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B nanHOM mocoGuu mpeacTaBieHbl MaTepuaibl K JeKIUH 1o TeMe «OO0bEMHBIE TOTYIPOBOAHUKI
u3 Kypca «KBanToBas Makpodusukay, mpernogaBaeMoro Ha kadeape ooment Guznku MOTU.
[Tocobue He mpeTeHyeT Ha MOJIHOTY U3JI0KEHHUsI MaTepuajja U B OCHOBHOM SIBIISIETCSI aBTOPCKUMHU
3aMETKaMH K JIEKIIUSM, OHO COJIEP’KUT OCHOBHBIE CBEIEHUS 10 3TOM Teme Kypca. s moapoOHOro
U3y4eHHs TEM CTYICHTaM pEKOMEHAyeTcs oOpaTuThcsi K KiaccuueckoMy Kypcy Y.Kutrems
«BBenenue B ¢pu3uky TBEpAOTO TENa» [1] ¥ APYrUM HCTOYHHUKAM.

OcHOBHOM MaTepuan mo 3Toil Teme cogepkutca B miaBe 11 kuuru Kurrens [1] u B meToaunuke
A.N.MopozoBa «®Pusuka TBEpHoro tena» [2]. OOcyxaeHHe psaa BOINPOCOB B IMPHBS3KE K
U3MEPEHUI0 XapaKTePUCTUK TOJYNPOBOJAHUKA HMeeTcs B JaboparopHoM mpakTtukyme [3]. B
KauecTBe MOAPOOHOr0 KIACCHYECKOro yueOHMKa 10 (U3MKEe MOJYyNPOBOAHUKOB MOXKHO
pexoMeHnioBaTh yueOHuk bonu-bpyesuua [4].

CuMBOJIOM T OTMEUEHBI TONOTHUTEIbHBIE Pa3/IeIbl.

OCHOBHBIE TOHATHS 3TOW JEKIUU:
*  MOJYyOPOBOAHMK, BaJIEHTHAs 30HA, 30HA IPOBOAUMOCTH, 3alpeIIEHHAs 30HA;
*  TIOJIOKCHHE XUMITOTeHIMana npu 7'=0 B YHUCTOM IOJYIIPOBOTHUKE U B MOJTYITPOBOJHUKE
C JOHOPHBIMH WJIM aKLIENTOPHBIMU MPUMECSIMU;
* DHEpreTUYecKas auarpamma 4ucTOrO MOJYIPOBOIHHUKA, MTOTYIPOBOIHUKA N-TUTIA U P-THUIIA:
*  BOJOPOJIOION0OHBIE COCTOSIHUS, IKCUTOHBL;
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O6Lwue npeacTaBneHusi 0 NONyNpPoOBOAHUKAX.
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Pucynok 1: Konyemmpayuu 31eKmpoHo8 npogooumMocmu 6 Memaniax u noiynpogooHuxkax. M3
KHueu [1].

[71aBHBIM CBOMCTBOM METAJIOB, B KAaKOM-TO CMBICJIE OIPEACICHHEM TOr0, YTO TaKO€ METalll,
SBIISICTCSl HAJIMYHME AJIEKTPOHOB MPOBOIMMOCTH (HATMYUE YACTUYHO 3aOTHEHHON SHEpPreTH4ecKoi
30HBI) Tipu Temrieparype 1 =0 . Bce ocTalbHBIC BEIIECTBA SIBISIOTCS B CTPOTOM CMBICIIE 3TOTO
CJIOBa TU3JICKTpUKaMK: B HUX Ipu 7 =0 eCTh TOJBKO MOJHOCTBHIO 3aMOJTHCHHBIC WK COBEPIICHHO
CBOOOJTHBIC SHEPTETUICCKUE 30HEI.

[Ipu koHEYHOW TeMmepaType B IUAIIEKTPUKaX BO3HUKAET HEHYNeBas BEPOSATHOCTH Iepedpoca
AJIEKTPOHA M3 3alOJTHEHHOM 30HBI B CBOOOJHYIO, YTO MOXKET MPUBOAUTH K BO3HUKHOBEHHIO
npoBoAMMOCTH. OJHAKO YacTO SHEPreTUYECKOE PACCTOSIHME MEXIy 3amonHeHHoW mpu  1'=0
30HOW (Ha3bIBAEMOU BAJICHTHOW) M CBOOOMHON (HAa3bIBAEMOU 30HOW TMPOBOJUMOCTH) OKA3BIBACTCS
HACTOJIBKO BENIMKO, 4YTO BEPOATHOCTh Takoro mepedpoca, ompenensieMas OOIBIIMAHOBCKOMN

DKCIIOHEHTOM e_A/T , OKa3pIBAa€TCsi1 HHUYTOXHA — C HpaKTHHCCKOﬁ TOYKH 3pCHUA HUMCHHO 3THU
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BCIICCTBA ABJIAAKOTCA U30JIATOpAMU (,Z[I/IE).IIGKTpI/IKaMI/I).

[TonynpoBOAHUKAMH 1O oOnpedenenulo HA3bIBAIOT BEIIECTBA, B KOTOPHIX DHEPrEeTUUYECKOE
paccTosiHUE MEKIy 30HOM NPOBOAMMOCTH U BaJCHTHOM 30HOW (II€Ib MEXIY JIHOM 30HBI
MIPOBOIMMOCTH M TIOTOJIKOM BaJIGHTHOW 30HBI, IIMpPUHA 3alpElEHHOW 30HBI) OKa3bIBae€TCS «HE
CIIMILIKOM BEJIHMKO», TaK YTO IMpPH HMHTEPECYIOUIMX HAC TeMIEepaTypax OKa3bIBaeTCs 10CTAaTOYHO
MHOTO DJJIEKTPOHOB B 30HE MPOBOJUMOCTH. IJTO OINpeAeSieHHe BEeChbMa YCIOBHO, OOBIYHO K
MOJTyNIPOBOAHMKAM OTHOCST COEJUHEHMSI C IIMPUHON 3alpeli€éHHON 30HbI MEeHee 3 3B, XoTd nHoraa
U CUCTEMBI C HECKOJBbKO OOibllIel HMIMPUHOW 3amnperi€éHHON 30HbI HAa3bIBAIOT IIMPOKO30HHBIMHU
MOJYNIPOBOAHMKAMH. B kauecTBe HEKOTOPOW YHMCIEHHON OLIEHKH MOYKHO IIPUBECTH KOHILIEHTPALUIO
CBOOOJHBIX HOCHUTENEH 3apsiia MpH KOMHATHOM Temmeparype. B xopomux MeTtaiax oHa
coctaBnger  10”..10"1/cy’ , B mnonymerammax Beime 107 1/cu’ , B «XOPOIIHX»
musnextpukax Hwke 10'°1/ca’ , a B momynpoBoguukax ooeraHo ot 107 o 10" 1/ew’
(pucyHok 1).

MonynpoBOAHMKK C HYNeBOW LUMPUHOW 3anpeLleHHOMN 30HbI'

[IpoMeXYyTOYHBIM 3BE€HOM MEXAY METAUIAMH M TOJXYIPOBOJAHUKAMU OKa3bIBAIOTCA TaK
Ha3bIBaEMbI€ ITOJIYIIPOBOAHUKHU C HYJIEBOM IIMPUHOM 3alIPEIEHHON 30HbBI. B TakuX cucTeMax B CUILY
CIy4aiHbIX' WM CHMMETPUIHBIX TIPUYMH BaJICHTHAs 30HA W 30HA MPOBOJMMOCTH COIPUKACAIOTCS.
[lpu T7T=0 B TaKUX cUCTEMax OKa3bIBACTCS MOJHOCTHIO 3aI0JIHCHA BAJICHTHAS 30HA U TIOJIHOCTHIO
cBOOOZHA 30Ha MPOBOAUMOCTU. ONHAKO M3-3a OTCYTCTBHUS 3alPEUIEHHOM 30HBI YacTh 3JIEKTPOHOB
neperuaeéT B 30HY IPOBOAMMOCTH IIPU HU3KOM TeMIeparype — TO €CTh, KaKk B MeTaulax,
ANIEKTPOHHAs CHCTEMa OKa3bIBAaeTCs BOCIPUMMYMBA K ciaboMmy Bo3aeiicTBuio. B To ke Bpems,
YUCIIO 3JEKTPOHOB, OTKIMKAIOUIMXCS HAa 3TO BO3IEHCTBUE, OKA3bIBAETCA MAJO0 U HUX KOJIMYECTBO
3aBHCHT OT TEMIIEpaTypbl MHa4e, 4eM B MeTaiuax. [IIMpoko M3BECTHBIM IPHMEPOM TAaKOrO THIIA
crekTpa sBisercs rpaden’ (pucynok 2) [5], ogHako 31oT 3ddexr usBecten ¢ 60-x romos 20 Beka
J7st monynpoBoaHukoB Ha ocHoBe HgTe u HgSe [6], [7]. [TonynpoBogHMKaMu ¢ HYJI€BON IIUPUHON
3anpenéHHON 30HBI ABJSIOTCS TAaK)Ke HEKOTOPBIE COCAMHEHUS U3 ceMelcTB BiSbi , PbiSnTe u
Pb;«SnsSe (mpu HEKOTOPBIX KOHIIEHTpAIUAX X), cepoe o10Bo (a-Sn) [7]. Yuctenii HgTe sBnsercs
MOJTYMETAJUIOM ¢ HeOOJBbIINM TEePEKPhITHEM 30H, TpU 3amereHnu 6onee 20% pTyTH KagMHEM OH
CTaHOBMTCS MOJYIIPOBOIHUKOM, a IIPHA TIOPOTOBOM YPOBHE IIPUMECH KaJMHs INUPHUHA 3alIPEIIEHHON
30HBI O0OpaIIaeTcs B HOMb (PUCYHOK 3).

1 HamoMHHMM, YTO Takoe 3aKpbITHE IIEJU MEXAY HEKOTOPBIMH 30HaMM IPOMCXOIHUT IPU CIEHUATBHBIX 3HAUEHHSX
[apaMeTPOB B PACCMOTPEHHON Ha JIEKIIUH PO 30HHYIO CTPYKTYypy Moxenu Kponura-Ilennu.

2 Tlpumep rpadeHa HEBOZMOXKHO OOOWTH CTOPOHOI B CHJIY TOTO, YTO OH HAXOAUTCS «HA CIyXy». B Haiiem Kypce Mbl
He OyleM CHCTeMarn4yecKd paccMarpuBarh CBOMCTBa rpadeHa. OTMETHM, YTO MHOTHE M3 LIMPOKO H3BECTHBIX
CBOMCTB TpaeHa SBISIOTCS CKOpee pe3yabTaTaMH TEOPETUYECKOro pacuéra B HACAIM3UPOBAHHON Mopenu
(umeanpHasi IByMEPHOCTB, OTCYTCTBHE IIpUMecel U 1e()eKTOB), a Ha CBOWCTBA peasbHBIX Ipa)eHOBBIX 00pa3IOB ATH
«HECOBEPIICHCTBA» pealbHOr0 MHpa MOTYT OKa3bIBaTh OIpeiessoniee 3HaueHne. Tak B oOpasmax rpadena
HaONIOal0T HEOOJBIIYI0 MPOBOJMMOCTH IPU T=0 , xoropas mO BCEll BUIMMOCTH CBf3aHA C
HEKOHTPOJIMPYEMBIMH JIe)eKTaMH Ha TIOBEPXHOCTH.
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Pucynox 2: Cnesa: Dnekmpounnwiti cnekmp epapena. Cnpasa. yeenuuennvlii (hpazmenm cnekmpa 6
00HOUL U3 oupaxogckux mouex. Uz o63opa [5].
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Pucynox  4:  ®paemenm  cnexmpa
9/1eKMPOHO8 8 NOYNPOBOOHUKE C HYIeBOl
WUPUHOU 3aNpeweéHHOL 30HbL U TUHEUHbIM
CHeKmpOM 8 MOYKe KACaHus 30H (Caydail

Pucynox 3 Cnexmpui 2nexmponos (30HHas cmpyKkmypa)

coeounenuii Cd-Hg-Te Ona pasuoii KoHyeHmpayuu

kaomus.  (a) uucmwii  Hgle, nomymemann c

feperpoinuen - 301 (®) 17% Cd, nomymemam c epagpena): ecau ypoeenv snepeuu Depmu

semenx cnexmpa (c) 20% Cd. nepepemue son [LOOM  MOUO epes  sepute
’ 3 . 7', "konycog", mo niomnocms cocmosHul Ha

nponao — NOIYNPOBOOHUK C HYIeB0U 3anpeujéHHOl yposte Depmu nyresas.

30HOU (d) 6onee 6vicOKUe KOHYeHMpayuu Kaomus,

00bIUHBLUL NOTYNPOBOOHUK. M3 kHueu [6].
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3aBUCUMOCTb YHEPTUH JIEKTPOHA OT BOJTHOBOI'O BEKTOPA B TOUKE CONPUKOCHOBEHUS 30H 3aBUCUT OT
THIAa IOJIYIPOBOAHMKA: B coeauHeHusx Ha ocHoBe HgTe m HgSe cmekrp B Touke kacaHus
KBaJ[paTuyeH (pUcyHoK 3), B rpadeHe - JuHeeH (pucyHku 2 u 4). OTMeTHM, YTO JJIsl JMHEHHOTO B
OKPECTHOCTH TOUKHM KacaHHs 30H cIeKTpa (ciaydail rpadeHa) MOXKHO 3amucarh AJii 3HEPIUH

e=h VFV{" , TIIe XapaKTEpPHYI0 CKOPOCTb Vy Ha3bIBalOT CKOpPOCTbIO Depmu. DTOT CHEKTP
HAIllOMUHAET CHEKTp 0e3MacCOBBIX (HEPEIATUBUCTCKHUX) YACTHIl U IOATOMY MHOTIJIA €0 Ha3bIBAIOT
JMPAKOBCKUM, a TOYKU B Kk-mpocTpaHCTBE, BOMU3U KOTOPBIX CHEKTP MPEACTAaBUM B TaKOM BUAEC —
Toukamu /[upaka.

[lpu T=0 BajeHTHAs 30HA 3alOJHEHA TIOJHOCTHIO M ypoBeHb PepMu’® Ui NOMYIIPOBOJHUKA C
HYJICBOW IIMPUHOW 3alpeuIEHHON 30HBI MPOXOJIUT YEPE3 TOUKY MEPECECUEHHUs] BAJECHTHOM 30HBI U
30HBI npoBoauMoOCTH. Ilnomans noBepxHocTu PepMu IpPHU 3TOM OKa3bIBAETCA paBHA HYIIO, 4TO
IIPUBOJINT K 3aHYJICHUIO IUIOTHOCTH COCTOSHHA Ha noBepxHoctn @Depmu. [[ns M30TpOmHOrO
CHEKTpa 3JIEKTPOHOB YTBEP)KACHUE [OKa3bIBaeTCAd NPSAMOJIMHEHHO (BBIYMCICHUS Janee Jyis
TPEXMEPHOTO CITyYast) D(E)ZdNZdN L a7, 1 =1 S rme S, —
dE dk dEldk (2n) dk kv, (2x)Phav, ’ ¢
wiomaab (B k-mpocTpaHcTBe) M309HEPreTUUECKOM MOBEPXHOCTH C 3aJaHHON sHepruen. [lostomy,
HECMOTpS Ha OTCYTCTBHUE 3ampeIméHHON 30HBI, mpoBomuMmoctd npu 1'=0 B Takoii cucteme (B
UeaJbHOM cilydae) HeT.  Mbl He OyJeM CHCTeMaTH4eCKH pPaccMaTpuBaTh MOJTYHMPOBOIHHUKH C
HYJIEBOM IIMPHUHOM 3alpeni€HHON 30HBI B HAILIEM KypcCe.

npﬂM03OHHble N HeNpPAMO3OHHbIe NoNnynpoBOAHUKHA
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Pucynox 5: Cxemamuueckoe uzobpasicenue noiynpo8oOHUKA ¢ NPIMOU U HENPIMOU 3aNpeueHHbLMU
30Hamu. [IyHKmMupHvle TUHUU — BO3MONCHbIE ONMUYECKUE Nepexo0bl U3 6AICHMHOU 30HbL 8 30HY
nposooumocmu. U3 knueu [2].

[upuna 3anpeménsot 30u61 (£, , WHOrIA Takke HAa3bIBACTCS SHEPrETHYECKOW IIENBIO) €CTh
pacCTOSSHUE MEK1Y MUHHUMAJIBHOM JHEPrUEU JJIEKTPOHHOIO COCTOSHUS B 30HE IPOBOAMMOCTH
(OHOM 30HBI TIPOBOAMMOCTH) U MAKCUMAaJIbHOW YHEPTUEd AIIEKTPOHHOTO COCTOSHHUS B BaJICHTHOM

3 HamomHuM, 4TO A1 MeTayula ypoBeHb DepMH — 5TO MakCHMallbHas SHEPrusl 3aroJHEHHOTO BJIEKTPOHHOTO
cocTosiHUA. J{J1s1 MOIyNIPOBOAHMUKOB € HYJIEBON HIMPUHON 3alpeliEHHON 30Hbl SHEPTETUUECKUM CIIEKTP HENPEPHIBEH,
MO3TOMY TpeICTaBlIeHHEe 00 ypoBHe @DepMH MOXET OBITh IIEPEHECEHO Ha HHX HEMOCPEACTBEHHO. Jlia
TIOJTYTIPOBOAHUKOB C HEHYJIEBOW HIMPUHOM 3alpeIIEHHON 30HBI BOIIPOC O MOJIOKEHUH YPOBHS XUMITOTEHIANA TIPH

T=0 (unorna raxxe Ha3bpIBAEMOTO ypoBHEM DEpMHU) OKa3hIBAETCS GOIIEE CIOKEH U MBI OAPOGHO PACCMOTPHM
ero nosnHee (ctp.18).
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30HE (nomonkom BaJCHTHOU 30HBI). MBI yXKe 3HA€M, UTO 30HHAsI CTPYKTYpa IEKTPOHHOTO CHEKTpa
B pEAJIbHOM TPEXMEPHOM KpPUCTAJIJIE MOXKET OBITh YCTPOEHA BECbMa CIOXKHBIM 00pa3zoM. OpHako
P MaJOM 4YHCJIE€ TEPMOAKTHBUPOBAHHBIX JJIEKTPOHOB B 30HE IPOBOJMMOCTH MOXKHO BCEraa
CUUTaTh, YTO OCBOOOKIAIOTCS TOJIBKO COCTOSIHUS BOJIM3M MaKCHMYMOB CIIEKTpa B BAJICHTHOM 30HE U
OKa3bIBAIOTCS 3aHATHIMU TOJIKO COCTOSIHUSL BOJIM3M MUHMMYMOB CIIEKTpPa B 30HE MPOBOIUMOCTH.

Takum 00pa3oM, KayeCTBEHHO Ba)KHBIMU OKa3bIBAIOTCS CJENYIOIINE OCOOEHHOCTH CIIEKTpa:
COBIAJAOT JH B k-pocTpaHCTBE MONT0XKEHUSI MUHUMYMOB B 30HE IIPOBOAMMOCTH U MaKCHMYMOB B
BaJICHTHOM 30HE, KOJIMYECTBO TAKMX MAKCUMYMOB U MUHHUMYMOB, a Takke 3((eKTUBHBIE MacChl
(BooO111€ TOBOPSI, AaHU30TPOITHBIE), OMMCHIBAIOIINE TH MUHUMYMbI 1 MAaKCUMYMBI CIIEKTpA.

Ecnmu MuHUMYM SHeprum B 30HE TPOBOAWMOCTH COBIIQJAeT B K-IPOCTPAHCTBE ¢ MAaKCHMyMOM
HHEPIUU B BAJICHTHOW 30HE, TO 3alpEIIEHHYIO 30HY Ha3bIBAIOT MPAMOlU, a €CIIU He COBIAAAET, TO
HenpsMoU, a TIOTYTIPOBOIHHK: NPAMO30HHbIM U HENPIMO30HHbIM, COOTBETCTBEHHO. CXeMaTHUECKU
3TO pasziauuue H300paxeHo Ha pUCcyHKe 5. OHO OKa3bIBaeTCs MNPHHLUIHUAIBHO, HAlpUMep, B
MPOIIECCAaX OMTUYECKOTO BO3OYKIEHHSI AIIEKTPOHOB M PETaKCaIllii BO30YXIEHHBIX cocTosTHUH. Tak
KaKk BOJIHOBOH BeKTOp (HOTOHA ¢ OHEprued mopsaKa HICKTPOHBOJBT MHOIO MEHbIIE
OpPMIUTFOOHOBCKOTO, MEX30HHBIE TPOIECCHl C yJacTHeM (OTOHOB MPOHMCXOIAT MpPaKTHYECKH 0Oe3
U3MEHEHHUs1 BOJTHOBOTO BEKTOpa 3JeKTpoHa. [loaToMy mporecc nepexoaa eKTpoHa U3 MUHUMYMa
30HBI TPOBOAMMOCTH B MAKCUMYM BaJICHTHOW 30HBI C U3ydeHneM (HoToHa (M 0OpaTHBIN TPOIIecC ¢
HOIVIONIeHHEM (OTOHA MUHUMAJILHOW HEPTUHU) OKA3bIBAETCS CYIIECTBEHHO MO/AABJIEH (3amperéH)
JUTSL HEMPSIMOM 3ampeI€HHON 30HbI. B pesynbpTare BpeMs n3aydaTebHOM peKoMOUHAIHH (TIpoIiecca
¢ oTaauyel M30BITKAa SHEPrHU B (OpME M3IIyUEHHs] CBETOBOIO KBAaHTA) 3JEKTPOHA B MPSMO30HHOM
noxynpoBogHuke InSb cocrapnser okomo 1 MKcek, a aHaJOTHMYHBbIE BpeMEHa B HETPSIMO30HHBIX
noxynpoBogHUKax Si mwin Ge cocTaBisitoT okoio 3 yacoB u 0.43 cex [2].

[TapameTpsl pa3IMUHBIX HOJIYIPOBOAHUKOB MpPEACTaBIEHBI B Tabmuue 1.

Tabnuya 1: Hlupuna u mun 3anpewjénnou 30Hbl (d - npamas, i - HenpaAMas) 8 HeKOMOpbiX
NOJYNPOBOOHUKOBLIX Kpucmainnax. M3 knueu [1].

Kpucramn | Tun 3anpemt. E ¢ »9B Kpucramn | Tun 3anpem. E ¢ »9B
o 0°K 300 °K o 0 °K 300 °K
anmas i 54 PbS d 0.29 0.34...0.37
Si i 1.17 1.14 PbSe d 0.17 0.27
Ge i 0.74 0.67 PbTe d 0.19 0.30
o-Sn d, nynesas 0 0 CdS d 2.58 2.42
wupuHa

InSb d 0.23 0.18 CdSe d 1.84 1.74
InAs d 0.36 0.35 ZnO 344 32
InP d 1.29 1.35 ZnS 391 3.6
GaP i 2.32 2.26 SnTe d 0.3 0.18
GaAs d 1.52 1.43 AgCl 32
GaSb d 0.81 0.78 Agl 2.8
AlSb i 1.65 1.52 Cu,0 2.17

SiC (hex) 3.0 TiO, 3.03

Te d 0.33 ZnSb 0.53 0.56
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AnekmpoHbI U ObIPKU 8 NMoJlyrnpo8oOHUKe.

KOJII/I‘IGCTBO BHGKTpOHOB B 30HC HpOBOI[I/IMOCTI/I nu BaKaHCI/II\/JI B BaHeHTHOﬁ 30HC B cnyqae
MOJIYITPOBOJAHMKA OOBIYHO HeBeauKko. [1o3TOMy oOKa3bIBaeTCs yIOOHO paccMaTpuBaTh CBOWCTBA
HOJIyrIpOBOI[HI/IKa Ha A3BIKC KBa3WM4aCTHI, a HC Ha A3BIKC «HACTOAIIUX)» BHGKTpOHOB. 3TO ITO3BOJIUT
BMECTO PACCMOTPEHHUS OOJBIIOTO YUCIA «HACTOSAIIMX» JJIEKTPOHOB®, 3aIOMHSIOIINX BaJCHTHYIO
30HY CO CJIOXHBIM CIIEKTPOM s(_lé) , paccMaTpuBaTh Majo€ YUCIO KBAa3WYACTHUI] C KBAAPATUYHOU
JIACTIEPCUEN.

[Ipomecc mepexona SJIEKTpOHA W3 BAJICHTHOW 30HBI B 30HY MPOBOIMMOCTH YAOOHO JUIsl 3TOTO
paccMarpuBaTh Kak POXKACHHE TMapbl «YaCTHIA-aHTHUYACTUIA» Ha (OHE «BaKyyMa» IMOIHOCTHIO
3aIOTHEHHOM BAJICHTHOW 30HBI W TIOJHOCTHIO CBOOOMHOW 30HBI MPOBOAUMOCTH. [lpm 3TOM
«YacTUIIA» POXKIAETCS B 30HE NPOBOAUMOCTH M TOJHOCTBIO COOTBETCTBYET «HACTOSIIEMY»
AJIEKTPOHY, & AHTHYACTHUIIA OMTMCHIBACT MTOBEACHUE BAJICHTHOU 30HBI O€3 00H020 31eKMPOHA, KaK MBI
YBUOAUM YYTb II0O3KE€ 3Ta aHTH4YaCTHUlla HE COBCEM COBIIaJacT C BaKaHCHeﬁ B BaHeHTHOﬁ 30HC,
00pa3oBaBIICHCs TIOCIIE yXO0/1a AIICKTPOHA.

YacTHipl TPAJAUIUOHHO HA3BIBAIOT DIEKTPOHAMH®, AHTHYACTULBI — AbIpKaMu. OTMETHM, 9TO 3TH
0003HauEHUs MOXOXKH Ha BBEEHHBIE HAMU TPU OOCYKJIEHUU METAJIOB JIEKTPOHHBIE U IBIPOYHBIE
(bepMHU-TIOBEpXHOCTH, HO €CThb HEKOTOphle oTIMuus: B MeTtawwtax npu  I'=0  umeercs
onpeznenéHHas mnoBepxHOcTh Depmu (MOBEPXHOCTh B Kk-mpocTpaHCTBE Ha KOTOPOM CKAYKOM
MEHSETCS IEKTPOHHAs IJIOTHOCTH), & B MOJIYIIPOBOJHUKAX HUKaKON MOBEpXHOCTH DepMU HET, IIpU
MPAKTHYECKH BaKHBIX TEMIIEpaTypax ra3 KBa3u4acTull B MOJYIPOBOJHUKE B OOJIBIIMHCTBE CIy4YaeB
OKa3bIBACTCSI HEBBIPOXKICHHBIM, mpu  ['=0  MOIyNpOBOJHUK CTAHOBUTCS JIUAJICKTPUKOM.
[ToaTomMy B MeTaie AJisi OMMCAHUS €r0 CBOWCTB MPH HE CIMILIKOM BBICOKHX (M peaibHO — IPU BCEX
IPAKTUYECKH 3HAYMMBIX) TEMIIEpaTypax Hac MHTEpecOoBaja JHIIb IUIOTHOCTh COCTOSHHUN Ha
noBepxHocTH Depmu, ISl BHIYUCICHUS KOTOPOM MOKHO ObUIO MEpEedTH K MOHSITHIO JBIPKH, Kak
IPOCTO OTCYTCTBUS 3JIEKTPOHA B HEHO3ANOJIHEHHOW 30He. B momynpoBonHuKe sxe 0O0pa3zoBaBLIasics
B BAJICHTHOM 30HE BAaKAHCHSI CYLIECTBYET CPEAU IPYTUX HIEKTPOHOB.

KBa3suummynbc 3JIEKTPOHOB M JBIPOK IPHUHATO OTCUUTHIBATH OT MHUHMMYMa WJIM MaKCHUMyMma
COOTBETCTBYIOMIECH 30HBI. [Ipr HEOOXOMMMOCTH® OH JIETKO TEPECUNTHIBACTCS B KBAa3HUMITYJILC B
KOOpAMHATAX MEPBOM 30HBI bpHILIIO3HA IO U3BECTHOMY IIOJIOXKEHHUIO 3TUX 3KCTpeMyMoB. Hawano
0TCY€Ta YHEPTrUU MPOU3BOJIBHO, €CTh JBA CTAHAAPTHBIX BbIOOPA: OTCUMTHIBATH YHEPTUIO OT MOTOJIKA
BAJICHTHOM 30HBI WJIM OT JHA 30HBI MPOBOJUMOCTH. B paMkax Halero M3JIoXKeHUss Mbl Oyaem
OTCUUTBIBATh 3HEPTUI0 OT MOTOJKA BaJIEHTHOH 30HbI. OOpaTHTe BHHMaHHE, YTO OT TOTO BBIOOPA
OyzeT 3aBUCETh 3aITUCh HEKOTOPHIX PE3YJIBTATOB.

Torma, cumrasg 3¢QQekTuBHY0O MacCcy H30TPONHOM, 3aKOH JUCIIEPCHU 3JIEKTPOHOB MOXKHO

2-2

NPEJICTABUTh B BHJE 86(21'):Eg+ 2 q , Tie M, - >¢deKkTuBHAs Macca JJICKTpOHA. 3apsia
m

AIIEKTPOHA KOHEYHO 7K€ OTPULATEIbHBIN.

e

AHTHYacTUla (IBIPKA) UMEET MOJOKHUTEIBHBIN 3apsi MO ONpeNeNeHUI0 (3TO MPOCTO TpeboBaHUE
3aKOHa COXpaHEeHHMs 3apsAna), a BOT e€ mMacca, BOJIHOBOM BEKTOpP M 3aKOH JUCHEPCUU 3aCTYKHUBAIOT

4 TlomuepkHEM, YTO 3TH IEKTPOHBI JBIDKYTCS B KPHCTaUle, TO €CTh YK€ HMEIOT CIOXHBIM CHEeKTp U 3aKOH
JIICTIEPCHU M HE SIBIISIOTCS CBOOOJHBIMHU 3JIEKTPOHAMHM, TO €CTh Y)Ke SIBJISIFOTCS KBaznyacTuiamMu. Moxer ObITh He
COBCEM YNauHBIi TEPMHMH «HACTOSINMEY» MOAYEPKHUBAET, YTO pPe4b HUAET O MHOTOYHUCIEHHBIX JIIEKTPOHHBIX
COCTOSIHUSIX B KPUCTAJIE, YACIIO KOTOPBIX PABHO YHCIY JIEKTPOHOB.

5 Mbel HazjeeMcsl, UTO B XOZI€ M3JIOKEHMS YAACTCsl N30€XKaTh MyTaHUIBI MEXIY JIEKTPOHAMH B CMBICIIE 3JIEKTPOHOB,
MOMABUIMX B 30HY MPOBOANMOCTH U «HACTOSIIMMU» JIIEKTPOHAMH, 3aMOIHSIOIIMMHI B TOM YHCIIE U BaJCHTHYIO 30HY.

6 TouHOE NONOXKEHHE AITUX HKCTPEMYMOB MOXKET OBITH BaKHO JUIsI HEKOTOPBIX NpaBWi OTOOpa, HampuMep B
ONITHYECKUX TPOIeccax, OJHAKO ISl TEPMOAMHAMUYECKHX W TPAHCIIOPTHBIX CBOWCTB, O KOTOPBIX MBI OyneM B
OCHOBHOM I'OBOPUTb, 3TOT IIEPEHOC HAa4YaJla OTCYETA HE IPUHLIUIIUATICH.
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Ooiee ACTAJIBHOI'O pas3roBopa. I[J'IH MMPOCTOTELIL 6YJICM mnmojararb, 4T0 UMECM ACJI0 C €ANMHCTBCHHBIM
MaKCMMyMOM B BaJICHTHOIl 30HE. CHGKTp CHACTOAMIUX» DJJICKTPOHOB BOIM3N KBaapaTu4IHOro
h2z]>2
2M
(—M)<O . ypaBHeHI/Ie JUHAMUKU 1JI1 BAKaHCUHN (HaHpI/IMep, IIpU BKJIIOYCHHUU IJICKTPUUCCKOI'O

Makcumyma  £(g)~— dbopManbHO COOTBETCTBYET ompuyamenvHol 3(dexTuBHONH Macce

d -
HOJ'IH) 6y,£[eT TAaKUM K€ KaK U IJIA 3JICKTPOHA hd—tq:_eE , 9TO CBA3aHO C TCM, YTO BaKaHCHA

JIBDKETCSI HE HE3aBUCHMO, & BMECTE C IEKTPOHAMHM: JIBH)KCHHE BAKAHCHH B DJICKTPUYCCKOM TOJIC
MOYKHO paccMaTpHBaTh KakK MepeMeIeHrne CBOOOJHOTO MECTa B IIETIOYKE ICKTPOHHBIX COCTOSHUI
— €CIIM BCE JJIEKTPOHBI CABUHYIUCH B K-mpocTpancTBe’ Ha Ok , TO U BaKaHCUsS CMECTHIACH
POBHO Ha CTOJIBKO ke (PUCYHOK 6).

Pucynok 6: J{suscenue sakancuu 6 3an0IHEHHOU 8AleHMHOU 30He 8 NPUCYMCMEUU JLeKMPULECKO20
nons. byxevl A, B, C.... Hymepyrom snekmpoHusie cocmoanus. B nauanvHull Mmomenm (a) éaxancus
obpaszosana ¢ cocmoanuu F. [Ipu cmewjenuu cex 31eKmpoHo8 Ha 00HY NO3UYUIO 811€60 NO PUCYHKY
(6) saxancus cmewaemces 6 nonodicenue E nesee, u max oanee (8). M3 knueu [1].

7 HamoMHIM, 9YTO MBI TOBOPWUM O 3aIllOJTHEHHOW BaJeHTHON 30He. MBI paccMaTprBaeM TOBEACHUE BOJHM3H TOTONKA
30HBI, a BONW3M Kpas 30HBI bpwiuTiosHa NpW CMELICHUM B HMITYJIBCHOM IPOCTPaHCTBE OyAyT NPOUCXOIHUTH
TIpOLIECCHI TIepedpoca, epecTaBISIONIIE IEKTPOHBI C JIEBOTO Ha MPaBbIi (110 PHCYHKY 6) Kpast 30HBI bpriutiosna u
TakuM 00pa30M COXpaHssA 30HY 3allOJTHEHHOI (38 HCKIIOUCHUEM PacCMaTpUBaeMOM BAKAaHCUH).
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CYMMapHBIfI KBa3UHUMITYJIbC IMMOJTHOCTBIO 3aIl0JIHEHHOM 30HBI PaBCH HYIIIO. HOBTOMy, €Clin 3a6paTL
9JICKTPOH M3 COCTOAHHSA C BOJIHOBBIM BCKTOPOM k , TO KBa3WHUMIIYJIbC «30HBI C BaKaHCHEH»

e

Oyner paBeH —k, . Takum oOpa3oMm, €Clii ONMCHIBATH CBOIMCTBA 3alIOJHEHHOM 30HBI C BaKaHCHEH
KaK TOSIBJICHHE HEKOTOPOW KBA3WYACTHUIIBI-IBIPKH, TO 3TOM KBa3MUACTHIIE JOJKEH OBITh MPUITHUCAH
KBa3UMMITYIIbC l;h:—l;e . [loquepkHEM, BOTHOBOI BEKTOp KBAa3MYAaCTHUIBI-IBIPKA HE COBMANAET
(IpOTHBONOJIOKEH) C BOTHOBBIM BEKTOPOM BaKaHCUU B 30HE «HACTOSIINX)» IEKTPOHOB.

dqg, -
VYpaBHEeHHE AMHAMUKH JJI1 JABIPKA TOTJa TaKKe IIOMEHSIeT 3Hak:  #i ” =eE , TO ecTb
dbopmanbHO OyneT, AEMCTBUTEIHHO, COOTBETCTBOBATh MOJIOKUTEIBHOMY 3apsay. DHEprus AbIPOK,
KaK ¥ JJIs BBOAUBIIUXCSI HAMH TIPU PACCMOTPEHHUH BO30YKICHHM (hepMU-Ta3a aHTHYACTHI, TOJDKHA
OBITh MOJIOKUTEIbHA: SHEPTUS SJIEKTPOHOB BAJIEHTHOW 30HBI MOXET OBITh MOHUKEHA, €CIIH CaMbIii
SHEPTUYHBIN AJEKTPOH (C «IOTOJIKa» BAJCHTHOM 30HBI) MEPEMECTUTh Ha BAKAHTHOE MECTO.
CoOO0TBETCTBEHHO, 3aKOH JUCIIEPCUU JUIS KBA3UYACTHIL TOJIKEH ObITh «OTPaXEH» B MOJIOKHUTEIbHYIO
MOJYTJIOCKOCTh. JleMCTBUTENBHO, €CIM OCTaBUTh €0 HEU3MEHHBIM, TO B T'€OMETPUU PUCYHKa 6
IPyNIoOBas CKOPOCTh IBIPKU B cocTostHuu ¢ k,=—k,> 0 oxaxercs OTpULATENLHOM, TO €CTh
M3MEHHUTCSl HANpaBJICHUE AIEKTPUUECKOrO TOKa (TOK MOTEYET MPOTHB OcH X), B TO BpeMs Kak B
MPEICTaBICHUN «HACTOSIIUX» 3JIEKTPOHOB UMEHHO HM30BITOUHBIE AJIEKTPOHBI MpaBee OT BaKaHCUH
(monoxxenus G Ha na”enu (6) u H Ha manenu (B)) cO31aI0T HECKOMIICHCUPOBAHHBIN 3JIEKTPHYE CKHIA
TOK M OTPULATENILHOCTh MX TPYIIOBOW CKOPOCTH B COBOKYMHOCTH C OTPHIATEIbHOCTHIO 3apsia
IEKTPOHA JACT 3JIEKTPUYECKUH TOK, TEKYLUHI BAOIb OCH X.

Taxum 06p330M, ecliM BOJNM3HM MOTOJKA BAJCHTHOH 30HBI 3aKOH JUCTICPCHUU  KHACTOAIIUX)»

22 22
- hi
JICKTPOHOB HMeeT BHL &(§)~— 29 -9 , TO JUIS KBa3MYaCTHI[ IBIPOK 3aKOH JUCIEPCUU

2lM| - 2m,
22
-\ kg

Eh(q)m—z ,tne m,>0  — sddeKxTuBHasg Macca JBIPKH.

my,

DOTO OTpakeHHWE 3aKoHA JUCTIEPCHU TpeOyeT HEKOTOPON aKKypaTHOCTH TIpH TPUMEHEHUU
dbepMueBCKOM (YHKIMH pacnpenesieHus K apipkam. Jlpipke ¢ sHepruerd €>0 cooTBEeTCTBYET
BAKaHCHs B BAJICHTHOM 30HE C dHepruen €,,=—¢€ . KOHIEHTpaluy BAKaHCUIN U JBIPOK PABHBI 1O
nocTpoeHuto. PaBHOBeCHOE pacnpeneseHue g BaKaHCUH MOXKHO HAWTH Kak oTiauyue oT |
dbepMueBcKkoil (YHKIMH paclpeneieHus s «HACTOSIIHUX» D3JCKTPOHOB C DHEPrUeH, paBHOI
DHEPruM BakaHCUHU &,

1 _ 1 _
exp((e,.—w)/T)+1 " exp(—(e,,—u)/T)+1
_ 1
" exp((e+u)/T)+1

nh(s):nvac(svac>: 1 _ne(svac)zl

To ecth, GyHKIUSA pacripeesieH st A AbIPOK UMEET TOT ke (PepMHEBCKHUIA BUJ, HO C N3MEHEHHBIM
3HaKOM XHMMIIOTEHIMaNa. B kauecTBe MHEMOHUYECKOIO IMpaBMiia, 3TO MOXXHO IMPEACTaBUTH Kak
M3MEHEHHE HAMPABJICHUS OTCYETA SHEPTHHU JUIs ABIPOK.® JIpyroil MHEMOHUYECKON (OPMYITHPOBKOMA

8 OOparuTe BHUMaHHE, YTO MPHUMEHEHHE 3TOTO MHEMOHHWYECKOTO TpaBmia TpeOyeT BHUMAHHS TPH HECOBIIAJCHUU
HYJSl OTCUETa SHEPTUH C IIOTOJIKOM BaJCHTHOW 30HBI. Eciy SHeprusi OTCUMTHIBACTCSl OT MMPOM3BOJILHOTO YPOBHS, TO
JUId TIPaBHJIBHOTO BBIYMCICHHS (YHKIMW paclpeieleHUus] Uil IBIPOK (CM. ypaBHEHMS BBIIIE) MBI JIOJDKHBI

IPUIINCATh ABIPKAM JHEPIUI0  ©4— €y ¥ CMEHMTh 3HAK XHUMIIOTeHIMana. Hampumep, py oTcuére SHEPTHU OT
h2 2 h2 2
JIHA 30HBI POBOJAMMOCTH CIIEKTP JIEKTPOHOB  €,= q , CIIEKTp BakaHcuil €,=—F e~ q , @ CIIEKTp
2m, 2m,,
hZ 2
q

IBIpOK  €,=—¢€,, = FE +——
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9TOTO0 IIpaBUJIa ABJIICTCA IMPABUIIO: «BJICKTPOHBI — TOHYT, a4 ABIPKU —— BCIUJIBIBAKOT». To CCTh,
MHUHHUMYMY OHEPruuv OIJICKTPOHA COOTBETCTBYCT IIOJOXKCHUC HA AHEC 30HBI MNPOBOAMMOCTH, a

MHUHUMYMY SHCPIrUn AbIPKU — IMOJIOKCHUC T10/] ITOTOJIKOM BaJICHTHOM 30HHI.

30HHass cmpykmypa peasibHO20 rMoJlyrnpPoeooHUKa.
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Pucynox 7: 3ounaa cmpykmypa kpemnus. Cnesa: nepsas 3ona bpunniosna u ceuenue, 6 komopom
nocmpoenslt npogunu snepeuu. Cnpasa: 6bIMUCIEHHAS dHepausi 0N PA3TUYHLIX 30H, NOKA3AHA
MONbKO HUMNCHAS 30HA npogooumocmu. Honv omcuéma suepeuu coomeemcmeyem noOmoaKy

eanenmmuou 30uvl. M3 knueu [§8].

BonbIIMHCTBO pemraeMbIx HaMU 3a/1a4 OyAeT paccMaTpUBaTHCS B IPOCTOM MOJIEINIH, KOT/Ia UMEIOTCS
€IMHCTBEHHbIE MMHHMMYMBl M MAaKCHMYyMbl 3HEPIrMU OJJIEKTPOHOB B 30HE IMPOBOAMMOCTU U B
BaJICHTHOM 30HE, W Korna H(QEKTUBHbIE MAcChl 3JEKTPOHOB M JBIPOK H30TPONHBL. ITOrO
JIOCTATOYHO JJIs1 KaYeCTBEHHOI'O MOHMMAaHMsS MHOTHMX MPOCTBIX 3a7a4 (PU3UKU IMOJYIPOBOIHUKOB,
OJTHAKO HE BCEIZa COOTBETCTBYET peajbHbIM CHCTEMaM. B KauecTBe WIUIIOCTPATUBHOIO MpuMepa
pPaccMOTPHUM LIMPOKO UCIIONIB3YEMBIE B ITOJIYIIPOBOJHUKOBBIX TEXHOJIOTHSX MaTepuaibl — KPEMHUN
U TepMaHui, U IIUPOKO UCIOJIb3YEMbIH B MPUTOTOBICHUH HU3KOPAa3MEPHBIX MOIYIPOBOJIHUKOBBIX

cuctem apcenua ramwnus (GaAs).

[TpuMepsl BBIYHUCICHHBIX 30HHBIX CTPYKTYp VIS KPEMHHUS U apceHuja ramius [8] mokasaHbl Ha
pucynkax 7, 10. CeueHus IuCHEpCHOHHBIX IOBEPXHOCTEN AJI KPEMHUS, I€PMaHUsi U apCeHHIA

raJIIus C yKa3aHUeM XapaKTepHbIX SHEPruil Moka3aHbl Ha pucyHkax 8, 11, 12 [9].
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Energy 300K E=1128V

q

E=208V

E=12eV
/ E,=0044 eV
E=34eV
= E=420V
\\"-‘-——._

<111>

Wave vector
Heavy holes

Light holes

Split-off band

Pucynox  9:  Dnnuncoudwt  nocmosinuou
oHepeuu 014  9NEeKMPOHO8 8  30He

Pucynox 8: Ceuenue OUCNEePCUOHHBIX
nposooumocmu Kpemrust. M3 knueu [1].

nogepxHocmeti kpemuusi 8 Hanpasnenusax [100] u
[111]. C cauma [9].

OTMETHM BKpaTIle MPOUCXOKIEHNUE 30HHOM CTPYKTYPBl B KDEMHHH, KOTOPasi OKa3bIBAECTCS CIIOKHEE
IPOCTBIX MOJENBHBIX CIy4aeB PACCMOTPEHHBIX HaMu paHee. KpeMHUH KpuUCTalIu3yercs B
CTPYKTYpy ajMasa C AByMsI aTOMaMHU B MIPUMUTHBHOM sueiike. DJeKTpOHHAast KOH(UTYypaLusi atoma
kpeMuust 3s*3p’, HO S-OpOUTAIIb B OKPY)KCHHHU TIOAXOISIIICH CHMMETPUH THOPHIAN3YETCS C TPEMsI p-
opOutansaMu  (Sp’-rubpuausanus). B HM30J1MpOBAHHOM aToMe Sp° OpOWTalb YETHIPEXKPATHO
BBIPOXK/IEHA 10 SHEPIMHM M CIOCOOCTBYET OOpa30BAaHUIO UYETHIPEX SKBHUBAJEHTHBIX XUMHMUYECKUX
CBA3€H B HAIIPABJIICHUM Ha BEPIIMHBI TeTpadapa. Jlist AByX aTrOMOB B IPUMMTHUBHOM HJIEMEHTAPHON
SYEMKE MPOUCXOIUT PACIICIUIEHUE BBIPOXKIEHHBIX YPOBHEW Ha ABe rpynnsl mo 4 ypoHs. [Ipu
JanbHEWIeM OObEMHEHNH B KPUCTAUI OTU TPYINILI YPOBHEH sp’ opOMTaiell paciieruisiores B
30HBI, OIIUCHIBAEMBIE [TIOBEPXHOCTAMU g(_lé) B IIepBOil 30He bpumtrosna. IIpu 3TOM HUKHAS 30HA
U3 BEPXHEH TIPYNIBl HE IMEPECEKAETCAs C 30HAMH, OOpasylOLIMMHCA M3 HIDKHEH rpymmsl.’ B
pe3ynbTaTe UMEIIIMECS 8 3JIEKTPOHOB Ha NMPUMUTUBHYIO SYEHKY MOJHOCTBIO 3allOJHSIOT YEThIpe
HIDKHUX 30HBI M 00pa3yloT BaJeHTHYIO 30HY. OmHa W3 3THX 30H OKa3bIBAETCS CHJIBHO HMXKE
OCTaJIbHBIX (MHTEpBaa OT -12 10 -8 3B Ha pucyHke 7) u Bcerna ocTa€Tcsl MOJHOCTBIO 3allOJIHEHA.
Jlis TpEX OCTaJIbHBIX BETBEW CIEKTPA B BAJICHTHON 30HE MIOBEPXHOCTH € (_lé) HUMEIOT MaKCUMYM B
LIEHTpE 30HbI bpuiuitosHa, npu4éM y ABYX M3 HUX MaKCUMYMBbl COBIAJal0T C NOTOJKOM BaJIEHTHOM
30HBl. JTO O3HA4YacT, YTO B KPEMHUM HMMEETCA JABA TUIA PA3JIMYHBIX ABIPOK C Ppa3IN4YHBIMU
3 PEeKTUBHBIMH MaccaMH (TaK KaKk KpUBH3HA MOBEPXHOCTH B MAKCUMYME pa3Hasi Ui pa3HBIX 30H),
a IPU JAOCTAaTOYHO BBICOKOM TEMIIEPAaTYpe MOXET CKa3bIBaTbCs M HAJIMYUE TPETHErO THUIA IBIPOK.
JIBa OCHOBHBIX THIIA JIBIPOK MMEIOT CYIIECTBEHHO OTIMYHBIC 3(h(hEeKTUBHBIE MAcChl: Ooee mojoras
JUCIIEPCUOHHAs TIOBEPXHOCTh COOTBETCTBYET «TSDKEIBIM» JbIpKaM ¢ 3((eKTUBHONH Maccoi

0.49m, , a HOBepXHOCTH ¢ GOJIEE OCTPHIM MAKCUMYMOM — (JIETKUM» JBIPKaM ¢ 3P EKTUBHOM
maccon  0.16m, ( m, — wmacca cBoGogHOrO s1eKkTpoHa). DPPEKTUBHAS Macca ABIPOK B

9 DOro sBAseTCs Pe3yabTaTOM TOYHBIX PacdETOB ATl 30HHOW CTPYKTYPHI M B paMKax HaIlero Kypca K TAKOMY CBOWCTBY
30H MOXKHO OTHOCHTCS KaK K ClydaHHOMY (HO OY€Hb Ba)KHOMY JUISl ITPUJIOXKCHUI) COBIAJCHHUIO M3-33 YJaYHOTO
COYETaHUsl MapaMeTPOB B3aUMOAEHCTBHS 3JEKTPOHA C PEIMETKOM M MapaMeTpPOB MEPEKPBITUS AIEKTPOHHBIX
BOJIHOBBIX (DYHKLMI B KPUCTAJIE KPEMHHUSL.
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otmeriénnoii sone  0.24m

B 30He MpoBOIMMOCTH TaKKe €CTh HECKOJIBKO BETBEH crieKTpa, oOpa3yromuecs Ipy paculeryieHuu
B 30HBI BTOPOU IPyMIbI Sp*-0pOUTaliel, MUHUMYM HUKHEH BETBH PACIIONOKEH BOIM3U OT TPAHHUIIBI
30oHbl bpummosHa (B HampaBnenun [100] W SKBUBaJEHTHBIX), MOITOMY KPEMHUN SBISETCS
HENPSIMO30HHBIM TOJYIPOBOJHUKOM. DHEprus B MUHMMyMe paBHa 1.12 3B. Ilpu atom B cuimy
KyOU4Yecko CHMMETpPHHM KpHCTajUla MMeeTcs O SKBUBAJEHTHBIX MHUHHUMYMOB. OTH MUHUMYMBI
OKa3bIBAIOTCSl CHJIBHO AHHM30TPOIHBI, AJUIMIICOUBI TOCTOSHHON SHEpruu (PUCYHOK 9) CHIBHO
BBITSHYTBl OT IIEHTpa 30HBI: TPOJAOJIbHAs (COOTBETCTBYIOIIAs CEYEHHUIO JAMCIIEPCHOHHOM
MIOBEPXHOCTH OT LEHTPa 30HBI bpumoona) spdexrusnas macca paaa 0.98m, | a monepeunas
— 0.19m, [9]. B npunuure, B 30HE MPOBOJMMOCTH €CTh U JPYIHE JIOKAIBHBIE MUHUMYMBI,
OMaJaHue B KOTOPHIE MOKET OBITH BaKHO NP JOCTATOYHO BBICOKUX Temreparypax '’ (Ha rpanuie
30HBI MMEETCS MHUHUMYM OJHOW W3 BeTBeW cnekrpa Ha Beicote 1.2 3B, nHa 0.08 »B BbINIE
OCHOBHOTO).

[ T I

Pucynox 10: 3onnas cmpykmypa GaAs. Cnesa: nepsas 3ona bpunniosna u paccmampusaemoe
ceyeHue nepeoii 30ubl. Cnpasa. 8bIYUCIEHHAS 8 BbIOPAHHOM Ce4eHUU dHepeus, NOKA3aHaA MOJbKO
HUDICHASL U3 30H nposooumocmu. Honv omcuéma sunepeuu coomeemcmeyem NOMOIKY 6AN€HMHOL
30Hbl. U3 kHueu [§].

-

B GaAs Taxke MMeeTcs YeThIpe MOBEpXHOCTH ¢(k) B BaJeHTHON 30He (pucyHok 10), Tpu u3
HHX HMMEIOT MakcuMyM mpu k=0 , y IByX 3TOT MakCHMyM COBIQJIaeT C ITOTOJKOM 30HBI.
I'maBHBII MMHMMYM 30HBI IPOBOJMMOCTH OKAa3bIBA€TCs TAKXKE B LIEHTPE 30HBI bpuiniosHa, mosTomy

10 BOiu3u KBajpaTHUHOTO JKCTpEMyMa CIEKTpa g(k) BCErZa €CTh MAaKCUMYyM IUIOTHOCTH COCTOSIHMM, MO3TOMY

TIPU CIIOXKHOHM (popMe CIeKTpa OCHOBHOHM BKJIAJI B pa3iNyYHbIC yCpeTHEHHBIC (PU3MUECKUE BEIMYMHBI OynyT JaBaTh
COCTOSIHUS BOIH3H IKCTPEMYMOB.
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GaAs — NPSAMO30HHBINM MOMYNPOBOAHUK. Macimita® OTIIEIUIEHHsT TPEThEW BAJEHTHON 30HBI U
JIOKQJILHBIX MUHUMYMOB 30HbI IPOBOJMMOCTH 3aMETHO GOJIbIIIE, YeM B KPEMHHHU (CM. PUCYHOK 11).
DdpexruBabie Macch apIpok pasubl  0.51m; u  0.082m; | sdpdexTuBHas macca 3IEKTPOHOB B
ocuoBHoM munumyme 0.063m, [9].

Energy
JO0K E,=142eV
X-valley C-valley E,=171¢V
Ex =190V
L‘V;“e} E;o = 034 EV
Ex
E, £
<100> 74 |o <>
) —_ Wave vector
Eso ‘ Heavy holes
Light holes
Split- off band

Pucynok 11: Ceuenue oucnepcuoHuvix nogepxnocmei apcenuoa eannus 8 Hanpaegienusx [100] u
[111]. C cauma [9].

Energy 300 K Eg =0.66 eV
E,=12eV
E =088V

E=322 eV

AE=0.85 eV
/ E=020eV
f

E12
E E
<100> | * |4 En E <111>
£ i /7 Wave vector
4 / Heavy holes
Light holes
Split-off band

Pucynox 12: Ceuenue oucnepcuonHuvlx nogepxuocmeti cepmanus 8 nanpaeienusx [100] u [111]. C
cavma [9].

I'epmanuit (pucyHok 12), Kak ¥ KpeMHUH, SBISETCS HENPSIMO30HHBIM MOJTYHNPOBOAHUKOM. B HEM
TaK)Ke MMEETCS JBa OCHOBHBIX THMma Abpok ¢ Maccamu 0.33m; wu  0.043m, . TnaBubie
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MUHUMYMBI 30HbI IPOBOJIMMOCTH JIEXKAT HA IT'paHUIle 30HbI bpuiitosHa B HanpasieHusx tuna [111].
Takux HampaBiieHUH Bcero 8 (3TO HampaBlICHHsS Ha BEpHIMHY Ky0a), OJJHAKO TaK KakK TOJBKO
MOJIOBMHA M3 KaXJOU 00JIacTH MomaJaeT B MEPBYIO 30HY bpuiumosHa (Touka MHHUMYyMa JIEXKHUT B
LEHTPE IIEeCTUYTOIbHBIX IPaHel MepBOil 30HbBI, MOKAa3aHHOHN Ha pucyHkax 7, 10), To Bcero nmeercs
4 cUMMETPUIHO SKBHMBAJICHTHBIX MHMHMMYyMa. OHeprus MuHuMyma 0.66 3B, nmerorcs Takxke
OMM3KU MUHUMYM B LIeHTpe 30HbI bpummtosna c sHeprueit 0.8 5B u MuHMMYM B HarpaBie€HUU
[100] ¢ sueprueit 0.85 5B (KOTOpBIH MIECTUKPATHO PA3MHOXHUTCSA OMNEPALUSIMH CUMMETPHH).
OJEKTPOHHBIE COCTOSHHSA B IVIABHBIX MHUHHUMYMax 30HBI IMPOBOJMMOCTH, KaK M B KpPEMHUH,
XapaKTEepPU3YIOTCSl CUIIBHO aHU30TPONHON 3¢dekTuBHON Maccoii: mpoaoiabHas dpdeKTuBHas Macca
paBua 1.59m; | amnonepeunas 0.0815m; [9].

Takum 00pa3oM, B peasbHBIX MOTYNPOBOJIHUKAX 3JIEKTPOHHBINA CIEKTP OBIBAET YCTPOEH CIOKHO U
JUIsL TOYHOTO ONMCAHMUS MOMKET OKa3bIBaThCsi HEOOXOIMMBIM YUMTHIBAaTh HaJHM4HMe HECKOJIbKUX
YYaCTKOB JTUCTIIEPCHOHHON KpPUBOM, COOTBETCTBYIOIUX AJICKTPOHAM HIIM JbIpKaM (MpUYEM YHUCIIO
AIIEKTPOHHBIX U JIBIPOYHBIX YYaCTKOB TUCHEPCHOHHBIX MOBEPXHOCTEH MOXET OBITh pa3HbIM), a
TaK)Ke BO3MOXHYIO aHM30TpONuio 3PPeKTUBHOM Macchl HocuTend. B 3amauax Haimero Kypca, Kak
MIPaBUJIO, TOAPA3YMEBAECTCS YIPOIIEHHAs CUTyallHs, KOTZa MMEETCS €IWHCTBEHHBIM MaKCHMyM
BAJICHTHON 30HBI (OIMH THIl JBIPOK) U €IWHCTBEHHBIH MUHHUMYM 30HBI MPOBOJUMOCTHU (OAMH THII
AIIEKTPOHOB), MPUUEM I(PPEKTUBHBIE MAcChl M30TPONHBI. ONHCaHHE PEabHBIX CHUCTEM Ha SI3bIKe
TaKOH YMPOLIEHHOW MOJIENIN MPUBOIUT K NEPEHOPMUPOBKE MapaMeTpoB (TakuX Kak 3(PQeKTuBHas
Macca), MO3TOMY MapaMeTphbl MOIYNPOBOJAHUKOB, MPHUBOAMMBIE B 3aJadyaX, MOTYT HECKOJIbKO
OTIINYATHCS OT IPUBEAEHHBIX 37ECh.

CBoncTBa YMCTOro NosynpoBoOAHMKA.

KoHuenmpauuu Hocumednel 3apsioa 8 4UCMOM 0oJ1yrpoeoOHUKe.

PaccmMoTpuM HeanbHBI MOITYINPOBOJAHUK C €IMHCTBEHHBIM MAaKCUMYMOM B BAaJICHTHOH 30HE U
€IMHCTBEHHBIM MHUHHUMYMOM B 30HE€ MPOBOAMMOCTU. bynmem Ttaxke cuutarb, 4To 3((EeKTUBHBIE
MAaccChl, OTIUCHIBAIOIINE 3TH 3KCTPEMYMBI, H30TPOITHBL.

[lpu T7T=0 B 30HE NPOBOAMMOCTH IJICKTPOHOB HET, B BaJCHTHOW 30HE BCE COCTOSIHUS 3aHSTHI U
HAalll KpUCTasu OyeT IEMOHCTPUPOBATh YUCTO AUIIEKTPHUUECKUE CBOMCTBA.

IIpy KOHE4HON Temmeparype BO3HUKHET HEKOTOPOE KOJIWYECTBO 3JEKTPOHOB M JIBIPOK, IPUYEM B

CHy OOmel JIEeKTPOHEHTPATBbHOCTH WX KOHIEHTpPAllMd  COBHAJAIOT n,=n, . DOTu

TEPMOAKTUBHUPOBAHHBIE HOCUTENH 3apsi/ia Ha3bIBAIOT TAKXKE cOOCMEeHHbiMU HOCUTESIMH 3apsa/a, a

0 TaKOM TOJIYIIPOBOTHUKE TOBOPST KAaK O MOTYNPOBOAHHUKE C COOCTBEHHOM MPOBOAUMOCTBIO.

OJEeKTPOHBl U JBIPKU SBISIOTCS (DepMHOHAMH, Uil HUX NIPUMEHUMO pacrpeneneHue Depmu-
3>

d qe,h

(2)

, THe W

Hupaka. [105TOMy KOHUEHTpAaLUUK 3JIEKTPOHOB M JALIPOK PaBHBI 71, h:2f n(ee,h) , 311€Ch
1

— i N
MHOXKHUTENb 2 — CIMHOBBIN, QyHKIMS pacnpenencHus n( e,h) eXp((Ee,,FM) / T)+ 1

— XMMHYECKUH MOTEHIMAN I «HACTOSIINX» 3JIEKTPOHOB'', 3HAK XUMITOTEHIMANA JUIsS JBIPOK
U3MEHSIETCS B COOTBETCTBUU €O C(HOPMYIMPOBAHHBIMM BhIlIE cornameHusMu. Kak mpaBuio, s
MOJTYTIPOBOAHUKOB XMMIIOTEHIIMAJ OKa3bIBAETCA JOCTATOYHO JAJIEKO OT KpaéB 3arpeliéHHON 30HbI
(ToyHee, Kak MPaBHJIO, PACCTOSHUE OT YPOBHS XMMIIOTEHLMANA JI0 JHA 30HBI MPOBOAMMOCTH H

11 VWHorma B MONYNPOBOIHHMKE YPOBEHb XMMHUYECKOTO MOTEHIMajda Ha3biBatoT ypoBHeM Pepmu (manpumep [1]).
Crporo roBops, TEPMHH XMMHYECKHH TMOTEHIHAN SBISIETCSl Oojiee KOPPEKTHBIM, Tak Kak rmoBepxHocTH depmu B
MOTYIPOBOAHUKE HET.
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MOTOJIKA BAJIEHTHOM 30HBI OKA3bIBAETCS MHOI'O OOJbIIEe TEMIIEpaTyphl), MOITOMY Ta3 3JIEKTPOHOB U
JBIPOK OKAa3bIBAE€TCS HEBBIPOXKICH M MOXKHO IpeHeOpeub enuHuled B pacrtpeneineHun depmu-

Mupaxa.
Torna s KOHLIEHTPALMH 3JIEKTPOHOB:

n ZZXLTGX —| E +h2q2—u IT |g*d ZLe
e 23'520 p g 2m ) q q 3'52
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n,=2

JI1s IBIPOK COBEPILIEHHO AaHAJOTUYHBIMU BBIUMCIIEHUSAMH C YYETOM CIIETIaHHOTO paHEe 3aMEYaHus O
bepMueBcKkoil PyHKLINHU pacripeeraeH st sl IbIPOK MOdyyaeMm:
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2nh’

n,=2

me,hT 32
2k’

cMbICH 3 PEKTUBHOTO YUCIIA SHEPTETUYECKUX YPOBHEH B 30HE MMPOBOJUMOCTH U B BaJICHTHOM 30HE.
[ToncTaHOBKOM YMCIIEHHBIX 3HAUEHUN MOXKHO IOJIYYUTh YIOOHOE ISl BBIYMCIIEHUI BbIpaKEHHE

Q=2.51~1019 ﬂxw 3/21/CM3 e M, — macca cBOOOJHOIO 3IEKTPOHA
m, " 300 K ’ 0 '

MHOXHTEIH Qe,h: Ha3bIBAIOT CTAaTUCTHYCCKHUMU (baKTOpaMI/I 30H, OHH HMCIOT

OTMeTuM I TIOCIIEAYIOMIETO HW3JIOKEHMS, YTO MBI [MOKa HHUKAaK HE HCIOJH30BAIM PaBEHCTBO
KOHLEHTPALMN AJIEKTPOHOB U JBIPOK B YHUCTOM IIOJYNIPOBOAHUKE, MO3TOMY 3TH BBIYMCIICHHUS
KOHIICHTPAIIMH HOOBUNCHBIX DIICKTPOHOB U JBIPOK MOXKHO OylAeT NMPUMEHSTh W JJII NPUMECHBIX
MOTYNPOBOAHUKOB — OT HAIWYHMs TMPUMECHOTO YPOBHS JOJDKEH OyldeT Kak-TO MEHSThCS
XMMIIOTEHIMAJ MOJYIPOBOJAHUKA. Takke OTMETHM, YTO NPU HAJIUYUU HECKOJIbKUX 3JIEKTPOHHBIX
WJIM JIBIPOYHBIX KapMAaHOB B 30HHOM CTPYKTYpE IMOJYNPOBOJHUKA HYKHO MPOCYMMHUPOBATH TAKUE
BKJIAJbl OT KaXAO0ro kapMana. [IpyuémM BUAHO, YTO MPU HAIMYHUM JIEKTPOHOB WJIM JBIPOK Pa3HOM
Macchl, TPU OJUHAKOBON SHEPTrUM AaKTUBAIMM HauOoJee MHOTOYMCICHHBIMH OKaxyTcs Oojee
TSKENBIE HOCUTENHN (9KCIIOHEHIMAIbHBIE MHOKHTENN OIUHAKOBBIE, @  (Joc m’"? ).

BepHémMcs Temepp K Hamled IpoCTOM Monend. B cuily snekrpoHedTpanbHOCTH  N,=1,
(9MEeKTPOHBI M JBIPKM POXAAIOTCS TapamMH), MO3TOMY Ul pPaBHOBECHOW KOHLEHTpAIMH
ny=n,=n, uMeeM, NIEPEMHOXHB IIOJy4YCHHbIC PAaBEHCTBA U BO3Bpalllas B 3alUCh IOCTOSHHYIO
3
)3/2 kBT eng/(kBT)
2
2nh

TJIaBHBIM MHOXUTECIIEM B TGMHGpaTypHOﬁ 3aBHCHUMOCTH KOHICHTpaunuunu OKa3bIBaACTCA

—E J(2k,T) o
nyoce . OOparvTe BHUMaHKWE HAa MHOXKHUTENL 1/2 B mokasarenie SKCIOHEHTHI, KOTOPIH

o 2
bonbuiMana 11t COBMECTHMMOCTH C JIUTEpaTypoH, n0=4(memh , TO €cTb

MOXCT Ka3aTbCAd HCCKOJIbKO KOHTPUHTYUTHUBHBIM: B TCPMOAKTHBAIMOHHOM 3aKOHC OKa3bIBACTCA HEC
meJjb MCKIAY BaJICHTHOM 30HOM U 30HOM IpoOBOAUMOCTH, a e€ moJIoBUHA. 9TO, OJHAKO COBCPIICHHO
JJOTHUYHO: B IIOKA3aTcJIC 60J'II)IIMaHOBCKOI\/'I OKCIIOHCHTHBI CTOMUT HE pasHHLla MCKAY JHOM U ITOTOJIKOM
COCCAHUX 30H, a pa3HULla MCKIAY 3HepFHeI>’I YaCTHULIbI 1 YPOBHEM XUMIIOTCHIHAJIA.

Ecimm Obl MMeEnoch HECKOJIBKO 3KBHUBAJICHTHBIX ABIPOYHBIX HJIW 3JICKTPOHHBIX J3KCTPEMYMOB B
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3aKOHE JMCIIEPCUHU, TO MBI OBl MOJYYMIM AHAJOTUYHBIM PE3yIbTaT C TOYHOCTHIO JI0 HEKOTOPOIO
YHUCIIEHHOTO MHOXUTENs (BBIYMCIIEHHbIE HAMU CTaT(GaKTOPhl 30H HY)KHO ObLIO Obl YMHOXXHUTH Ha
KOJIMYECTBO OKCTPEMYMOB B COOTBETCTBYIOLIEH 30HE), a 3aBUCHUMOCTb OT TEMIIEpaTypbl

nocT*? e 5/ ne usmenmmach Gbl.

XumnomeHyuas 4ucmoza2o ﬂOﬂyﬂpOBOOHUKa.

HpI/IpaBHHB SABHO KOHOCHTpAIUU SJICKTPOHOB U JBIPOK, IIOJTyYaCM:

32 —(E,~w)IT__3/2 —ulT
e - -m, e

e h
3/2

m, :e(Eg—Zu)/T
my, B
E, 3 m
=—f k. Tlh—
e T

B TOCJIEIHEM YpPaBHEHUHM Mbl BEPHYJIU B 3alliCh MOCTOSIHHYIO bosbliMaHa Ui COBMECTHUMOCTH C
JIUTEPATypPOH.

Takum oOpa3oM, B 4mcTOM MONynpoBoAHHKEe mpu 7' =0 ypoBeHb XMMHYECKOTO ITOTEHIHAJa
HaXOJUTCS MOCEPENNHE 3alIPEIEHHON 30HbI, a IPU HEHYJIEBBIX TEMIIEpATypax OH CMELIAETCA K TON
30HE, B KOTOPOM Macca HOCHTENEH 3apsana MeHblIe.'” B 4MCTOM MOMyIIPOBOJHHUKE XUMIIOTEHIIUAI
MoxkeT ommmuatbes or  E,/2 wa Benmumny nopsaaka kT . C TunuuHOW IMpUHOM
3aMpeIéHHON 30HbI MOJIYIPOBOJHUKA B JOJM AJIEKTPOHBOJIBTA 3TO NPUBOAUT K HM3MEHEHHUIO B
npezaenax 10%. 3To onpaBabIBaeT CAETAHHOE BBIIIE MPEINOI0KEHHE 0 BOSMOKHOCTH IpeHeOpeyb
equHuIe B (epmMueBcKoM pacnpeneneHur. OIHAKO 3TO HE SBISETCA OOIMM TMPAaBUIOM — B
Y3KO30HHOM IIOJIYIIPOBOJHUKE C CHJIBHO OTIMYAIOLIMMUCS MaccaMM 3JIEKTPOHOB U ABIPOK IIpU
KOHEYHON TeMIlepaType ypOBEHb XMMIIOTEHLMATa MOXKET JlaXKe IONacTh B BaJEHTHYIO 30HY WM
30HY ITPOBOIUMOCTH.

MpumecHble cnabonerMpoBaHbie NONYNPOBOAHUKM.

,qOHOprle U aKkuermimopHsbie ripumecu e ﬂOﬂyﬂpOBOGHUKe.

ITpakTHuecKn BaXKHBIM BOIIPOCOM SIBJISIETCSI N3MEHEHUE CBOMCTB MOJIYNPOBOAHHUKA IIPU BBEACHUU B
HEro HeOONBIIOro (KpUTEpPHUIl MaJOCTH PacCMOTPUM Jajee) KOJIMYecTBa NPHUMECHBIX aTOMOB,
UMeoIuX Oolnbliee (JOHOPHBIE MPUMECH) WM MEHbIIee (AKLENTOPHbIE MPUMECH) KOIUYECTBO
BaJICHTHBIX 3JIEKTPOHOB. [y onpenenéHHocTH Oy/ieM roOBOPUTH PO KPEMHHUMN, B KOTOPOM KaxIbIi
aTOM CBSI3aH CO CBOMMHM COCEISIMH YETHIPbMsI KOBAJEHTHBIMHM CBS3SIMU (CTPYKTypa ajiMasa).
XapakTepHbIMH KOHLEHTPALUAMU TpUMeced, NpU KOTOPHIX MPUMEHUMBI HAIIU PACCYKICHUS
ABNSIOTCSL  KoHmeHTpamuu nopsinka 10,107 1/cx’ . CHu3y 3TOT 1Mama3oH OrpaHWYeH

12 Ecau OBl UMEIOCh HECKOJIBKO SKBHBAJICHTHBIX 9KCTPEMYMOB B 30HHOI CTPYKTYpPC MOJYIIPOBOAHHKA, TO, KaK JICTKO
3aME€TUTh, NpU T:O OTBET HE M3MCHUTCS, a IIPU KOHEYHBIX TEMIIEpaTypax BO3HUKHET JOIOJIHUTCIbHAA

o e
NuHeHHas 1o Temmeparype nompaska ——k T In ,tme N, u N, — 4ucio >1eKTPOHHBIX N
N,
JBIPOYHBIX SKCTPEMYMOB. IIpy HamMumm HOCHTeNeil ¢ HECKONbKHMH MaccaMH (HO C OJIMHAKOBOW SHeprueil B
skctpeMyme  g(k) )TaKKe OTBET KAUECTBEHHO HE H3MEHHTCA, JIMHEHHAs 10 TeMIIEPaType NONpaBKa GyleT HMETh

1 >N (]
(

(
BHU] __k Tln I E—
2 B ZNI;)(m(hl))yZ

ctp. 18 u3 35 12.03.2018



TexHonorueil (koHuentpauus npumeceir  10"1/ca’ cooTBeTcTByeT uMcTOTe Marepuana Ha
ypoBHe 107" ), a npu KoHueHTpanusx, 60bIHUX 4eM npumepHo 10" 1/ca’ , obpasyrores Tak
Ha3bIBacMbIe MPUMECHBIE 30HBI. ECIM Takas MPUMECHAs 30Ha CONBETCS C BAJIEHTHOM 30HOH WM
30HOM NPOBOAMMOCTH, TO, CTPOr0 TOBOpS, IOJIYNPOBOAHUK CTAaHOBUTCSA mnonymerauiom [3]. B
HAIEM M3JI0)KEHUU MBI OyJIeM MPe/Nosararh, 4T0 00pa30BaHUs PUMECHOM 30HBI HE TIPOM3OLILIO.
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Pucynok 13: Tunuunoe nonogcenue npumecno2o ypoeHsi (Cniownas npamas, Sd.a ) u ypoeHs
xumnomenyuana npu  1T=0  (nynxmuprnas aunus, Y ) 6 crabonrecupo8arnom nomynpo8oOHUKe
07151 O0HOPHOIU (a) u akyenmopHou (6) npumecu. U3 knueu [2].

Ecin onuH M3 aTOMOB KPEMHHS 3aMECTHUTH IIATHBAJICHTHBIM MBIIIBIKOM, TO YETHIPE BAJIECHTHBIX
AIIEKTPOHA OOPa3yIOT KOBAJEHTHBIE CBSA3M C COCEAHMMM aTOMaMM KPEMHMsI, a OJUH HU30bITOUHBII
9NeKTpoH octaHercs mpu  I'=0 Ha atome nmpumMecH. Ecnu sHeprus HOHU3aIKMU 3TOTO JIEKTPOHA
OK&KETCS JOCTaTOYHO HU3KOW, TO OTOT H3OBITOYHBIA D3JEKTPOH MOXKET TEepeHTH B 30HY
OPOBOAMMOCTH (BaJ€HTHAas 30HAa 3aHATa TOJHOCTBIO), OCTaBMB 3a COOOM TMOJHOCTBIO
MOHM30BAHHBIN aTOM IPUMECH C U30BITOUYHBIM MTOJIOKUTEIBHBIM 3apPsJIOM.

Ecnu onvH W3 aTroMOB KpEeMHHUsS 3aMEHHTH TPEXBAJICHTHBIM HHIUEM, TO, HA0OOPOT, 3JIEKTPOHOB
MPUMECHOTO aroMa He XBaTaeT Ha YCTPOWCTBO MOJHOTO HabOpa KOBAJEHTHBIX CBS3EH B CTPYKType
anMasza. Y OIHOTO M3 COCEJHUX aTOMOB KPEMHHS Ha XMMHUYECKOW CBS3M B HAIPABICHUU aToMa
WHIUS OKKETCS HECHapeHHBIM 53JIEKTPOH, TO €CTh Ha ATOW CBSI3M TOSBHUTCS BaKaHCHUS ISt
snekTpoHa. Ha 3T0 BakaHTHOE MECTO MOXKET MONAacTh OJUH U3 DJIEKTPOHOB U3 OCHOBHOM MaTpHIIBI.
[Ipu 3TOM B MaTpHIle OKa3bIBACTCSI HEXBATKA OJTHOTO JJIEKTPOHA — 00pa3zyeTcsi BaKaHCUS, KOTOpast
MOXKET MepeMeIaTbcs M0 KPUCTAILTY. DTO MOXKHO OMHCATh KaK MOHHU3AIUIO CBSI3aHHOTO COCTOSIHUS
«aroMm uHIUST — AbIpka». COOTBETCTBEHHO, TOCJIE OTPBIBA JBIPKH OT MIPUMECHOTO aTOMa OCTAaETCs
OTPUIATETIFHO 3aPSKEHHBIN HOH MPUMECH.

Ecnu koHLEHTpauus HPUMECHBIX aTOMOB Maja, TO BCE arOMbl NPUMECH Ha SHEPreTHYECKOU
JuarpaMMme MOKHO MPHOMIKEHHO OXapaKTepHU30BaTh MOJIIOKEHUEM OTHOTO €IMHCTBEHHOTO YPOBHS
SHEPruy HMOHU3ALMUU IMPUMECU (MPUMECHOTO YPOBHS) OTHOCUTENIBHO BaJEHTHON 30HBI U 30HBI
IPOBOAUMOCTH. " DTO MONOKEHHE €CTh PYHKIIUS MAaTEpHaIa.

13 HeobOxoguMo MOAYEpKHYTH, YTO ATO YIPOUIEHHOE omucanne. Kak Mbl yBHINM Jalee, 3JCKTPOH WM AbIpKa BOIU3N
NPUMECHOTO HMOHa MOTYT HMETh 1EIyl0 CTPYKTypY BOAOpOAONONOOHBIX ypoBHe#l. IlpencraBienue 00
€VHCTBEHHOM YPOBHE IO3BOJSIET OJHAKO CYHMIECTBEHHO YIPOCTHTH BBIUUCICHHS U IONYyYUTh Kaue€CTBECHHOE
OIMMCaHNE MHOTHX SIBIICHUM.
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Jlist  TEOpEeTUYECKOTO OMpENeNIeHUs TOJOKEHUS TMPUMECHOTO YPOBHS HEOOXOAMMO pellaTh
ypaBHenue Illpenunrepa ¢ y4€ToM B3aUMOACHCTBHS DIIEKTPOHOB MPUMECHOTO aroMa M C
«POAMTENHCKUM» aTOMOM U C aTOMaMM MaTpHUIIbl MOIYIPOoBOAHUKA. CTpOroe peleHne 3Tou 3a1a4au
BBIXOJIUT 32 PaMKH Kypca, OJUH W3 YAaCTHBIX CIy4YaeB /I MEJIKUX NMPUMECHBIX YpPOBHEH Oymer
paccmoTpeH ganee. OTBeT OyIeT 3aBUCETh OT AeTaliel CBSI3U NEKTPOHOB C POAUTEIHCKUM aTOMOM
U OT CBOWMCTB TOJYNpOBOIHUKA. PaccMoTpuM (EeHOMEHOJOTUYECKH IMOCIEACTBUS BO3MOXKHOTO
MOTIaIaHuUS IPUMECHOTO YPOBHS B Pa3IMUHbIE 00JaCTH 30HHOM CTPYKTYPHI MOTYIPOBOTHUKA.

Ecnu npuMecHoOl TOHOPHBIN YPOBEHb OKAa)KETCS BBILIE JHA 30HBI IPOBOAUMOCTH, TO N30BITOYHBIM
ANIEKTPOHAM C NMPUMECH OYJIeT PHEPreTMYECKH BBITOJAHO MEPEHTH B 30HY MPOBOAUMOCTH OCHOBHOM
MaTpHIIbl, BCe MPUMECHBIE MOHBI HOHM3YIOTCS Yoke ipu  1'=0 , ¥ MBI TIOJIYy9UM METAJUIMIECKOE
MOBEJICHUE HAIl CHUCTEMbl C MaJleHbKOM (B Mepy KOHLIEHTpPAlMHM IMpHMecel) KOHILIEHTpaluei
CBOOOJIHBIX HOCUTENEH AIEKTPOHHOTO THUIA. AHAJIOTMYHO, €CJIM MPUMECHOHN aKLENTOPHBIA YPOBEHb
OKa)KEeTCs HIDKE TOTOJIKA BAJICHTHOM 30HBI (€ciaM 00pa30BaHHE CBSI3U «IPUMECH-ATOM MaTpPHUIBD»
OKa)KeTCsl BhITOJIHEE 00pa30BaHMsI CBA3M B MAaTpUIIE), TO YaCTU JIEKTPOHOB MaTPUIIbI OKa3bIBACTCS
BBITO/IHO yke pu I'=0 mepeiTu Ha MPUMECH, YAaCTh COCTOSIHUN B BaJICHTHOM 30HE OKa3bIBACTCS
BaKaHTHA W, OIISTh, IMOJIYYUM METAJUI C MAJICHBKON KOHIIEHTPAllMEeW HOCUTENEHN 3apsiaa JbIPOYHOTO
tuna. B 00oux 3THX ciyyasx NpU HYJIEBOH TeMIepaType XMMIIOTEHIIMAJ COBIAAET C dHEpruet
®depmu 00pa30BaBIINXCSI CBOOOIHBIX HOCHUTEIICH 3apsa.

Ecnn npuMecHON JOHOPHBIN YPOBEHb OKa)KETCS HUXKE IOTOJIKA BAJIEGHTHOW 30HBI MM MPUMECHOMN
aKILIETITOPHBIA YPOBEHb OKaXKETCS BBIILIE JHA 30HBI MPOBOAUMOCTH, TO HUYETO CYIIECTBEHHOIO IO
CPAaBHEHMIO C YUCTBIM MOJYIPOBOAHUKOM HE MPOU30UIET: 111 TEPMOJMHAMHUYECKUX CBOMCTB TaKON
CUCTEMBI NO-IIPEKHEMY IIaBHBIM (Haubosiee BEpOSATHBIM) OyleT MEPexXoj AJIEKTPOHOB MEXIY
IIOTOJIKOM BaJIECHTHOM 30HBI M JHOM 30HBI IIPOBOJUMOCTH, TaK KaK pa3HULA YHEPTUI MEXAYy dTUMHU
COCTOSTHUSIMU OyZieT MUHUMAJIbHA.

HauOonee mHTEpecHBIM (B TOM YHCIE U C TOUYKH 3pEHHs MPUIOKEHUI) SBISETCS Claydaid, Koraa
IIPUMECHON YpOBEHb IOMaJlaeT B 3amnpeniéHHyto 30Hy. [Ipu 3TOM craparorcs mogoopars MpuMecH
TaK, 4TOObI JJOHOPHBINA YPOBEHb OKa3aJcs OIM3KO K JHY 30HBI TIPOBOAUMOCTH ¥, @ aKIENTOPHBIA —
K MOTOJIKY BaJIeHTHOM 30HBI (pucyHok 13). Takue meznyboxue mpuUMecHbIE YPOBHU HE SBISIOTCS
€IMHCTBEHHO BO3MOXKHBIMH, HO, Kak Mbl yBuauM panee (ctp. 30), y HHMX €CThb HamIsaHas
¢buznyeckas MHTEpPIpETalysi B BUAE BOJOPOAONOAOOHOTO COCTOSHHUSI DJEKTPOHA WM JBIPKU B
OKPECTHOCTU MOHU30BAaHHOM IIPUMECH.

MBI MOKEM, ONIUPASICh HA MPEABIAYIIAE PE3YAbTaThl, Cpa3y yKa3aTh IMOJOKEHUE XUMIIOTEHIIAAIa B
JIETUPOBAHHOM TMOJTYIPOBOJHUKE C €MHCTBEHHBIM HEITYOOKUM NPUMECHBIM ypoBHeM nipu ' =0

U B BBICOKOTeMIlepaTypHOM mpexaene: mpu 1=0 ypoBeHb XHMIIOTEHIHAda OyIeT POBHO
[IOCEPEAVHE MEXY IPUMECHBIM YPOBHEM U THOM 30HBI IIPOBOJUMOCTH ISl JOHOPHOM NIPUMECH U
POBHO MOCEPEINHE MEKIY MPUMECHBIM YPOBHEM M ITOTOJIKOM BaJIEHTHOM 30HBI JUISl aKLIENTOPHOU
IIPUMECH, a IIPU BBICOKMX TEMIIepaTypax ypOBEHb XHMIIOTEHIMAIa CMECTUTCAI K CEpeIuHe
3aMPEIEHHON 30HbI K MMOJIOKEHUIO0, XapaKTEPHOMY JUIS YHCTOTO MOJNYIPOBOIHKKA. > XapakTepHOi
TEMIIEpaTypOi IEpexXoAa OT OJHOIO pPEKHMMa K APYroMy SBIISIETCS TEMIIEparypa, IpU KOTOPOU
KOJIMYECTBO COOCTBEHHBIX HOCHUTENIEH CpaBHSETCS C KOJMYECTBOM HOCHTENEH, BHECEHHBIX

14 B kpeMHHH paccTOSHHE OT IPHUMECHOTO YpOBHS 1oHOpHOM npumecH (P, As, Sb) 1o nHa 30HBI IPOBOAMMOCTH PaBHO
0.04...0.05 5B npu mupuHe 3anperéHHon 3016 1.12 3B, B repmanuu 1 Tex ke JOHOPHBIX MpumMeceit oxoso 0.01
9B npu mmpuHe 3anpeménHoii 30851 0.66 5B.[1]

15 D10 paccyxaeHue HE COBCeM o0OIlee — OHO HESBHO NPEAIOoJaraeT, YTO WMEeTCs IO OTHOMY JKCTPEMyMY B
BAJICHTHOM 30HE M 30HE MPOBOJUMOCTH M 3(PEKTUBHBIC MACChI AJIEKTPOHOB U JIBIPOK PaBHbI. [Ipy Takux yCIOBHUSX,
JICCTBUTENBHO, BBICOKOTEMIICPATypHBI XMMITOTCHIIMAN OKaKETCSl MOCEpEeIUHE 3alpeliéHHOW 30HBL B ciyuae
CHIIBHO oTiuYatonmxcs 3(dekTuBHBIX Macc (cM. Hampumep 3amady 4.40 w3 3amaunmka [10]) mpm BBICOKHX
TeMIIepaTypax XUMITOTCHIIA MOXET CHIIBHO CMECTHTHCS M JaXKe TIONACTh B OJHY U3 30H. AHAJIIOTHYHO, ITEPEX0]] OT
HHU3KOTEMIIEPAaTypHOTO K  BBICOKOTEMIIEPAaTypHOMY  TpEIETy  OINpEAeNsAeTCS  CBOMCTBAMH  KOHKPETHOTO
TIOJIYTIPOBOAHUKA U MOXKET OKa3aThCsl HETPUBUAIILHBIM.
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JIETUPOBAHHBIMU NpUMECIMU. M3 3TOro paccyXAeHus B YaCTHOCTHU CIEAYET, YTO JJIsI HOMHUHAIBHO
YUCTOTO TIOJYIPOBOAHMKA (B KOTOPOM B PEATbHOCTH BCEIJla €CTh HEKOTOPOE KOJIHMYECTBO
CTPYKTYPHBIX WJIN NMPUMECHBIX AePekToB) mpu 1 =0 XUMIIOTEHIMA OKAKETCS HE MOCEPEINHE
3alpeliéHHON 30HbI, a HalpaBJIC€HHE CMENIEHHUS XHMIOTEHIMaJa B HOMHWHAJIbHO YHUCTOM
MOTYTIPOBOAHKKE OYy/IET MPU HU3KUX TEMIEpaTypax OMpeAeNsaThCs HE MacCaMH HOCUTENEH, a THIIOM
ciaydaiiHO wuMmeromuxcs jaedekrtoB. [lo 3Tol, YMCTO TEXHONOTHYECKOW MPUYUHE, KPUCTAIUIBI
HOMUHAJIBHO YHCTOTO MOJYIPOBOJIHHUKA OKA3bIBAIOTCS CJIErKa JIESTUPOBAHBI LIEHTPAMU N WJINA P-TUIIA,
JUIsl OTPAOOTAHHBIX TEXHOJIOTHI THUIT 3TOTO «HEBOJIHHOTOY» JIETUPOBAHUS U3BECTEH.

OTMeTuM TaKke, 4TO B OJHOM M TOM K€ MOIYIPOBOJHUKE MOT'YT OJHOBPEMEHHO IIPUCYTCTBOBATH U
HECKOJIBKO BHJIOB IIPUMECH: IOHOPBI M AKIENTOPHI, JOHOPHI Pa3HOM BAJIEHTHOCTH WIH C Pa3HOU
1yOuHOH ypoBHel. Mbl OyaeMm Ui IPOCTOTHI pacCMaTpuBaTh Cilydail HaJMuusl €JUHCTBEHHOIO
TUIIA TIpUMECEH. bomee CloXKHBIE Cllydau pacCMaTPHUBAIOTCS AHAJIOTMYHO: 3aCENEHHOCTH BCEX
IIPUMECHBIX YPOBHEH U 30H ONPEAEIAIOTCA €AUHCTBEHHON XapaKTEPUCTUKON — XUMIIOTEHIIMATIOM,
B COYETAHHH C YCIIOBUEM DJICKTPOHEHUTPAIBLHOCTH 3TO IO3BOJSET INOCTPOUTH IOJIHYIO CHCTEMY
YPaBHEHHH.

KoHuenmpauusi Hocumerneu e Jie2upo8aHHbIX MoJlyrnpo8oOHUKax.
3akoH delicmeyrow,ux Mmacc (npasusio pbivyaza).

Kak nerko 3ameTuTh, MOHU3aLUs JOHOPHBIX IPUMECEHU MPUBOAUT K MOSBICHUIO B MOJIYITPOBOJHUKE
M30BITKA JICIOKATM30BAHHBIX JJIEKTPOHOB HAJ JABIPKaMH (Takue TOJXYINPOBOIHUKH HA3BIBAIOT
MOJTYNIPOBOAHUKAMH N-THIIA), a 3aXBaT JIEKTPOHOB aKLENTOpPaMH K MOSBICHUIO M30BITKA IBIPOK
Haj OJEKTpoHaMu'®  (Takue IOJNYNPOBONHMKM  HA3bIBAIOT  IOJYNPOBOAHMKAMU  P-THIIA).
JloMUHMpYIOLIME HOCUTEIN HA3bIBAIOT OCHOGHbLIMU HOCUTEIISIMM 3apsia, a BTOPOM THI HOCHUTENIEH
— HEOCHOBHbIMU.

VYcnoBue 3IEKTPOHEUTPAIBLHOCTH JUIsl  JITHPOBAHHOTO  IOJIYNIPOBOJAHUKA IIPEBpAIlAeTCs B
(ion) __ (ion) (ion)
nA+N, =n,+N, , TIae N7 — KOHIIGHTpAllUs MOHWU30BAHHBIX AaKIENTOPHBIX |
JIOHOPHBIX TIpuMeced. MoHn30BaHHBIE MPUMECH HE YYacTBYIOT B MEPEHOCE 3apsija, MOITOMY s
MPaKTUKH BaXXHO ONpeIeJICHUE KOHIICHTPAIMH 3JIEKTPOHOB M JIBIPOK B 30HE MPOBOAMMOCTH M B
BaJICHTHOM 30HE.

HpI/I MOJIYyYCHHUU KOHICHTpAalUun COOCTBEHHBIX HOCHTEICH 3apsaaa paHeC MbI TOJYUUJIN BbIPpAXKXCHUC,
B KOTOPOC HC BXOAUT XUMIIOTCHIHAJ. CJ'ICI[OBaTeJ'ILHO, 9TO BBIPAXKCHHUC MOXHO IIPUMCHATL U JIA
JIETUPOBAHHOIO MOJYMPOBOAHHKA, IIPOCTO TCICPh HEAB3S 3amucare Hy=H,=H, U HeO6XOI[I/IMO
IMPAMO BBIITUCBIBATL IIPOU3BECICHUC KOHHCHTpaHHﬁZ

3
—E Ik, T

)3/2 kB T
2
th
CAWHCTBCHHBIMHA SKCTPpEMYMaMHU B BAJIEHTHOU 30HE U 30HE HpOBO,I[I/IMOCTI/I). 910 BBIPAXKCHUEC U €CTh
3aKOH I[eﬁCTByIOH.[HX MaccC, uHoraa Ha3bIBaCMLII\/JI HpaBI/IJIOM pblqara.

n,n h=4(m m ) (HaHOMHI/IM, YTO Mbl BBIYHCIWJIM 3TO B MOIACIHU C

e e"""h

OTMeTuM, 4YTO MPOMU3BEACHUE KOHIICHTPALMM 3JIEKTPOHOB M JBIPOK B JIETUPOBAHHOM
IIOJyTIPOBOAHMUKE B TOYHOCTHU PABHO ATOMY IIPOU3BEIEHUIO B COOCTBEHHOM IOJIYNPOBOAHUKE. ITO
03HAYaeT, YTO, HAIPUMEp, BBEICHHUE JIOHOPHOM MPUMECH HE TOJIBKO YBEIUYUBAET KOJIUYECTBO
NIEKTPOHOB B 30HE NPOBOAUMOCTH, HO U 60 CMONbKO JiC€ pa3 YMEHBIIAET KOJIUYECTBO IBIPOK.
VYTBepKIAEHHE MOXKET MOKa3aTbCsi KOHTPUHTYUTHMBHBIM, HO HAa CAMOM J[I€J€ OHO COBEPIIECHHO
JIOTUYHO — IIPH NOSABJIEHUHN BaKaHCUI B BaJICHTHOW 30HE (T.€. IPU IMOSIBIIEHUU JBIPOK) 3JIEKTPOHAM
C JIOHOPHOTO YpPOBHSI SHEPIreTUYECKH BBITOJHO MEPEUTH B BAJCHTHYIO 30HY, 3allOJTHUB BAKAHTHOE

16 3axBaueHHBII aKHeHTOpHOﬁ MNPUMECBHIO DJICKTPOH JIOKAJIW30BaH, a4 OCTaBLIAsACA B BAJICHTHOM 30HE BAaKaHCHSI —
JCJIOKaJIn30BaHa.
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MECTO (TO €CTb, YMCHBIIINB YUCJIO IlBIpOK).

Haiingm paBHOBECHBIC KOHIIEHTpAIMM HOCHUTENCH M TIOJOXKEHHWE XUMIIOTCHIMANa B, s
ONPENENEHHOCTH, TTOAYIPOBOAHUKE C MPUMECAMHU TOHOpHOro Tuma. [lycte N, — koHuenTpanus
JIOHOPHBIX TNpuUMecel, a €; — TOJOXKEHUE MPUMECHOIO YpOBHsA. BeposTHOCTH TOro, 4TO

3JIEKTPOHHOE COCTOSIHME Ha JOHODHOM YPOBHE 3aHATO €CThb -7 . 1 [ CoOOTBETCTBEHHO
e+

o (ion)_ 1 1 _ Nd
KOHIICHTpAIUS HOHH30BAaHHBIX puMecen N, =N, 1- o )IT = P—T
e " +1] I+e
BripaxkeHHbIE Yepe3 XMMIOTEHIMAl KOHLIEHTPAIMU JIEKTPOHOB U JBIPOK OCTAIOTCS TEMH K€ (MBI
CYUTaCM Tra3 DJJICKTPOHOB U JObIPOK HeBBIpO)KI[eHHBIM). TOFI[E[, HOI[CTaHOBKOI‘/’I B YPaBHCHUC
BHGKTpOHCI\/’ITpaJ'IBHOCTI/I nonyqaeM, I/ICHOJ’II)?:}’SI JJIsT KOMITAKTHOCTHU IIOHATHUC CTaT(i)aKTOpa 30H,

YpaBHCHUEC HA XUMIIOTCHIIUAJI:

—(Eg—g.t)/T_ Nd -w/T
0O,e =——F=+0,e€
e 1+e—(8d—.u)/T
B sTom YpaBHCHHUU OT TCMIICPATYPhI 3aBUCAT XUMIIOTCHIIHUAJT U yu CTaT(I)aKTOpBI 30H Qe,h , €TO
TOYHOC PCUHICHNEC HCBO3MOXKHO. HO3TOMy MBI paCCMOTpPUM NPCACIILHBIC ClTydal BBICOKHMX WU HU3KHX
TEMIICPATYP.

[Tpu Hu3kux Temmneparypax 1 =0 MoxHO MpeHeOpedb B 3TOM PaBEHCTBE KOHIIEHTPALMEH IBIPOK
(Tak kak mpu  T=0 MZ(Eg+8d)/2 , TO WU~ Eg>>(Eg—M) ) ¥ eIUHUIICH B BBIPAKECHUU IS
KOHIEHTpAllMM HOHU30BAaHHBIX Hpumecedt ( (u—e,)/T>0 u Bemmko B 3ToM npezene).

(I)aI(TI/I‘-ICCKI/I, MBI TTOJIB3YEMCS TEM, YTO IPU HU3KOH TCMIICPATYPC OCHOBHAA YaCThb JJICKTPOHOB B
30HY IMPOBOJAUMOCTHU HpI/I}IéT C HOHMU30BaHHBIX TOHOPHBIX HpHMCCGfI. Torz[a nmojay4yacm

Q e*(ngu)/T:N e*(ufad)/T
e d

U Jiorapu(MupOBaHUEM IOIyYaeM, aHaJOTMYHO PAaCCMOTPEHHOMN 3a/1aue O YHCTOM IMOJIYIPOBOTHUKE

OOpatuTe BHUMaHHWE, YTO YYET TEMIIEPaTypHOW 3aBHCHMOCTH XHMITOTCHIIMAIA TPHBET K
CYIIIECTBEHHOW MEPEHOPMHUPOBKE MpendKCcIoHeHansHoro MuoxkuTens. [Ipu 300K u anms macchbr
AIIEKTPOHA PaBHOIl Macce CBOOOJHOTO AIIEKTPOHA Qe:2.5'10191/CM3>>Nd21015...10161/CM3 ,
TO €CTh MPEIIKCIIOHCHTA OKA3bIBAETCS B JICCSITKU Pa3 MEHBIIE, YeM JUIsl YHCTOTO TOTYITPOBOIHUKA.
DTO ONHAKO C JMXBOM KOMIIEHCHPYETCS IMOKa3aTelieM DKCIOHEHTHI, B KOTOPOM TEMeph BMECTO
«OOJTBITION» IHEPTETUUCCKON IIENTM CTOUT «MAJICHBKOE» PACCTOSHHE OT MPHMECHOTO YPOBHS 10
OmKanIeit 30HbI.

JI71st KOHIEHTpallM HEOCHOBHBIX HOCHUTENEH 3apsaa (IbIPOK B 3TOM IPUMEPE), MOJIb3YICh TEM, UTO
_ —EIT
n,m=0,0,e """ nonyuaem

Qe —(E +¢,)/(2T
n,=0, N € e
d

C yuétoM GIHM30CTH JOHOPHOTO YPOBHS K JHY 30HBI mpoBoaumoctd £ ,~€, u mokasarensb
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HKCIIOHEHTHI 110 MOAYJIIO OKa3bIBAETCsI MIOUTH BIBOE OOJIBIIIE, YEM I YUCTOTO MOTYNPOBOIHUKA. B
pe3ynbraTe, HECMOTPS Ha 3aMETHOE€ H3MEHEHHE NPEAIKCIOHEHTHl MO CPaBHEHHIO C YHCTHIM
MOJTYIPOBOJHUKOM, KOHIIEHTpAIMs JbIPOK (HEOCHOBHBIX HOCHUTENEH 3apsijia) OKaXKeTCs MEHBIIE B
MOJTYTIPOBOJAHUKE N-THIIA.

n N
O e o d /T
3aBepiias 3TOT aHAIU3, HANHIEM OTHONIIEHHE KOHIIEHTpAIui — o

n, Q,

AHaAJIOTUYHO MOXET OBbITh TOJYyYeH pe3ylbTaT JUlsl XMMIIOTEHIMaja M KOHLEHTPALUH ABIPOK B
MOJTYNIPOBOAHMKE p-TUIA [2], MpUBEAEM 3/1€Ch TOIBKO OTBETHI:

e k,T
2 2 N,
aKHCHTOpOB 158 3H€pFI/I${ aKHCHTOpHOFO ypOBHfI.

—¢, /(2T
" nh:\/QhNae e/(21) ,me N, mn ¢ — KOHI[EHTpalus aToOMOB-

PaccMoTpuMm  Temepb BBICOKOTEMIIEPATYPHBIN Mpenes, KOraa JOMHHHUPYIOT —«COOCTBEHHBIE)
UIEKTPOHBI NOJYNPOBOJHMKA, NEPEIICAIINE U3 BAJCHTHOM 30HBI B PE3yIbTaTe TEPMOAKTUBALUU.
Bynem cunTarh, 4YTO XMUMIOTEHIHAT MPU ITOM OKAXKETCS OIM30K K CeperHEe 3alpeliéHHON 30HBI
(HO TeMmmeparypa Bc€ ell€ MHOIO MEHbIIE IIUPUHBI 3alpeniéHHON 30HBI), YTO MPEAINOoJIaraeT
OTCYTCTBUE CHJIBHOTO Pa3IUuusl CTaT()akTOPOB BAJEHTHOM 30HBI U 30HBI IPOBOJUMOCTH. Torna B
YPAaBHEHUN DIIEKTPOHEUTPAIbHOCTH Ui JOHOPHOIO YPOBHS OSKCIIOHEHTAa B 3HAaMEHATelle
OKa3bIBACTCsI MAaJICHbKOW M BCe NIpuUMEcH OyIyT MOJHOCTBIO MOHW30BaHbl. [[11 KOHLEHTparuu
Hocuteneil torma 1,=n,+ N, u monpaBka K KOHIIEHTPAIMM HOCHTEJEH MOXET OBbITh JIETKO
HalileHa npu ToMonM npaBwia peuara. C JMHEHHOM TOYHOCTHIO' KOHIIEHTPAIMsS 3JIEKTPOHOB
Bo3pactéT Ha N,/2 | a uucno apipok — ymenbmutcs Ha N,/2 10 cpaBHEHHMIO C YHCTBHIM
IIOJIyIIPOBOJHUKOM.

Jnst XxuMIoTeHIana BIYUCIISEM 110 YPAaBHEHUIO 3JIEKTPOHEUTPAIIBHOCTH:

—(E,—w)IT _ —u/T __ —u/T d
Qe =N,+Q,e " =0,e 1+ —
Qe
JlorapudmupoBanueM (M UCMOJIB3YsS TO, YTO TEPMOAKTUBHPOBAHHBIX JICKTPOHOB M JIBIPOK YXKE
o —-w/T
MHOTO GOJIBIIE, YeM TOHOPHBIX mpumeceii. N, < 0,e " ) momyuaem:

E N
nQ,——f+S~nQ,—S4—2
T T o -
, THe Wu — TeMriepaTypHas
1220, "2, Hli"320,
3aBUCUMOCTh XHUMIIOTCHIIHAJIAa B YHUCTOM HOHprOBOI[HI/IKC. HaHOMHI/IM, qTO CTaT(l)aKTOp 30HBI

ol m T[K] 302
=251'1107 —X ——
TaKXKe 3aBUCHT OT Temmeparypsl (O=2.51-10 m, " 300K

IpU BBICOKOM TeMIlepaType XHMMIIOTEHIMAl MpUOIMKAeTcs K CBOEMY IOJOKEHHIO B CepeluHe
3aMpemEHHON 30HbI, XapaKTEPHOMY ISl YUCTOTO MOJIYIPOBOJIHHKA.

3 o
1/em™ . To ecTh, AEHCTBUTEIBHO,

ﬂJ’I}I nepexoga MEXKAy OTUMH HOpcaciiaMu OTMETUM, YUTO HI/ISKOTCMHepaTypHBIﬁ npeaci

n
—e,IT
XapakTepu3yeTcs ycJoBHeM (IS MOJyNpoBOAHMKA n-Tuma) —>>1 , 1o ectb N, >Q,e
iy,

B BBICOKOTCMIICPATYPHOM IMPEACIIC Mbl CUUTAEM KOHUCHTPALIUIO HpHMCCCfI MaJjoH 110 CpaBHCHHIO C

17 CuuraeM, 4dTO KOHLEHTPALMS  DJIEKTPOHOB n,=ny+N,2 | awpox n,=n,—N,/2 . Torna

2 2 "
n,n,=ny+ Q( N d) Y ypaBHEHUE AIIEKTPOHEUTPATILHOCTH TAK)KE BBITIOJIHEHO.
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KOHIIEHTpALIMEel TePMOAKTUBUPOBAHHBIX AJIEKTPOHOB M3 BAJEHTHOM 30HBI, TO €CTh (HE YYHUTHIBas
OTINYME XUMIIOTEHLMANA OT CEPEIMHBI 30HBI B 3TOM npeaene) N <K v @e_E"/(m . Tak xax

¢,~E, , 9T yclnoBus He NPOTHBOPEYMBBI, HO €CTh HEKOTOpas OOIacTh TeMIeparyp, He
MOANaAaas HU MOA OAWH mpeaen. bornee mompoOHBINM pa3bop Bompoca O KOHICHTPAIUU
HOCHUTEJICH B JISTUPOBAHHOM TOJYIPOBOJIHUKE, BKIIFOUAIOIINNA 3TOT CIydald «CPEAHUX» TeMIIepaTyp
npoBenéH B 3amade 4.10 3agaunuka [10]. ns OLeHKH, 3aBUCMMOCTH XapaKTEPHBIX UISI 3THX
YCIIOBUH KOHIIEHTpAIMil AePEKTOB OT TeMIepaTyphl (IIsi MPOCTOTHI MOJOKEHO M, =m,=m,

0=0.,=0, , B34THl NIapaMeTpbl IIMPHUHBI 3aNPEHIEHHON 30HBI JJI1 KPEMHHS) IOCTPOEHHI Ha
pucynke 14. BumHo, 9TO TpakTHYECKH IS JIIOOON pasyMHOW KOHIIEHTpAIlMU TMpUMEce mnpu
KOMHATHOM TeMIIepaType Mbl OKaKeMCsI B MIpejiesie HU3KUX TEMIIepaTyp, KOrja CBOMCTBAa HOCUTENEH
3aps/ia  OMPENENSAIOTCS  JETMpOBAaHWEM —  OTO  TO3BOJSET NPHUMEHSATh  KPEMHHEBYIO
MOJIYITPOBOAHUKOBYIO JIEKTPOHUKY MPU KOMHATHBIX TemIeparypax. B To e Bpewms, BUAHO, 4YTO
MIPU HE CJIUIIKOM BBICOKOM TeMIIepaType MOXKHO BBIMTH W3 ATOTO Tpeaesia — 3TO, B YaCTHOCTH,
OOBSCHSET, TMOYEMY XapaKTEPUCTHKU IMOJYIMPOBOJHUKOBBIX MPUOOPOB TaK YYBCTBUTEIBHBI K

TeMIeparype.
17

10 E T T T T T T T T ' T ' E
| HU3KOmemnepamypHas )
F obnacme -0 o E/@D .
: N=Qe

1014 :__

3] E =
E E 3
2 1 I ]
~ 10 F < /T 3

% F N =Qe™ ]
z I d 1
10° 3 m =m =m_ 3
r h e 0 1
E =1.12 2B 3
L 8biICOKomemrepamypHasi . =1.08 3B 1
; obrnacme d :

105 1 1 I 1 I 1 I 1

200 300 400 500 600 700 800
T,K

Pucynox 14: Oyenxa epanuy npumeHUMOCMU HUSKOMEMNEPAMYPHO2O (KPACHAS Kpuedas) u
BbICOKOMEMNEPAMYPHO2O (CUHAS KpUBas) NpubIudceHuti O0Jisl J1e2UPo8aHH020 HOTYNPOBOOHUKA.
Buviuucnenus coenanvl 0nsi napamempos wupumsvl 3anpeueéHHoU 30Hbl KpeMHUs. 3aumpuxosana
obnacmv «CpeoOHUXx» memnepamyp, 8 KOmopou Hu 00UH U3 NPedelos He NPUMEHUM.
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3Hepl'eTVI'~leCKVIe Avnarpammbl AnA nonynpoBoAHUKA.

Jis MHOTHX TIPaKTHYECKUX 3a/ad W 3aJad OIEHKM OKa3bIBAIOTCS HE BAKHBI TOYHBIE JETAH
pacmoioKeHuss 30H B K-IpocTpaHCTBE: MPSIMO3OHHBIA WM HE TPSIMO30HHBIA IMOIYIPOBOTHUK,
KOJIMYECTBO DJIEKTPOHHBIX WM ABIPOYHBIX «KapMaHOB» WM T.JI., @ Ba)KHAa TOJBKO DHEPreTHUYECKast
IeNb, TOJOKEHWEe B HEW YpPOBHS XMMIIOTEHIIMAJIa W MPUMECHBIX YPOBHEW. DTy HH(OpMAINIO
yI00HO N300pakaTh B BHJIE YIPOUIEHHON YSHEPTETHUECKONU TUarpaMmMbl (PUCYHOK 15).

B »sTOoM mnpenctaBieHMM NOKa3bIBAE€TCS MOJOKEHHE IOTOJKA BaJIGHTHOM 30HBI U JHA 30HBI
MIPOBOMMOCTH (IIMPHUHBI 3TUX 30H B OOJBIIMHCTBE CIy4yaeB IMOKa3bIBAIOTCS YCIOBHO). PaccrosiHue
MEXIy STUMH 30HAMH €CTh INHMPHHA 3alpeniéHHON 30HBI, MPH HEOOXOJUMOCTH YyKa3bIBaeTCS
MOJIOKEHHE TPUMECHBIX YPOBHEW W XHMMIIOTEHIMaja. B HEKOTOphIX 3ajadax BakKHO TaKxke
MOJIO)KEHHE MHUHUMAJIBHOTO YPOBHS YPOBHS JHEpPrUU JJEKTPOHA B BaKyyMe€ OTHOCHTEIIBHO
yYKa3aHHBIX 30HHBIX MapaMeTpoB. PaccrosHue OT JHA 30HBI MPOBOJUMOCTH JI0 MHUHHUMAJIbHOTO
YPOBHSI SHEPIMM DJIEKTPOHA B BaKyyMe Ha3bIBAIOT cpoocmeom K anekmpony 7% . CponcTBo K
JNIEKTPOHY €CTh paldoTa, KOTOPYIO HYXHO 3aTpaTuTh, YTOOBI BBIBECTH 3JEKTPOH CO JHA 30HBI
MPOBOIMMOCTH B BakyyM, TO €cTh paboTa Bbixoma. OTIWYMe MEXAYy MHUHUMATbHBIM YpPOBHEM
SHEPruu DJEKTPOHA B BaKyyM€ M YPOBHEM XHMIIOTEHIMalla B IOJYNPOBOAHHMKE Ha3bIBAIOT
MepMoOUHaAMU4ecKol pabomoti 8bix00d, KOTOPYIO HEOOXOMMO OTIMYATh OT CPOJCTBA K JIEKTPOHY.

(a) (6) (B)

Pucynox 15: Vnpowénnoe usobpadsicenue 30HHOU cXembl HOIYAPOGOOHUKA: (@) HUCMbILL
NOJYNPOBOOHUK, (0) NOTYNPOBOOHUK C NPUMECHIO OOHOPHO20 MUNA, (8) NOIYNPOBOOHUK C NPUMECHIO
akyenmopnozo muna. E, — wupuna sanpewénnoii sonvl, W — yposenv xumnomenyuana,

E, ., — yposnu donopmoii u axyenmopnou npumecu. Ilonodcenue XuMnomenyuaia nokazaHo
ona cayuaa T=0 . [onoscenue MUHUMATLHO2O YPOBHA SHEpUU INEKMPOHA 8 BaKyyMe He
NOKA3aHO.
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ANeKTPoNpPoBOAHOCTL NONYNPOBOAHUKOB.

BnusiHue KoHUeHmMpauuu Hocumesneli Ha 3/71eKMpPornpPoeoGHOCMb.

OJEKTPONPOBOIHOCTh IMONYIPOBOJHIUKA HMMEET HEKOTOPYIO CXOXKECTh C 3JIEKTPONPOBOIHOCTHIO
MCTAJUIOB — JABHWXXCHHUC JJICKTPOHOB B 30HC IMPOBOAUMOCTH H HOBIPOK B BaJICHTHOU 30HE
OMMCHIBACTCS YpaBHEHUSIMHU THUIIa BTOPOro 3akoHa HbroToHa (11 KBa3UHMMITYJbCa), MO3TOMY C
y4€TOM TPOLIECCOB pPACCESHHUSI MBI MOJIYYMM B OOIIEM CXOKYI0 KapTUHY 00 YCTaHOBIICHHH
IpeiioBO CKOPOCTH IBIKEHUS HOCHTENeH 3apsga. Tak Kak CBOOOJHBIE HOCHTENM 3apsaa B
MOJTYIPOBOAHUKE COCPEIOTOYEHBI BOJHM3M HSKCTPEMYMOB 30H, OHHM BCE OIMCBHIBAIOTCS OJIHOM
(b (HEKTUBHON MAcCCOW M MOATOMY 37€Ch MOTYT OBITH NMPSIMO MPUMEHEHBI PACCYXKIACHUSI MPOCTOU
Kiaccuueckor moaenu Apyne-Jlopenua.

HexoTopast CIIO)KHOCTB CBSI3aHa C TE€M, YTO B TIOIYIPOBOJAHUKE UMEIOTCSI OJJHOBPEMEHHO Pa3JInYHbIC
HOCUTENM 3apsifa (2JICKTPOHBI W JBIPKH) W, WHOTAA, HOCHUTEIM C HECKOJIbKMMHU Maccamu. B
NPUHIAIE, 3TO MOXKET MPHUBOIUTH K BOSHUKHOBCHHIO JOTIOJHUTEIHHBIX MEXaHH3MOB pElaKcallny,
CBsI3aHHBIX C BSaHMOI[eﬁCTBHCM 9TUX 3apsKCHHBIX KBAa3WYaCTHUI] (pCKOMGI/IHaHI/II/I OJICKTPOHA U
JIBIPKH, TIPEBPAIICHUS JIETKOW ABIPKUA B TSHKENYI0 B HA000poT). Mbl Oynem mpeHeOperarb TakKuMH
nponeccamMu, 4To 101MyCTUMO, €CJIN KOHICHTPALUA HOCHUTENe! Mana.

Torz[a d)aKTI/ILIeCKI/I AMEIOTCSI HECKOJILKO HE3aBUCHUMBIX CHCTEM HOCHUTEIIEH U JJI1 IPOBOAVMOCTH MBI
nie2ri .
MoxeM 0000muts Gopmyny Hpyne-Jlopenna: o= E —— , IlI€ CyMMHpOBaHUE HIET IO
- m.
1 1

Pa3sHbIM BHIaM HOCHTEJICH. OGpaTI/IM BHHUMAHHE, YTO TaK KaK 3apsA]] HOCUTCIIL B IIPOBOAHMMOCTH
BXOOUT B KBaApaTe, TO BKIIAAbI 3JICKTPOHOB U JABIPOK B IPOBOAUMOCTL CYMMHPYROTCA.

BuaHo, yTo OCHOBHOI BKJIaJ B TEMIIEPATypHYIO 3aBUCUMOCTb IPOBOJUMOCTH J1aCT KOHLEHTPALHSI
HOCHUTEJICH, OSKCIOHEHIMAIbHO HApacTalollas C pOCTOM Temmeparypsl. s  4ucToro

TONYIIPOBOJHAKA ~OCHOBHOW 3aBHCHMOCTBIO Oymer  ooce »/?" | s mermpoBaHHOTO

TONYNPOBOHMKA NPH HE3KHX Temmeparypax ooce 2% | e OE — paccrosume or
IIPMMECHOTO YPOBHs 110 Omwkaiieit 3oupl ( O E=FE,—¢, nnsa nonoproii npumecu nu O E=¢,

IJIS aKUENTOPHOM). BakHO MMETh B BHUIY, YTO HOMHHAIBHO YMCTBIA IOJYIPOBOIHUK SBISAETCS
HEKOTOPOil abCcTpakiMeii — Jaxke B OTCYTCTBHE I€JICHAIPABIECHHOIO JIETHPOBAHUSA B PEATbHOM

Kpuctamie OynyT UMeTbes neeKThl U CIydaiiHble TPUMECH.

IIpumep 3aBUCUMOCTH COIPOTUBIICHUSA  IIOJYIPOBOAHMKOBOIO TEPMOMETPA COIPOTHBIICHUS Ha
OCHOBE TepMaHHs OT TeMIIepaTyphbl MOKa3aH Ha pucyHke 16. B saBucumoctn R(T) ectb mBa
ydJacTka, Ha KOTOpbIX R(T )oceA/T , HO DHEPrusA aKkTUBallMM HAa JTHUX Y4YacTKaX OTIMYAEcTCA Ha
nopsiok. [Ipuuém o0e >Tux 00macTH CBSA3aHBI C KAKUMHU-TO MPUMECHBIMH YPOBHSMH: IIUPUHA
3anpeméHHo 30usl 11s repmanus £ ,=0.669B~7600 K
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Pucynox 16 3asucumocmv conpomusnenusi NOLynpo8OOHUKOBO20 MePMOMEMpPa CONPOMUBIEHUsI OM
memnepamypuvl om KomHamuou memnepamypwi 00 4.2K. /lanuvie asmopa.

ModeuxxHocmb 3apsidoe e nosynpoeodHuUKe'

N3-3a cyliecTBEHHO U3MEHSIIOIIEHCS KOHIIEHTPAlU HOCHUTEIIEH, B MOJTYNPOBOJHUKE, B OTIUYUE OT
MeTaia, MPOBOAUMOCTS SIBISETCS HE caMOM yOOHOM XapaKTepUCTUKOM Ui OMMCAHUS JUHAMHUKHU
JBIDKEHUA 3apsiia. st 3Toro oObIYHO MONIB3YHOTCS MOJBHIKHOCTBIO, KOTOPYIO OMPENESIoT (AJis
M30TPOMHOIO CiIy4asi) KaKk OTHOILIEHUE MOAYINS cpenHel ApeioBoil CKOPOCTH HOCHUTENS 3apsiia K
HAaIpsHKEHHOCTU  DJIEKTPUYECKOTO  TTOJIS: ‘v';p‘zy E | . Ilo wucropuyeckuM mpUYMHAM 3TO
0003HaYeHNE HECKOJBKO OTIWYACTCS OT TOHSATHS TMOABMXHOCTH B JAPYTHX paszjienax (PU3UKH, T/
OHO OlpeJeNnsieTcss Kak OTHOIIeHUE apeiidoBoi ckopoctu Kk cuie. Muorna [3] mpu ompeneneHun
MOJBMYKHOCTH PACCMATPUBAIOT HE MOMYJIM, a MPOCKUUUA CKOPOCTH U HANPSHKEHHOCTH, TOTAA IS
AIIEKTPOHOB MOJBMKHOCTH OYAET OTPULIATENbHA, IS IBIPOK — MOJIOKHUTEIbHA.

[TonBm>XHOCTH MOXKET OBITH CBsI3aHA C BpeMeHeM Ipobera (cpaBHute ¢ Gopmyroit pyne-Jlopenna)
el y y
=—+ . Jlng MaipIX KOHIEHTpAIMid HOCUTEJICH MOIBUKHOCTh ONPEACISICTCS paccessHHeM Ha
doHOHAX M paccessHUEM Ha TpuMecsax. PaccesHue HocuTenel Jpyr Ha Jpyre sIBIseTcs
MAJIOBEPOSTHBIM B CHJIy M3 MaJOH KOHICHTpanuu. [loABMKHOCTE sIBIsieTCSl  (YHKIUCH
TEMIICPATYPhI, XAPAKTCPHBIC BCIIWYMWHBI IMOJABUKHOCTU OIBJICKTPOHOB M ABIPOK B KPCMHHUU IIPpU
KOMHATHOW TeMIIepaType /Ui pa3HbIX YpOBHEH JierupoBanus (13 [11]) mokas3ansl Ha pucyHke 17.
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Mobility (em™/V-s)

10.3:

1{:,15

. . 3
Doping density (cm™)
Pucyrnok 17: [loosusichocmu 31eKmpoHO8 1 ObIPOK 8 KPeMHUU NpU KOMHAMHOU memMnepamype npu
PA3HBIX KOHYeHmpayusax npumeceti. M3 knueu [11].

Tabnuya 2: Iloosudsichocmv HOcumenen 6 pAaziudHblX NOAYNPOBOOHUKAX NPU  KOMHAMHOU
memnepamype. Ilo knuee [1].

Kpucramt | [omemkHocts, ca’/( B-cex) Kpucrann | Iogemkuocts, cm’/(B-cek)
IIEKTPOHBI JIBIPKU JJIEKTPOHBI JIBIPKH

anMas 1800 1200 GaSb 4000 1400

Si 1300 500 PbS 550 600

Ge 4500 3500 PbSe 1020 930

InSb 77000 750 PbTe 1620 750

InAs 33000 460 AgCl 50 HET JAaHHBIX
InP 4600 150 KBr (100 K) 100 HET JaHHBIX

3KCH€pI/IM€HTaJ'IBHI>Ie JAaHHBIC IO MOABHMXXHOCTH B HCKOTOPBLIX KpUCTAJLIAX IMOJTYIPOBOAHUKOB IIPpU
KOMHAaTHOM TCMIICPATYypC IMMOKAa3aHbI B Ta6J'II/ILIe 2. ﬂﬂﬂ CpaBHCHHA, NOABUXXHOCTDL JJICKTPOHOB B

MeIM TpU KOMHATHOM Temrmeparype

35 CMZ/(B -ceK) , JUISI BBICOKOKQYECTBEHHBIX O0Opa3IloB

XOpOomurx MECTAJUIOB OTHOIICHHUEC RRR wmoxer JOCTHUIaThb HCECKOJBKHX TBICAY, YTO IIO3BOJISCT

JOCTHYb B METaJlIaX IOJABHXHOCTHU
IHNOABHXHOCTb HJOCTHIa€T BCIHMYUHBI

~10*cn’/(B-cex) . B xpucramiax PbTe mpu
5-10°cm*/(B-cex) [1]. Msl He GyzemM B HameM Kypce

T'=4K

NoJpOOHO 00CYX/1aTh BOIPOCHI TEMIEPATYpHOU 3aBUCUMOCTH MOJBMKHOCTU B IOJYIPOBOJHHKE,
HEKOTOpbIE CBEICHUS 110 3TOMY BOIPOCY MOT'YT ObITh HalJIeHbI B [2].
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CBsizaHHble COCTOSAHMUA U PpeKOMOUHaUUA HocuTenen B
nonynpoBoAHUKaX.

AKkpaHupoeaHue UOHU308aHHOU NPUMeCU 8 NMoJ1yrnpPo8oOHUKe.

B wMeramie u3-3a Hamuuus OONBIIOrO 4MCIA CBOOOJHBIX DJEKTPOHOB DSJIEKTPUUECKOE I0JIe
MPUMECHOTO HMOHA JKpPaHUPYETCs Ha PACCTOSHHM IMOpsiaka MexxkaromHoro. [lpu paccmorpenuu
COCTOSIHUSI HOCWUTENS 3apsijia BONM3M HOHM30BAHHOTO IIEHTpa B TOJIYINPOBOJHUKE TaKXKe
HEOOXOJMMO 3HaTh, KaK 3aBHCHUT JJICKTPUYECKOE IMOJIE KYIOHOBCKOTO IICHTpa OT paccTosiHus. B
OTIMYME OT MeTajula, JUIsl TOJYNPOBOJAHUKOB MBI HMEEM JIE€JI0 C HEBBIPOXKICHHBIM Ta30M
KBa3MyacTul. OTa 3ajaya II0 CYLIECTBY SBISETCA HW3BECTHOM 3ajauedl o J1e0aeBCKOM
sKpaHupoBaHUM B I1a3me. [IpuBeném 3aeck penieHue B ynpou¢HHOM BUE, CUUTAs, YTO Mbl HMEEM
JIeJI0 ¢ IPUMECHOM (7151 onpeeIEHHOCTH — JOHOPHON) TPOBOAMMOCTBIO MOJIYITPOBOAHHUKA.

VpaBHeHHE JUIS TMOTEHIUANa DJIEKTPUYECKOTO  ITOJIS SACP:4TE€(H(7)—HO) , Toe n,
paBHOBeCHast ~ KOHLEHTpauus  (oOecrmedyuBaroliasl — 3JIEKTPOHEUTPabHOCTL), a € —
JTUBJIEKTPUYECKasi MPOHUIIAEMOCTh cpelbl (Yucio nopsaka 10 ams TUOUYHBIX MOJYIPOBOJHUKOB),
KOHCTaHTY e CuyMTaeM TIOJOXKUTENbHOM'®, B  NPUCYTCTBUM  MEIIEHHO  MEHSIOLIETOCS
AIIEKTPUYIECKOTO TOJST (MBI CYMTAEM, YTO Ha AIIEKTPOH JEHCTBYET JOKATBHOE IEKTPHUECKOE TIOJIE,
4TO TpeOyeT MajJoCTH €ro eOpOMIEBCKOM JUIMHBI BOJHBI'Y MO CPABHEHUIO C XapaKTEPHBIMH
JUIMHAMH W3MEHEHHS DIIEKTPUYECKOTO TIOJS) YCIOBHEM TEPMOAWHAMHYECKOTO paBHOBECHS
SIBISIETCS TIOCTOSTHCTBO JIEKTPOXMMUUEcKoro mortenimana W(7)—ed (7)=const , mosromy s
XUMITOTEHIMaja B OKPECTHOCTH NMPUMECH MMEEM w(7)=u,+ed(7) , e Mo — nonoxenue
XUMITOTEHIIMAaja BAalu OT MpuMecH. Torna KOHIEHTPALusl HEBBIPOXKAECHHOTO 3JEKTPOHHOTO rasza B
MPUCYTCTBUH MEKTPHUECKOTO TIOJISl ONIPEEIISETCS] YpaBHEHHEM:
(E—u(r) (E—w,—eq(7)) eq(7) en,

n(7)=exp i s d T =ngexp| — ~n0+7 (7) ,tne E

— KHHETHYCCKas DHECPTHUA DJICKTPOHOB, KOHCTAHTY € CUHUTAacM HOHO)KHTCHBHOﬁ, 4TO OIMpCACIIACT
3HaK HOTCHLIH&J'IBHOﬁ OHEpIrun — €(p<7) . KOHI_IGHTpaI_II/IH QJICKTPOHOB YBCIMYHBACTCA B obactu
MOJIO)KUTCIIBHOI'O MOTCHIIMAJIA, KyJla OHU NPUTATUBAIOTCA.

4re’n
Torna ypaBHenue IlyaccoHa mjis moTeHIMajia MpeBpaliacTcs B Acp:—ocp . Penrenuem
el
o o _Ze —A\r
ATOTO YypaBHEHHs OyJeT, SKpaHHPOBAaHHBIH KYJIOHOBCKHH IOTECHIHAI d)—g—re , The
2

4mn,e 20 N

A= W — oOparHas nanuHA OSKpaHupoBaHusa.” Pammyc skpanupoBaHus (IeOaeBCKUI
€

B

1 . .
pamguyc) r p=73 B TIONYNPOBOJHHKE CBA3AH C KOHLCHTpAIeli HOCHTENCH M NMPH MX HU3KHX

18 B o6uiem ciyuae diVD:4J‘Cp u —eAop=4mnp
n’k;

19 XapakTepHblii BOJHOBOH BEKTOp, OLCGHWBAaCMBIH H3 [ gl = , mpu 300K mis M =m, cocraBuser

~ 107 1/cm , 1O ecTh AebpoiiieBckas ITMHA BOIHBI IPH HU3KUX TEMIIEPATypax 3aBeOMO OyIeT MHOTO GOJbIie

MEKa0MHOTO PacCTOSIHUS.
20 HarmoMHHMM, 49TO UL 6b1p0JCOeHH020 DIEKTPOHHOTO Ta3a B MeTAUIE JIMHA SKPAaHWPOBAHUS HE 3aBHUCENA OT

TeMIIepaTyphl: l2/ tr :(3ﬂ:2)”3 h Nl %o
A 63'(?1’1062 2(33’5)1/23 rnn(l)/3 2 1’1(1)/3
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KOHICHTpaIugaxX paCTéT (B OTCYTCTBHC HOCHUTEJIeH 9KpaHHUPOBKa nponaﬂaeT).

[Tootomy (B 0COOEHHOCTM MNpPHU HU3KHX TEMIEpaTypax) MOXKHO CUUTaTh J1e0aeBCKUN panuyc
OOJIBIIAM, TI0 CPABHEHHIO C MEKATOMHBIM paccTosHueM.”' DTO O3HA4aeT, yto B ONKaiiiiei
OKPECTHOCTH MPHUMECHOTO HOHA SKPAaHUPOBAHUE MOKHO HE YUUTHIBaTh. JTU BBIBOJBI OCTAHYTCS B
CHJIe U TP PACCMOTPEHUH ra3a W3 KBa3WYACTHIl HECKOJIBKUX THIIOB: NeOaeBCKUU paguyc IMpH

yCIOBUU OOIIEH >IEKTPOHEUTPAIHHOCTH paBeH

. dugln, )
rDl— Z =T (cymmupoBanue HIET TO
i B

TUTIaM HOCHUTEJIEH 3apsia).

BodopodornodobHbie cocmosiHusi 6s1u3u npumMecu.

PaccMoTpuM moBeneHHE HOCUTENs 3apsga B MOJTYHPOBOAHMKE BOJM3M OT IMPOTHBOIMOIOKHO
3apspkeHHOM mpuMecu. Ilpu HM3KMX TeMmepaTypax MOXHO CUMTaTh Je0aeBCKMHA paauyc
HKPAHUPOBAHMS CKOJIb YroAHO OonbimnM. Torna B3auMOAEHCTBHE HOCHTENS 3apsiia C MPUMECHIO
MOYKHO OIIMCaTh, KaK B3aUMOJCHCTBHE C KyJJOHOBCKMM LIEHTPOM.

[IpuHIMNIMANBHBIM U1 JAJIbHEUILIEr0 PELICHHUS OKa3bIBAETCA BOIPOC O COOTHOUIEHUHU MEXKIY
NneOpoiiyIeBCKOM JUIMHON BOJHBI PAacCMaTPUBAEMOTO 3JIEKTPOHA U MEXKATOMHBIM PACCTOSHUEM B
kpuctayie. Iy ctpororo otBeTa HeobxoauMo pemarh ypaBHeHue Llpenunrepa ¢ ya4éTom CBOICTB
IIPUMECHOI0 aTroMa U B3aUMOJIEHCTBHS JIEKTPOHA ¢ KPUCTAIUIOM. MBI BOCIIOJIb3yeMCS TEM, UTO W3
OIlbITa H3BCCTHO, 4YTO Y HCKOTOPBIX HpI/IMGCGf/'I SHCPIruu CBA3KW JJICKTPOHA OKa3bIBAIOTCS
MaJICHbKUMH M, COOTBETCTBEHHO, Pa3Mep JIOKATH3AIUH 3JIEKTPOHA OKa3bIBAETCS OONBILNM.

B sTOM ciiyyae MOXXHO CUMTaTh, 4TO 3JEKTPOH ABMXKETCS B CIUIOIIHON CpPEIE, U HYKHO YYECTb
JURJIEKTPUUECKYI0 IPOHHUIIAEMOCTh CpE/bl, 3aMEHUB 3apsi LieHTpa Ze Ha % . B aTom xe

npezese IMHAMHMKA JBH)KEHUS 3JIeKTPOHA B KpUCTAJUIe Ha OOJIBIIOM yAAJI€HUH OT MPUMECH J0JKHA
onuchIBaThbes 3 (HEKTUBHON MacCoi.

Ortcroma, MCHonb3ys pe3yabTarT s aToMa BOJIOPOJa, Cpa3y MOIydaeM i YpOBHEH SHEpruw:
2 *

Z " m 1
E,=———Ry— , rJe ypoBHU OTCUHTHIBAIOTCS OT YHEPTHH JICIIOKAITN30BAaHHOTO HOCUTENS (TO

e My n
€CTh OT Kpas 30HBI MPOBOJUMOCTH IS JICKTPOHOB M OT IOTOJIKA BaJCHTHON 30HBI JUIS JBIPOK)
BIUTYOb 3anpem&HHOlN 30HbI. BUIHO, YTO JJIs1 TUIIMYHOTO JIJIS TIOJIYIPOBOIHUKA 3HaueHuss €~10 u
m*~0.1m, , macmTabd sHepruii okaswBaerca ~0.019B~100K . Dro kxak pa3 Macmrad

SHEPruy IUIs TEIUIOBOM WOHM3ALUU IIPM KOMHATHOM Temmeparype. To ecTb Takue NIpHUMeECH C
«TIOYTH CBOOOIHBIM» HOCHUTEIIEM 3apsa (KOTOPBIN yxe He MPUBA3aH KECTKO K IPUMECHOMY aTOMY,
HO emI€ He MOXKET JaJeKO YHTH) MO3BOJISIIOT CO3/1aBaTh OOBIUHBIC MOJTYIPOBOIHUKOBBIC TPUOOPHI,
paboTatoliye mpyu KOMHATHON TeMIIepaType.

XapakTepHoe paccTosiHue 710 aedekTa (paanyc OOpOBCKOW OpOUTHI) aHATOTUYHO MEPECUUTHIBACTCS
m
e Mo

N3 U3BCCTHOI'O pC3ylibTaTa: VOZE m*

d, W JUIsS TeX Ke IapaMeTpoB monyduM  7o=504 .

OTmeTHM, 4TO €CIIM PACCTOSHHUE MEXAY NPUMECHBIMH LIEHTPAMH OKa)KE€TCs MEHbIIE 7 , TO 3TH
CBSI3aHHBIC C IIPUMECAMH HOCHUTEIH 3apsAla AEIOKAIU3YIOTCS, aHAJOTMYHO JEJIOKAaIU3alui YaCTHI
B 33/7au€ O CHJIbHOM cCBA3M. B ToM ciyuae oOpa3yeTcst mpuMecHas 30Ha M TOJYIPOBOJHUK
nproOpeTaeT MeTaNIn4eCKUe CBOUCTBA.

21 Borancrennas ms kounentpammn 107 1/cen® . €=10 uw T=300K o6parnas mmmna SKkpaHUpOBAHHS

A~10"1/cm
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AxcumoHbI BaHHbe-Momma.

CBs3aHHOE COCTOSHHME MOTYT OOpa3oBBIBaTh M PAa3HOMMEHHBIE KBAa3MYACTUIBl. JTO CBA3aHHOE
COCTOSIHME aHAJOTWYHO, HANpHUMEp, CBS3AHHOMY COCTOSIHUIO DJIEKTpOHA W TO3UTPOHA —
MO3UTPOHUIO, O KOTOPOM YIIOMHHAJIOCh B Kypce aTOMHOM (PM3UKU. DTH COCTOSHUS HE MPUBSI3aHBI K
nedexkraM, MO3TOMY MOTYT PaclpOCTPAHATHCA MO KpHUcTaLTy. VX mosiBlieHne MOXHO OMHCaTh Kak
MOSIBJIEHUE B MOJYIIPOBOIHUKE HOBBIX HeUMpAalbHbIX KBA3UYACTHUIl — YKCUTOHOB.

Ecnu xapakTepHOe pacCTOSHUE MEXIYy OSIEKTPOHOM U JBIPKOM B SKCUTOHE MHOIO Oolnblie
MEKaTOMHOI'0, TO TAKOM 3KCUTOH Ha3bIBAIOT dKCUTOHOM Banbe-Morra. Eciu paccrosHue mexny
JJIEKTPOHOM M JBIPKOM B DKCUTOHE OKa3bIBACTCS MOPAJKA MEKATOMHOIO, TO TaKyl0 CHCTEMY
Ha3bIBAIOT HKCUTOHOM DpeHnkesnss. Mbl orpaHU4MMCS TOJBKO PAaCCMOTPEHHUEM 3KCUTOHOB BaHbe-
Mortra. Jlng skcutoHa Banbe-MoTTa npu pacCMOTPEHUH HEPTHM B3aUMOJACHCTBHS DJIEKTPOHA U
JBIPKH MOXKHO HCIIONB30BaTh MPUOIIKEHHE CIUIOIIHOM cpenbl U 30HHBIE 3(P(EKTHBHBIE MaCCHI.
OHeprust CBSI3M SKCUTOHA TOINA JIETKO OIpPEAENSeTCs] MEePEeHOPMHUPOBKOM (GopMya ais aroma
1 m,m,

Bogopoma: E,=— Ryi2 ,tme Ry=13.65B
n

- —

€ mO(me+mh)

OtcuuranHas oT IMOTOJIKa BaJICHTHOM 30HBI SHEprus JKCHUTOHA:

2
_ 1 me mh 1 h 2 o
E=F P R ST Yy —+=———k , tae kK — BOJHOBON BEKTOp dKCHTOHA. BaxkHo
€ mO(me+mh) n 2(me+mh)

OTMETHTh, YTO JJIA OOpa3oBaHUSI SKCUTOHA TPeOyeTcsi HECKOJBKO MEHbINAs SHEPIHs, 4eM s

o0pa3oBaHusi CBOOOJHOW AIEKTPOHHO-ABIPOUHOM maphl. [ToaToMy 00pa3oBaHUE SKCHTOHOB MOXXHO

HaOII0aTh B OMTHYECKOM SKCIIEPUMEHTE KaK TMOSIBICHHUE Y3KUX JIMHUI ONTHYECKOTO MOTIIONICHUS

npu 3Hepruu (HOTOHA UyTh MEHBIICH (Ha BEIMYMHY DHEPTHH CBS3M), YEM HIMPUHA 3alperi€éHHON

30HbI. COOTBETCTBYIOIIME YACTOTHI TOMIOMICHUS OMPEICISIIOTCS  OYEBHIHBIM  yCIOBHEM
_ 1 m,m, 1

hAow=E ¢~ 3 7 7Ry— ! Tak Kak A ONTHYECKUX (OTOHOB MJIMHA BOJHBI MHOTO
¢> mo(m,+m;) " n

Ooubliie MEKaTOMHOTO PACCTOSHUS, X BOJTHOBOM BEKTOP MaJl 10 CPABHEHUIO C OPHILITIOOHOBCKUM U

MOXHO CYHTaTh, YTO mpu montomeHur GpotoHa A k=0 u BO30OYXIAIOTCS TOJBKO MMOKOSIIIAECS

SKCHUTOHHI.

Pucynox 18: Cnexmp nponycxkanus noaynposooHuka Cu.O hna epanuye Hcénmoeo Kpas
noenowenus. Temnepamypa 1.3 K. Ilo knuee [4].

DOKCHUTOHBI ObUTH BIIepBBIe HaOmMrOneHbl B 50-X Tomax 20 Beka B MOIYIPOBOJIHUKOBOW 3aKHCH MEIH
Cu,O coBerckum ¢usukom E.d.Ipoccom u ero corpynHukamu (cM., Hampumep, ydeOHHK [4]).
[Tpumep ¢oTtorpaduu crekTpa MPONyCKaHUs W3 OPUTHHAIHHON pabOThI TOKa3aH Ha PUCYHKE 18.
[Toka sHeprusi CBETOBOTO KBaHTa MEHBIIE IMUPHUHBI 3aMpEIIEHHON 30HbI MOMIOMICHNS ¢ Tepeaadeit
SHEPTUHU DIEKTPOHY ObITh HE MOXKeT. OJTHAKO BOJIM3M TPAaHUIIBI MTOTJIONIEHUs (KOT/Ia YHEPTUsl KBAaHTA
CpaBHHMBAETCS C IUPUHON 3aMpeni€éHHON 30HbI) HAOIIONAJICs PSI MOJIOC MOTIIOIICHHUS, CBA3aHHBIX C
BO30YKJIE€HHEM DKCUTOHHBIX COCTOSHHMI. >

22 Crporo roBops, B cmydyae Cu,O wu3-3a ocoOeHHOCTEH 30HHOH CTPYKTYphl (0OCYyXIaeMblX, Hampumep, B
HpUIOKEHUAX K cTarbe [12]) Bo3OYXJar0TCs SKCUTOHBI B COCTOSIHMM C OpOUTaibHBIM MomeHtomM [=1 (P-
SKCUTOHBI). DTO CBSA3aHO C JONOJHUTENBHBIMH IPaBUJIaMH OTOOpa MO YETHOCTH, BO3HUKAIOUIMMH IIPH aHAJH3e
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Pucynox 19: Cmpyxkmypa u 30unas cxema 3axucu meou. M3 cmamou [12].

DTOT 3KCIIEPUMEHT OB HETABHO MOBTOPEH C UCIIOIB30BAHUEM COBPEMEHHOTO 00opynoBanus [12].

C ucnonbp3oBaHHEM MEPECTPAUBAEMOTO Jia3epa B KaUeCTBE MCTOYHHMKA CBETa yAaloch HaOMIoaaTh

nepexoibl B OKCUTOHHBIC COCTOSIHUS ¢ n <25 (pucyHok 20). Paguyc 3KCHMTOHA B COCTOSHHH C
n=25 cocraBisieT OKoJo | MKM.

1.0 — .

La n=3 &
0.5 i A FL/
0.0 -.—-T'(k Y ! L R e L
2.145 2150 2155 —2460" ~2.165 2170 |

10—

0.

K
:
el
Cg

Optical density

1 . 1 . I " e o "
2.168 _2;]_9__.-_-———-—2#70"" 2171 2.1172 '
; s 2 /@ « ——

16 mm

JU JU\JWE

21716— = 21?18
B ATE L a5 . .
I = 24 A,
0.38L \_\/_(\ i i
0.37 I
217190 217192 217194

Photon energy (eV)

Pucynok 20: (a) Ilocnowenue (onmuueckas niomuocms) 6 Cu,O kax @hynxyus suwepeuu ¢pomoua.
Temnepamypa 1.2K. (b) Ilpupoonvui kpucmann Cu,O, u3z Komopozo ewipe3anucv odopazyvl 0
uccnedosanus. (c¢) cmonmuposawHvie Ha npubopHvie cmoauxku niacmunku Cu>0. Tonwuna
0bpaszyos okono 30 mkm. (d) Pacuém eonnosoul ¢hynkyuu skcumona ¢ n=25 , ois macwmaba
NOKA3aHA CUHYCOUOA C ONUHOU BOJIHbL PABHOU OJIUHE BOJIHbL UCNONL3YEMO20 0Nl B030VHCOEHUS
ceema. U3 cmamou [12].

3aBHCUMOCTh SHEPTHH SKCUTOHHOTO COCTOSHHS (OTCYMTAHHOW OT JHA 30HBI MPOBOJUMOCTH) OT
KBAaHTOBOTO YHUCJIa 71 CIEAyeT NPeACKa3aHUIO0 MPOCTON BOIOPONONOAOOHONW MOMAETH OC#

(pucyHok 21).

noronieHus: ceeta. [loqpoOHOe pacCMOTpeHHE BBIXOMUT 33 paMKK Haiiero kypca. I1o 9Toil mpu4uHe ONTHYSCKH
nepexon B coctosane ¢ 1=1 me mabmromaercsa (i 1 =1 eCTb TOIBKO S-COCTOSHUSA).
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Pucynox 21: 3asucumocms 3nepeuu 3Kcumona om 21aeHo20 K8aHmoeo2o yucia. Mz cmamou [12].

AKcumoH-¢ghoHOHHOEe e3aumodelicmeue’

PaccMoTpeHHBIH BbILIE MTPOLECC POXKIEHHUS SKCUTOHOB ITPU MOIIOLIEHUN KBaHTa CBeTa HAaOJI0AaICs
IPY HU3KUX TEMIIEpaTypax, TO €CTh B OTCYTCTBUE (POHOHOB. Kak u B MeTaie, 3IeKTPOHBI U ABIPKH
B MOJYIPOBOJHUKE MOTYT B3aUMOJIECHCTBOBATh ¢ (DOHOHAMH: POXKIATh U YHHYTOXKATh (HOHOHBI >
OTO U3MEHSIET «IpaBUia 0OTOOPa» MPU PACCMOTPEHUHU MPOLECCOB POKICHHS SKCUTOHOB.

B Ge3doHOHHOM mpoliecce, pacCCMOTPEHHOM BBIIIE, POXKAAETCS SKCUTOH C HYJIEBBIM HUMITYIHCOM
(Tak KaK BOJHOBOH BEKTOP (DOTOHA ONTHUYECKOTO JUAria30Ha MHOTO MEHbIIEC OPHILTIOIHOBCKOTO),
v _ 1 me mh
ams gero TpebyeTcs KBaHT CBeTa ¢ dHeprued Aw=E,——S—F————
€ mO(me+mh)
pPOXICHUEM WM TOIIOIIeHHEeM (DOHOHA HHEPrusi KBaHTAa CBETAa MOXKET OTIMYAThCS OT TOYHOM
PE30HAHCHOM YHEPTUHU, HO U HKCUTOH TeTeph OyNeT POKIAThCsl ¢ HEHYIEBBIM UMITYJILCOM, PAaBHBIM
umiynscy ponona A K . Eciam (kak OymeT B paccMaTprMBaeMoM jajiee MPUMEpPE) pOKIaeTCs WU

MOIJIOIIAETCS ONTUYECKHMI (I)OHOH24 B HCHTPC 30HBI C IIOYTHU MOCTOSHHOM YacTOTOM Q , TO

1
Ry? . B mpomecce ¢

IPaBUIIO orGopa 1o SHEPrUH TIPUHUMAET BH]I
E=E —l%Ryi+hQ+h—2K2 (pucyHoK 22)
i 82 mO(me+mh) nZ_ 2(me+mh) PaeY ‘

23 dusnyeckMM MEXaHU3MOM B3aUMOJEUCTBUS OCTaércd, Kak M B MeTajule, B3auMOJIEIICTBHE DJIEKTpOHA C
MOJISIPU3AIEeH PEMIETKH IPH PAaCIPOCTPAHEHUH YIPYror BomHBL. OnHAKO, B OTIMYME OT HAXOAAIIETOCS B TEIIOBOM
PaBHOBECHH 3JIEKTPOHHOTO Tra3a B MeTajUle, POXKACHHE SKCHUTOHA MpPH HHU3KUX TEeMIIepaTypax €cTh Ipolecc
HEPaBHOBECHBIN (B DIICKTPOHHYIO CHCTEMY «3aKauMBACTCS» M3OBITOK HEPTHH), IOITOMY HPOIECCH ¢ POXKICHHEM
(OHOHAa BO3MOXHBI W TIPH HHU3KHX Temreparypax. IIpomecchl ¢ moriomeHueM (OHOHa TpeOYIOT HaIW9Iui B
KpHCTaJUIE «IIOIXOAAMINX» (POHOHOB, IOITOMY OHH ITPOUCXOAAT TOJIBKO IPH JOCTATOYHO BHICOKUX TEMIIEpaTypax.

24 HamoMHMM TakXe, YTO MMEHHO B ONTHYECKMX (DOHOHHBIX MOJax BO3HHMKAeT HaubOojee CHIIbHAs IOJSpU3alus
KpHCTaJUIa Ha MaJIbIX BOJIHOBBIX BEKTOpaxX, TaK Kak B 3TUX MOJIaX pa3HbIe HOHBI KOJIEOIIOTCS B TPOTUBO(A3e.
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Pucynox 22: Cxema npoyecca poxcoeHusi SJKCUMOHA ¢ podtcOeHuem QoHOHA.
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Pucynox 23: Koaghgpuyuenm noznowenus ceema 6 nonynpogoonuxe Cu,O 60ausu nepeou (n=1)
aKCUmMoHHoU aunuu nocnowenus. Cneea: npu memnepamype 77K. Cnpasa: npu memnepamype
4.2K. Ha ocnoge pucynxa uz pabomuwi [13].

PaccmoTpuMm mpuMep 3KCIEpUMEHTAIBHOIO HaOMIOAEHHUS] TaKUX IPOLIECCOB B IOJYHNPOBOJHUKE
Cu,O [13]. Hlupuna 3anpeménnoit 3061 Cu,O (cM. cxemy 30H Ha pucyHke 19) cocrapnsier 2.17
5B, mepBbIil YKCUTOHHBIA ypOBEHb HaxoguTcs Ha 150 MdB HMke qHA 30HBI MPOBOIMMOCTH, €r0
SHEprus, OTCUUTAHHAS OT IOTOJKA BAJIEHTHOM 30HBI NpUOIM3UTENbHO paBHa 2.02 3B. Dueprus
onTtuyecko (GoHOHHOW Moxabl paBHa 13.6 mM3B. OTmeTuM TakXke, 4yTO B CHIIy OCOOEHHOCTEH
(dopmupoBanusi 30HHOH CTPYKTYpbl B Cu,O poxneHue SKCHTOHOB ¢ n=1 B 0e3()oHOHHOM
MpoIIeCcCce 3ampelieHo MpaBuwiaMu oToopa (cM. cHOCKy Ha cTp.31). B mporeccax ¢ poxaeHuem u
YHUYTOXKEHHEM (DOHOHOB 3TO MPaBUIIO OTOOpa HE IEHCTBYEeT — HEJOCTAIOUIMHA MM W30BITOYHBIH
MOMEHT UMIYJIbCA MOXKET OBbITh Iepe/iaH BCEMY KPUCTAJLIY.

ITpumep 3KCIEpUMEHTAIBHBIX JAHHBIX 10 NODIOIIEHHIO cBeTa B Kpuctawie Cu,O mnokasaH Ha
pucynke 23. Ilpu sHeprum kBanTa cBeta 2.033 3B HaOmromaercs ciiaOblii pe30HAHCHBIN UK,
CBSI3aHHBIH C OE3()OHOHHBIM MPOLIECCOM POXKACHUS IKCUTOHA B COCTOSHMM ¢ n=1 . DTOT
MIPOIIECC BEPOSITHO OKa3bIBAETCs CIa00 pa3peméH KaKuMHU-TO JedekramMmu Kpuctaiia. Bomusu atoi
sHeprun (GoToHa (HO Bcernga sHeprus (OTOHA OCTAETCs MEHbILIE HIMPUHBI 3aNperiéHHON 30HBI U
MEHBIIIE DSHEPIUM BTOPOTO HKCUTOHHOTO YpPOBHS) HAOIOAAIOTCS HENPEPHIBHBIE IOJ0CHI
NOIVIONICHUS B BUIE ABYX cryneHeit npu I =77K wu onnoii crynenu npu  I'=4.2K . [Ipu stom
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OJTHA M0JI0CA HAYMHAETCS B TOUHOCTH HA YHEPTHUIO ONTHYECKOro JOHOHA do SHEprun 6e3(hpoHOHHOTO
mpoiiecca, a BTOpas — B TOYHOCTH HAa DHEPTUI0 ONTHYECKOro (pOHOHA nocie 0€3()OHOHHOTO
npouecca. B cOOTBETCTBUM ¢ ONMCAHHBIM BBILIE, TOMIOIICHUE cBeTa Ipy 77K B HHTEpBalie SHEPT U
ot 2.01 M3B 1o 2.037 m3B cBs3aHo ¢ mpoueccamu ¢ moroneHueM (HOHOHA, U 3TO MOIVIOUICHHE
IPEICKa3yeMo MponazaeT mnpu oxiaxiaeHuu no 4.2K, temnepaTypsl MHOTO MEHbBIIE SHEPIHH
ontuyeckux (oHoHoB. Iloriomenue cera npu sHepruu kBaHTa Bbimie 2.037 m3B cBszaHo B
OCHOBHOM C MpOIIECCAMU C H3Iy4eHHEeM (OHOHA, ITOT IMPOLECC OCTAaETcs BO3MOXKHBIM U IPH
HU3KOHN TeMIieparype.

Pexom6uHayusi Hocumeneu'

Kak MBI yKe yImOMSHYIIH, B MOMYIPOBOJHIKAX BO3MOXKHO TOIVIONIEHHE (POTOHOB ¢ 0Opa3oBaHHEM
CBOOOJIHBIX 3JIEKTPOHHO-IBIPOYHBIX map. [loporoBas yactora s TAaKOro Mpolecca MOITIOUICHHS
ONpEACISIETCA IIUPUHOM 3anpelm€HHONM 30HBI. [Ipu 3TOM, B NOpUHUUIIE, MBI MOXEM CO34aTh
HEPABHOBECHOE paclpenesieHue 5SJIEKTPOHOB U JABIPOK (co3daTh H30BITOYHOE KOJIMYECTBO
AJIEKTPOHOB M [BIPOK, MO CPABHEHHMIO C TEIUIOBBIM PABHOBECHUEM, M CO3/aTh AJIEKTPOHHBIA H
JIBIPOYHBIN Ta3bl C HEPABHOBECHBIM paciipefenieHneM 1o sHeprun). [lpocreitimumM cnocobom Oyner
00JTy4eHHE CBETOM C YaCTOTOM 3aMETHO BBIIIE MIOPOTOBOM — TOT/AA OYIyT MOSIBIATHCS AIEKTPOHBI U
IBIPKU B COCTOSTHUSIX, KOTOPBIE B PABHOBECHH NPH 3TOM TeMIieparype CBOOOIHBI OT KBa3UYACTHIL.

Bo MHOrmx ciyyasx MOXXHO CUMTaTb, YTO IPOLIECC BOCCTAHOBJIEHUS PABHOBECHOIO YHCIA
HOCHUTEJIEH MEUICHHEE, YeM IIPOLIECC BOCCTAHOBIEHUS PAaBHOBECHOTO PACIPENEICHHUS HOCUTEIEH
110 3Hepruu. IIpy KOMHaTHBIX TeMIneparypax BpeMsl yCTaHOBJIEHHS PaBHOBECHS B Ta3€ KBa3MYACTHIL
nopsaka 10 °cex , a BpeMeHa BOCCTaHOBIEHHS PaBHOBECHOIO YMCJIA YACTHI MEHSIOTCS OT

10" cex B IPAMO30OHHBIX IOIYIIPOBOJHUKAX JO CEKYHI M JaKe 4acoB B HENPSAMO30HHBIX [2].
Takum 00pa3oM, MOXHO CUYHTaTh, YTO 4epe3 HEOONBIIOE BpeMsl MbI, HE3aBUCHMMO OT cCIOCO0a
BO3/ICHCTBHS, MOJIyYUM Ia3bl NEKTPOHOB U JBIPOK C TEIUIOBBIMU SHEPrUsIMM (COOTBETCTBYIOLIUE
KBa3U4acTULpl coOepyTcsd BOIM3M MHUHMMYMOB CBOMX OSHEPreTMUECKHX CIEKTPOB), HO
KOHLEHTpAILMsl TUX KBAa3U4aCTHIl OyJeT N30BbITOUHA 10 CPABHEHUIO C «HACTOSIILIUM PAaBHOBECHEMY» U
noiaér Oormee  MEUICHHBIA  pENaKCAIlMOHHBIA  IMPOIECC BOCCTAHOBICHHS PaBHOBECHOM
KOHLICHTpallMK KBa3UYaCTHLI.

[Tpouecc BOCCTAaHOBIEHUS! PABHOBECHOI'O YMCJIA YACTHUL[ 3aKJIIOYAETCSI B YHUUTOKEHUU <JIALTHUX»
AIIEKTPOHHO-/IBIPOYHBIX Map. DTOT NPOLIECC Ha3bIBAIOT PEKOMOMHAIMEH, OH IMOXO0X Ha IpOLecC
QHHUTWISIOUN YacTUIBl M AHTHYACTULBl B sepHON (usuke (HO B OTIMYME OT 3JIEKTPOH-
HO3UTPOHHONW AHUTWISILIMM B KPUCTAJUIE BO3MOXKHA PEKOMOMHAIMs 3JEKTPOHA U JBIPKH C
UCITyCKaHHEM E€IMHCTBEHHOTO ()OTOHA, HEJOCTAIOUINI UMITYIIbC MOXKHO Iepeaars kpuctamry). [lpu
pEeKOMOMHALIMM  JIOJDKHBI  BBIIOJIHATBCSL 3aKOHBI COXPAHEHWs SHEPrMM M  KBa3HMMITYJbCA.
PexomOuHammss MoXeT OBITh M3IydaTelbHOH, KOrJa BCS SHEprus Iepenaércss KBaHTY CBETa, H
0e3bI3Iy4aTe/IbHOM, KOIZa »HHEprus, Hampumep, Imeperaércs IpyroMy HOCHUTENIO 3apsaa
(pexomOuHammsa Oxe). 3aKOH COXpaHEHHWs] KBAa3WUMITYJIbCa TPUBUAIBHO BBIMOIHICTCA IS
HPSIMO30HHBIX MTOJIYIPOBOIHUKOB (HATOMHHM, YTO JUIS ONTHYECKUX (POTOHOB C dHeprueir ~ 1B
BOJTHOBOM BEKTOP MHOTO MEHbILIE OPUILTIOIHOBCKOTO, TOITOMY ONTHUYECKUE MEPEXO/IbI IPOUCXOAST
o4ty 0e3 M3MEHEHMs BOJHOBOIO BEKTOpa COCTOSIHMA). [lJI HENpsIMO30HHBIX MOJIYHPOBOJHHUKOB
HEJIOCTAIONUI UMIYNbC nepenaéres (GOHOHY, ITOT mpouecc TpedyeT ydacTus AedeKra peméTku
(Tak Ha3pIBaeMbli miporecc Xomna-Ilokmu-Puna).

OTMeTuM TaKke, 4TO BBHICBEUYMBAHHME (DOTOHOB NpPU PEKOMOMHALMK MPOHCXOTUT C YaCTOTOM

w=0~FE g/ fi , a reHepais HEPAaBHOBECHBIX HOCHTENIEH 3apsia NPOM3BOIMTCA ITYTEM
oOJIlyueHHUs] CBETOM JAPYroil 4acTOThl w>w, . Takum oOpa3oMm, Mbl HMEEM J€I0 ¢
(OTONIOMUHUCIIEHLIMEH: HECOBIAICHUEM YaCTOT 00IyYarOIIEero U Iepen3ydaeMoro CBeTa.
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