JlabopaTopnas pabdora 2.19.
MN3YYEHUE ITOJYITPOBOJHUKOBOI'O ITUOJA

Leab padoThI: 3HAKOMCTBO C OCHOBaMH PUPOJIbI
AIEKTPONPOBOTHOCTH MOJYPOBOJIHUKOB U MEXaHU3MaMU
BO3HUKHOBEHMSI B HUX DJIEKTPUUYECKOTO TOKA; 3HAKOMCTBO C P-N-
NePEX0I0M U pabOTOM MOIYIIPOBOJHUKOBOIO THOJA.

3anaHue: CHITh BOJIbTAMIIEPHYIO XapaKTEPUCTUKY
MOJIYTIPOBOTHUKOBOTO JIMOJa U PACCUUTATh MOCTOAHHYIO0 bosbiiMana
myTeM 00pabOTKU MOJYYEHHBIX JAHHBIX.

IloaroroBka K BBINOJHEHHIO PAadOThI: HU3YyYUTh OIUCAHUE
paboThl M TPHUBEJACHHYIO B CIUCKe JuTeparypy (cMm. Huxe). JlaTh
O00OBACHEHUE AIEKTPOIMPOBOJTHOCTH MOJYITPOBOJIHUKOB C COOCTBEHHOM
IPOBOJIUMOCTBIO U MOJYIPOBOJHUKOB C MTPOBOJAUMOCTBIO P-THUIIA U N-
tuna. Jlatb  oObsiAcHeHue paboThl  p—n-nepexoga. M3yuuThb
AKCIEPUMEHTAIbHYI0 YCTaHOBKY. OQopMuTh B TETpaad MPOTOKOI
71a00paTOPHOM padOTHI.
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KoHnTpoJsbHbIE BOIIPOCHI

1. B yem cocTouT OTIMYHE IMOJYIIPOBOJHHUKOB OT MCTAJIJIOB U OT

TUDJICKTPUKOB?

2. HazoBute npeactaBuTeNC NOJTyIPOBOJHUKOBBIX MAaTEPHUATIOB.

3. Kakosa pupoaa 3JIEKTPONPOBOIHOCTHU BJIEKTPOHHBIX
MOJYyITPOBOTHUKOB?

4. JlaiiTe O0OBsACHEHHE XapaKTepa 3aBUCUMOCTH COMPOTUBIICHUS
MOJIYIPOBOJHUKOB OT TEMIIEPATYPHI.

B yeM 3akmtouaercs noHarue “npipka’?

6. Kakoii npoliiecc Ha3bIBa€TCSI pEKOMOUHAIIAECH ?

hd



7. Kakoil mnpoliecc Ha3bIBa€TCsi COOCTBEHHOM MPOBOJUMOCTHIO
MTOJIYITPOBOTHUKOB?

8. Kakum oOpa3om co3jgaercsi MNpUMECHAas dJIEKTPOHHAs WJIU
JIBIPOYHAS SJIEKTPOIPOBOAHOCTH?

9. Urto Ha3bIBaeTCS p—N-NIEPEXOAOM?

10. Onummre MEXaHU3M OJHOCTOPOHHEN IIPOBOJIMMOCTH
NOJIYIPOBOJHUKOBOT'O JUOJAA C P—N-IIEPEXOIOM.

11. Hapucyiite nOpuHIMNHAIBHYIO CXeMy pabOThl Jauoja B
MPOMYCKHOM M HEMPOITYCKHOM HaIpaBJICHUSX.

12. O0OBbsicHUTE XOJ] BOJBTAMIIEPHON XapaKTEPUCTUKHU JUOA.

13. HazoBuTe Kjacc TOYHOCTH MPHOOPOB, HCIOJb3yEMBIX MPH
U3MEPEHUSIX.

14. KakoB  mOpsAIOK  oOmbITa MO  CHATUIO  BOJIbTAMIIEPHOMU
XapaKTEPUCTUKHU TUO1A?

Onucanue annmaparypbl 1 MeTO1a U3MEPEHUit

[TogaBanstomiee OOJBIIMHCTBO BEIISCTB HE NMPHUHAUICKHUT HU K
XOpOIIIMM TPOBOJHUKAM JJIEKTPUUYECKOTO TOKAa, HU K XOPOIIUM
IUDJICKTPUKAM, a 3aHUMAIOT MPOMEKYTOUHOE ITOJIOKEHUE MEXKIY
TeMH W JAPYTUMH. OTH BEIIECTBAa HA3bIBAIOT IOIYNPOBOJHUKAMHU.
OcoOblli MHTEpeC TMPEACTABISIOT TaK Ha3bIBAEMBIC 31eKMPOHHbLE
NOYNPOBOOHUKU, T.€. KPUCTAJUIMUECKUE BEIECTBA, MPOBOIUMOCTH
KOTOPBIX KaK M Yy XOPOIIUX IMPOBOJHUKOB METAJNIOB OOYCIIOBJICHA
HaIpaBJIEHHBIM ITepEMEIIEHUEM JICKTPOHOB.

[Ipumepamu  Hamboiee  PpacHpPOCTPAHEHHBIX  AJIECKTPOHHBIX
TIOJIYIIPOBOJTHUKOB SIBJISIFOTCS: KPEMHHUM, TePMaHUH, CEJICH, TSIUTYp; a
TaK)K€ COCIUHECHUS: CYIb(OHUIBI, CEICHUIBI, TSITYPUIbI (COCTMHEHUS
METaJIJIOB COOTBETCTBEHHO C CEPOM, CEJICHOM U TEILTYPOM); OKHCIIBI:
OKHCH YypaHa, I[MHKA, THUTaHAa, 3aKUCh MEIW M MHOTHE Ipyrue
BEIIECTBA.

OmgHuM W3 BaXHEWIINX  OTJIMYMTEIBHBIX  IMPHU3HAKOB
MOJTYIIPOBOAHUKOB, BBIICISIONINX HX B OCOOYIO TPYIIY, SBISETCS
CUJIbHASI 3aBHCUMOCTDH UX JJIEKTPUUECKUX CBOWCTB OT TEMIIEPATYyPHI.
B orawume oT MeTa/uIOB, TMpH TOHIKCHUH  TEMIIEPATYyphI
IPOBOJIMMOCTH ITOJYIIPOBOAHUKOB yMeHbIaeTcs. [Ipu Temneparypax
OJIM3KUX K aOCOJIOTHOMY HYJIIO TOJXYHOPOBOJHUKH BEAyT cCeOs
moA00HO IudAJIeKTpuKaM. JIpyruMu XapakTepHBIMH OCOOCHHOCTSIMH



MOJIYIPOBOAHUKOB  SIBJISIFOTCSL  CWJIbHEHIIAs  3aBUCUMOCTh  HX
IPOBOJAMMOCTH OT HHMYTOXHBIX KOJIMYECTB NPUMECEH H HX
YyBCTBUTEJIBHOCTD K PA3JIUYHOTO POJIA U3ITYUECHUSIM.

MHorue QpyHaamMeHTaabHbIE CBOMCTBAa TBEPABIX TEN W, MPEKIE
BCEro, caM (DakT CyLIECTBOBAHUS MMPOBOJIHUKOB, MOIYTPOBOJIHUKOB U
TUAJIEKTPUKOB YJIOBJIETBOPUTEIBLHO OOBSICHSIIOTCS 30HHOU Mmeopueu
TBEPJOTO TE€Ja, UCXOHsl M3 KBAHTOBBIX MpeacTaBieHuid. OmHAKO B
JAHHOW paboTe MBI OrPAHUYMMCS HECTPOTMM, HO 3aTO IPOCTHIM
KaueCTBEHHBIM OIMCAHHEM CBOWMCTB MOJYIPOBOJHUKOB Ha OCHOBE
MOJIYKJIACCUUECKUX TPEICTABICHUM.

Jliist Toro, 4TOoOBI MOHATH OCHOBHBIE (M3UYECKHUE MPOLIECCH B
MOJIYIIPOBOAHUKAX, PACCMOTPUM BKpaTIE€ MX CBOWCTBA Ha MpUMEpE
HauOoee TUTUYHBIX
MOJIYIIPOBOJHUKOB. KpeMHuil u
repMaHuii, OCHOBHBIE MAaTEepUAJIbI,
UCIIOJIb3YEMBIE B  BJIEKTPOHHBIX
npudopax, HMEIOT
KPUCTAJUIMYECKYIO PEMIETKY THUIMa
anMaszHou.  flyeriku  peleTku

MIPECTABIISIIOT cooon
IIPaBUIIbHBIC TETPAdIPHI, B
BEpIINHAX KOTOPBIX

pacmoyio)KeHbl  aToOMbl.  [IAThIi
aTOM HaxOOUTCS B CEpEIUHE
TeTpadapa. Y C10BHO TaKoe

Puc.1. B3aMMHO€ PAaCIOJIOKEHUE aTOMOB
MOYHO TIPEJCTaBUTh B BUJIE IUIOCKON CTPYKTYpPhI, H300paKEHHOW Ha
puc.l. BxemHue 000JOYKM aTOMOB KpPEMHHUSI H Te€pMaHUs
oOpa3oBaHbl  YETHIPbMSI  BAJCHTHBIMU  dJeKTpoHamu.  [lpu
00BbEIMHEHUN TAKHUX aTOMOB B KPUCTANIMUECKYIO PEHICTKY KaXKIbIM
aTOM Kak Obl JOMOJIHSET CBOK BHEIIHIOK OOOJOYKY J0 BOCHBMH
AJIIEKTPOHOB, 00pa3ysi C YETHIPbMSI OKPYKAIOIUMH €ro aToMaMHu TaK
Ha3bIBAEMbIE  NAPHO-DJICKTPOHHBIE WM KOBAJNEHMHblE  CBSI3H
(IBOiiHBIE JNMHUU Ha pucyHke). KapTtuHa, npeicTaBlieHHas Ha
PUCYHKE, COOTBETCTBYET YMCTOMY (0€3 mpumeceit) moJynpOBOIHUKY.
Kpyxouku co 3HakoM (+) 0003HAYAOT MOJOXKUTEIBHO 3apPSKEHHBIC
aTOMHBIE OCTAaTKU (T.€. Ty 4YacTb aToMa, KOTOpPAas OCTAETCS MOCIE




yJaJd€HUsI BaJICHTHBIX DJICKTPOHOB), KPYXKKH €O 3Hakom (—) —
BAJICHTHBIC DJICKTPOHBI (271eKMPOHBI C8A3UL).

IIpu oueHb HU3KOW TeMIlepaType BCE BAJICHTHBIC AJICKTPOHBI
Y4acCTBYIOT B OOpa3OBaHUM CBSA3EH MEXOAY aTroMaMd U HE MOTYT
y4acTBOBaTh B MPOLIECCE JJIEKTPOMPOBOJHOCTA — MOJYINPOBOHHUK
BEJIET ceOsl MOJOO0HO AMAICKTPUKY. [Ipu MOBBIIIEHUH TEMIIEpATYypPhI
TEIUIOBbIC KOJEOAHUsI PEMIETKU MPHUBOIST K Pa3pbIBY OTIEIbHBIX
BaJICHTHBIX CBsi3eil. MuHUMalbHAs DSHEpPrusi, HeoOXoaumas st
pa3pbiBa OJTHOM BAJICHTHOW CBSI3U, HA3bIBACTCS IHEpeuel ceHepayuu.
OJIEKTPOH, OCBOOOJUBIIMICA TP Pa3pbIBE CBSI3H, CTAHOBUTCS
INEKMPOHOM NPOBOOUMOCHU U MOXKET CBOOOJIHO MEpPEMEIaThCs MO
BceMy 0ObeMy  MOJIyIIPOBOJAHHMKA, Yy4acTBYsl B  MpoOIEcce
3eKTponpoBoiHOCTH. [Ipr KOMHATHON TemIiepaType OJUH JICKTPOH
MPOBOJAUMOCTH MPUXOJUTCS MPUMEPHO HA MUJUIMApP] HEHTpalbHBIX
aTOMOB, T.K. SHEPIrus T'€HEpaluy Mo MOPSJIKY BEIWYHMHBI COCTABIISET
0K0J10 1 3B ¥ 3HaYUTEIBHO MPEBBINIACT TEIJIOBYIO YHEPTHIO.

Kpome mporecca mepeHoca 3apsia ¢ MOMOIIbIO 3JIEKTPOHOB
OPOBOAUMOCTH B  MOJYIIPOBOJHUKAX pEAIM3YyETCsl U JIPyrou
MEXaHHU3M DJIEKTPONPOBOAHOCTU. OH OOYCIOBIEH TE€M, 4YTO MpH
pa3pbiBe BaJEHTHOM CBSI3M 0Opa3yeTcsi BaKaHTHOE MECTO, B
OKPECTHOCTH KOTOPOTO BO3HUKAET HW3OBITOUHBIA TMOJOKUTEIbHBIN
3apsji, paBHBIN MO a0COJIFOTHOM BENWYWHE 3apsiay dJeKTpoHa. Takoun
MOJIOKUTENbHBIA 3apsA]l MPHUHATO Ha3bIBATh Oblpkou (IMIyHKTUPHBINA
KpykoK Ha puc.l). Hanuuue npIpku, Kak Mmoka3zaHo Ha puc.l, cozmaer
JOTIOJIHUTEIBHYIO BO3MOKHOCTH [IJIsI MEpeHoca 3apsiia: Ha MECTO
OTCYTCTBYIOIIETO JJIEKTPOHA MOKET TMEPECKOYUTh KaKOH-I100
AJIEKTPOH U3 COCEHEUW CBsA3U (MpaKTUYECKU Oe3 3aTparhl dHEPIruu),
npu HToM jAedeKkTHas CBsI3b OyJeT BOCCTAHOBJICHA, a JIbIPKa
BO3HUKHET y>K€ Ha HOBOM MecTe M T.J. TakuM oOpa3om, MPOUCXOIUT
MEPECKOK COCEIHUX JJICKTPOHOB CBS3M HAa BEJIWYMHY MEXKATOMHOIO
paccTosHUs, a JbIpKa, B KOHEYHOM CYETE, MOXKET CTPAHCTBOBATH IO
BceMmy Kkpuctamny. Crnenyer (3¢gdexkt Xoima) U TEOPETHUECKOE
o0ocHoBaHue. CBSI3aHO 3TO C TEM, YTO JIBHXKEHHE BJIEKTPOHOB
NOAYUHSETCS 3aKOHAM HE KJIACCUYECKOW, a KBAHTOBOM MeXaHHWKu. 13
3aKOHOB KBAHTOBOM MEXAHUKH CIIEAYET, YTO €CIU KOHIIEHTpaLHs
JBIPOK Majia 1o CPaBHEHUIO C KOHIICHTpAIME SJIEKTPOHOB CBSI3U, TO
BCE DJEKTPUYECKUE MPOIIECCHI, CBS3aHHBICE C TMEPEMEIICHUSIMHU



AJIEKTPOHOB CBSI3M, MPOUCXOAAT TaK, KaK €Clii Obl Ha CaMOM JIeJ€ B
MOJIYIPOBOJHUKE MEPEMENIATUCH HE DJIEKTPOHBI CBA3U, a JIBIPKH —
YaCTUIlbl, HMMEIIIUME  OINPEICICHHYI0  MacCy, dJEeMEHTapHBIN
MOJIOKUTENBHBIN 3aps]l U MOJIUUHSIONINECS MPOCTHIM KIACCUUECKUM
3aKOHAM JBUKCHUSL.

Hapsiny ¢ nepexogaMu 3J€KTPOHOB U3 CBSI3aHHBIX COCTOSTHUM B
CBOOOAHBIE (TEHEpalMu SJICKTPOHOB U JBIPOK) PEATU3YIOTCA W
oOpaTHbIE TMEpPEeXOo/bl, MPU KOTOPBHIX HSIJIEKTPOHBI MPOBOIUMOCTH
BOCCTAHABIIMBAIOT HapYILIEHHBIC CBsI3U. [laphl AEKTPOH — JbIpKa IPU
ATOM HcYe3aroT. Takoi mpolecc HOCUT Ha3BaHUE pekomoOunayuu. B
COCTOSSHUM  TEIUIOBOTO  PAaBHOBECHS  YCTAHABIMBAETCA  TaKas
KOHIICHTpAIIUsI AJIEKTPOHOB (M paBHas €i KOHIIEHTPAIUS ABIPOK), PU
KOTOPOU YKCIIO MPSIMBIX U OOPATHBIX MEPEXOJI0B B €AUHUILY BPEMEHHU
OIMHAKOBO. [Ipy MOHMKEHWH TEMIIEPATYPHI MOJBUKHOE PABHOBECHE
MPOIIECCOB TEHEpallui W PEKOMOMHAIIMM CIBUTACTCSI B CTOPOHY
YMEHBIIEHUs yuciaa reHepanuid. Ilpy  3TOM  yMmeHblIaeTcs
KOHIIGHTpAILMsI CBOOOJHBIX DJIGKTPOHOB M JIBIPOK, YTO BEIET K
YBEJIIMUCHUIO COMPOTUBJICHHUS MOJYIIPOBOIHUKA.

B oTcyTcTBHE BHENIHETO 3JEKTPUYECKOrO TMOJS AJIEKTPOHBI U
IOBIPKA  JIBWKYTCA  XaoTWdyecku. [lpm BKIIOYEHWMM 1O Ha
Xa0THYECKOE JIBUKEHUE HAKJIAJBIBACTCS YHOPSAOUCHHOE JIBUKCHHUE:
AJIEKTPOHOB MPOTUB MOJISI W JBIPOK B HAMpPAaBICHUU TOJIS, T.€.
BO3HHUKAET 3JIEKTPUUYECKUN TOK, CBOOOJTHBIMHU 3aps/laMH KOTOPOTO
ABJISIFOTCSL  AJICKTPOHBI MPOBOJAUMOCTA U JBIPKH, KOHIIEHTpAIUU
KOTOPBIX B YHUCTBIX TMOJYINPOBOJHUKAX, JUIICHHBIX XUMHUYECKUX
npumeced U JAPYruX  JA€PEKTOB  PEIIeTKH  ,0JMHAKOBBHI.
PaccMoTpeHHBI  TIpoIlecC MPOBOAMMOCTHA  TOJYYMJI HA3BaHHE
coOCMEeHHOU TIPOBOIUMOCTH.

Eme oauma cmoco® oOpa3oBaHus HOCHTEIEH TOKa B
MOJIYNPOBOJHUKAX  3aKJIIOYAeTCsl BO  BBEACHWM B YHMCTHIN
MOJYHPOBOJIHUK KOHTPOIUPYEMbIX npuMecei. [Ipenmnonoxum, 4To B
YUCTBIA TEpPMaHWM BHEAPEHO HEOOJBIIOe KOJWYECTBO AaTOMOB
npuMecu. B kadecTBe IMPUMECH PACCMOTPUM KaKOW-JIMOO SJIEMEHT
nAToN rpynmbl Tabmuubl MenneneeBa, Hampumep (ocdop. s
OCYILIECTBJICHHUSI KOBAJICHTHBIX CBS3€M B PEHIETKE T€pMaHUs
HEOOXOJIMMbI BCEr0 YETHIPE BAJICHTHBIX DJICKTPOHA, MO3TOMY MSITHIN
BaJICHTHBIN AJIEKTPOH aToMa (Gocdopa OKa3bIBACTCS KaK Obl JTUITHUM



M JIETKO OTAeNsieTcss OT aroMa 3a CYeT O4YeHb HeOOIbIIoN
NOTOJIHUTENbHOU 3Hepruu. [lpum 3TOM BO3HUKAET DBIIEKTPOH
MPOBOAUMOCTH, HE OCTABJISIONIUNA JBIPKU, KOTOPYIO MOT Obl 3aHATH
COCEeIHMH  dJIeKTpoH, a aroM (Qocdhopa mpeBpamaercs B
MOJIOKUTENIBHO 3apsSKEHHBIN, CBA3aHHBIM MOH. OINHUCaHHBIN ITpoLECC,
CXEMaTHYECKU MPEACTABICHHBIN Ha pUC.2 a), MPUBOAUT K TOMY, UYTO B
MOJTYHPOBOJHUKE KpPOME DJIEKTPOHOB M JBIPOK COOCTBEHHOM
OPOBOJIUMOCTH TOSIBIIAETCS JIOMOJIHUTEIBHOE YHUCIO CBOOOJHBIX
AJIEKTPOHOB, KOHIICHTpAIUsSI KOTOPBIX OMpPEAEsieTcs] KOHIIEHTpaluei
npuMecu. Jlerko mojicuuTarh, 4YTO JOOABIEHHE OJHOTO aTroma
docdopa Ha MUJUTMOH aTOMOB T€pMaHUs MPUBOJUT K MPe0OIIaJaHUIO
KOHIICHTpAIlUX AJEKTPOHOB HaJl KOHILIEHTpAIMEed ABIPOK B THICAUY
pa3. Ilpumecu, aToMbl KOTOPBIX OTJAIOT BJEKTPOHBI, MOJIYUYUIIU
Ha3BaHUE OOHOPHLIX TIPpUMECEH, a TMOJYNPOBOAHUK, B KOTOPOM
npeodiagaroT OTpUIIATEIIbHbBIC HOCHUTEJIHU 3apsjaa —
NOJYNMPOBOJHUKA N-TUTIA.

a) Puc. 2 0)

Tenepp paccMOTpUM Clly4ya, KOrjJa B PEIIETKY YHUCTOIO
KpPEMHUSI BHEAPEHBI TPEXBAJICHTHBIE aTOMbl OOpa. ITa CHUTyalus
YCIOBHO u300pakeHa Ha puc.2 0). Tpems cBOMMH BaJlEHTHBIMU
AJIEKTPOHAMHU aTOM OOpa BCTYNHUT B KOBAJIEHTHBIE CBSI3U C COCEISIMU.
Henocraromuii 4eTBepThIA AIEKTPOH OYyJET 3aXBauy€H U3 OJHOU U3
cocelHUX CBs3ed. B cooTBeTcTBYIOIIEM MecTe 00pa3yeTcs JbIpka, a
aToM Oopa MPEBPATUTCS] B OTPULIATEIbHBIN CBA3aHHBIM MOH. B Takom
MNOJIYIPOBOJIHUKE KPOME DJIEKTPOHOB U JIBIPOK COOCTBEHHOMU
MPOBOJIMMOCTH  MOSIBJISIETCST  JONMOJHUTENBHOE  YHCJIO  JIBIPOK,



KOHIICHTPAlUsI KOTOPBIX TAaK K€ OMNPEACHSACTCS KOHIIEHTPAIUEH
IMPUMECH W  MOXKET Ha HECKOJbKO TMOPAAKOB IPEBBIIATH
KOHIIEHTpAllMl0 COOCTBEHHBIX CBOOOJHBIX 3apsanoB. I[lpumecw,
BBI3BIBAIOLIUE ITOSBIICHUE BIPOK, ITOIYYUIN HA3BAHUE aKYENnMOpPHDbIX,
a  TOJYINPOBOJHMKH, B  KOTOPBIX TMpeobiagaeT  AbIpOYHAas
MIPOBOIUMOCTb,— MOJIYIPOBOJHUKAMU P-THUIIA.

Crnenyer uMeTh B BHUY, YTO MPU KOMHATHBIX TEMIIEpaTypax
IIPAKTUYECKU BCE aTOMbl MPUMECEH OKa3bIBAIOTCA HOHU30BAHBI.
3aMeTUM MOMYTHO, YTO MPOBOAUMOCTb MOJYIIPOBOJHUKOB, CBA3aHHAS
C HUIMYMEM B HUX IIPUMECEMN, HOCUT HAa3BAHUE NPUMECHOU, HOCUTEIIN
3apsiga, TPEACTaBIICHHbIE B OOJBIIMHCTBE  (DJEKTPOHBI B
MOJIYHPOBOJAHUKE N-THUMA W ABIPKA B TMOJYNPOBOJHUKE P-THUIIA),
IIOJIyYUIY Ha3BaHUE OCHOBHbIX HOCUTEIIEH 3apsaa, a IPEACTaBICHHbBIE
B MEHBIIMHCTBE — HeOCHOGHbix. ECIM COo31aTh KOHTAKT JBYX
MOJYIIPOBOJIHUKOB C PAa3IWYHBIMM THUIAMHU MTPOBOJUMOCTH, TO Ha
FPAHULIE BO3HUKAET TOHKHMM MEPEXOJHBIM CJIOW, HA3bIBAEMBIU
INEKMPOHHO-ObIPOUHBIM WU P—N-1ePEXo0oM.

o0JacTh epexoaa
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Puc. 3

TEeXHOJIOTNYECKN TAKOW «KOHTAKT» CO3JA0T IIyTEM BBEICHUS B
CMEXHBbIE 00JIAaCTH OJHOTO M TOTO K€ MOJYNPOBOJHUKA JTOHOPHBIX U
COOTBETCTBEHHO AKIIENITOPHBIX MPUMECEH.

Paccmotrpum moapoOHee, Kakue MPOLECChl MPUBOIAT K
BO3HUKHOBEHUIO MEPEXONHOro cios. [lycTh BHENIHee HampsKEHHE
OTCYTCTBYyeT. HemnocpencTBeHHO Tocie o0pa3oBaHUsS KOHTAaKTa
CBOOOJIHBIE JJICKTPOHBI BCIIEJCTBHE TEIUIOBOTO JBM)KCHHUS HAYHYT
mudPyHIupoBaTh M3 N-MOJYIPOBOJHUKA, TA€ HMX KOHIEHTpalus



BEJIIMKa, B P-NOJYNPOBOJHHUK, TIJ€ OHA Maja, U TaM
PEKOMOMHUPOBATH C IbIpKaMu. B oOpaTHOM HampaBJIEHUH IO
TOW K€ MNpUUYMHE NpoUcXoAUT AuUPPy3us IBIPOK U UX
pEKOMOUHAN U co CBOOOIHBIMU AJIEKTPOHAMU n-
MOJIyIIpOBOAHMKA. B  n-00mactT moOdynmpoBOJHMKA W3-3a yXOJa
AJIEKTPOHOB BOJIM3U T'PaHUIIbl OCTAETCS TOJIOKUTEIIBHBIN 00BbEMHBIN
3apsii WOHOB- JIOHOPOB, KOTOPBIA HE KOMIIEHCUPYETCS TEeNeph
aleKTpoHaMu. B p-obnactu u3 - 3a yXxoja JbIPOK BOJW3U TPAHHUIIBI
BO3HUKAET OTPHUIIATEIBHBIA OOBEMHBIN 3apsiJi HOHOB - aKIIENTOPOB,
KOTOPBIIi HE KOMIICHCUPYETCA TeNneph HbIpKaMu. OTHU OOBEMHBIC
3apsiApl  O0Opa3yrOT JIBOMHOM  dJIEKTpUYEecKud  cioit  (pwc. 3),
AJIEKTpUYECKOe IoJie KoToporo E, mpoTUBOAEHCTBYET AajbHEHIIEH
muddy3un OCHOBHBIX HOCUTENICH TOKAa 4epe3 00JIacTh 3apsiKEHHOIO
cnosa. KoHraktHOMy momto E; COOTBETCTBYET OINpPEAECITCHHOE
3HAYEHUE KOHMAKMHOU PA3HOCMU NOMEHYUAN08 APy, BO3HUKAIOIIEH
MEXIy TpaHULAMU 3apsKEHHOro cimosi. B cBowo  ouepens
BO3HMKHOBEHME KOHTAKTHOW PA3HOCTH MOTEHUUAIOB O3HAYAET
oOpa3oBaHMEe B OOJACTH TMEPEXOJa NOMEHYUAIbHO20 Oapbepa IS
AJNIEKTPOHOB, NBWXYIIUXCA W3 N-00JIACTU TMOJYNPOBOJHUKA B P-
0o0nacTh, W HJ JBIPOK, ABKKYIIMXCS B OOpaTHOM HampaBJiCHUU.
BricoTa »Toro Gapnepa paBHa eAQ,, Tl€ e — 3IEMEHTAPHBIN 3apsi,
OTIpEJIENSIET BEIMUUHY Ouy3uonno2o moxa, TEKyUero 4yepe3 p—n-
Nepexo] B  HANPABJICHUHM, MPOTHUBOIMNOJIOXKHOM  HAIPABICHUIO
KOHTAKTHOTO TTOJISI.

C ngpyroit ctopoHbl KOHTakTHOe moiie E, BbI3BIBaeT apeiid
HEOCHOBHBIX HOCUTENEH depe3 o0nacTh rnepexojaHoro ciosi. C 3Tum
IPOLIECCOM CBSA3aHO BO3HUKHOBEHHE Opelighooc0 moKa, TEKyUIETO
yepe3 p—N-Nepexo/i B HAPaBJICHUH, COBIIAJIAIONIEM C HAMPABICHUEM
KOHTAakTHOTO ToJia E.. IIpakTnyeckn BCe HEOCHOBHBIE HOCHUTEIH,
KOJIMYECTBO KOTOPBIX OOBIYHO Majlo, y4acTBYIOT B OOpa3OBaHUU
3TOrO0 TOKa, IIOATOMY €ro BEJIWYWHA HE 3aBUCUT OT BBICOTHI
NOTEHIMAJIBLHOTO Oapbepa U OMNPENEseTCd TOJIbKO CKOPOCTHIO
reHepaly HEOCHOBHBIX HOCUTEJIEH B IPUKOHTAKTHOM CJIOE.

B cocTossHMM paBHOBECHsS YCTAaHABJIMBAETCS Takas BBICOTA
NOTEHIIMAIBHOTO Oapbepa, MPU KOTOPOH CyMMapHBIM TOK uepe3
nepexoJ paBeH Hymo. OTMETHM, YTO OIPEIEICHHON BBICOTE
NOTEHIIMATIBLHOTO Oapbepa COOTBETCTBYET ONpEACIICHHAs IIMpUHA



MEPEXOTHOTO CJOSI, KOTOpas B COCTOSIHUM PAaBHOBECHUS HMEET
BECJIIMYUHY TOpsAIKa 10"m. [Ipy 3TOM KOHTaKTHasT Pa3HOCTh
MOTCHIIUAJIOB COCTABIIACT JAECATHIE M0IU BosibTa. [lepexomaubiii cio,
KOTOPBIM  HA3bIBAKOT TAKXKE 3aNOPHbIM, OKa3bIBAETCA CHIIBHO
OOC€THEHHBIM HOCHUTEISIMH TOKa, T.K. B HEM HJIET AaKTHUBHAs
PEKOMOUMHAIIMS DJIEKTPOHOB M JIBIPOK, U 001a7a€T OITOMY OOJIBIITUM
COITPOTHUBJICHHUEM.

Ha snextpuueckux CBOWCTBax pP—N-Iepexoja OCHOBAHO JECHCTBUE
JIBYXAJIEKTPOIHOTO MTOJTYITPOBOTHUKOBOTO npudopa -
NOJIYNPOBOOHUKOBO20 ouooa. [TomyripoBOTHUKOBBI JTIO]T
MPEACTaBISIET COO0M KOHCTPYKTUBHO O(OPMJICHHBIM P—N-TIEPEXO]T C
OMUYECKMMM KOHTAKTaMH, CIyXalldMH IS BKJIIOYEHHUS €ro B
BJIEKTPUUYECKYIO 1ETIb.

JleficTBue OOJIBIIIOTO  KJIacca MOJIYNIPOBOJHUKOBBIX — JHOJOB
OCHOBAaHO Ha HEJIMHEMHOW 3aBUCUMOCTH TOKa I , Tekyiiero uepe3 p—
n-1epexo/l, oT HanpsKeHus: Ha Hem U, 1 onuchIBaeTCs GOpMYIIOid:

I:]o(exp(%)_l) ’ (1)

rac IO- TOK HACBHIIICHUS P—N-IIEpexoga, €- BeEIWYHMHA 3apsaa

anekTpoHa, k- mocrossHHas boneumana, T -  abconroTHas
temrneparypa. s npsmoro Hanpasiaenuss U > 0, ayisg oOpaTHOro —
U<O0.

I'padux 3aBucumoct I or U Ha3bIBaeTCs GoIbMAMNEPHOU
xapaxkmepucmukor auona. TunuyHas
BOJIbTAMIIEPHAS XapaKTEPUCTUKA I 4
MOJIYIIPOBOAHUKOBOTO JHMOJIa IMOKa3aHa d
Ha Puc. 4. IlocTtapaemcst 00BICHUTH X0
MPECTABIEHHON 3aBUCUMOCTH,
UCIIONb3YS pa3BUTHIE BBIIIIE
IIPEACTABICHUS.

Ecmu COCAUHUTL IINIFOC HMCTOYHHKA

HaNpsDKEHHs ¢ N-00JaCThI0  KpHUCTAILIA, b U

a MHUHYC C P-00JacThio (HampsHKeHUE
TaKoTo HaIpaBJICHUS MOJIYYHIIO
Ha3BaHUE 00OpaAmMHO20 WIU 3aNOpPHO20),
TO BHEIIHEE JyeKTpuueckoe rmnoiie E,
CO3JIaHHOE MCTOYHUKOM, oyner

Puc 4.

v



COBMNAJaTh IO HampaplieHUIO ¢ nojieM E, KoHTakTHOro cjios (puc.S
a)). OTO TMoJie BBI3OBET CMEIIEHHWE DJJIEKTPOHOB B N-00JacTH
MOJIYITPOBOJIHUKA U JBIPOK B €TI0

Puc. 5
a) 0)
n—mun E, p - mun n-mun E, D - mun
| | | |
T+ |- - O -y <°
@) @)
R T o P B N
«—e |+ + | | |
| | 1
| |
E— «— E

p-o0jlacTh OT TpaHUIBl P—N-TIEPeXxoja B MPOTHUBOIOIOKHbBIC
CTOpOHBI. B pe3ynprare 3anuparolivuid CJIOM PAaCIIMPUTCI U €T0
conpoTuBieHnEe BO3pacTeT. COOTBETCTBEHHO YBEJIWYUTCS M BBICOTA
NOTEHIIMAJILHOTO Oapbepa NI OCHOBHBIX HOCUTENEH, UTO MPUBENET K
YMEHBIICHUIO  BEIMYUHBI  JU(PGYy3MOHHOTO TOKa. YKe TIpu
HanpspKCHUsAX mnopsiaka | B BenmwumHa 3TOrO0 TOKa CHUXKAETCA
MpakTUYECKH 10 Hyis. BenuunHa ke apeioBoro Toka He 3aBUCUT
OT BBICOTHI TOTEHIHAILHOTO Oaphepa. B pesynbraTe, npu
HAJIO)KEHUHU OOPaTHOTO HAMPSHKEHUS, PE3YJIbTUPYIONIUNA TOK (3TOT
TOK Ha3bIBAIOT 0OpammubiM) YEpe3 TMepexoj OBICTPO JAOCTUTAET
HACBHIIIIEHUS] M TIOJIHOCTBIO OINPENEIIeTCs BEJIMYMHON ApeiidhoBoro

TOKa HEOCHOBHBIX HOCHUTEIIEH IO (puc.4, yuactox b0). Ilpu

JOCTAaTOYHO OOJBIIUX OOpaTHBIX HaNPsHKCHUSIX (KaKIbIH p—n-
MepexoJl  XapaKTEepU3yeTcs CBOMM  TPEACIbHBIM  3HAYCHUEM
0OpaTHOTO HAMpPSKEHUS) MPOUCXOAUT BJECKTPUUECKUN TPoOoH p—n-
nepexo/ia, XapaKTEPHU3YIOMUNUCS PE3KUM BO3pacTaHUEM OOpPaTHOTO
ToKa (puc. 4, yuactok ab).

Eciu Teneph MOMEHSTH MOJSIPHOCTh COCIMHEHUS UCTOYHHKA, T. €.
COCIMHUThL MHHYC HCTOYHHMKA HANpsDKEHUS C  N-00J1acThIO
KpHCTaJlja, a IJIIC C P-00JIacThiO (HANIPSHKEHUE TaKOTO HAIlpaBJICHUS
HA3BIBACTCS NPAMbIM U NPONYCKHLIM), TO BHEITHEE dIECKTPUICCKOE



nosne E Oyner HampaBiieHO MPOTUBOIOI0XKHO Noyt0 E, KOHTaKTHOTrO
cinost (puc.5 0)). OT0 mojsie BBHI3OBET ABMIKCHHE DJICKTPOHOB B N-
00J1acTH MOJYIPOBOJHUKA U JBIPOK B €r0 P-00JIacTH K IpaHUIle p—n-
nepexoja HaBCTpeuy Jpyr apyry. B pesynbrare mmpuHa
3alUpaIOIIEro CJOsI W €ro  CONPOTHBJIECHHUE  yMEHBIIAIOTCS.
COOTBETCTBEHHO YMEHBIIIAETCS U BBICOTA MOTEHIMAIBLHOIO Oapbepa
JUISL OCHOBHBIX HOCHUTEJIEH, YTO TPUBOIUT K POCTY BEIUYMHBI
muddysnonHoro toka. [Ipu 3Tom BenuuunHa apeiidoBoro Toka OyaeT
OCTaBaThCs MPAKTUYECKU HEU3MEHHOM. CrnenoBaTeibHO,
pPE3YJbTUPYIONIMA TOK CTaHET OTIWYeH OT Hyjsa. [loHmwkeHue
NOTEHIMAJILHOTO  Oapbepa  MPOMOPIUOHAIBHO  MPUIOKEHHOMY
HarnpspDKeHuto. [Ipn yMEHbBIIEHHMH BBICOTHI Oapbepa TOK OCHOBHBIX
HOCHUTEJICH, a CJIeIOBAaTeIbHO W PE3YJIbTUPYIOMIUNA TOK, OBICTPO
HapacTaeT. Takum 00pa3oM, B HaIpaBIEHUH OT P-00JacTH K N-00-
JACTU MOJYIPOBOJHUKA P—N-TIEPEXO0]] MPOMYCKAET TOK (ITOT TOK Ha-
3BIBAIOT NPAMbIM), CHUJIAa KOTOPOTO OBICTPO HapacTaeT ¢ POCTOM MpH-
JokeHHoro HanpsipkeHus (puc.4, yyactok 0d). HenmnelHOCTh BOJIBT-
aMIIEPHON XapaKTEPUCTUKHM AMOJIa MPU MAJIBIX 3HAYCHHSIX MPSIMOTO
HanpspkeHus (puc.4, ydactok 0¢) MOKHO OOBSICHUTH TEM, YTO C POC-
TOM 3TOT0 HANpPsKEHUS IMIMPHUHA 3aTIOPHOTO CJIOS, @ 3HAYUT U €r0 CO-
POTHUBJICHUE, YMEHbINAIOTCS. [Ipr MTOCTHKEHUN TPSAMBIM HaIpsoKe-
HUEM BEJIMYHMHBI MOPSAIKA HECKOJIBKUX JECITHIX BOJBTA 3alOPHBIN
CJIOW TpakTUuecku wucue3aeT. [Ipu Oosiee BBICOKMX 3HAYCHUSX
HaIpsOKEHUsT CONPOTHBIICHUE JuoAa TouTH He MeHsercsa (puc.4,
y4acTok cd).

OHOCTOPOHHSASI MPOBOJUMOCTH IMOJIYNPOBOJHUKOBOTO MO
HCIIONIb3YETCS JIJIs1 BRIIPSIMIICHUS U TIPpeoOpa3oBaHus MEPEMEHHbBIX TO-
KOB.

[TyTem HeCI0XKHBIX MaTeMaTHYeCKUX ornepanuit popmya (1)
MOXET OBbITh NMpeoOpa3oBaHa K BUY:

=T L], @)
e IO

Otkyna, nepexoist K npupanicHUusIM:



e AU (3)

i)

Cxema ycTaHOBKM (yIpOIIEHHAs), HCHOJIb3YEeMOW B JIaHHOM
paboTe  Isi  TIOJYYEHHS  BOJBTAMIIEPHOM  XapaKTEPUCTUKHU
MOJTYTIPOBOJHUKOBOTO JUOJA ,ITPEICTaBICHa Ha puUC.6.

1T /1 I 11

Ra

@ v ©
Ry
— 5
| I
NCTOYHHUK
I[TOCTOSAHHOI'O TOKA
KOPIIYC

# ~220B ~# —

Puc. 6



YcraHoBKa coOpaHa B €IMHOM METalIIMYECKOM KOpIyce, Ha
nepeaHell MaHeau KOTOPOTrO yCTAHOBIEHBI TOJOBKH M3MEPUTEIBHBIX
npubopos: ammepmerpa A u BompTMeTpa V, a Tak Ke: pyuka
ynpasieHus peoctatoM R, mepexmouatens nonspuoctu I111:

V>
«IIpsimass BeTBB» - «OOpaTHasi BETBbY», MEPEKIIOYATENb MPENETOB
u3MepeHus: ammepmerpa: «Mumamneps» — «MuKpoaMIiepby,

tymonep «CETb» u unAaukatopHas jJaMIioyka ceTu (Ha cxeMe He
noka3anbl). M3 cxeMmbl BUIHO, YTO NEPEKIIOYATENb MOJIPHOCTH
T03BOJISET TOAKIIOYNTE mnoaynposoganukosslii auox II JI kax B

IMPOIMYCKHOM, TdK U B HCTIPOIIYCKHOM HaIIPpABJICHUAX.

HOpHI[OK BBINMOJIHCHUA paGOTbI

CHauana HYXHO YJIOCTOBEPUTBHCSA, YTO KOPIYC YCTaHOBKH
NOAKJIIOUEH K 3allMTHOMY 3a3eMJICHHMIO, a pydKa peocrara,
PErYJIMPYIOLIETO HAIPSHKEHUE Ha  ITOJIYNPOBOJHUKOBOM  JHOJE,
BbIBEZICHA B KpailHee JIeBO€ MOJIOKEHHE. 3aTeM BKIIOYUTH TymOJep
«CETb» n naTe yCTaHOBKE NPOTPETHCS B TCUEHHUE MATU-CEMU MUHYT.

[Ipexxme dYem OPUCTYNUTh K  U3MEPEHHUSIM  COCTaBIISIOT
crenupUKaIMo 3JIEKTPOU3MEPUTENBHBIX MPUOOPOB U PACCUUTHIBAIOT
HNOTPEUTHOCTH U3MEPSEMBIX BEJIMUKH 10 (hopMmyJie:

K-X
AX = =~ Zm 4

100
rie K — kmacc Tounoctn npubGopa (ykaspiBaeTcs Ha JIHILEBOIA
CTOpoHe mpuOopa), X - MPeIenbHOEC 3HAYCHHE H3MEpsIeMOil

BeIWYUHBI. [Ipy 3TOM MOrpemHocTh aMnepmMeTpa cieayeT paccuuTaTh
IUTSL KaXKJ0TO U3 MPEETIOB U3MEPEHUM.

Jlanee, yCTaHOBMB MEPEKIIIOYATENIb MOJSIPHOCTH B MOJIOKEHUE
«IIpssmass BeTBb», a MEPEKIIOYATENb MPENEIOB B MOJOXKEHUE
«MwunamMneps», CHUMArOT 3aBUCUMOCTb IPSIMOTO TOKa JHOJA OT
HampskeHus (HE MeEHee JecsTH 3HaueHudM BO Bceld o0nacTu
BO3MOKHBIX HalPSKEHUN ).

3aTeM NEepEeKIIIoYaTeNlb MOJSAPHOCTH IMEPEBOJAT B IOJIOKEHUE
«OOpaTHast BETBbY», NEPEKIIOYATEIb MPEAEIOB (OH MOXET OBITh
BBIIIOJIHEH B BHJIE€ KHOIIKM, KOTOPYIO BO BpPEMS MU3MEPEHUS HYKHO



JepKaTh HaXaToil) — B MoOJIOKeHHE «MUKpoamIepb» U IMPOBOAST
aHAJOTUYHBIE W3MEpeHust i1 oOpaTHoro Toka. Ilpum sTHX
M3MEPECHUSIX MOKHO OTPAHUYUTHCA JBYMSI-TPEMSI 3HAUYEHUSIMHU
HanpspKEHUM, TPU KOTOPBIX OOpaTHBIM TOK MEPECTAET MEHSThCS
(IOCTUTHYT TOK HACBIIICHUS IO).

Pesynbratel u3mepeHuit 3aHocar B Tabmuiy 1 ¢ TOYHOCTEHIO,
paccuutanHol 1o hopmyie (4).

[To okOHUYaHUM U3MEPEHUM BBIBECTHU PYUKY PEOCTaTa B KpauHeEe
JIEBOE MOJIOKEHUE, MEPEKIIIOYATENb MPEAECIOB ITOCTABUTH B IOJIOXKE-
HUe «MumaMnepsn», MEPEKII0YaATeNb IMOJIPHOCTH B TOJIOKEHHUE
«ITpsimas BeTBbY, TyMONEp «CETh» B nonoxenue «BbIki.».

Tabnuua 1.

ITpomyckHOE HaIIpaBICHHE HemnponyckHoe
Hampasierne | In| — + 1

Ne | UymBl U,MB | ILmA | U, MB | I, mxA lo

N =

O0padoTka pe3yIbTATOB M3MEPEHUI
1. PaccuuTath AJisl KaKJ10ro U3MEPEHHOTO 3HAYEHHUS TTPSIMOTO
TOKa COOTBETCTBYIOIIECE 3HAYCHHUE HAMIPSHKEHUS HA IUOJIE 10
dbopmye:
U - U A - I' R A

Pesynbratel  pacueroB  3aHecty B Tabmumy 1. (3HaueHue
conpoTuBienns R A YKa3aHO Ha yCTaHOBKE).

Takol mepepacyer NPUXOAUTCA JI€J1aTh MOTOMY, YTO, KaK BUJIHO W3
CXEMBl YCTAaHOBKH (puc.6), BoOIbTMETp V U3MEpSIET CyMMY
HaNpsHKEHUI Ha IMO0Jie M HA conpoTuBIeHnn R A

2. Ha nucre MumamMeTpoBoi Oymard, mo gaHHbIM Taommier 1,
IIOCTPOUTh TpauK 3aBUCHMOCTH TOKa Yepe3 AUOJ B IPSIMOM H



OOpaTHOM HAaMpaBJIECHUM — BOJBTAMIICPHYIO XapaKTEPUCTUKY IAUOAA
(mo momobuto puc. 4). Pasmep rpaduka AomKeH OBITH HE MEHEe
TEeTpaJHOW CTpaHullbl. MacmTabbl BJ0JIb OCH TOKa B MPSIMOM U
o0OpaTHOM HaIpaBJICHUIX CIETYET BHIOPATh pa3HBIMHU.

3. Ilo 3KCHEpUMEHTAIBHOM BOJBTAMIIEPHOM XaPAKTEPUCTHUKE
(oOpaTtHass BETBb) ONPEJACIUTh TOK HACHIIICHUS IO. Hcnonp3ys

INOJTYYCHHOC 3HAYCHUC IO , BBIYUCJIINTD JJIA KaXXA0I'0 3HAYCHHUSA TOKA I

IOPONYCKHOTO  HAalpaBJIEHHWs  BEJIWYMHY  |p 1 +1|. Ha
Ly
MUJUTUMETPOBOM  Oymare  MOCTPOUTh  rpaduK  3aBUCUMOCTH

U=flml L+ || (pasmep rpaduxa nomien ObiTh He MeHee
Lo

TeTpaaHou ctpanuiibl). Kak ciemyer u3z Gopmyssl (2), TeOpeTHUECKU
ATOT TrpaduK NPEACTaBISICT COO0OH MNpPsIMYyI0, MPOXOJAIIYIO uepe3
Hayajao KoopauHat. [T0CKOJIbKY 3KCIEPUMEHTAIbHbIE TOUYKH HMEIOT
pazopoc, TPAMYIO HY)KHO IIPOBECTH TakK, 4YTOOBI ajreOpamdeckas
CyMMa pACCTOSHUI OT TOYEK JI0 MpSIMOM (paccTOosHUA OT TOYEK,
JeXKaIIUX MO OJIHY CTOPOHY OT MPSIMOM OEpYyT YCIOBHO CO 3HAKOM
IJTIOC, @ TI0 IPYTYIO CO 3HAKOM MUHYC) CTPEMIIIACH K HYJIIO.

4. C nomMonibio rpaduka HAMTH COOTBETCTBYIOIIME MPUPALIEHUS
BeIWYMH (OTMETUTh BBIOpaHHBIC TIpUpalieHuss Ha Tpaduke) u
paccuuTaTh yTJIOBOM KOA(PPUIIMEHT TMOCTPOCHHOM mMpsIMO 1O

dbopmye:
AU

I
Al In| — +1

Lo
[Ipyu 3TOM HYXHO HMETb B BHUJY, UYTO A OOJbBIIEH TOYHOCTHU
pacyeTa, HYKHO BbIOpaTh MAaKCHMAJIbHO BO3MOXHBIE MpHUpaIICHUS
(koTOphle YAOOHO OTCUMTHIBATH OT HyJsi). [loactaBuB HaljeHHOE
3Ha4YC€HHE YTI0BOro Kod(dduimenta B dopmyny (3), BBIUHUCIUTH
noctosiHHytlo Bombumana. (Cumtath, uto 1 =300 K). Beimucats
Ta0JIMYHOE 3HAYCHUE TMOCTOSAHHOW bonbliMaHa # CpaBHUTH C
HalJCHHBIM.
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