TepmoanekTpuyeckme reHepaTopbl

Tepmoonexmpuueckuii cenepamop (TOK)—omo nonynposoonukosoe
MepMOdIeKMpudecKoe YCmpoucmeo, cocmosujee u3 noaynpo8oOHUKo-
8020 MeEPMOINIEKMpU1ecKkoeo O10Ka U NpeOHA3HauenHoe O/l Heno-
CPeOCmBEeHH020 NPeobPA306anUst MENI0BOU IHEPEUU 8 INLEKMPUUECKVIO
9HepaUio.

OnHMM U3 OCHOBHBIX IIapaMETPOB TEPMOAIEKTPUUECKOTO FeHepaTopa SBJISETCS KO-
agpPuyuenm nonesHo2o Oeucmsus— OmHOueHUe NONe3HOU MOWHOCMU, 6blOensieMOol
8 Hazpys3Ke, K KOIUYeCcmey meniomsl, NOCMynarowel 8 eOuHuyy 8pemMeHu Ha menio-
noznowaowue cnau.

KonuuectBo TemnoTsl, nepejaHHON B €AMHUILY BPEMEHHU OT TEIJIONOMIOMIAOIIETO
crasi TEpMORJIEMEHTA K €T0 TEIJIOBBIACISAIOIEMY CIAL0:

Oc=K(T,-T), (3.4)

rne K —mnojiHasi TerIonpOBOJHOCTh TEpMOdJieMeHTa; 15, 1) — Temmeparypa Teruiomno-
IJIOLIAIOIIETO M TEIUIOBBIACIAIONIEr0 ClIaeB COOTBETCTBEHHO.
Tox B 1ienu TepmoaneMeHTa o0ycioBiieH dddekTom 3eeOka U onpeneseTcs BbIpa-

KEHHUEM
E; _ 01 (I-T)

" R+R, R+R,
rac R —niostHOE COIIPOTHUBJICHHUEC TCPMOIJICMCHTA.
Bcenencrsue sddexra Ilenprbe B TEMIONOIVIOMIAIONIEM CHae B €AWHUILY BPEMEHH
IIOorJIoIIacTCs TCII0Ta:

(8.5)

On =l = 04,151 (8.6)

DnekTpuyecKasi MOIIHOCTb, BhIpadaTbiBaeMasi TEPMOAJIEMEHTOM, BBIICISIETCS B BU-
Jie TMOJIE3HOM MOIIHOCTU P, B Harpy3ke U B BHJE JDKOYJIEBOH TEIOTHl (J,x B BETBAX
TEPMODJIEMEHTA!
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2 2
PH:IZRH:O‘%Z(TZ_T;) :a%Z(Tz_T;) R
(R+Ry) (R+Ry)

B nepBoM mpuONMKEHUH HKOYICBA TEIUIOTA PACIIPEIEIISIeTCsI TIOMoIaM MEXIy Cria-
SIMH, TO €CTh K TCIUIONOMIONIAIONIEMY CITal0 BO3BparaeTcsi MOIHOCTh (1/2) Q.

C yuerom BelpaxkeHuit (8.4) —(8.7) ko3ppuuMeHT none3Horo AeMCTBUS MOKHO 3a-
[HCaTh B BUJIE:

Ri, Ou=1’R (8.7)

P, T,-T m(m+1)"
. _D-h (m+1) , 8.8)
1 T2 KR(m+1) Tz—Tl
K+ - A K -
Ot On = 50s o, T,  2(m+1)T,
e m = Ry /R.

B Beipaxenuu (8.8) mepBbIii MHOXKUTENb MpEACTaBiIseT co00il ko3dduiueHT mno-
J€3HOTO JIeHCTBUA 0OpaTUMOM TEIJIOBOM MAIIWMHBI, BTOPOM MHOXHUTEIb XapaKTepU3yeT
ymenbluenue KII/] BcaencTBue HeoOpaTuMBbIX MOTEPh HA TEIUIONPOBOJHOCTD U JIXKOYJIE-
By TEIUIOTY B TEPMOIJIEMEHTE.

D¢ eKTUBHOCTh TEPMONIEMEHTA XapaKTePU3YeTCsl BEJIMYMHON 10OPOTHOCTH:

ot
(\/ Kip1 ++/ szz)2

e K, Ky — yAeJbHbIe TEIUIONPOBOJHOCTH BETBEH TEPMOIIIEMEHTA; P, P2 — YAEIbHbIE
COTIPOTHBIICHHUS BETBEH TEPMODIIEMEHTA.

JIOOpOTHOCTH OMPEAEISETCS TOIBKO AMEKTPOPUIHIECKUMHU TTapaMeTpaMH MOIyTIpo-
BOHUKOBBIX MaTrepHalioB BETBEH TEPMOIIEMEHTA.

KII/T TepmMo3sieMeHTa ONTHMAIBHBIX Pa3MEPOB 3aBUCHUT OT 3P HEKTHBHOCTH TEPMO-
3JIEMEHTa, PA3HOCTH TEMIIEPATyp CIIAE€B TEPMODJIEMEHTA M OTHOIICHHUS COMPOTUBIICHUS
HArpy3KH K COMPOTUBIEHHUIO TEPMOSIIEMEHTA.

Koaddumuent repmo-3JIC GonbmmHCTBA TEpMOdIIeMeHTOB cocTtasisieT (300 — 500)-
10° B-K~!. YuursiBasi, 4T0 MOYTH BCE TEPMOAICKTPHICCKHE TeHEPATOPBI PabOTAIOT MPH
pa3HOCTH TemIlepaTyp cmaeB, He mnpebimaronmx 600K, OT OTHOTO TepMO3JIEMEHTa
MOKHO ToIy4uuTh TepMo-O[C Er = 0,3 B.

OnTuMaNbHbIE YCIOBUS MONYYEHHs SIEKTPUUECKON MOIIHOCTH B Harpyske JIOCTH-
raroTCst IPH CONPOTHBIICHUH HAIPY3KH, CPABHUMOM C CONPOTHBIICHUEM TEPMODJIEMEHTA,
TO €CTh OKOJIO HECKOJIIBKHX MUJLTHOM.

JUyist OMyYeHus PUEMIIEMbIX HAIPSKCHHN U TSI COTTIACOBAHMS C PEabHBIMH Ha-
IPY30YHBIMH COMPOTHUBICHUSIMH HEOOXOIMMO MOCIECIOBATEILHOE COCAUHEHHE MHOTHX
TEPMOBJIEMEHTOB.

7 =

(8.9)
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8.3 lNonynpoBoaHUKOBbIE rafnibBaHOMarHUTHbIE
npuodopbl

Ilonynposoonuxosvie 2anveanomazHummuvle npubOpvl — Mo HONYNpPo-
B00HUKOBbIE NPUOOPLL, 8 KOMOPBIX UCNONb3YEemcs 6030elicmeaue mae-
HUMHO20 NOJA HA OBUNCYIYUECS 8 DTIEKMPUYECKOM NOoJie HOCUMeU 3apsod.

[TpuHIMn neiicTBUS ralbBaHOMAarHUTHBIX TPUOOPOB OCHOBAH Ha JIBYX 3¢ ¢deKTax: Ha
s dexre Xomna u Ha addekre [aycca.

Dpghexm Xonna cocmoum 8 603HUKHOBEHUU NONEPEUHOU PA3HOCHU NO-
MEeHYUAN08 8 NOIYNPOBOOHUKE, NO KOMOPOMY npomeKaem dlekmpuye-
CKULl MOK, NOO Oelicmuem MazHUMHO20 NoJsl, NEPREeHOUKYIAPHO2O0 HA-
npasieHuto mokKa.

Ippexm 'aycca npedcmasnsem coboil s¢hpexm uzmeneruss s1eKmpu-
YeCK020 CONPOMUBLEHUST NOJLYNPOBOOHUKA NOO OCUCMEUEM MACHUMHO-
20 nous.

O6a >¢dexra 00yCIIOBICHBI IEHCTBUEM HA IBIDKYIIMICSI B MAarHUTHOM TIOJIE DJIEK-
TpUYECKU 3apsan cuibl JlopeHua.

AddekT Xonna

[Ipy mpoTexkaHWy MEKTPUUECKOTO TOKA B IMOIYNPOBOJHUKOBOW IJIACTUHE, PacIIo-
JIO)KEHHOM B MarHUTHOM Iioje, cuia JlopeHna OyJeT cMelarh JBMKYILUECS HOCUTENIU
3apsiia K OHOM M3 OOKOBBIX I'paHel, B pe3yibTare 4ero Mexay OOKOBBIMHU T'paHSMHU
mactuHbl Bo3Hukaer J/IC Xomna (puc. 8.2). HanpaBienue cmerieHus HocuTesei 3a-
psila OIpenenseTcsl HallpaBlIeHUEM Cuibl JIopeHIa, To eCTh MPaBUJIOM JIEBOM PYKH IO
OTHOUIEHUIO K TEXHUYECKOMY HalpaBJICHUIO TOKa. ECIM TeXHMYeCKoe HalpaBIIEHHUE TO-
Ka, 00pa30BaHHOTO IEKTPOHAMHU WM JIbIPKaMM, OJUHAKOBO, TO HOCUTENH 3apsiia OyayT
CMeIIaThCsl B OJHY M Ty )K€ CTOPOHY, ofHako nossipHocTh JJ[C Xomna npu 3ToM OyneT
pa3IUYHOMN.

Hakomnnenue 3apsiga y 60koBOM I'paHM IJIaCTHHBI MpeKpalaercs, koraa cuia Jlopen-
[1a YPAaBHOBEIIMBAECTCS CUJIOW XOJUIOBCKOTO 3JIEKTPUYECKOTO MO, XapaKTepU3yeMoro

BEJIMYMHOH 3. II. ¢ XOoJIIa:

1B
Uy :X?, (8.10)

rae X —koa¢pdunment Xosia; B — MHAYKINS MarHUTHOTO 10Jist; / — cuiia Toka; b — ToJ-
LIMHA [JIACTUHBI.
Koapdunuent Xosmna onpenensiercss BbIpaKEHUEM:

yo A Py

T T 8.11)
e (pw, +np,)’
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Puc. 8.2 — Bo3nuknoBenne J/[C Xomna: a, 6 — s MOMYNIPOBOAHUKA #-THTA, O, & — IS
TTOJTYITPOBOAHHUKA p-THIIA

3HaueHue napamerpa 4 3aBUCUT OT MEXaHM3Ma paccessHus HOCUTEINEeH 3apsiaa U Mo-
KET HaxoIuThCs B AuamnazoHe oT 1 go 2. Tak, A BBIPOXKACHHOIO IOJIyIPOBOJHHUKA
A =1, U1 NOIYNpPOBOAHUKA C MpeodsalaHuEeM PACCESHUs Ha TEIUIOBBIX KOoleOaHUSX
KpUCTaJTH4YecKon pemeTku 4 = 1,18, a 11 momynpoBoHUKA ¢ MPeodIagarouM pac-
CEeSIHMEM Ha MOHM3UPOBAHHBIX npumecsax A = 1,93.

Ilocne BO3HMKHOBEHMsI XOJUIOBCKOTO 3JIEKTPUYECKOTO IIOJISI HAMPABIECHUE BEKTOPA
HaIPSKEHHOCTH PE3YJBTUPYIOIIETO 3JEKTPUUYECKOrO MO OTINYAETCS OT TEXHUYECKO-
ro HaIpaBJICHHs BEKTOpa ToKa Ha yroi ¢y Xoiia, onpenensieMslil kak tg ¢y = Ex/E,p,
rie £y, — HanpsyKeHHOCTh BHEITHETO MPOJ0JIBHOTO 3IEKTPUUYECKOrO 11071, KOTopas 00y-
CJIOBIIUBAET Jipel) HocuTene 3apsa.

MarHnTope3ncTuBHbIN 3P EKT

ITon meiictBueM cuiibl JIopeHIIa TpacKTOPUU ABUKECHUS HOCHUTEIIEH 3apsija UCKPUB-
JISIFOTCS, YTO PAaBHOCWIJIBHO YMEHBIIEHHUIO JUIMHBI CBOOOIHOIO Ipobera B HalpaBlIeHUU
BHEIIIHETO MPOJOJIBHOTO 3JIEKTPUYECKOTO MOJIS MEXITY TOKOBBIMM KOHTAKTaMU WJIN yBe-
JMYEHUIO YIIEIBHOIO CONPOTUBIICHMSI P MOJYNPOBOAHUKA B MArHUTHOM IIOJIE.

OTHOCHUTENBHOE YBEIMYEHHUE YAECIBHOIO CONPOTHUBIICHHUS MTOJIYIIPOBOAHUKA OIpeEse-
JSIETCSI BBIPAKCHUEM:

A _ ZBZ
PR K (8.12)

~
~

Po Po 27

e W — NOABHKHOCTh HOCUTEJIEHN 3apsia.

XO0JI0BCKasi HANPSKEHHOCTD 3JIEKTPUYECKOTO IOJIST KOMIIEHCUPYET AEHCTBUE CHIIBI
JlopeHIla Ha HOCUTENH 3aps/ia, KOTOpbIe IBMXKYTCS CO CpeIHEN CKOpPOCThIO apeida, mo-
OTOMY HCKPHBJICHUA TPACKTOPHUU ABWIKCHUA TAKHX HOCHUTEICH HE IMPOUCXOOMT. Hocu-
TEJIU 3apsAja cO CKOPOCTBIO, MPEBBIIIAIONICH CPETHIO CKOPOCTh, CMELIAIOTCA K OJHON
OOKOBOW IpaHM HOJIYHNPOBOAHUKOBOM IUIACTHHBI, TaK KakK JEHCTBYIOILAS HAa HUX CHJa
JlopeHIia npeBbIIaeT CUITY XOJJIOBCKOTO 3neKTpuyeckoro nois. Hocurenu xe, obnana-
IOLIME CKOPOCThIO, MEHBIIIEH CpeHel CKOPOCTH, CMEINAIOTCS K APYroil OOKOBOM rpaHU
IJTaCTUHBI, TOCKOJIbKY Ha HHUX I[CflCTByCT CHJIa HopeHua, MCHbIIIass CHUJIBI XOJJIOBCKOI'O
nonsi. Takum oOpazom, ekt Xosuia, YaCTUYHO WM MOJIHOCTHIO KOMIIEHCUPYS CHILY
JlopeHuia, MPUBOAUT K OCIA0IEHHUI0O MAarHUTOPE3UCTUBHOTO 3 dexTa.
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JIJis OrpaHUYEHHOTO 10 pa3MepaM KpUcTalja MOJYNPOBOJAHUKA:

A
2P cwm, (8.13)
Po

rae C — MarHUTOPE3UCTOPHBIN KOA(P(UIIUEHT, 3aBUCIIINUN OT (POPMBI U TEOMETPUUYECKUX
pa3MepoB MOJIYIPOBOJIHUKOBON MJIACTUHKHU.

[Mpeobpasosatenn Xonna

[IpeoOpasoBarenu Xoiia W3rOTaBIMBAIOT B BHUJE MPSIMOYTOJBHBIX IJIACTHHOK, BbI-
PE3aHHBIX U3 MOHOKPUCTATMYECKOTO JTMOO MOIMKPUCTAIUIMIECKOTO MOITYIPOBOJAHUKA,
WU B BHUJI€ TOHKHX IUICHOK, HAHECEHHBIX HA JIHUAIEKTPUYECKYIO IOJJIOKKY METOJOM
ucnapeHus B BakyyMme. Breipaxenue (8.10) cnpaBeasnBo AJisi MIACTUHKH MOTYTIPOBOJ-
HUKa, JTMHA L KOTopo# 3HauuTeNnbHO Ooubine mupuHbl. JJIC nmpeodpaszoBareneit Xomia
KOHEYHOM JUTMHBI 3aBHCHT OT OTHOIICHHs L/a:

Uy :Xﬁf(é), (8.14)

e f (L/a) — nonpaBounast pyHKIHs mpeobpasosarens Xoiuia. AHAIN3 OKa3bIBAET, YTO
npu L/a = 2...3 nonpaska k DJIC Xomta, cBs3aHHAsE ¢ KOHEYHOM [UTMHOM mpeoOpaso-
BaTessl, COCTABIISIET BCETO HECKOJIBKO MPOILIEHTOB, IO3TOMY CHJIBHO YBEIMUUBATh JJIUHY
npeobpazoBaress Xosula He UMEeT CMbICIIA U MPAKTUYECKHU BCE MPeoOpa3oBaTesid UMEIOT
yKa3aHHOE COOTHOIICHHE IJIMHBI U IIUPHHBI.

B kauectBe Marepuana miis npeoOpaszoBaTeneid Xosuia MPUMEHSIIOT KPEMHUM, aHTH-
MoHUA uHAus InSh, cenenup u Temnypun prytu HgSe, HgTe u ap.

K noaynpoBonHUKOBOM IJIaCTUHKE MPUIAUBAIOT YETHIPE 3JIEKTPOJA: J1BA BXOAHBIX
(ToxoBbIX) (AnekTpoasl 1 U 2 Ha pucyHke 8.3) U JABa BBIXOIAHBIX (XOJUIOBCKHX) (DJ€K-
Tpoabsl 3 U 4 Ha pucyHke 8.3). TOKOBBIE 3JEKTPOJBI BBHIOJHSIOTCS MO BCEH IIMPUHE
OOKOBBIX T'paHel, YTO oOecrieynBaeT paBHOMEPHOE paclpeesieHue BXOAHOTO TOKa IO
CEUEHMIO MpeodpazoBaTesisi. XOUIOBCKHE JIEKTPO/Ibl PacloyiaraloT B LEHTPAIbHOW Ya-
CTH OOKOBBIX I'paHEil.

H
A /

W

\4

Puc. 8.3 — Konctpykuus npeoOpa3zoparesns Xosuia
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Bxoomnoe conpomuenenue R, mpeobpaszoBarenss Xoiia OMpeaessieTcs: MeXAY TOKO-
BBIMH, 2 8bIXOOHO€ Ry — MEXIY XOJUIOBCKHMH 3JIEKTPOAaMHU. Y CEpHUHHO BBITyCKae-
MBIX TIpeoOpazoBaresneil Xomna Ry U Ry ONM3KM MO 3HAYCHHSIM M JISKAT B Mpeaesax
oT 0,5 OM 10 HeCcKOTBEKHX KOM.

Tax kak BbIXOAHAsl BeIMYMHA ITpeoOpazoBaresst Xoiuia MPornopLUUOHabHA IPOU3Be-
JCHUIO JIBYX BXOIHBIX BEJTMYMH — TOKAa W MArHUTHOW MHAYKLUHU, TO MpeoOpa3oBaTelb
Xomta sIBISETCS. MHOKUTEIBbHBIM ITPeo0pa3oBaTesieM.

lanveanomacnumnasn uwyecmsumenpbHocms TpeoOpa3oBatesis XoJula ONpeaesseTcs
BoIpaxkerueM sp; = Uy/(BI) = (X/b)f (L/a) u nnst pa3nuvHbIX THIIOB Mpeobpa3oBa-
teneit cocrasisier 0,3...10 B/(A-Tw).

Maxkcumanvno donycmumvlil MoK I, — 3HAYCHHE TOKA MEXJTy TOKOBBIMH AJIEKTPO-
JaMH, OTPaHUYCHHOE MAaKCHMaJbHO JOMyCTUMOW Temmeparypoit AT meperpeBa mpe-
ob6pasosaresst. U3 ypaBHeHus TeruioBoro 6amanca [2, R, = PSAT, toe P — koaddu-
LUEHT TeIootnauu; S ~ 2al —Iulomaas MOBEPXHOCTH INpeoOpa3oBaTelis, MOIYyYUM
Inax =/ 2aLPAT [Ry.

YyecmeumenbHOCMb K MAZHUMHOU UHOYKYUU Sp ONIPENENSETCS NP HOMHHAIBHOM
3HAYEHUU BXOTHOTO TOKA lyoy < Imax KakK sp; = Ux/B = (Xlyou/b)f (L/a) u cocraBmisier
0,03...1 B/Tn.

YyecmeumenbHOCMb K MOKY S; ONPEAEISIETCS IPU MOCTOSHHOM 3HAYEHUU MarHHT-
Hoit uuaykuuu: s; = Uy /I = (XB/b) f (L/a).

Ocmamounvim Hanpsdjicenuem TpeoOpasoBaTens XoJUla Ha3bIBACTCA HAMpPSIKEHUE,
KOTOPOE BO3HUKAET MEXK/Ty XOJUIOBCKUMH JIEKTPOJAMH IIPU IPOXOXKACHUH Yepes mpeoo-
pa3oBaTenh TOKa B OTCYTCTBHHM MAarHUTHOTO OIS, [[pu4nHONM OCTaTOYHOTO HANPSKEHUS
B TIEPBYIO OUYEpE/b SIBISETCS PACIOIOKEHHE XOJJIOBCKUAX DJICKTPOJOB B HEIKBHIIOTCH-
[IUAIBHBIX TOYKaX MIACTHHBI. OCTaTOYHOE HANPSHKEHHE MOXKET COCTAaBIATH OT €IUHUIL
MHUKPOBOJIBT JI0 AECATKOB MHJUTHBOJBT.

Bpewmst ycranosnennss OJIC Xomna XapakTepU3yeTCs BpPEMEHEM IHAJIEKTPHUECKOMN
pelakcanuy, KoTopoe st OOBIYHO HCIOIB3YeMbIX MATepUaloB Ty, = 10711...1071 ¢,
YTO U OIpeNessieT TeOPETUUECKUI YaCTOTHBIN Mpeied MCIONIb30BaHusl IpeodpazoBare-
neit Xosna. MexaIeKTpoiHble EMKOCTH y IpeoOpa3oBareseil Xoiuia cOCTaBIsA0T €1u-
HUIBI THKO(apas, IMOATOMY HX BIMSHHE CKA3bIBACTCS HA YaCTOTaX MOPSAKA COTEH Me-
rarepi.

MarHutopesuncTopbl

[TpuHUMI NEHCTBUS MarHUTOPE3UCTOPOB OCHOBAH HA MarHUTOPE3UCTOPHOM S dek-
Te. YpaBHEHUE NMPEOOPa30BaHUsI MATHUTOPE3IUCTOPA UMEET BU]I

Rp = Rp_o(1 + AluB|™), (8.15)

rjae B —MHAYyKUUS MarHUTHOTO N0Js; Rp_() — CONPOTUBIIEHUE NpeoOpa3oBares Ipyu UH-
nykiuu B = 0; A — MarHuTOpe3uCTUBHBIA KOAPPUIUEHT.

B (8.15) moka3zarens cremneHu m paBeH 2 B cladbIX MarHUTHBIX moisx (B < 0,2+
+0,5Tn), s xotopbix WB < 1, u paBeH 1 B CHIIBHBIX MarHUTHBIX MOJISIX, JUISI KOTOPBIX
uB > 1. 3HayeHre MarHUTOPE3UCTUBHOTO KO3(pPUIIMEHTa 3aBUCHUT OT CBOWCTB Marepu-
ana u GpopMbl TpeoOpa3zoBaTeIs.
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KoHCTpyKIHsi MarHuTOpE3UCTOPOB JTOJDKHA OBITH HAlpaBlieHa HA YMEHBIIIEHUE WIIH
nostHoe ycrpaneHue DJ{C Xomra. Uem Gompllie OTHOIIIEHUE JUTMHBI PE3UCTOPA K TUIOIIA-
JI1 €TO CEYeHUs, TeM OOJIbIlle MarHUTOPE3UCTOPHBIN kodpduument . Haumyumein dop-
MO# MarHuropesucropa siBisiercs nuck Kopowno (puc. 8.4, @), y KOTOPOTO OAMH 3JICK-
TPOA YKpEIUIeH B IEHTpe, a APYroi B BUAE 00ona mo okpyxHocTu. [Ipu oTcyTcTBUM
MarHUTHOTO TIOJISi TOK B TAKOM MarHUTOPE3UCTOpPE MPOTEKAET B paguaibHOM Hampaslie-
Huu. [lox peiicTBMEM MarHUTHOTO TIOJIS HOCUTEIH 3aps/ia OTKJIOHSIOTCS B HAIIPABICHUH
NEPIEHINKYISIPHOM paauycy. Tak Kak y Takoro mpeoOpas3oBaTelisi HET TpaHeil as Ha-

KOIZICHHA 3apsa0B, TO 9[[(: XoJ1a He BO3HHUKAET.

ST

Puc. 8.4 — KoHCTpyKIIMM MarHUTOPE3UCTOPOB: a — nuck KopOuHo, 6 —
MOJIYIIPOBOIHUKOBAS TUIACTMHA MAJIOW JJIMHBI; 8 — MOCIIE0BATEIbHO COCAMHEHHbBIE
MIPOBOSIIIMMHU CIIOSIMH KOPOTKHE MarHUTOPE3UCTOPHI, & — MOTYTPOBOTHUKOBAS
IJIaCTHHA C TOMEPEYHBIMU METAJUTHYECKUMHU MOJIOCAMH Ha TMOBEPXHOCTH

a 0 8

Jpyroii KOHCTPYKIIMEN MarHUTOPE3UCTOPA SBISAETCS MOITYIIPOBOJHUKOBAS IIJIACTUH-
Ka, IIUPHUHA KOTOPOM MHOTO Oosblie ee JUIMHbI (puc. 8.4, 0).

Cy1iecTBeHHBIM HEJOCTATKOM MAarHUTOPE3UCTOPOB TAaKUX KOHCTPYKLMH SIBIISETCS
UX Majoe compoTusicHUe. g yBEIMYEHHUS] COIPOTHBIIEHUS MarHUTOPE3UCTOPHI BbI-
NOJHAIOTCS. B BUJE Psfia KOPOTKHUX IOJIYIPOBOJHUKOBBIX PE3HCTOPOB, COEIMHEHHBIX
MOCJIEI0OBATEIBLHO MPOBOASAIIUME cloaMH (puc. 8.4, g). YBelWYeHUE COINPOTUBIICHUS
JIOCTUTAeTCsl TaKXKEe HAHECEHHEM Ha MOBEPXHOCTH MOJIYIPOBOJHUKOBOH IUIACTUHBI Me-
Tajuindeckux mnosoc (puc. 8.4, 2). Kaxnas yacTb IiacTUHBI MOJYNPOBOAHUKA MEXKIY
JBYMsI METAJNIMYECKUMU IOJI0CAMU MPEICTaBIIsAET COO0M OTAENbHBIH MarHUTOPE3UCTOP.
OTO MO3BOJIAET CO3/1aBaTh MarHUTOPE3UCTOPHI C COMPOTUBIEHUEM HECKOJIBKO KOM Ipu
COXpaHEHUH OOJIBIIOro 3HaYeHUs Kod(duumenra .

OCHOBHBIMH TOJIyIPOBOJHUKOBBIMH MaTepuajgaMH JUIsl MarHUTOPE3UCTOPOB SIBIIS-
I0TCSl aHTUMOHU uHusA [nSh n apcennn uHaus InAs, obnagaroniue OOJIBIION MOABHX-
HOCTBIO HOCHUTEIIEH 3apsza.

OCHOBHBIMH ITapaMEeTPaMU MAarHUTOPE3UCTOPOB SBJISIIOTCS Ha4allbHOE COIPOTHUBIIE-
HHE Ry M MarHUTOPE3UCTUBHAS YYBCTBUTEIBLHOCTh S = dR/dB. HanGonsiiyto 4yBCTBH-
TENbHOCTh UMEET MarHuropesucrop B Bujae aucka Kop6buno. Tok marnuropesucropa,
MIOMEIIEHHOTO B MarHUTHOE I0JIe€ C MHAYKIHUEH B, N0JKEH BbIOMpAThCs 3HAUYUTEIHHO
MEHbIIIe HadaabHOro Toka /y (pu B = 0). 3Hauenue qomyctumMoro toka I = Ip\/ Ro/Rp.

YacToTHBIE XapaKTEPUCTUKU MarHUTOPE3UCTOPOB B OCHOBHOM OIPEAEIISAIOTCS MEXK-
ANIEKTPOIHBIMU €MKOCTSAMH. Y 1ucKoB KopOMHO 4acTOTHAsi MOTPEIIHOCTh MEHBIIE, YeM
y IpSIMOYTOJIBHBIX IpeoOpa3oBaTeiei.

Maraurope3ucTopbl HaX0IAT IPUMEHEHUE B KaueCTBE OECKOHTAKTHBIX IEPEMEHHBIX
PE3UCTOPOB, MOIYIASTOPOB MAajbIX MOCTOSHHBIX TOKOB M HAIPSDKEHUH, HCIIONB3YIOTCS
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JJIA OCCKOHTAKTHOIO HN3MCPCHUA TOKOB, IMPU CO3JaHHMU TCCIAMCTPOB U JATYHUKOB psAaa
HEBJICKTPUUCCKUX BCJIMYKUH, JICTKO HpCO6p33y€MBIX B N3MEHEHNE MarHUTHOH HHAYKIOWH.

MarHutognoabl

Maenumoouoo — 3mo noaynpo8oOHUKOBbI OUOO, 8 KOMOPOM UCHOAb3YEeMCsl USMeHe-
HUe 801bM-aAMNEPHOLL XAPAKMeEPUCTUKU NOO Oelicmauem MAZHUMHO20 NOJ.

B kauecTBe MarHUTOAMONOB MPUMEHSIOT TUOJBI C HECUMMETPUYHBIM p-1-TIEPEXOIOM
u Tojcroil 0azoif. OOBIYHO ToONIIMHA 0a3bl COOTBETCTBYET HECKOIBKUM IH(Py3u0oH-
HBIM JUIMHAM HEOCHOBHBIX HOcHTelel. [lomynpoBoaHUKOBBIM MaTtepuan 0asbl, TaKkke
KaK ¥ JJI1 MarHUTOPE3UCTOPOB, JOKEH 001a/1aTh OONIBIION MOABUKHOCTHIO HOCUTENEH
3apsia, 4eMy yAOBJIETBOPSIOT TepMaHU U KPEMHHUIA.

B marHuToAmomax mpsMoe HampshKeHHE PacHpeneNseTcs MEKIy OONacThIo Mpo-
CTPAHCTBEHHOTO 3apsija p-n-Nepexofa M CONpOTHBICHHEM 0a3bl. B momepeunom mar-
HUTHOM TIOJIE COTIPOTHBIIEHUE 0a3bl YBEIUYMBACTCS M3-32 YMEHBIICHHS MOABHXHOCTH
Y BPEMEHHU XKM3HM HEOCHOBHBIX HOCHTENEH 3apsima. B pesynbrare ymeHbIIaeTcs OIS
MPSIMOTO HAIPSHKEHUs, KOTOpasi IPUXOAUTCS Ha 001acTh MPOCTPAHCTBEHHOTO 3apsijia p-
n-TIePEX0/ia, YTO BBI3BIBAET 3HAYUTEILHOE YMEHbBIIIEHUE TOKA, CBI3aHHOTO SKCIIOHEHIIH-
QJIbHOM 3aBUCHMOCTBIO C HAIIPSDKEHUEM Ha 00J1acTH MPOCTPAHCTBEHHOTO 3apsijia Mepexo-
na. KpoMe Toro, ymeHbIIIeHHE MTOJABMKHOCTH HEOCHOBHBIX HOCHTEJCH 3apsaa MPUBOIUT
K YMEHBIICHHIO OOPAaTHOTO TOKA HACKHIIIEHHS, a CJISI0BATEIBHO, U MIPSIMOTO TOKA.

JI1st OIICHKH 9yBCTBHTEIBHOCTH MAarHUTOAHMONA K MAarHUTHOMY IIOJTIO, 1O aHAJIOTHH
¢ mpeobpazoBareseM XoJula, UCIOIb3YIOT ralbBAHOMArHUTHYIO UyBCTBUTEIBHOCTD Sp; =
= AU,,/BI, xotopast 3Ha4YUTEIBHO GOMblIe, YeM y mpeodpasoBarerneii Xoia.

1) Tlpu nepenaae temneparypbl AT = 3K 10 TOJIIMHE KPEMHHUEBOH IUIACTHHBI
n-TUMA MEXY TUIOCKOCTAMH oOpasua Bo3HukaeT Tepmo-I/C, paBHas 2,5 mB.
O¢ddexTrBHAS MIOTHOCTH COCTOSHUN B 30HE MPOBOJUMOCTH COCTaBisieT 2,2 -
-10% M3, OnpeeuTh KOHIEHTPALUIO JOHOPOB B Marepualie, i Kodpdumu-

k 2N,
eHt Tepmo-2JIC onpenensiercs BeIpaxeHueM o, = —| 2 +1In ‘
e n

Omeem:2,7 - 1022 m3.

2) IlpsmoyronbHbli 00pa3el] NOITyIpOBOJHUKA TOJIIMHON 1 MM moMelieH B Mmar-
HUTHOE TI0JIe ¢ UHAYKIKEen 2 Ti, BEKTOp KOTOPOI MEPIEHAUKYISIPEH ITIOCKOCTH
obpasma. [To obpasmy nporekaet Tok, paBHbIil 20 MA. Onpenenuts IJIC Xomna,
eciu ko3 durment Xomra X = 6,25- 1074 m? /Ko

Omeem: 25 MB.
3) Ilnockwuii mpsAMOYTONBHBIA 00pa3el] MOTYNpPOBOAHUKA 7-TUNA C YAETBHBIM CO-

npotusieareM 2 - 1073 OM'M U moABMKHOCTBIO 31ekTporoB 0,4 M?/B-c mome-
IIEH B MarHUTHOE ToJie ¢ MHAyKuue 1 Ti, BeKkTop KOTOpoH NMepHeHIuKyIsIpeH
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IJIOCKOCTH Kpuctaiia. Brnons o6pasna nporekaet Tok 20 MA. OnpenenuTs Crity
JlopeHIia, TEHCTBYIONIYIO HA 3JICKTPOHBI, €CIIU IUIOMAIb MOTIEPEIHOTO CEUCHUS
obpasna 2 Mm2.

Omeem:1,28 - 10-18 H.



3AKJTFOHEHUNE

TBep)IOTeJ'II)HaSI OJICKTPOHHUKA HAXOAUTCA B COCTOAHUN HCIIPECPBIBHOT'O PA3BUTHA. Ha-
psily C yCOBEPIICHCTBOBAHUEM TPAJULIMOHHBIX AUCKPETHBIX TBEPAOTEIbHBIX IPUOOPOB
BE/lyTCS MHTEHCHBHBIE UCCIIEIOBAHUS, HAlpaBlICHHbIE Ha Pa3pabOTKy MEpCleKTUBHBIX
TBCPAOTCIIBHBIX HpI/I60pOB, OCHOBAHHBIX Ha HOBBIX (I)I/I3I/I‘-IGCKI/IX [MpUHIHIIAX.

CoBpEMEHHBIM 3TAIlOM TBEPJAOTEIBHON NIEKTPOHUKH SBISIETCS MUKPONIEKTPOHHUKA,
CBs3aHHAsl C CO3/aHMEM DJICKTPOHHBIX YCTPOMCTB B MUKPOMHUHHUATIOPHOM HHTErpPallb-
HOM HCTIOJTHEHUH. DTO JOCTUTaeTCs HE MPOCTO MyTEM YMEHbBIICHUS radapuToOB TBEP-
AOTCJIBHBIX JJICKTPOHHBIX J3JICMCHTOB, @ CO3JaHHEM KOHCTPYKTHBHO, TCXHOJOTHYCCKHU
U 2JIEKTPUUYECKU CBSI3aHHBIX 3JIEKTPOHHBIX CTPYKTYP — (PyHKIIMOHAIBHBIX OJIOKOB U y3-
J0B. B HUX KOHCTPYKTHBHO 0OBETMHEHO OOJIBIIOE YUCIIO MUKPOMUHHUATIOPHBIX 3JI€MEH-
TOB U HUX JJICKTPHUYCCKUX COCI[I/IHGHI/If/'I, HU3roTaBIMBACMBIX B €AMHOM TCXHOJIOTHYCCKOM
nporecce.

JIOCTIKEHHST MUKPOJIEKTPOHUKH 0a3MpYIOTCS MPEMMYIIECTBEHHO Ha (hyHIaMeH-
TAJIBHBIX OTKPBITUAX B obnactu HOHYHpOBOI[HI/IKOBOfI OJICKTPOHHUKH. B 10 *)e BpEMA
Ha MPOTSHKEHUM BCEro MEPHO/a PA3BUTUS MUKPOAICKTPOHUKH MOCTOSIHHO BEYTCS IO-
UCKHM allbTepHATHUBHOI 371€MeHTHOH 0a3bl B 00jacTu (YyHKLUMOHAIBHOM 3JE€KTPOHUKH,
OZHORJICKTPOHUKH, ONTOIEKTPOHUKH, (POTOHMKH, KBAHTOBOM 3JIEKTPOHUKU M JIPYTUX
O6JI€1CT51X, B Ka)KHOﬁ M3 KOTOPBIX K HACTOAIICMY BPCMCHHU AOCTUTHYTHI 3HAYUTCIIBHBIC
pe3yabrarel. OHAKO HU IO OAHOMY M3 3THX HAlpaBJICHHUH MOKa HE pa3paboTaHa TEXHO-
noruyeckas 6a3a, ooecreunBaroas 3JKOHOMUYECKH KOHKYPEHTHOE IIPOU3BOACTBO BHICO-
KOHa/IeXKHOH 3JIEeMEHTHON 0a3bl.

OCHOBHOH TEHJEHLUEH pa3BUTHSI MUKPONIEKTPOHUKH SBISETCS yBEIUYEHHUE CTe-
IEHU MHTErPalM U IUIOTHOCTH YIAKOBKM MUKPO3JIEKTPOHHBIX CTPYKTYp, 4TO TpeOyeT
NPUMEHEHHUS TBEPAOTEIbHBIX JIEMEHTOB ¢ MUKPOHHBIMH U CYOMUKPOHHBIMHU pa3zMmepa-
Mu. JlanpHeliee yMEHbIIEHNE Pa3MEPOB HAa HECKOJIBKO MOPSIIKOB IIPEBPAIAET IEMEH-
Thl B HAHOBJICMCHTEI U COIIPOBOXAACTCA U3MCHCHUCM (1)I/I3I/I‘-IGCKI/IX OCHOB HX pa6OTI)I.
B maHORIEMeHTax HCIIOJIB3YIOTCA YK€ HC 3JICKTPOHBI, KaK YaCTHUIIbI, IIEPCHOCAIIUC IJICK-
TPUUYECKUH 3apsi]l, @ UX BOJIHOBBIE (DYHKLIUH.

N3yuenue pu3ndeckux sBICHUHN U MPOLECCOB B3aUMOJICHCTBUS IEKTPOHOB C HJIEK-
TPOMAarHUTHBIMU TIOJIIMH, a TaKXe pa3paboTka HAHOTEXHOJIOTMU CO3/1aHUS MPHOOPOB
U YCTPOMCTB, B KOTOPBIX JaHHOE B3aUMOJAEHCTBHE HMCHOJIb3yeTcs Ul Nepenadu, oopa-
OOTKHU U XpaHCHUA I/IH(I)OpMaLII/II/I, CBA3aHO C MOABJICHHUCM HOBOI'O HAIIPABJICHUSA TBEPAO-
TEJIbHOW 3JIEKTPOHUKU — HAHOINEKMPOHUKU, KOTOPAsl ABISETCA JIOTUYECKUM Pa3BUTHEM
MUKPOIJICKTPOHUKH.
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CMNCOK YCNOBHbIX OEO3HAYEHUM

B — uHayKIus MarHUTHOTO TOJIS

D — sniektpuyeckasi MHITy KIS

D, — xoaddunment auddy3uu IEKTPOHOB

D, — xosddunuent quddysun appok

E — HanpsbKeHHOCTh AJIEKTPHYECKOTO 110715, MOJIHASL SHEPTUsl SJIEKTPOHA B KPUCTAJLIE
Er —oHeprus @epmu

E; — ypoBeHb 3HEprum, COOTBETCTBYIOIIUI CepeiHe 3alpPeleHHON 30HbI
E.—»Heprus qHa 30HBI IPOBOTUMOCTH

E\, —sHeprus noTosika BaJe€HTHON 30HbI

Jf—u4acrora

G — cKOpOCTb IFeHepaliu HOCUTeNEeH 3apsiia B PaBHOBECHBIX YCIOBUAX

h —mnocrosiaHas Ilnanka

h —nocrosuHas [Inanka, neneHHas Ha 27

J — IJIOTHOCTB TOKA

Jup — TIIOTHOCTH 1M DY3nOHHOTO TOKA

Jang, — DIEKTPOHHAS COCTABJIAIOIIAS TIOTHOCTH TP (Yy3MOHHOTO TOKa
Jug, — ABIPOYHAS COCTABIISIOMIAS IUTIOTHOCTH [ ((y3HOHHOTO TOKa

Jap — INIOTHOCTB APEH(OBOro ToKa

Jap, — DIEKTPOHHAs COCTABJIAOMIAA IIOTHOCTH APEr(OBOro Toka

Jp, — ABIPOYHAS COCTABIISIONIAs INIOTHOCTH JPeiipoBOro Toxa

k —nocrogunas boneimana
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L, — nuddy3nonHas jyiMHa 3IEKTPOHOB

M, — Macca MoKosl 3JIEKTpOHa

m}; —3(hdexTuBHas Macca JEKTPOHa B KpUCTAILIE

my; —>hdEKTUBHAs Macca JbIPKH

N, — KOHUEHTpALMS aKUENTOPHON MPUMECH, YUCIO ABOraapo

N — KOHLIEHTpal¥s HOHU3UPOBAHHBIX aKLENTOPOB

Nj — KOHIIEHTpalys JOHOPHOW NPUMECH

Nj| — KOHILCHTPALHsT HOHU3UPOBAHHBIX TOHOPOB

N, —>ddexTuBHAs IOTHOCT YHEPTETUICCKUX YPOBHEW B 30HE MPOBOIUMOCTH
2N, — 3¢ deKTuBHAs MIOTHOCTh COCTOSIHUN B 30HE MTPOBOIUMOCTH

N, — 3¢ dexTuBHAS TUIOTHOCTH SHEPrETUUECKUX YPOBHEH B BaJICHTHOM 30HE
2N, — 3¢ dexTuBHAs TUIOTHOCTH COCTOSIHUM B BaJICHTHOW 30HE

1 — KOHIIEHTPAaLUsl CBOOOIHBIX DJIEKTPOHOB

1o — PaBHOBECHAsl KOHIICHTPAIUsI CBOOOIHBIX 3JIEKTPOHOB

n; — COOCTBEHHAsl KOHIIEHTPAIUs JIEKTPOHOB

N, — PaBHOBECHAs! KOHIIEHTPALMs1 CBOOOIHBIX JIEKTPOHOB B TMOIYIIPOBOJHUKE 71-THUIIA
11, — PAaBHOBECHAs KOHILIEHTPALIMsl CBOOO/HBIX YIEKTPOHOB B IOJTYIIPOBOIHUKE p-THIIA
Po — PaBHOBECHAsI KOHLIEHTPALKs CBOOOIHBIX ABIPOK

P: — COOCTBEHHAsl KOHLIEHTPALUs JIbIPOK

Pn — PAaBHOBECHAsI KOHIIEHTPAIHUS CBOOOTHBIX ABIPOK B MOIYIPOBOJHHUKE /1-TUTIA
Dp — PaBHOBECHAs KOHIIEHTPALUs CBOOOIHBIX JABIPOK B MOJIYIIPOBOJHUKE p-THIIA
q.— 3aps IEKTPOHA

R — ckopocTh peKOMOMHALIMU HOCUTEIIEH 3apsa B PaBHOBECHBIX YCIOBUAX

fpac — BPEMs paccachlBaHKUs HEPABHOBECHOTO 3apsjia

An — 130bITOYHAsT KOHIICHTPAIUS IEKTPOHOB

Ap — n30BITOYHAS] KOHIICHTPAIIHS JBIPOK

AE, — 1IMpyHa 3alpPEIIEHHON 30HbI

€ — OTHOCHUTEJIbHAS AUDJIEKTPUUYECKask IPOHULIAEMOCTD

€p — JJICKTPHUUYCCKAA MMOCTOSSHHAA
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W, — IIOABU>)KHOCTH IEKTPOHOB

W, — IIOABUIKHOCTD JIBIPOK

P — YAEIBHOE DJIEKTPUUECKOE CONPOTUBIICHHUE

0 — yJleJbHas dJIEKTPUYECKas IPOBOAUMOCTD

0, — MNIEKTPOHHAs COCTABJIAIONIAsl YAECIbHON IEKTPUYECKON POBOAUMOCTH
0, — ABIPOYHAs COCTABIIAIOIIAN YAEILHON dIEKTPUIECKOM IIPOBOAUMOCTH
¢ — TeMIeparypHbIi IOTEHIUAT

¥ — DHEPIHUs JIEKTPOHHOIO CPOACTBA

Yn> Ap — XUMHYECKMU MOTEHIUAI

W — yIJioBag 4aCcToTa



[MIOCCAPUM

Aouabamuueckoe npubnudicenue — NONMyIICHUE NPU pelieHnH ypaBHeHus Llpenun-
repa Ut SJIEKTPOHOB U sJep, 00pa3yromuX KPUCTaJUl, IPEANoaraioiiee, 9YTo BajJeHT-
HBIE AJIEKTPOHBI JABMXKYTCS B 110JI€ HEMOABM)KHBIX 3apsiioB, 00pa30BaHHbBIX SApaMU aTo-
MOB M BCEMH NIEKTPOHAMH, UCKIIKOYasl BaJCHTHBIE.

AxyenmopHoiil — CBSI3aHHBIM € 3aXBaTOM JJIEKTPOHOB. AKILENTOpHAas NPUMECh —
IIpUMECh, OOYCJIOBIMBAIOIIAsl ABIPOUYHYIO 3JIEKTPONPOBOAHOCTh. AKIENTOPHBIM IOIY-
MIPOBOJHUK — IIPUMECHBINM NOJIYIPOBOIHUK € AKLENTOPHON NMPUMECHIO.

Axyenmop — NpUMECHBI aTOM MU AePEeKT KPUCTaJUIMYECKOW PEelIeTKH, CO3Jai0-
Ui B 3aIpelICHHON 30HE MOIYNPOBOAHMKA BOMU3M MOTOJIKA BaJCHTHON 30HBI SHEpre-
THYECKUN YPOBEHb, CBOOOTHBIIN OT 3JIEKTPOHA B HEBO30YKAEHHOM COCTOSHUM U CIIOCO0-
HBIM 3aXBaTUTh MIEKTPOH U3 BAJICHTHON 30HbI B BO30YX/IE€HHOM COCTOSIHUH.

Anusomunusiti 2emeponepexoo — NEKTPUIECKUN MEPexo MEXAy MOIyNPOBOAHU-
KaMH C pa3iMyHON IIUPUHON 3alpelieHHON 30Hbl U Pa3IYHbIM THUIIOM IPOBOAMUMOCTH
(p-n-rerepornepexon).

baza — obnacTh MONIyNpOBOHMKA, HECUMMETPUUHBIN p-n-niepexoja, o0iagaromas
MEHBIIEH MPOBOIUMOCTBIO.

bapvepnas emkocms — cOCTaBIAONIAS EMKOCTH JIEKTPOHHO-JIBIPOYHOTO IEpeXo/a,
OTpakaroInas rnepepacnpeieieHue 3apsa0B B 001aCTH MPOCTPAHCTBEHHOTO 3apsijia, 00y-
CJIOBJICHHOE M3MEHEHUSIMU HAIPSDKEHUS Ha MEPEXOE.

bBunonapnoviii mpanzucmop — norynpoBOTHUKOBBIN PUOOP C ABYMS WIIH HECKOIBKHU-
MU B3aMMOJICHCTBYIOIIMMU AIIEKTPUUECKUMHU p-A-TIepexoiaMu U Tpems (uiu 0osee) Bbl-
BOJIaMH, YCHJIMTEIIbHBIE CBOMCTBA KOTOPOTO OOYCIOBJICHBI SBICHUSIMH HHXKEKIIUU U KC-
TpaKLM{ HEOCHOBHBIX HOCHUTENEH 3apsijia.

Bonomemp — nomynpoBOAHUKOBBIN PUOOP, IPETHASHAYCHHBIN ISl UHIUKAIIMHA U 13-
MEPEHMS TEIUIOBOTO U3JIYUYECHUS.

Baneumuas 30Ha — BCPXHAA 3allOJIHCHHAA pa3pClICHHAsA S3HCPIreTHUYCCKas 30HaA IO0-
JIYOPOBOJAHUKOB U JUIJICKTPUKOB.

Bapukan — nonynpoBOAHUKOBBINA THOJ, TPUHLIUI pabOTHl KOTOPOTO OCHOBAH Ha MC-
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10JIb30BaHUH 3aBUCUMOCTH €MKOCTH 3JIEKTPUUYECKOTO NIEPEX0/ia OT 0OPaTHOIO HaIpsiKe-
HUA (TPEACTABISAET COOOU MEKTPUUCCKH YIPABIIEMYIO €MKOCTh).

Bapucmop — nonynpoBOAHUKOBBINA PE3UCTOP, COIIPOTUBIEHUE KOTOPOTO 3aBUCUT OT
MIPUJIOKEHHOTIO HAIPSKEHUS.

Buonocmws — oTHOLIIEHHE OIEHUBAEMOM I71a30M MOIIHOCTH M3Iy4YeHHUS K UCTHHHOMN
MOJIHOM MOIIHOCTH JIy4HCTOM 3Hepruu. OTHOIIEHHE BUIHOCTH CBETa 3aJlaHHOW M-
HbI BOJIHBI K MAaKCHMaJbHOW BUIHOCTH HA3bIBAIOT OTHOCHUTEIBHON BUIHOCTBHIO. 3aBH-
CUMOCTh OTHOCHUTEIIbHOW BHIHOCTH OT JUTUHBI BOJHBI MPEICTABISICT COOOW (DYHKIIHIO
CIEKTPaJIbHON YyBCTBUTEIHHOCTH (CHIEKTPATBHOM CBETOBOM 3(P(HEKTUBHOCTH).

Bpems srcuznu — mpoMeKyTOK BPEMEHU C MOMEHTA TeHEPAIH YaCTHUIIbI, SIBIISFOIICH-
Csl HOCHUTEIIEM 3apsizia, 10 ee PeKOMOMHAIUH.

Bpemsa c60600n020 npobeza — cpenHee BpeMs MEXAY JIBYMS IOCIIEA0BaTEIbHBIMU
aKTaMM pacCesiHUs HOCUTEIA 3apsija.

Bmopuunsiii npoboti — npo6oii GUMOISIPHOTO TPAH3UCTOPA, BBI3BAHHBIHN JIOKAIbHBIM
YBEJIMYEHUEM IUIOTHOCTH TOKA YEpE3 KOJUIEKTOPHBIN MEPEXO.

BuinpsamumensbHwiti 0uo0 — MOIYIPOBOAHUKOBBIN TNOJ, MPEAHA3HAYCHHBIN TS TIpe-
o0pa3oBaHUs MEPEMEHHOTO0 TOKAa B MOCTOSHHBINA, K OBICTPOACHCTBHIO, €MKOCTH P-n-
nepexosia ¥ CTaOUIBHOCTH MapaMeTPOB KOTOPOTO HE MPEIBSBISIOT CICHUATBHBIX Tpe-
OoBaHUI.

Buipooicoennuiil nonynpogoonux — MpUMECHBIN MOIYIPOBOIHUK, Y KOTOPOTO IpUMe-
CH, BCJIEJICTBHE 3HAUUTEIBHON KOHILIEHTPALUU, 00pa3yr0T MPUMECHBIE YHEPTeTUUECKUE
30HBI, KOTOPHIE CIIMBAIOTCS C ONMKANIINMU YHEPreTUYECKUMHU 30HAMU KPUCTAILIA, B pe-
3yJpTare 4ero oopasyercs 30HHas CTPYKTypa, OMU3Kas K 30HHOW CTPYKType METajlIoB
(mpyroe Ha3BaHME MOTYMETAILN).

I'enepayus nocumeneii 3aps0a — Mporecc 00pa30BaHUs AEKTPOHHO-IBIPOYHOM TaphI.

I'emeponepexo0 — >NEKTPUUECKHUM MEPEX0a MEXAy MOTYNPOBOIHUKAMHU C pa3iauy-
HOW IIMPUHON 3aIPEIIEHHON 30HBbI.

I panuynas wacmoma —4acToTa, Ha KOTOpOH Ko3(ULIMEHT mepenayu Toka Oazbl
OUITOJIAPHOTO TPAH3UCTOPA CTAHOBUTCS PaBHBIM €IMHHUIIE.

Juoo Illommxu — noynpoOBOJHUKOBBIM AHO/, BBIIPSIMUTEIbHBIE CBOWCTBA KOTOPO-
IO OCHOBAHBI HAa UCIOJb30BAHUH BBIIPSIMIIIFOLIETO KOHTAaKTa METAJUI-IIOIYyIPOBOIHHUK.

Huppepenyuanvruas emkocms — eMKOCTb, ONpeesieMas OTHOILICHUEM MaJIbIX MPH-
panieHui 3apsa K BbI3BABIINM MX MaJIbIM IPUPALICHUAM HANPSIKCHUS.

Hugpepenyuanvrnoe conpomusnenue — CONPOTUBIECHUEM, ONPEAEIIEMOE OTHOLIE-
HUEM MaJIbIX MPUPALEHUN HANPsKEHUs K MajbIM IPUPAILEHUSAM TOKa (IIPOU3BOAHOMN
OT HAIPSDKEHUS 110 TOKY).

Jughhy3us — nBrKEHNE HOCUTENEH 3apsiia U3-3a TPAJAHEHTa UX KOHIICHTPAI[HH.

Juggyzuonnas onuna — paccTosTHUE OT UCTOUYHUKA U30BITOUHON KOHIICHTPAIIMH HO-
CUTENeH 3aps/ia, Ha KOTOPOM M30BITOYHAS KOHIIEHTPAIMS YMEHBIIAeTCs B e = 2,72 pa3.
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Hugpghyszuonnas emkocms — COCTABISAIONIA EMKOCTH 3JIEKTPOHHO-IBIPOYHOTO TIEepe-
X0J1a, OTpaXkarolas nepepacnpeaescHue 3apsaoB B Oase.

Hugdyzuonnoe snexmpuueckoe noie — 3NEKTPUIECKOE MOJIE MEXKIY HECKOMIICHCH-
POBAaHHBIMH Pa3HOMMEHHBIMH 3apsJaMH HOHH3UPOBAHHBIX MpUMEcEH 00JacTH MpOCT-
PAHCTBEHHOTO 3apsijia p-n-Nepexoa, HalpaBlIeHHOEe OT 7-00JacTH K p-00acTu.

Hnuna c60600H020 npobeea — cpefiHee PacCTOSHHUE, KOTOPOE MPOXOAUT HOCHUTENb
3apsiga MEXIy IBYMs TOCIIEIOBATEIbHBIMUA aKTaMH paccesiHus (3a BpeMs CBOOOIHOTO
npobera).

/Jlonopnwiii — CBSI3aHHBIN € OTAAYEHN AIEKTPOHOB.

Lonopuas npumeco — npumech, 00yCIOBIMBAIOIIAS 3JICKTPOHHYIO 3JIEKTPOIPOBOI-
HOCTb. JIOHOPHBII MOTYIPOBOHUK — TMPUMECHBIN MOTYTIPOBOJHUK C JOHOPHOMU MPUMECHIO.

Jlonop — IpUMeCHBIM aToM WM ACPEKT KPUCTANIMYSCKON PEIICTKH, CO3MAFOIIHI
B 3allpPELCHHON 30HE MOJIYNpPOBOAHMKA BOJHM3M JHA 30HBI MPOBOAMMOCTH SHEpreTuye-
CKUIl YPOBEHb, 3aHATHIM B HEBO30Y)KIEHHOM COCTOSIHUM 3JIEKTPOHOM U CIOCOOHBIN OT-
JIaTh 3JEKTPOH B 30HY MPOBOAUMOCTH B BO30YKACHHOM COCTOSTHHH.

/lpetigh — HanipaBIeHHOE JABWKCHUE HOCUTENCH 3apsa MO JCUCTBHEM AJICKTpHUC-
CKOT'O TOJIS.

Hpeiigposwviii mpansucmop — OUNOISAPHBIA TPAH3UCTOP, B 0a3e KOTOPOTO BCIIEACTBUE
HEPABHOMEPHOTI'O PACIIPENEICHHsI KOHLIEHTPALUK IIPUMECEN UMEETCs BHYTPEHHEE DIIEK-
TPUYECKOE T10JIe, @ HEOCHOBHBIE HOCUTEIN 3apsi/ia IBIKYTCS B HeH B pe3yabrare Apeiida
u nuddysum, npudem Apeid Urpaet JOMUHHUPYIOLLYIO POJb.

/lvipka — BakaHcHsl (OTCYTCTBHE JICKTPOHA) B CHCTEME KOBAJICHTHBIX CBSI3€H aTroma
MOJTyTPOBOAHMKA; pacCMaTpUBAaETCs KaK 4acTHIla, aHAJIOTUYHAs JIEKTPOHY, HO C 3aps-
JIOM TIPOTHBOIIONIOKHOTO 3HAaKa. B Mozenyn sHepreTudeckux 30H AbIpKa (IBIPOYHOE CO-
CTOSIHME) — BaKaHTHOE (HE3aHATOE) COCTOSIHUE B BAJCHTHOW 30HE, BO3HHUKAIOIEE B pe-
3yJIbTaTe Mepexojia MMEKTPOHA B 30HY MPOBOJUMOCTH.

Hvipounas snexkmponpooOHocms — IEKTPOIIPOBOIHOCTh, 00YCIIOBIIEHHAs TIepeMe-
LIEHUEM JBIPOK OT OHOTO aToMa MOJyNPOBOAHMKA K Apyromy. [Ipu npipouHoit anekTpo-
MIPOBOTHOCTH B JICHCTBUTEIBLHOCTH MEPEMENIAOTCS IEKTPOHBI, HO OoJiee OrpaHUYeHO,
4YeM MpU JIEKTPOHHOU (AIIEKTPOHBI MEPEXOAAT U3 JAHHBIX aTOMOB TOJIBKO B COCEIHHE).

3axon Oelicmsyrowux macc —B HEBBIPOXKJICHHOM MOJIYIPOBOJHUKE MPOU3BEICHUE
KOHIICHTPAIHiA CBOOOIHBIX IEKTPOHOB U JBIPOK MPU TEPMOTUHAMUYESCKOM PAaBHOBECUU
€CTh TMOCTOSIHHASI BEJIMYMHA, paBHAs KBaJpaTy COOCTBEHHOW KOHIIGHTpAIlMW TIPH JIaH-
HOHM Temmeparype. 3aKOH CIpaBeUIMB KaK I COOCTBEHHBIX, TaK M JIJISI MPUMECHBIX
HOJYTIPOBOJHUKOB, TO €CTh B JIFOOOM HEBBIPOKICHHOM IOJIYIPOBOJHUKE YBEIMUYCHUE
KOHIICHTPAIIMH HOCHUTEJEH OHOTO 3HaKa MPUBOAUT K YMEHBIICHHIO KOHIIEHTPAIUUA HO-
cUTEJe MPOTUBOIOJIOKHOIO 3HAKA.

3anpewennasn snepeemuyeckas 30Ha — o0IACTb 3HAUCHWN SHEPTUH, KOTOPBIMU HE
MOTYT 00J1a/1aTh 3J€KTPOHbI B KpucTayie. Hanbosbiiee 3HaueHue UMEET 3arpelreHHas
30Ha, pa3leNsIoNIas BAJICHTHYIO 30HY M 30HY MPOBOAMMOCTH.
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3ameop — MeTaNIM4YECKUI 3JIEKTPO/I, HAHECEHHBIH Ha CJION JAUAJIEKTPUKA CTPYKTY-
PBI METaII-IUAIEKTPUK-TIOTYIIPOBOIHUK; B TIOJIEBBIX TPAH3UCTOPaX 3aTBOP — MOIYIIPO-
BOJJHMKOBAasl WJIM METaJlJIMuecKasi 001acTh, UCHONb3yeMas Ul oiaydeHus 3¢dexra Mo-
TYJSALUH 3HaYeHUs Ipei(oBOro Toka.

3ona nposooumocmu — cnenyromas 3a BaJCHTHONH 30HON CBOOOAHAs pa3pelleHHas
JHEpPreTUYECKasi 30Ha MOIYIPOBOJHUKOB. B MeTamiax BEpXHIOO YAaCTHYHO 3aIlOJIHEH-
HYIO Pa3pelIeHHYI0 HEPreTHYECKYI0 30HY Ha3bIBAIOT KAaK BAJICHTHOM 30HOM, TaK W 30-
HOW MPOBOJUMOCTH.

H3omunuwiii cemeponepexod — SIEKTPUUECKUI Mepexo MeX 1y MOIyIpPOBOJHUKAMU
C Pa3NMMYHON IIUPHUHOM 3alpelieHHON 30HbI M OJJMHAKOBBIM THIIOM IIPOBOJUMOCTH (p-p-
reTepoIepPeEXO, N-N-TeTePOIEPEXO).

Hmnynocusiii 0uo0 — noynpoBOAHUKOBBINA U0/, UMEIOIIUN Malylo JJIUTEIbHOCTh
MIEPEXOIHBIX MPOIIECCOB U MPETHAZHAYCHHBIN I pa0OThI B UMITYJIBCHBIX PEKUMaX.

Hnorcexyus — BHEIpeHHE HOCUTENEH 3apsiia uepes p-n-nepexos U3 00JacTH, Ie OHU
SBJISIFOTCS. OCHOBHBIMU, B 00JIACTh, II€ OHU SIBJISIIOTCSI HEOCHOBHBIMH, 3a CUET CHHXKEHUS
MOTEHIIMAIBHOTO Oapbepa.

Ungppaxpacuwiii uznyuarowuii 0uoo — NoJTyNpOBOTHUKOBBIN JHOMA, MPEIHA3HAUCH-
HBIN 17151 Ipeo0pa30BaHUs AIEKTPUIECKON SHEPTHH B SHEPTUI0 HEKOT'€PEHTHOTO H3ITyde-
HUs UH(pakpacHON 00JaCTH CHEKTpA.

Hcmok — B TIONEBBIX TPaH3UCTOpaX CUIIbHOJIETUPOBaHHAS MMOJYIPOBOJHUKOBAs 00-
JacTh, B HallPaBJIEHUU OT KOTOPOM MPOUCXOAMT JApeil) OCHOBHBIX HOCHUTENEH 3apsna;
OMHYECKHUM KOHTAKTOM CBA3aHA C OJHOMMEHHBIM 3JIEKTPOIOM TPAH3HCTOPA.

Kanan — B nosneBbIX TpaH3ucTOpax 001acTh, B KOTOPOH ocylecTBiseTcs Apeild oc-
HOBHBIX HOCHUTEJCH 3apsiia U MOAYJALMS 3HAUeHUs ApeiigoBoro Toka; B GonbmimHcTBE
CTPYKTYp TOJIEBBIX TPAH3UCTOPOB MPENICTABIsAET COOOM TOHKUM CIIOH, pacloNOKEHHbBIN
A100 HENOCPEACTBEHHO Y IOBEPXHOCTH MOJUIOKKH, JINOO HA HEKOTOPOM PACCTOSIHUU OT
MIOBEPXHOCTH U MAapajlIEIbHO TOBEPXHOCTH.

Keanmoswiii 6b1x00 — OTHOLIEHHE YKCIa U3ITYYEHHBIX (POTOHOB K YHUCIYy PEKOMOU-
HUPOBABIIMX [ap HOCUTENEH 3apsaaa NOJyIpPOBOJAHUKOBOTO U3TydaTens. XapakTepu3yeT
SHepreTuyecKyro 3(ppekTuBHOCTD n3Mydarens. BHyTpeHHUI KBaHTOBBIN BBIXOJ ONpesie-
asieT 3(p(HEKTUBHOCTh M3IYUYEHMsI HEIOCPEJACTBEHHO B pP-N-NIEPEXO/E, a BHEIIHUN — Ha
MOBEPXHOCTH KPUCTAJUIA MOIYIPOBOIHHUKA.

Keanmosas Sde)eKMVGHOCMb ceHepayuu — OTHOMICHUEC YUCJIa T'CHECPHUPYEMBIX IIap
HOCHUTEJCH 3apsdaia K YUCIIy IMOITIOIICHHBIX (bOTOHOB B (bOTOSHeKTpI/I‘ICCKI/IX IMPUECMHHKaX
H3JTy4YCHUS.

Konnexmop — obnacte OUIIOISIPHOTO TPAH3UCTOPA, OCHOBHBIM Ha3HAYEHUEM KOTO-
PO ABISIETCSA SKCTPAKLMS HOCUTENEH 3apsaa u3 06asbl.

Konmaxm memann-nonynposoonux — NepexXoiHbI CION MEXIy METAUIOM U IOJIy-
IIPOBOJIHUKOM, B KOTOPOM CYILECTBYET KOHTAKTHOE 3JIEKTpUUYECKOe 1oJe; apisercs Yact-
HBIM CIIy4aeM reteporepexoja (mepexo] MeTasll-odyPOBOIHUK).



238 Moccapun

Koumaxmmnas pasrHocmsb nomeHyualose — pasHoCTb NOTCHIMAJIOB B COCTOSIHUU TCP-
MOAWHaAMHUYCCKOIO paBHOBECUA MEKIAY O6J'IaCT${MI/I, OpujcCraromuMn K METaJllyprudc-
CKOI IrpaHUIC JJICKTPUYICCKOIO IECPEXo[d, XapaKTCPU3YCT KOHTAKTHOC SHGKTqueCKOﬁ
II0JIC.

Kosgppuyuenm ougpyzuu — xkod3pUnueHT npornopiruoHaIbHOCTH MEXTy 3HAUYCHHU-
€M IMOTOKa YacTull npu 1uddy3un U 3HAYCHUEM TpaIMeHTa WX KOHIIEHTPALIUH.

Kospgpuyuenm umndicexkyuu — OTHOIICHHE TOKAa HWHXEKIUM HOCHTENEH 3apsaa u3
SMHUTTEpa B 0a3zy K MOJHOMY TOKY 3MHUTTepa OumosspHoro tpansucropa. duddepen-
IUATBHBINA KOA(MOUIMEHT HHKEKIMH OTPENIENIIETCsl OTHOLIICHUEM NMPUPAIICHUS TOKA HO-
CHUTeJeH 3apsaa, MHKEKTUPOBAHHBIX U3 AMHUTTEpPA B 0a3y, K MPUPAIIECHUIO TIOJTHOTO TOKA
SMHUTTEPA MPH MTOCTOSHHOM HANPSHKEHUN Ha KOJUIEKTOPHOM IEpexoie.

Kosghdpuyuenm nasunnoco pazmmoosicenus — KOTUIECTBEHHAS XapaKTEPUCTHKA TIPO-
1ecca JJABUHHOTO Pa3MHOXKEHHUs HOCUTEJCH 3apsjia; MpeiCTaBiIseT cOOOW OTHOIICHUE
TOKa, 00Pa30BaHHOTO HOCUTEISAMH 3apsijia, BBIXOMSIIMMH U3 OOCTHEHHOTO CJIOS JJIeK-
TPUUYECKOTO Tepexofa, K TOKY, 0OYCIOBICHHOMY HOCHUTEISIMU 3apsifa TOTO K€ 3HaKa,
BXOSIIIUMU B OO€IEHHBIN CIION.

Koagppuyuenm nacviuyenus — ornomenne HakTHUECKOro TOKa 0a3bl HACBHIIIIEHHOTO
OUITONISIPHOTO TPAH3HUCTOPA K TOKY 0a3bl HAa TPaHUIIEC PEKUMa HACHIIICHUS.

Kosgpgpuyuenm nepedauu moka smummepa — OTHOILICHUE TOKA KOJUIEKTOpa OHIIO-
JSIPHOTO TPAH3UCTOPA K TOKY SMUTTEpa; AuddepeHnnanbabiii kodhUIHESHT nepenadn
TOKa SMUTTEPA - OTHOIICHUE MIPUPALICHHS TOKA KOJUIEKTOPa K BBI3BABIIEMY €T0 IpHUpa-
ICHHUIO TOKA SMHUTTEpa MPH MOCTOSTHHOM HAIPSHKEHUH HA KOJJIEKTOPHOM IIepexofie.

Kosgpgpuyuenm nepedauu moka 6a3pt — OTHOIIIEHUE TOKA KOJUIEKTOpA OUIIOISIPHOTO
TPaH3UCTOPA K TOKY 0a3bl; auddepeHImanbHblii KodhGHUIHEHT nepenaun Toka 0a3pl —
OTHOIIICHUE NPUPALICHUS TOKA KOJUIEKTOPA K BHI3BABILIEMY €TI0 IPUPALICHUIO TOKa 0a3bl
P TIOCTOSTHHOM HANPSDKEHUH Ha KOJUIEKTOPHOM TIEPEXOJIe.

Koaghdpuyuenm nepenoca — oTHOIIEHNE TOKa HOCUTEINEH 3apsia, MHKEKTHPOBAHHbIX
B 0a3y M JOCTHUTIINX KOJJICKTOPHOTO MEpPexoia, K TOKY MHXXEKLUU U3 HIMHUTTEpa B Oasy.
Judpdepenunanbablii k03(GGUIMEHT NepeHoca ONpeAesseTcss OTHOIIEHUEM Ipupallie-
HUSl TOKa HOCHUTENEH 3aps]ia, MHKEKTUPOBAHHBIX B 0a3y M JOCTUTIIUX KOJIJIEKTOPHOIO
nepexoza, K NPUPALICHUI0 TOKa MHXKEKIUM M3 SMHUTTEpa B 0a3zy IpU MOCTOSHHOM Ha-
NPsOKEHUH HA KOJUIEKTOPHOM IIepexo/ie.

Kosgppuyuenm ycunenus no nanpsascenuio — OTHOIICHUE MaJOrO MPHUpAIICHUs Ha-
MIPSKEHUST MEXKIYy CTOKOM M MCTOKOM K MaJOMy IMPUPALIEHUIO HAIPSIKEHUS MEXIY 3a-
TBOPOM U UCTOKOM ITOJIEBOTO TPAH3UCTOPA IPU NOCTOSIHHOM TOKE CTOKA.

Kpumuueckasn nanpsoicennocms — HaIIPSHKEHHOCTD JIEKTPUYECKOTO OIS, IIPU KO-
TOPO# ApeiidoBasi COCTABIAIONIAs OJTHOM CpelHEel CKOPOCTH HOCHUTENEH 3apsijia CTaHo-
BUTCSI CPAaBHUMOM C TEIUIOBOM COCTAaBIISIOIICH.

prmM3Ha—OTHOLLI€HI/IC MaJIoro npupamcHud TOKa CTOKa IOJICBOr0 TpaH3UCTOpa
K MaJIOMY IIPpUPALICHUIO HAIIPSIKCHUA MEXKIY 3aTBOPOM M UCTOKOM IIPHU IMMOCTOAHHOM Ha-
MPsSXKCHUU MEXIY CTOKOM U HCTOKOM (MaJ'IOCI/IFHaJ'IBHaSI nepeaarouyHas HpOBO)II/IMOCTI)).
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Jlasunmuwiii npo6oti — npoOO IIEKTPOHHO-ABIPOYHOTO TEpexoa, 00yCIOBICHHBIN
JJABUHHBIM Pa3MHOXKXCHUCM HOCHUTENEH 3apsga nNyTeM ynapHoﬁ HOHU3aIlMHU aTOMOB IIO-
JYTIPOBOJIHUKA IO/ IEUCTBUEM CHUIIBHOTO JIEKTPUUYECKOTO MOJIS.

Maenumopesucmusnwiii 3¢pghekm — d3PPEKT U3MEHEHUS IMEKTPHUUESCKOTO COTIPOTUB-
JICHUS TIOJYTIPOBOJIHMKA TO]] JielicTBUEM MarHUTHOTO mojisi (3ddekr I"aycca).

MJ[II-cmpykmypa — CTPYKTypa METAIUT-IUSIEKTPUK-TIOITYIPOBOIHUK; MHOTOCIOMN-
Hasg CTPYKTypa, conaepxKalllas MOHOKPUCTA/UIMYECKYIO IUIACTUHY IIOJYIPOBOJHHUKA
C OMMYECKHM KOHTAaKTOM, Ha CBOOOJHYIO IJIaHAPHYIO IOBEPXHOCTh KOTOPOW HaHECEH
TOHKHU CJION TUIEKTPHUKA, TOKPBITBI METAIIIMYECKAM JJIEKTPOJIOM; MPEACTABIISIET CO-
00l HeTMHEWHbIN KOHJIEHCaTOp; sBNIsIeTCA 0CHOBOM noctpoenus M/III-Tpan3uctopos.

MJII-mpan3zucmop — TpaH3UCTOP TUIIA METAII-AUIIEKTPUK-TIOITYITPOBOAHUK; ITOJIE-
BOW TPaH3UCTOP, 3aTBOP KOTOPOTO AIEKTPUUYECKH M30JIMPOBAH OT MPOBOMAIIETO KaHaja
JUAJIEKTPUUECKUM CJI0EM, a MOAYJSALM MPOBOAMMOCTH KaHaja oOyCIIOBJICHA M3MEHe-
HUEM KOHIICHTpallMW HOCHUTEJEH 3apsana 3a cueT »(dekra moyus B CTPYKType MeTajll-
JUBJIEKTPUK-TIOTYIPOBOIHUK.

Mooenv snepeemuueckux 30m —MOJENb, KOTOpas Oa3upyeTcss Ha 30HHOI TeopuH
TBEPJIOTO Te€Ja, OCHOBAHHON Ha NMPUMEHEHUHU amnmapara KBaHTOBOM MEXaHMKHU K OIH-
CaHMIO TOBE/ICHUS AIEKTPOHOB B TBEP/BIX KPUCTAUIMYECKUX Tellax.

Mooynayua monwunsl 6azvl — u3menenne 3pHEKTUBHON TONIIUHBI 06a3bI, 00yCIIOB-
JICHHOE M3MCHEHHEM TOKOB W HAIPSIKCHUI OMITOJSIPHOTO TPAH3HCTOPA.

MOOyJZ}nﬂl}Z ONUHbL KaHAAd — U3MEHEHNE JJIMHBI KaHaJla IMOJICBOT'O TPAH3UCTOPA IO/
JeUCTBUEM HaIIpsOKCHUA MCXKAY CTOKOM M HCTOKOM.

Hanp}lofceHue omcedKuy — HaIlIPAKCHUC MCIKIY 3aTBOPOM M MCTOKOM ITIOJICBOT'O TpaH-
3UCTOPA, IIPU KOTOPOM HPOUCXOAUT NECPEKPBITUC TOKOIIPOBOJALICTO KaHaia.

Hanpsioicenue cnpsamienusi snepeemudeckux 301 — HamnpsikeHue Ha 3atBope MJIII-
CTPYKTYPBI, P KOTOPOM MPOUCXOAUT KOMIICHCAIHS U3rnda SHEPTeTUIECKUX 30H, 00Y-
CJIOBJIEHHOTO MOBEPXHOCTHBIMU COCTOSIHUSIMH, 3apsilaMy B JUANIEKTPUKE U KOHTAKTHOMN
Pa3HOCTBIO ITOTEHIUAJIOB.

Hauanvuwiii mok — 3naueHne Toka Mpu oOpaTHOM HANpPsHDKCHHH HA KAKOM-JTHOO Tie-
pexozie OUIOIIPHOTO TPAH3UCTOPA MPH YCIOBHH, YTO HANPSDKEHUE Ha JAPYTOM MEpexojie
PaBHO HYIIIO.

Hauanvneiii mok cmoka — 3Ha4€HUE TOKA CTOKA IOJIEBBIX TPAH3UCTOPOB C YIIPaBJIs-
omuM nepexonoM U MIII-TpaH3UCTOPOB €O BCTPOEHHBIM KaHAJIOM IIPU HANPSKEHUU
MEKy 3aTBOPOM M UCTOKOM, PAaBHOM HYJIIO.

Ob6eonennwiii cnoti — o0NaCTh C MOHMWKEHHOW KOHIIEHTpAIMei MOIBUKHBIX HOCUTE-
nel 3apsaa, obaanaromas OOJbIIMM CONPOTUBICHUEM.

Obpawennsiti Ou00 — IUOJ HA OCHOBE MOJYNPOBOJHHUKA C KPUTUYECKOM KOHIICH-
Tpauuei mpuMecei, B KOTOPOM IPOBOTUMOCTE TIPHU 0OPaTHOM HANPSKEHUH BCIIECACTBUE
TYHHEJBHOTO 3¢ (eKTa 3HaYUTENbHO O0JbIIe, YeM IPU MPSIMOM HaMpsKEHUH.
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Obracmev npocmpancmeeHH020 3apsadd — 00IacTh C TOHIKEHHON KOHIIEHTpaIuen
MTOJIBMKHBIX HOCHTEJICH 3apsjia, couepikamias HeCKOMIICHCUPOBAHHBIC HOHBI IIPUMECH.

Obpammubiti MoK — TOK Yepe3 ANEKTPOHHO-IBIPOUHBIN EPEX0/l, 00yCIOBIEHHBIN JKC-
TpakIuenl HOCUTENEH 3apsa.

Omuyveckuil KOHMAaKm — KOHTAKT, JJIsI KOTOpPOIO B OIPCACIICHHBLIX JUalla3OoHax H3-
MCHCHHA TOKOB U HaHpH)KeHI/Iﬁ BBIITOJIHAETCA 3akoH OMa.

OnmoanekmponHas napa — ONTOIEKTPOHHBIM MOTYNPOBOAHUKOBBINA MPHOOp, CO-
CTOSIIIMIA M3 M3ITydYaromero u (oTOmprueMHOTO 3JIEMEHTOB, MEXAY KOTOPHIMH UMEETCS
ONTUYECKAsl CBSA3b U 00ECIeUeHA dIEKTPUUYECKast H30JAIMs (OnTomapa, OnTPOH).

Onmosnekmponubill NOIYNPOBOOHUKOBbIU NPUOOP — TIOTYTIPOBOJHUKOBBINA TPUOOD,
YYBCTBUTEJIbHBIN K JIEKTPOMArHUTHOMY M3JIy4E€HHIO B ONTHYECKOM JHara3oHe CIEKTPa,
WM U3TYYarolMi 3JI€KTPOMarHuTHYIO SHEPTHIO B TOM e JAMAaIa30He, WIA HCIIOJIb3YIo-
LU 3JIEKTPOMArHUTHOE U3Ty4YeHHE AJIsi CBoel paboTHhI.

Ilepexoo [llommku — NepexoIHbIA CIIOM MeXay METaUIOM U MOJYIPOBOIHUKOM,
B KOTOPOM CYIIECTBYET KOHTAKTHOE IEKTPUUECKOE MOJIE.

Tloosusicnocmv — K03(PPUITUEHT TPOMOPITMOHAIIBHOCTA MEXY CKOPOCTBIO apeiida
HOCHUTEIIEH 3apsijia U HANPSHKEHHOCTHIO AJIEKTPHYECKOTO TIOJIS.

I1o0n0o1cka — MOMYNPOBOTHUKOBAsE MACCHUBHAs MOHOKPHUCTAJUIMYECKYIO TIACTHHY,
COCTaBIISAOIIAsT KOHCTPYKTUBHYIO OCHOBY M/III-cTpyKTYp ¥ MOJEBBIX TPAH3UCTOPOB.

Ilonesoti mpansucmop — aKTUBHBIA TMOTYIPOBOIHUKOBBIN MPHOOP, B KOTOPOM HC-
noNbB3yI0TCs dQdeKT aperiha OCHOBHBIX HOCHTENEH Yepe3 MPOBOASIINI KaHa MO JAei-
CTBUEM TIPOJIOJILHOTO AIEKTPUYECKOTO TOIS M 3PPEeKT MOomyIsauuu ApeidoBOro Toka
MOTICPEYHBIM JIEKTPHUSCKUM TIOJIEM.

Ilonesou mpansucmop ¢ ynpagisaiowum nepexooom — IoJIEBON TPaH3UCTOP, MOIY-
TSI TIPOBOIMMOCTH KaHaJIa KOTOPOTO MPOUCXOIUT 32 CYET U3MEHEHHUS TOJIIHUHBI CII0S
00BEMHOT0 3aps/ia BBITPSIMIIAIONIETO IEKTPUUYECKOTO Mepexoa, CMEIIEHHOro B o0par-
HOM HArpaBJICHUU.

Ilonesoii mpauzucmop ¢ U301UPOBAHHBIM 3AMBOPOM — TIOJEBON TPAH3UCTOP, 3aTBOP
KOTOPOT'O IEKTPUYECKH U30JIMPOBAH OT MPOBOJIAIIETO KaHaIa AUIIEKTPUUECKUM CI0EM,
a MOAyJaug MpOBOAUMOCTH KaHaJIa O6YCJIOBJICH3. HN3MCHCHUCM KOHIICHTPAIUU HOCUTC-
ne 3apsiia 3a cuer 3pdexTa nojs B CTPYKTYpe METaIlI-IUIEKTPUK-TIOTYTPOBOIHUK.

Ilonynpoeoonuk — MAPOKHIA KIIACC BEUIECTB, XaPAKTEPU3YIOIIUXCS P KOMHATHON
TEMIIEpAaType 3HAYEHHSIMH YAEILHOM DIEKTPUYECKOM IPOBOAUMOCTU B MpEHEIax OT
(10712 —1071%) Cm-cm™! mo (10* —10°) Cm-cm™!, obGnamaromux BEICOKON YyBCTBHTEIb-
HOCTBIO DJIEKTPONPOBOIHOCTH K BHEIIHMM JHEPIETUUECKUM BO3IEHCTBUAM (TEMIepary-
pe, DIEKTPUYECKOMY TIOJII0, CBETY, MMOTOKAM OBICTPBIX YAaCTHI[ U JP.), & TAKKE K COIEp-
JKaHMIO IPUMeECEH U 1e(DEKTOB B KpUCTAILIAX.

Ilonynposoonukosulil 0uo0 — 3MEKTPOIpeoOpazoBaTeIbHBIA TPUOOP, KOTOPBIMA, Kak
MIPABHUIIO, COACPIKHUT OJIMH I HECKOJBKO IEKTPUICCKUX TIEPEXOI0B M JBA BHIBOIA IS
TTOJIKJTIOYCHUS K BHEIITHEH IICTIH.
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Ilopozosoe nanpsicenue — HanpsikeHue Ha 3arBope MII-CTpyKTypel, Ipu KOTOpOM
B IPUIIOBEPXHOCTHOI 00JacTH MOJMYNPOBOAHUKA 00pa3yeTcss MHBEPCHBIM CIOH (TOKO-
HPOBOASALIMH KaHa).

IIpedenvras yacmoma —4acToTa, Ha KOTOPOH aMIUIMTYyJa T'apMOHUYECKOTO TOKa
KOJUIEKTOpa B 2 pa3 MEHbIIE, YeM aMIUIMTyJa FapPMOHUYECKOro ToKa 0a3bl (Ipeielnb-
Has yacToTa Ko UIMeHTa epeadyn ToKa 0a3bl) WIM TaApMOHUYECKOTO TOKAa SMUTTEpa
(npenenpHas yactoTa K03 dULMEeHTa epeJadyd ToKa IMUTTEPA).

Ipumecnwiti nonynposoOHuK — NOTYNPOBOAHUKH, JIEKTPUYECKUE XapAKTEPUCTHKU
KOTOPBIX OMPENETSIOTCS TPUMECIMH.

Ilpumecnasn snekmponpo8ooHOCmb — SIEKTPOINPOBOTHOCTD MOIYIPOBOIHUKA, 00Y-
CJIOBJICHHAs BHEJIPEHHEM TpUMECEH.

IIpo6oii — pe3koe Bo3pacTaHre 0OPaTHOTO TOKa uepe3 mepexo/l B 001acTu 0OpaTHBIX
HaNPsHKCHHH, MPEBBIMIAIONINX OMPEIEICHHOE KPUTHIECKOE 3HAYCHNE.

IIpoxon 6a3vl — ABIEHUE CMBIKAHUS TEPEXOJ0B OUMOISIPHOTO TpaH3UCTOpa, 00y-
cioBieHHOE 3 dexkroM Dpiau mpu I0CTATOUHO OONBIIMX OOPATHBIX HANpPSDKEHUSIX Ha
KOJUJIEKTOPHOM TIEpPEXOIE.

Pesicum omceuku — pexxum paboThl OUIOISIPHOTO TPAH3UCTOPA MPU OOPATHBIX HA-
MPSDKEHUSAX HA SMUTTEPHOM U KOJIJIEKTOPHOM IEePEeXOAax.

Peoicum nacviujenus — pexxuM paboThl OUITOISIPHOTO TPaH3UCTOpA MPH NPSMBIX Ha-
NPSOKCHUAX Ha SMUTTEPHOM M KOJIJIEKTOPHOM Iepexojiax.

P€KOM6MHGL;M}Z — IIPOLECC BOCCTAHOBJICHUS PA30PBAHHBIX KOBAJICHTHBIX CBH3€I>1, KO-
TOpLIf/'I COIIPOBOXKAACTCA UCUC3HOBCHHUEM I1apPbl HOCHUTeIeH 3apsaaa 3JICKTPOH-AbIPKA.

Csemousnyuarowuti 0uo0 — NOITYIPOBOIHUKOBBIN 1O, IPEAHA3HAYCHHBIH 115 TIpe-
00pa3oBaHMs IMEKTPHUUECKON SHEPTHU B SHEPTUIO HEKOTEPEHTHOTO CBETOBOT'O M3ITy4YEHHSI.

Ckopocmw 2enepayuu — 4UCI0 CBOOOAHBIX HOCUTENEH 3apsa, BO30yKIaeMbIX B €11-
HUYHOM 00BbEME MOIYNPOBOIHUKA 32 €AMHUILY BPEMEHH.

Ckopocmub pexombunayuy — 4UCI0 HOCUTENEH 3apsna, peKOMOMHHUPYIOUIUX B €IU-
HUYHOM 00BbeMe MOIYMPOBOIHUKA 32 €AMHUILY BPEMEHH.

Cobcmeennas  21eKmponpo8oOHOCHb — SIEKTPOIPOBOJHOCTh  MOJIYIPOBOIHUKA,
00ycCJIOBNIEHHAs] MMAPHBIMU HOCUTEISIMH 3apsifa (dIEKTPOHAMU M JBIPKaMH) TEIJIOBOTO
MIPOUCXOMKICHHUSL.

Cobcmeennblil nonrynpo8oOHuK — MOIYIPOBOIHUK, HE COACPIKALIMNA TpUMecei 1 00-
Jaaoluil COOCTBEHHON 3JEKTPONPOBOJHOCTHIO.

Csemosas xapakmepucmuka — 3aBUCUMOCTb (1)OTOTOKa OT CBCTOBOI'O ITIOTOKA.

Cmabunumpon — NoTyNPOBOAHUKOBBIA THOJBI, JUIsl KOTOPOIO XapakTepHa cialas
3aBUCHMOCTb HAIPsDKEHUS! OT TOKA B OOJIACTH 3JIEKTPUUYECKOro MpoOosi mpu 0OpaTHOM
CMEILCHUN.
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Cmox — B TIOJIEBBIX TPAH3UCTOPAX CHJIBHOJIETMPOBAHHAS MOJIYIPOBOJHUKOBas 00-
JacTh, B HAaIPaBIEHUH K KOTOPOM MPOUCXOAUT Apeid OCHOBHBIX HOCHUTENEH 3apsna;
OMUYECKHUM KOHTAKTOM CBf3aHa C OJHOMMEHHBIM 3JIEKTPOAOM TPAH3UCTOPA.

Temmnosoti mox — TOK (bOTOSJ'IeKTpI/ILIeCKOFO INpUEMHUKA B OTCYTCTBHU OCBCIUICHUA.

Temnepamypa yoeoenus — NpUpPALICHUE TEMIEPaTypbl, BbI3bIBAIOILIEE H3MEHEHHUE
TEIUIOBOTO TOKA 3JIEKTPOHHO-IBIPOYHOTO Mepexoia B JiBa pasa.

Teopmoounamuyeckas paboma 6bix00a — MUHUMAIIbHASL SHEPTUS, HEOOXOAUMAs JUIs
nepeBo/ia IEKTPOHA B BaKyyM C SHEpreTudeckoro ypoBHs depmu.

Tepmosﬂekmpounaﬂ amuccusl — SIBJICHUEC BbIXOA 3JICKTPOHOB U3 TBEPAOI'O TCJIa B Ba-
KYYM 3a CUCT TEILIOBOM OQHCPIrun KpHCT&J’IJ’IH‘-ICCKOfI PCUICTKU.

Tennosoti npoboti — poOoH, 00yCIOBICHHBIN Pa30rPEBOM p-n-TIEPEX0/ia BCIACACTBUE
BBIJICJICHUSI TEIUIOTHI MPU MPOTEKAHUU 0OPATHOTO TOKA, KOT/Ia OTCYTCTBYET JOCTATOYHBII
TEIUIOOTBOI, 00ECIIeUNBAIOIINN YCTOHYHBOCT TEIJIOBOTO PEKUMA.

Tennoeoii moxk —TOK, 0OyCJIOBJICHHBIA TEIJIOBON TeHepalreld HEOCHOBHBIX HOCH-
TeJNeH 3apsiia B HEUTPAJIBHBIX p- U n-00JIACTAX, MPUIIETAIONINX K 00EJHEHHOMY CIIOH
p-n-nepexona.

Tupucmop — noaynpOBOAHUKOBEIM IPUOOP C TpeMs U Ooliee p-n-nepexoaMu, BOJIbT-
aMIepHasl XapaKTepUCTHKa KOTOPOTO MMEET Y4acTOK C OTPHULATENIbHBIM AU QepeHiu-
aJIbHBIM COIPOTHUBIICHUEM.

Tox Hacvluenuss — TOK MOTYNPOBOAHUKOBOIO Ipubopa, 3HaYeHHE KOTOpPOro ciabo
3aBHCHUT OT HAPSKEHHUS.

TynnenvHolil 0U00 — TOIYIPOBOJHUKOBBIM THOJ C BOJBTAMIIEPHON XapaKTEpUCTH-
KOH n-THMa, NPUHIMI AEHCTBHSI KOTOPOrO OCHOBAaH Ha 3 (GeKTe TYHHEIbHOIO IPOXOXKIe-
HUSI HOCHUTEINEH 3apsiia uepe3 NOTEeHIHUATIbHBIN O0apbep p-n-nepexoja ¢ BhIPOXKIECHHBIMU
p- 1 n-00JacTsIMHU.

Tynuenvhulii npo6ou — NpoOOH IMEKTPOHHO-ABIPOYHOTO Mepexoa, 00yCIOBICHHBIN
TYHHEJIBHBIM 3((PEKTOM — MePexoa0M 3IEKTPOHOB CKBO3b Y3KHIl MMOTEHIMAIBHBIN Oa-
prep 0e3 M3MEHEHHUS YHEPTHUH.

VYpasnenue nenpepvignocmu — QyHnaMeHTanbHOE ypaBHEHUE (DU3HUKH TTOITYTIPOBOI-
HUKOB; TU(PEpeHIINATBHOS YPABHCHHE B YaCTHBIX IPOU3BOJHBIX, KOTOPOE CBS3BIBACT
W3MEHEHHUs] KOHIICHTpAIUi CBOOOIHBIX HOCUTENCH 3apsiaa B MOJIYIPOBOJHHUKE C MX Te-
Hepanuel, pekoMOnHanuen, 1peiidoBbIM U TU(PPY3HNOHHBIM TBHIKCHHUEM.

Yposenwv unoicexyuu — oTHONIEHNE KOHIICHTPAIMA WHXCKTUPOBAHHBIX B 0a3y Heoc-
HOBHBIX HOCHTEJICH 3apsa K paBHOBECHOM KOHIIEHTPAIIMU OCHOBHBIX HOCUTEIICH 3apsiia
B Oaze.

Ypoeenv @epmu — >HepreTuueckuil ypoBeHb, COOTBETCTBYIOIIUN MAKCUMAJILHO BO3-
MOKHOM 3HEPruu IEKTPOHOB IPU TEMIIEpAType aOCOJIIOTHOTO HYJIS; MPH JIF00OH TeM-
neparype, OTIMYHON OT TeMIIEpaTypbl a0CONIIOTHOIO Hyis, ypoBeHb DepMH 3amoIHEH
HaIlOJIOBUHY.
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Domopezucmusubvili 3¢hghexm — U3MEHEHHE AIEKTPUYECKOTO CONPOTUBICHUS IOITY-
MIPOBOAHUKA, 00YCIIOBIEHHOE JEHCTBUEM ONTHYECKOrO U3ITy4YEHUs.

Domoeanveanuveckuii s¢pgpexm — siBneHne Bo3HUKHOBeHUs (oto-IJ[C 3a cuer pas-
JIeJIEHUs] HOCUTEJEeH 3apsija, BO3ZHUKAIOLIUX O] JEHCTBUEM ONTHYECKOTO H3JIydEHU,
ANIEKTPUYECKUM IOJIEM BBIIPSIMIISIONIETO 3JIEKTPUUECKOTO Mepexoa.

Hlupuna 3anpewyennoul 30Hbl — pa3HUIA SHEPTUI JIHA 30HBI MPOBOJUMOCTH H IIO-
TOJIKQ BAJIEHTHOM 30HBI.

Dxempakyusa — NPoLeCC 3aXBaTa IEKTPUUECKUM IIOJIEM P-N-NIEPEX0Ia HEOCHOBHBIX
HOCHTEJEH 3apsiia U epeHoca X Ipu oOpaTHOM HaNpsKEHUH Yepe3 Mepexo]] B 00J1acTh
C MIPOTUBOIIOJIOKHBIM THIIOM JIEKTPOIIPOBOAHOCTH.

Omummep — BBICOKOJIETHPOBAaHHAs 00JIACTh MOJYIPOBOJHUKOBOTO IPUOOPA, OCHOB-
HBIM Ha3HaUYE€HUEM KOTOPOH SABIIAECTCS MHKEKLHS U3 HEE OCHOBHBIX HOCUTEIICH 3apsija.

Onexmpuueckutl nepexo0d — NEPEXOIHBIA CIOW MEXIy OONacTSIMH TBEPAOTo Teia
C Pa3IMYHBIMU THIIAMU WU 3HAYCHUSIMH TPOBOIMMOCTH.

OnexmpouHasn 31eKmponposoOHOCMb — JIEKTPOIIPOBOIHOCTh, 00YCIIOBIEHHAs JABH-
KEHHEM CBOOOHBIX AJIEKTPOHOB.

OnexmponHo-0bIpOUHbIL Nepexo0 — NEKTPUUECKUHN MePexol MEXTy 00IacTsIMU TI0-
JYTIPOBOJIHUKA C 3JIEKTPONPOBOAHOCTHIO p- U N-TUIIOB, B KOTOPOM CyHIECTBYeT Tuddy-
3HOHHOE AJIEKTPUUECKOE TI0JI€ U COXPAHSAETCS MOHOKPUCTAIIMYECKAsl CTPYKTypa MOJy-
MIPOBOJHUKA.

3§bcj9el<mueﬂaﬂ mMacca — SKBUBAJICHTHAA MaCCa HOCUTCIIA 3apAaaad, XapaKTCpUu3yronias
€ro ABMKCHHUEC B IIOTCHIIMAJIBHOM II0JIC KpHCTB.HJ'IH‘lGCKOfI PCIICTKU.

Opgexmuenas konyenmpayus — pazHOCTh KOHIIEHTPALMI JOHOPHON M akUenTop-
HOHM mpuMeceil.

O¢pgexm [llommru —>3pPEeKT MOHMKEHUS BBICOTHI MOTCHIMAIBHOTO Oaphepa Ha
KOHTAKTE METaJLI-TIOYIIPOBOIHUK O] BIUSHUEM CHIILHOTO JJICKTPHYSCKOTO TOJIS M CHJI
3epPKaJIbHOTO N300paKCHHUSI.

Dpghexm Opnu—>ddext Moxynsuuu TONMMUHBI 0a3bl MO JICUCTBUEM 3JICKTpUYC-
CKOTO TIOJISI KOJUIEKTOPHOTO TIepexo/a.



Y4yebHoe u3nanue

JlerocraeB Huxonaii CrenmaHoBuy
YerBeproB Koncrantun BragumupoBuy

TBEPJIOTEJIbHA S DJIEKTPOHUKA
YyebHoe nocobue

Koppexrop OcunosaE. A.
Komnerorepnast Bepctka Ilepmunosa M. 1O.
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