YcioBue

3amanue 3. IloynpoBO/IHUK.

B nannoMm 3aj1aHun Bam IPEJCTOUT TEOPETUIECKH OITUCATH 3JIEKTPUIECKYIO TPOBOIMMOCTD YUCTOTO
(6e3 mpuMeceit) MOJIYIIPOBOJHUKA U €€ 3aBUCKMOCTH OT TEMIIEPATyphl U OCBellleHHOCTH. Paccmar-
puBaeMble HUKE ABJIEHUS HAXOJAT IMUPOUaliliiee MPUMEHEHE B COBPEMEHHBIX 3JIEKTPOHHBIX MPH-
6opax, B 9aCTHOCTH TEPMOPE3UCTOPax u (porope3ucropax. B KadecTBe mpumepa moJiylnpoBOTHUKA
HCIOJIb3YeTCsd KPUCTALTMIECKUil KpeMuuii (¢-Si), MOjIesIb ero KpUCTALIMIECKON PEIeTKN MoKa3aHa,
Ha puUcyHKe. /[J1s YMC/IEHHBIX pacdeTOB UCIIOJIB3YIOTCS XapaKTEPUCTUKH UMEHHO STOr0 BeIleCTBa.
B 3ajade ncnonb3yiorcsa TpaJIMIMOHEbBIEe 0003HAYEHU, TPUHATHIE B (PU3UKE MOTYITPOBOIHIKOB.

1.BBegenue — HamoMUHaHUE.

Jls1 onmcaHus MPOTEKaHUs 3JEKTPUIECKOr0 TOKA BHYTPH BEIIECTBa YI00HO
MTOJTb30BATHCA TAKOM XapaKTEPUCTUKOMN, KaK MJIOTHOCTD JIEKTPUIECKOTO TOKA
f. [InorHOCTH TOKA OmMpeeadeTcd KaK KOJUYECTBO JIEKTPUUECKOTO 3apsia,
[IPOTEKAIONIEr0 Yepe3 ILJIOMAJIKY €IUHUYHON IIJIONAJ, NePIeH TUKYIsSPHON
HAIPABJIEHUIO JIBUYKEHUS 3apsJIOB B €JIMHUIYY BPEMeHU (MM KaK CHJIA 3JIeK-
TPUIECKOTO TOKA, [TPOTEKAIOIIEr0 Yepe3 IIOMAJKY €MHUTHON ILIOIMIAJIH )

. Aqg Al (1)
TTAS AL T AL

ILmoTHOCTL TOKA SBJIIETCS BeKTOpHOﬁ BGHHHHHOﬁ, €€ HallpaBJIECHHE COBIIaJa€T C HallpaBJIEHUEM
JABUZKEHUA ITOJIOZKUTEJIbHO 3apPAKCHHDBIX JaCTHUIL.

1.1 IlycTpb 3/1eKTpUYecKnii TOK paBHOMEPHO ITPOTEKAET BJIOJIb OJIHOPOJIHO-
ro mumnapa. Mcernons3ys 3akon Oma g ydacTKa IEeln, TOKaKUTe, ITO
IUIOTHOCTH JIEKTPUYECKOI'O TOKA BHYTPH IUJINHJPA PACCUYUTHIBAETCH I10

dopmyite

j=0E,

—

rjae F - HanpsyKeHHOCTDb JIEKTPUYECKOrO IMOJIsd BHYTPHU IMUJIUHJIpA, 0 - yAeJIbHas ITPOBOJIMMOCTD
MaTepuaJia MUIMHIpa (BesnanHa obpaTHasi e TbHOMY SJIEKTPHIECKOMY COMPOTUBIEHHUIO 0 = /l))

1.2 Tlycrh oIMHAKOBBIE YACTHIIBI (3apsi/] KasKJIO0H PaBeH ¢) JBUKYTCS C

OJINHAKOBBIMU CKOPOCTSAMU ¥. KOHIIEHTpaIus YacTUIl B IOTOKE PABHA M. H—s> O—> n
quy PaBHa IIJIOTHOCTD JIEKTPHUYIECKOI'O TOKa B JJTaHHOM IIOTOKE qaCTHH? q@ - &—
— ©
1.3 [lokaxkure, 9TO CpeTHAS CKOPOCTH HAITPABJIEHHOTO JIBUYKEHUS JJIEK- o—> &—
TPOHOB B METaJI/Ie NPH NPOTEKAHUH IIOCTOAHHOTO JIEKTPUIECKOr0 TOKA  @— g ¢ © 4
IPONOPIIMOHAJIbHA HAIIPSIXKEHHOCTU JJIEKTPUIECKOTI'O TI0JISI B MeTaJlIe — o
(v) = nE. (3)
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rjie KO3 PUIMEHT TPOIIOPIIUOHAIBLHOCTH (4 HA3BIBACTCA NOJGUNCHOCMHIO SJEKTPOHOB. Boipasute
YACJAbHYIO IIPOBOAUMOCTD METaJlJia Yepe3 IOJBU2KHOCTD 9JIEKTPOHOB U MX KOHIICHTPAIIUIO B MeTa.Jl-
JIe.

2. Tepmope3ucrop.

SHepI‘eTI/I‘IeCKI/Ie COCTOAHUA SJICKTPOHOB B KpHUCTaJLJI€ COCTOAT U3

HECKOJIbKIX 30H. BerHHH 3allOJTHECHHadA 30Ha Ha3bIBaCTCA BaJICHT- E
HOM 30HOH, a cjieAylolllad 3a HEW 30Ha BO3MOZKHBIX COCTOAHHUMN —
30HOM IIPOBO/IUMOCTH. Memﬂy HUMU PacCIloJIaraeTcCd 3allpelleHHaAd
30Ha — JJIEKTPOHBLI B KPHUCTAJIJIC HE MOI'YT UMEThL TaKHUE€ 3HaAYCHUA 27

CEODOOHBIIL
WTEKINPOH

JOH
1 POCOOTLHOCTITN

sHeprun! PazHocTh sHEpruit MexK 1y BEpXHUM KpaeM BaJIeHTHOI 30- B
o JOH
HbI 1 HU?KHHM KpaeM 30HbI ITPOBOJMMOCTH Ha3bIBACTCA IMNIHNPHUHOM &

3alpeleHHoit 30Hbl 1 obo3HavaeTcs Fy. i [mm,,tm]
JOH

SJIGKTpOHbI, HaXOAAIMHeCdg B BaJIEHTHOI 30H€E, «IIPpUBA3aHbI» K CBO- M%

UM aTOMaM U HE MOT'YT IlepeMellaTbCd 110 KPUCTaJIJ1y, CJIe0BaTe/Ib-

HO, HE MOT'yT ObITH HOCUTEJIAMU QJIEKTPUYICCKOI'O TOKaA. SJIGKTPOHBI, HaXoAdImuecsa B 30HE IIPOBO-
JAUMOCTHU ABJIAIOTCA CBO6OJ1HBIMI/I, IIO3TOMY CJIyzKaT HOCUTECIIAMU IJIEKTPUIECKOTI'O TOKa.

B paccmarpuBaeMoM KpUCTaIMIECKOM KPEMHHUH IIPU TeMIIEpaType abCOJIIOTHOIO HYJIS BCE JICK-
TPOHBI HAXO/IATCA B BaJIEHTHON 30HE, 30HA ITPOBOJIMMOCTHU ITIyCTa, TTO3TOMY B 3TOM COCTOSTHUM I10-
JIVIIPOBOJTHUK sIBJIsieTcs n30JiaTopoM. [Ipu moBbIeHnN TemMiiepaTypbl BCISJICTBAE TEILJIOBOIO JIBH-
JKeHHsI HEKOTOPBIE 3JIEKTPOHBI MOI'YT IePEeXOJNTh U3 BaJEHTHOW 30HBbI B 30HY IPOBOJAMMOCTH. B
9TOM CJIydae B 30HE MPOBOIUMOCTHU TOSBISACTCS CBOOOTHBIN 9JIEKTPOH, & B BaJIEHTHOW 30HE JIHIPKA.
Ckopoctb rerepanuu G'p 3JI€KTPOHHO-IBIPOYHBIX TAD (YHCIIO POKIAIONIMXCA B €JMHUIE OObeMa B
eJINHUILY BPEMEHU 3JIEKTPOHHO-/IBIPOYHBIX 11ap) B 3a[aHHOM IOJIYIIPOBOIHIUKE 3aBUCUT TOJBKO OT
TEeMIIEPATYPHI.

Taxkum oO6pazoM, HOCUTEJIAMHU JIEKTPUIECKOTO TOKa B IOJIYIPOBOJHUKAX SIBJISIOTCS CBOOOJIHBIE
9JIEKTPOHBI U JBIPKU. lIpraeM JIBIDKHM MOXKHO PacCMaTpUBaTh KaK YaCTHUIIBI C MTOJOKUTETbHBIM
3apsIJIOM PaBHBIM dJIEMEeHTapHOMY 3apsity. KoHrenTparus ¢cBOOOIHBIX 9JIEKTPOHOB B MOJIYIIPOBO/I-
HIKe 0003HAYAETCsI N;, KOHIIEHTPAIust JbIPpOK p;. OJHAKO B YMCTOM IMOJIYIIPOBOJHUKE (TaKOM, KaK
paccMaTpuBaeTcs B JAHHOI 3ajatde) KOHIEHTPAIMN SJEKTPOHOB W JIBIPOK OJIMHAKOBBI, [TO9TOMY
UCIIOJIB3YITEe eMHOe ODO3HavYeHWe I MX KOHIEHTpaIuu n; = p; = n. B0O3MOKeH W Ipoliecc,
OOPATHBIN POKIEHUIO JIEKTPOHHO-IBIPOTHON Taphl — SJIEKTPOH MOYKET HePeiiTH U3 30HBI ITPOBO-
JIMMOCTHU B BaJIEHTHYIO 30HY, IIPU 9TOM Ilapa 3JIEKTPOH-/IbIPKa ncUYe3aeT. Takoil mporecc Ha3blBa-
ercst pekoMOuHaImeil. O4eBUIHO, YTO CKOPOCTh peKoMOuHamnuu R (9uc/Io nCcuIe3aronyux B ¢ IMHUIE
obbeMa B €JIMHUILY BPEMEHU 3JIEKTPOHHO-IBIPOYHBIX TIap) MPOIOPIHOHAbHA TPOU3BEICHUI0 KOH-
LIEHTPAIUil 3JIEKTPOHOB U JIBIPOK.

[Ipu noctosiHHOI TemImepaType MOJIYIIPOBOIHUKA YCTAHABIUBAETCH JIMHAMUYIECKOE PAaBHOBECUE —
CpejlHee YUCJIO POXKIAIOMMXCS JIEKTPOHHO-/IBIPOYHBIX MMapa CTAHOBUTCS PABHBIM YUCJY Tap, UC-
qe3aoluX BejeacTeue pekomounarmu: G = R.

Konnenrparusa cBOOOIHBIX 3JIEKTPOHOB B 9TOM CJIydae Ha3bIBACTCHd PABHOBECHOW KOHIICHTpAIINEN,
ee obo3HauYMM 1. PaBHOBecHasi KOHIIEHTPAIUsi CBOOOIHBIX 3JIEKTPOHOB 3aBUCHUT TOJIBKO OT abCO-
JIIOTHOH TeMIieparypbl 1’ u orpejengercs GopMyJioit
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E
(T = AT?3/? _s 4
n(T) exp |~ | (4)

rje k - mocrosiHHast BonbimMana; A - MOCTOsTHHAST /I JJAHHOI'O BEIECTBA BEJIMUINHA; exp(x) =e” -

SKCIOHEHITUATbHAS (DYHKITHS.

2.1 Ucnosib3ys pusntveckne XapaKTePUCTUKU KPUCTAJUIMTIECKOTO KPEMHUS, BIYUCIUTE €ro Ye/Ib-
HYIO 3JIEKTPUYECKYIO IIPOBOJIMMOCTD IIPU KOMHATHOI TeMIlepaType 0.

2.2 [lpu majom m3menennn Temmeparypbl AT MOXKHO CINTATH, ITO TPOBOJMMOCTH KPEMHUS U3~
MEHAeTCd 110 JIUHEHHOMY 3aKOHY

o =oo(1+~AT). (5)

Paccuuraiite TemnepaTypHbIit KO3(M@UITMEHT TPOBOIUMOCTU 7Y JIjIg KPUCTAIUIECKOTO KPEMHUS
IpU KOMHATHO# TeMIiieparype. M3MenenneM MmoaBuzKHOCTEH 3JIEKTPOHOB U JBIPOK IPU M3MEHEHUU
TeMIepaTypbl MOYKHO TTpeHeOpeYb.

3. ®oTope3ucTop.

SﬂeKTpOHbI MOFyT IIepexoauTbL B SOHy IIPOBOJUMOCTH W IIPpU IIOIVIO-

[IEHNN KBaHTa CBeTa, B 3TOM CjIydae Takyke oOpasyercs Iapa HOCHTe- AX
Jiefl Toka «CBOOOJIHBI{L 3JIEKTPOH — JIbIDKa». OTO sIBJ€HUe Ha3blBaeTcd 1 I,(1—aax)
enympenrum gomoappexmom. Ha sroMm mpunnmme paboOTaOT MOMYyHPO- 7 ~ =

e | S o

BOJIHUKOBBIE IPUOOPHI JIJIsT U3MEPEHUs UHTEHCUBHOCTH CBETa (B TOM THUC- ) =
Jie nHMPAKPACHOTO Iuara3oHa) — GOTOPE3UCTOPHI. “\Afﬂmk T
0

Ecin saeprust (hoToHa MnpeBbIaeT SHEPreTUIeCKyo IMUPUHY 3aIIPenieH-

HO#l 30HBI, TO OH MOKET IOIVIOTUTBCSA, B HEKOTOPBIX CJIydasX IOIJIoeHus (poToHa obpasyercs
QJIEKTPOHHO-AbIPOYHAaA I1apa. OTHOH_IeHI/Ie quCJia POXKACHHBIX IIap K YUCJIY ITIOIVIOIEHHBIX (bOTO—
HOB HA3bIBAETCS KGAHMOGbM_6bi0dom HboTodddhekTa (0603HATUM STY BETHIUHY 7).

[Torsomnenue cBera xapakrepusyercs koadguuyuernmom nozaouenus o. Bemmanua a Az (mpu aAxr <
1) paBHa oTHOIIEHUIO Yncja (HPOTOHOB, MOTJIOMEHHBIX B TOHKOM CJIO€ BEIIECTBa TOJIMHON Az, K
quc1y (pOTOHOB HAIAIONINX HA ITOT CJIOM.

g KpUCTa/UIMIeCKOr0 KPEMHUS 3aBUCUMOCTb KO (DUIIMEHTa MTOTJIONIEHU OT YaCTOTHI 1aJIat0-
IIIETO CBETa, OIUCHIBAETCA NMPUOJINZKEHHO (hopMyJIoit

a(v) = B(hv — B, (6)

ryie hv - sueprus dorona (B 31ekTpoH-BosibTax), B = 3,9 - 103 cm™! - 5sB™2 - smmmEpuueckas mocTo-
sSIHHAS.

DoTope3ncTop IpeacTaBIgeT coO0il TOHKUI KPUCTAIMIECKAN KPeM-

HUEBbIN cjoif. K KpasM cjiod 1OJIBeJIeHbI MeTaIInIecKue TOKOITPO-

BOJIAINIE KOHTAKTHI C BHEITHUMHU BbIBOJaMu. [l1acTuHKa OJTHOCTHIO I, g;
W
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OCBEIIIAeTCs CBETOM, I IAIONIUM Ha Hee HOPMaJIbHO CBepxy. ToJimm-
Ha, ITOJIYIIPOBOJIHUKOBOI'O CJIOsi h JOCTATOYHO MaJia, TaK UTO B Pac-
CMaTPUBAEMOM Jlajlee CHEeKTPAJIbHOM JIUANa30HE BBIITOJIHACTCA YCIIO-
Bre ah < 1. Temneparypy IJIaCTHHKHU C TIOJYIPOBOIHUKOBBIM CJIOEM
MO>KHO CYUTATH OCTOAHHON M paBHON KOMHATHOW.

3.1.1 BoramenuTe JIUHY BOJIHBI KPAcHOH rpaHubl GoToddderTa Ap. -

3.1.2 /lia yuporenus JIaJbHeHIIImX pacieToB Bbipa3uTe KoM UIIUEHT TOTJIONEHIT KPEMHISA KaK
byHKIMIO 0T BeamIuibl A/ Ay, (T71e A - JUIMHA BOJIHBI HAAIOMEro cBera): o = F(A/Agp).

3.1.3 Boruncianre CKOpOCTh T'eHEpaIlui JIEKTPOHHO-IBIPOIHBIX Hap mocpeacTBoMm (goroddhdekxra
(. BolpasuTe JaHHYIO BeJUUUHY Yepe3 XapaKTEePUCTUKK TAJIAIONIEro cBeta (JJIMHy BOJHbBI A, WH-
TEHCUBHOCTH [y - SHEPIUIO, MAJIAIONIYIO0 B €JIMHUILY BPEMEHU HA ILIOMIAJKY €JIUHUIHOMN ILIOIIAIH )
" HEOOXO/IMMbIE BAM XapaKTEPUCTUKU KPEMHU, IPUBEJIEHHBIE B CIIPABOYHON Tab/IHUIIE.

3.2.1 BanmmuTe ypaBHEHNE, OMUCHIBAIOINIEE CKOPOCTh N3MEHEHUsI KOHIIEHTPAIINN CBOOOIHBIX JJIEK-
TPOHOB % B MOJIYITPOBOTHUKE, OCBENMIAEMOM CBETOM. Y UTHUTE, YTO JIEKTPOHHO-IHLIPOYHBIE TTaphl

IIOABJIAIOTCA HE TOJIBKO IIO ,HeﬁCTBI/IeM TEIIJIOBOI'O JABHU2>KCHUA, HO M BCJIEICTBHUE q)OTOS(beeKTa.

3.2.2 Ilyctb B pesysibrare KpaTKOBPEMEHHOI'O CBETOBOI'O MMIIYJIbCA KOHIIEHTpPAIlUsl CBOOOTHBIX
3JIEKTPOHOB IPEBBICUJIA TEPMOJINHAMUYECKYIO PaBHOBECHYIO KOHIIEHTPAIIUIO 71 Ha MaJIyIO BeJu-
quHy 1y (TO ecTh N = i+ ny, npudeM i > ny ). [lokazkure, 910 H3MEHEHHE STOTO OTKJIOHEHUs Ang
3a MaJIblil IPOMEXKYTOK BpeMeHn At IMOTIMHAETCsS YPaBHEHUIO

Any = — LAt (7)

T

rJie T - HEKOTOpAasl TIOCTOSTHHAsI, HA3ZBIBAEMAS GPEMEHEM HCUSHU IAECKMPOHHO-0bPouHot napvl (ee
YHUCJIEHHOE 3HAUEHNE JIJIs KPUCTAIMIeCKOTo KpeMHunst puseieHo B CpaBodHoil Tabsiuie).

3.2.3 Bripazure ckopocTh TemioBoil reneparuu Gp M CKOpOCTH pekoMmOmHammu R depes KOH-
IEHTPAIIIO0 HOCUTEJIell TOKA W M3BECTHBIE MapaMeTpbl KpeMHUsd, npue/eHubie B CrpaBoIHO
TabJINIIE.

3.2.4 Ilycts doTope3ncTop HEMPEPHIBHO OCBEMIAETCS CBETOM, B 9TOM CJIydae KOHIIEHTPAIUS HOCH-
Teseil IoCTUTraeT HEKOTOPOT'O CTAIlMOHAPHOTO 3HadeHus . Haiigure oTHONIEHNE 3TOI KOHIIEHTPAIIUN
K PaBHOBECHOI KOHIIEHTPAIMM 2, KaK (QYHKIMIO JIMHBI BOJIHLL (JIydime A/Ayp.) 1 HHTEHCHBHOCTH

1aJIaI0Iero u3jaydeHus I.

3.3 IamepeHne UHTEHCUBHOCTU cBeTa. PoTOPE3nCTOP NOAKIIOYAIOT K HCTOYHUKY IIOCTOSTHHOT'O
HAIPAKEHUA U U3MEPAIOT CHJIy TOKa depe3 Hero. [Ipm orcyTcTBHmM OCBelieHHs CHIa TOKa B IENN
paBHa iy (TEMHOBOI TOK).

3.3.1 Haiisure 3aBUCHMOCTD CUJIBI TOKA B IEIN OT XaPAKTEPUCTUK T1aJIAI0IIEr0 U3JIydeHusl (JI/IHHBI
BOJIHBI ¥ MHTE€HCHBHOCTH ).

3.3.2 IlocTpoiiTe mpuMepHbIil rpaduK 3aBUCUMOCTHA OTHOIIEHUs CUJIBI TOKA B IEMU K TEMHOBOMY
TOKY /19 OT HHTEHCUBHOCTH TIAJIAIONIEro cBeta (B auanasone or Hyss 10 0,1 Br ) ¢ JJIMHOMN BOJIHBI

om2
A= 0,90\
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3.3.3. Ilocrpoiite ipuMepHbIit rpaduK 3aBUCUMOCTH /79 OT JJIMHBI BOJHbBI HAJAIONIEr0 CBETa B
nmarazone oT A = 0,8MkM 710 Ay = 1,1MrM. CauraiiTe, YT0 HHTEHCUBHOCTD T IAIOINET0 W31y IeHUST

nocrosinia u pasHa [y = 1,0 - 10_23—;.

Cnpasovwras mabauua.
Komuarnas Temmeparypa Ty = 300K
3apsi 3/1eKTpoHa e=1,60-10"YKn
CKOpOCTh CBeTa B BaKyyMe c=3,00-10%/c
[Tocrostaras Bosbivana E=138-10"2]Tx - K !
[Toctosirnas Ilnanka h=06,63-10""1x - c
XapakKTepuCTUKN KPUCTAJIJINYECKOTO KPEMHUS
[MIupwuma 3ampenennoi 30HbI E,=1,125B
PaBHOBecHAs KOHIIEHTPAIIIA CBOOOIHEIX 3JIEKTPOHOB IIPH KOMHATHOH TemmepaType | 7 = 1,0 - 10%ca3
[ToIBUKHOCTL CBOOOIHBIX 3JIEKTPOHOB fn = 1,4-10%cm? - BT -7t
[MomBmKHOCTD IBIPOK pp = 0,45 - 10%em? - B '.c!
KeanToBbiil Beixo BHYTpeHHETO oTOIhDEKTA n =0,10

Bpemsa Xu3HN 371€KTPOHHO-IBIPOYHON TTaphI 7=30-10"3¢
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