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Beenenue
Ilenb  paboThl — HCCIEIOBAaHME  CTAaTUYECKUX  BOJIBT-aMIIEPHBIX  XapPaKTEPUCTUK
HOJIYHpOBOI[HI/IKOBBIX JUOO0B, OLICHKAa CTAaTHYCCKUX HapaMeTpOB HOJIYHpOBOI[HI/IKOBBIX JOINO0O0B

IIpu IMpsAMOM H O6paTHOM BKJIIOYCHHH,; U3YYCHHUEC BCHTUJIIbHBIX CBOICTB JUOA0B.

1. O01uMe moJ10KeHus

1.1 Pa3HOBHAHOCTH MOJIYIIPOBOAHUKOBBIX 1HO10B

B coBpeMeHHON paaMO3IEKTPOHHOM ammaparype IOJIYNPOBOJHUKOBBIE JHOABI —
JIBYXJIEKTPO/IHbIE OJIHONEPEXOHBIE IMOIYIPOBOJHUKOBBIE HMPUOOPBI, KOTOPHIE MPUMEHSIOTCS
HIMPOKO I CaMbIX Pa3IUuYHBbIX Lened. [l ynoBneTrBopeHHsl TpeOOBaHUM, HMpPEdbsABISEMbIX
pa3paboTUMKaMM  PaJMO’IEKTPOHHON  ammaparypbl K  IOJIYIPOBOJHHUKOBBIM  JUOJaM,
OTCUCCTBCHHAA IPOMBINIJICHHOCTL BBIITYCKACT: BBINPAMUTCIBHLBIC OHUO/BI; CTa6I/IJII/ITp0HBI;
UMITYJIbCHBIC JMOJIbl; BapHUKalbl; CMECHUTENbHbIE IUOJbl; CBETOAMOIBI; (HOTOIMOIBI; JHOJBI
HlorTku; auonsl I'aHHAa W Jpyrue THUIIBI JUOAOB. YCIOBHbIE Tpaduyeckue 0003HaYEHHUs

HEKOTOPBIX TUIIOB JUOAOB IIpUBeIEHbI Ha puc. 1.1.

Apon Katon / /'r fg”
—— DF D2 By >

TTomympoE o OHIEOREI THOT O IMoTTen Crabwmirpon CeeTomHon $oTooHoD

Puc. 1.1 — YcnoBubie rpadmueckre 0003HaYCHHS] HEKOTOPBIX TUIIOB TUOIOB
1.2 OcHOBHBIC CBeICHUS U3 TEOPUH

®uznka paboTel p-n nepexoma noapobHo omucana B [1, 2]. [loaTomy Bocmomb3zyeMmcs
U3BECTHBIM BBIpRXXEHUEM JJIs BOJIbT-aMIiepHON xapakrepuctuku (BAX) maeanusmpoBaHHOTO

nauona. OOBIYHO ee 3aluChIBAIOT B cieayromei Gopme:

=1, (eV/0r—1), (1.1)
_ qDy6S qDy,S
Iy= Ljﬁ p05+?n03a (1.2)

rre /y — TetoBo# TOK muona (oOpaTHBIA TOK HACHIEHUs); [ — TOK, MPOTEKAIONINNA Yepe3 O,
U— BenmuuuHa HanpsHKEHUs, TMOAKIIOUEHHOTO K mepexoay; ©r=kl/q — temmnepaTypHbIi
noreHuuan; k— mnocrosHHas bonbumana; 7 —aOcomoTHas Temneparypa; D, u D, —
ko3¢punentsl TudPy3ud IBIPOK M IJIEKTPOHOB; S — MJIOLIAAb MEpexona; pos U Moy
PaBHOBECHBIC KOHIIEHTpAIlMM HEOCHOBHBIX HOCHTENEeH B 0a3e (Karome) W SMUTTepe (aHoe)

Juoaa.



OngHoil W3 BaXHBIX OCOOCHHOCTEH XapaKTEPUCTUKH SBISICTCS OYECHb  KpyTas
(9KCnOHEeHIMaNbHast) IpsAMasi BeTBb. [103ToMy BecbMa OolbIIMe PSMbIE TOKH (HECKOJIBKO aMIiep
U BBIIIE) MOJYYAIOTCSA Y MOJTYNPOBOJHUKOBBIX IHONOB IpHU HampsbkeHHMH He Oonee 1 B, Te.
HAMHOTO MEHBIIEM, YeM B CIy4yae BaKyyMHBIX U Ta30HAIIOJIHEHHBIX AUOA0B. B cBsA3M ¢ 060110
KPYTU3HOH MPSMOM BETBU OOBIUHO ynoOHee 3a7aBaTh B KAU€CTBE apryMeHTa TOK, a HApsDKEHUE
cuuTarh ero (QpyHKIMed U BbIpaxkeHue i BAX maeanu3upoBaHHOTO auoJa Mpeodpa3oBaTh K
CIIEYIOIEMY BUAY:

1
U=(pT1n(I—0+1), (1.3)

Wneanu3upoBaHHBIl  p-n  Tepexon  o0NajlaeT BEHTHJIBHBIMU  CBOMCTBamMH. [lpu
IPWIOKEHUM K HEMY HalpsOHKEHMs, CMEILAIOLIEro p-n IEpexo] B IPsMOM HalpaBICHUH,
IIPOTEKAET TOK, KOTOPBIM NpU yBEITNYEHUH HANPSHKEHUS YBEJIIMUUBACTCS 10 SKCIIOHEHIIMAIBHOMY
3akoHy. Eciy nmpuiioxuTh HampspKeHHe, CMeIaroliee p-1 Mepexoa B 00paTHOM HampaBlIeHUH, TO
COIMPOTHUBIIEHUE €T0 BO3pacTeT. B 1ienu npoTtekaet Majiblii TEMIOBOM TOK, KOTOPBINA HE 3aBUCUT OT
NPWIOKEHHOrO HanpsbkeHus yxe npu U, >(3+4)er. Ha puc. 1.2. mpusemena BAX
UJCAIM3UPOBAHHOIO MO/, IOCTPOEHHAs! B OTHOCUTENbHBIX KOOPAMHATAX. DTa XapaKTEPUCTHKA

HC 3aBUCHUT OT THUIIA AUOJA.
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Puc. 1.2 — Cratnueckas BAX nneannznpoBaHHOro quona

B peanpHbIX quomax npsimast 1 oOparHas BeTBU BAX omiinyaroTcs oT ujieaan3upoBaHHOM.
ITpu npsiMOM BKJIFOUEHHH CYLLIECTBEHHOE BiIMsAHNE Ha X0 BAX oka3bIBacT NajeHue HAPSHKEHUS
Ha OMHUYECKOM COIPOTHBICHHM 0a3bl JMO/a, KOTOPOE HAYMHAET MPOSBISATHCS yXKE€ MPU TOKax,
npesbimaromux 2—10 MA. C ydetoM najeHus: HanpsHKeHUST HA OMUYECKOM COTIPOTHUBIIEHUH 0a3bl

Jozaa ypaBHeHuUe npsimoit BeTBu BAX roza onmuckIBaeTCsl BIpaKEHUEM
I
U=o, In (EH) +lr,, (1.4)
TJIe 75 — OMUYECKOe 00BEMHOE CONTPOTHRICHHE 0a3bl JUO/IA.

[Tanenue HaIllpsAKCHUSA Ha JUOAC U 3aBHCUT OT TOKa I, MMPOTCKAIOIICTO 4YCPE3 HCIro, U

UMeeT OoJbIlee 3HAUYCHHUE Yy AUOA0B € MaJIbIM TOKOM ](). Tak kak Y KPEMHHUCBBIX JUOIOB
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TEIUIOBOM TOK [y MaJsl, TO MaJeHHWEe HANpsDKeHUs Ha nuone U B OTKPHITOM COCTOSIHUM y HHX
3HAYUTENHHO OOJNbIle, YeM Yy TrepMaHueBbIX puc. 1.3. Pa3znuuume B TPSIMBIX HAMPSHIKCHHSIX
TrepMaHUEBBIX U KPEMHHUEBBIX THUOMOB coctaBisieT 00bidHO 0,4 B (Tak Ha3piBaeMas «IIsTKa») U
COXpaHseTCd BIUIOTh JO TaKUX MallbIX TOKOB MOPSAKA HECKONbKUX ([p)Ge, MPU KOTOPBIX Y

TCPMAaHHUECBBIX TUOAO0B HAIIPSAKCHUC YIKE IIPAKTUUCCKHU PABHO HYIIIO.

U2 o6p

02 04 06 08

1 -harA

Puc. 1.3 — Peanbusie BAX nmomnos

[Ipy wuccnenoBaHUsAX pealbHBIX p-n NEPexXofOoB HAONIOAAETCS JIOCTATOYHO CUJIbHOE
yBEITMYEHUE OOpaTHOrO TOKAa TPU YBEIWYCHWU MPUIOKEHHOTO HampsokeHus. [lostomy y
peanbHBIX IUOA0B B KAYECTBE OJHOTO M3 OCHOBHBIX IIAPAMETPOB UCIIONIB3YIOT 00PATHBII TOK /o5y,
KOTOPBIH M3MEpSAIOT MpH OMpPEeIEHHOM 3HAU€HUHM OOpaTHOrO HAmpsKeHHsA. Y TepMaHUEBBIX
monoB  Ios, =lotlrrtlmewa~lo, TAE I7r— TOK TepMOreHepanuMu. B KpeMHHMEBHIX IuOJax B
Juarna3oHe pabouux Temreparyp J10Ji TEIJIOBOIO TOKa B MOJIHOM OOpaTHOM TOKE HEBEJIHKa. Y
HUX 0OpaTHBIN TOK B OCHOBHOM OIPE/EIISAETCs FreHepalluOHHO-PEKOMONHAIIMOHHBIMY SIBICHUSAMU
B p—n nepexone log, = Iyr. Tlpnm mob6oil pabouel Temneparype oOpaTHbIM TOK KPEMHHEBBIX
muonoB B 100-1000 pa3 MmeHblle 0OpaTHOTO TOKAa TepMaHHEBBIX AMONOB. [l MH)KEHEPHBIX
pacueToB BEIMYMHBI OOpAaTHOTO TOKAa B 3aBHUCHUMOCTH OT TEMIIEpaTyphbl OKpY)Karollen cpeibl

MO>KHO I10JIb30BaThCs YIPOILIEHHBIM BBIPAXKEHUEM
(1-10)
/ T
]O(I): 06p(TO)'2 (15)
rae I™— mpupamieHUe TeMIIepaTypbl, MpH KOTOPOM o0OparHblii TOK /,5,=(To) ynBauBaeTcs

T*=8+10°C nns repmanus u T#<6+7°C nist KpeMHHUSL.



1.3 XapakTepucTuyecKue CONPOTUBICHUSA TNO1A

HenunelHOCTh,  XapakTepuUCTUKU Juofa YIOOHO OLIEHUBaTb, COIOCTaBISs  €ro
CONPOTUBIICHUS B MNPSAMOM M OOpaTHOM HampapieHusix. Kak u 11 Apyrux HeJIWHEHHBIX
AIIEMEHTOB, Pa3MHUaloT AUQQGEepeHIINaTbHbIC COMPOTUBICHUS U COMPOTUBICHUS MOCTOSHHOMY
toky. [lo BAX nuoma MOXHO ONpeAeNuTh A TOYKH «A» Ha XapakTepucTuke puc. 1.4:
COIIPOTHBIIEHHE [JUOAAa MO IOCTOSIHHOMY TOKY Ry=Us/1l4, a muddepeHraibHoe

comnpotuBienue auona ry = AUy / Aljy.

Puc. 1.4 — K onpeneneHno XapakTepUCTUYECKUX CONPOTUBIICHUN 1ona Ry U 1y
1.4 Metoauka cusaTus cratudeckux BAX nuoaos

Cxema miisa caatus crarnueckux BAX nuomoB npezacrasiena Ha puc. 1.5.
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Puc. 1.5 — CrpykTypHas cxema MakeTa Jiisl CHATUsA ctatndeckux BAX
Jnst 3TOM CXeMBbI MOYKHO COCTABUTh CUCTEMY YPaBHEHHUIA:
I; = f(Uy), (1.6)
|Unl=|E-Ry1], (1.7)
[TepBoe BBIpakeHHE TMpeAcTaBIsieT coOoil crarmyeckyro BAX nmoma, a Bropoe -

Harpy304HYIO IPSIMYIO JUISl TUOJA.



Puc. 1.6 — K nocTpoeHunto Harpy304HbIX XapaKTEpUCTUK N0

Harpy3ounas npsimast mepecekaeT 0CH KOOpJIUHAT B TOUKax ¢ koopauHaramu (U =E, 1;=0)
u (Uz=0, IHZE/R*g). Pemenuem cucrempl ypaBHEHMH sBisieTcss Touka A ¢ koopauHaramu Uy u
1. I3MeHss B IIUPOKUX IIpejiesiaX ¢ MOMOIIbIO IEPEMEHHOro pe3uctopa Ry TOK uepe3 Iuoj a,
CJIeZIOBATENNbHO, U HaNpshKeHue Ha auone (puc. 1.6) MOXXHO HOITYYHUTh JOCTAaTOYHOE KOJIMYECTBO

TOYEK, M0 KoTopbIM cTpoutcs BAX nuona.

2. Onucanue Ja00PAaTOPHOrO0 MaKeTa

Jna uccnenoBanus crarndeckux BAX nHMOIOB HCIONB3YyeTCsl cXeMa, M300paKeHHasl B
JeBOH yacTH JlabopatopHoro makera puc. 2.1. C nomoursto nepekitouarens 112 BeiOupaercs tun
uccienyeMoro  auoza.  Msmepenwe  Toka  auoma [y IPOU3BOAMTCA — CTPEIOYHBIM
MWIUJIMAMIIEPMETPOM,  BKJIIOUYAa€MbIM B  HCCIEAyeMYyK  Lienb  nepekmtodarenem  [17.
UyBcTBUTEIBHOCTD MTPUOOpPA yCTaHABIUBAETCS Nepekitodarenem [16.

W3MeHATh BENWYMHY HaNpsDKEHUsS Ha JUOJIe MOXKHO mnepekirodareneMm II1, MeHss
BeJINYMHY pe3uctopa (Ryi+Rjyo). Hanpsokenue Ha auone usmepsiercs ocrusuiorpagom. UtoOsl
YCTaHOBUTh MAaKCUMAJbHBIA TOK AUOAA I paBHBIM 2025 MA, HyxkHO nepexmodarens [11
YCTaHOBHTH B NOJ0KEHUE 10 ¥ ¢ MOMOIIBIO IEPEMEHHOTO PE3UCTOPA R 709 (IIJIABHO) BBICTABUTH
TpeOyemoe 3HadeHue Toka. [lepeyeHb AMOIOB, UCCIENYyEeMbIX MPHU MPOBEACHUU J1aOOPATOPHOM

paboTsl, mpuBeaeH B Tabnuie 3.1.

Ta6muma 3.1
HaumenoBanue J1 J2 I3 4 5
Tun 119 18 H7E KC133 KC139
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Puc. 2.1 — JluueBas naHenb MakeTa JJis UCCIAEAOBAHUS AUOAOB U TPAH3UCTOPOB
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3. IlopsinoK BBINOJIHEHHS PA0OTHI

3.1 UccaenoBanue npsambix BeTBeii BAX nuomnos

Jns uccnenoBanus mpsMbIX BeTBet BAX nromoB HE0OX01uMo:

1. BKIrounTh UICTOYHHUK TUTAHUS MAKETA;

2. Ilepexirouarens [12 ycTaHOBUTH B nosiokenue 1, moakitouus auox J1;

3. Ilepexmogareins 117 ycraHOBUTE B mONIOKEHUE I77;

4. Ilepeximtouarens 116 ycraHoBuTh B nosioxkeHue 30 MA;

5. Ilepexmtouarens II1 ycraHoButh B monoxkeHue 10 m ¢ NOMOIIBIO MEPEMEHHOIO
pe3ucrtopa R,00 (IU1aBHO) YCTAaHOBUTD TOK AUONA Ij7y,0x paBHBIM 2025 MA;

6. Bxon ocumwuiorpadga TPUCOSAWHHUTH K JTUOAY JUISI HW3MEPEHHsI TOCTOSHHOTO
Hanpsbxkenus U,

7. U3mensas nepekimouareneMm [11 pesuctopsl (Rp+ Rpo) U (UKCHpPYS C IOMOIIBIO
CTPEJIOYHOTO TpUOOpa BEJIMYMHY TOKA, MpoTekaromiero depe3 auon Jl1, cHATH 3aBUCHMOCTH

1;=f(Up). Pe3ynbrars! u3mMepenuii 3anecure B Tabnuiry 4.1.

Tab6muna 4.1
[Tonoxxenue nepexirouarens [11
Huon
1 2 3 4 5 6 7 8 9 10

Iy, MA

A hig|
Uy B

Iy, MA

A m
Ur B
Iy, MA

A 13
Uy B
Iy, MA

A 4
Uy B

8) IMoBTOpuTH IYHKT 7 1151 Avogos J12, J13 u J14.

9) Ilonmyuennsle 3aBucumoctu B BuAe I;=f(U;) mnpeacraBuTb Ha OJHOM TIpaduke.

[TosicHuTh TpUuMHEL OTAMUNi NpsiMbIX BAX aronos.

10) lnst omHOrO M3 IMOAOB MOCTPOUTH 3aBUcUMOCTH R;=f(I;) n r;=f(17). Cnenars BBIBOJ

00 UX COOTHOIIICHUH.

3.2 UccaenoBanue odopatHoii BetBu BAX crtadmiurpona

st uccnenoBanus oopatHoi BeTBM BAX cTabmnmuTpoHa HE0OX0MUMO:




1) [Tepexmtouarens [12 ycTaHOBUTH B TTOJIOKEHHE S, TOAKITIOYUB q101 J15;
2) M3mensst nepexmouarenem 111 pesucropsl (Rp+ Rpo) U QuUKCHpYs ¢ IOMOILBIO
CTPENOYHOr0 MpuOopa BEIMYMHY TOKA, MPOTEKAOIIero depe3 Auox 15, CHITh 3aBUCHUMOCTH

Ucr=f(Icr). Pe3ynbrarel u3mepeHuit 3anectu B Tabauity 4.2 Bujaa:

TabGmuma 4.2

[Tonoxxenne nepeximrouaresns [11

1 2 3 4 5 6 7 8 9 10

Icr, MA
Ucr, B

3) octpouts BAX crabunutpona Ucr=fIcr).

4) Ins cTaOUIUTPOHA IOCTPOUTH 3aBUCUMOCTB 77=f(1;7). Crenarb BBIBOJBI O padoTe.
3.3 UccaenoBanue BEHTUIBHBIX CBOMCTB IM010B

I[J'IH HUCCIICIOBaHUSI BEHTUJILHBIX CBOMCTB JHOAOB HCIIOJIB3YCTCA HpOCTeI‘/’II_HaH CXEMa

JTUOJTHOTO OTPaHUYUTENs, n300pakeHHas Ha puc. 3.1.

R
o1
3agaronmHi I

TeHEpaTop Ugx

T Uj Ocmutorpad

—G

Puc. 3.1 — Cxema JJIS HCCIE€IOBAaHUS BEHTUIIbHBIX CBOMCTB JUOJ0OB

Jns ee momydeHMs JOCTaTOYHO Ha Makere mnepekitodarens [11  mocraButh B
MOJIOKEHHE 11, OTKIIIOUMB T€M CaMbIM HAINPSHKEHUE UCTOYHUKA MOCTOSIHHOTO NUTAaHUS U NOAATh
Ha BXOJl CHHYCOMJIaJIbHOE HANPSKEHUE OT 33Jar0IEro TeHeparopa.

[Tpu oTpunaTenbHON MOTYBOJIIHE HANPSIKEHUS 3a/1al0IEero reHeparopa JUoj OKa3bIBAaeTCs
BKJIIOYEHHBIM B IPSIMOM HaIPaBJIEHUU U TOK [, MPOTEKAIOMIUNA Yepe3 o[, CO3/1aeT Ha JUOJe
HeboupIoe najeHne HanpsbkeHus U,, B coorBercTBuM ¢ BAX (yuacrok 1 Ha puc. 3.2). Ilpu
IIOJIOKUTENIBHON  TOJIYBOJIHE  HANpsDKEHHs  3aJalollero TIeHeparopa JUOJ  OKa3bIBaeTCs
BKJIFOYEHHBIM B OOpaTHOM HAIlPaBJICHUM, TOK 4Yepe3 AMOJ PaBeH Iy, T. €. MPAKTUYECKUA PABEH
HYIIIO, ¥ BCE MaJeHNE HaNpsuKeHHs Bbiaensierca Ha quone Uy, ( ydacTok 2 Ha puc. 3.2), 410

BUJIHO Ha 5KpPaHC ocunﬂnorpa(ba, 3aTEM IIPOLECCC MOBTOPACTCA.
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Puc. 3.2 — BpemeHHble 1uarpaMMbl IHOJAHOTO OTPAHUYUTEINS

UYem menpuie BeanunHa Uy, U 4e€M MEHbBLIE TOK o5, TEM JIy4lll€ BEHTUIIBHBIE CBOMCTBA
nvona. BeHTWsbHBIE CBOICTBAa JMONOB MOXKHO OLGHUTH 4epe3 KOA((GUIMEHT BEHTUIIBHBIX
CBOWCTB, KOTOPBIM OINpeneNseTcsi Kak OTHOIICHHWE HANpPsHKeHUH Hpu OOpaTHOM U HPSIMOM
BKIIOUeHUAX Anoaa Kg=Uog,/ Uy

[Topsinok ucciienoBaHUs BEHTUIIBHBIX CBOMCTB TUOJIOB:

1. Cobepute cxeMy IMOAHOTO OTPAHUYUTENS, MPUBEACHHOrO Ha puc. 3.1. s ee
IIOJIy4EHUs JOCTAaTOYHO nepekitodaress 111 mocraButs B nonokenue 11, OTKIIOYMB TEM CaMbIM
HanpspKEHUE UCTOYHMKA nuTaHud. [lepexmrodarens [12 ycTaHOBUTH B mosiokeHue 1, MOAKIIOUUB
muon 11

2. IlonaiiTe Ha BXOJ OTrpaHMYHUTENS C (PYHKIMOHAJIBLHOTO IeHepaTopa CHUHYCOUIAJIbHBIN
curHan Uy, ¢ ammumarynoi 2 B u wactoroii 1 kI'n. BxiirounTe ycTaHOBKY M IOJTyYUTE Ha 3KpaHE
ocumnorpada U, u Uy. 3apucyiite oCUILIOrPaMMBI.

3. 3amepsiite 3HaueHus U,, u U,q, ans quona /11 u 3anecure B Tabnuny 4.3 Buza:

Tab6muma 4.3
1 2 J3

Uy
U 06p
Kz

4. IMoBropute u3mepenus st 1uoaoB J12, /13. 1o monydeHHBIM JTaHHBIM BBIOEPUTE JTUOJ
C JIYYIIIMMHU BEHTUIILHBIMH CBOMCTBAMHU.

5. Odopmure oT4eT W caenaiiTe BbIBOABI MO0 padoTe. OTUeT MOMKEH OBITh OQopMmIleH
cornacHo oOpaszoBarenbHoro crangapra Byza OC TYCVYP 01-2013. «PaboTsl cTyaeHuUecKre» 1Mo
HAIpPAaBIEHUSAM TOATOTOBKH U CIIEUATBHOCTAM TeXHU4YecKkoro mpodumns. O0mue TpeboBaHUs U
npaBuia odopmieHus. Beemen mpukazom pektopa oT 03.12.2013 Nel4103. [DnekTpoHHBIHA

pecypc]. https://regulations.tusur.ru/documents/70# (mara obpamenus 02.05.2018)
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