B. JI. Boru-Bpyesua, 1. I1. 3rarns,
. B. Hapnenro, A.I'. Muporos

CBOPHUEK 3ATIAU
10 OU3UKE
TI0JIYTIPOBOTHIKOB

Manarme BTOpOS,
nepepaGoTaHHOE @ JONOJHEEHOO

Tonyweno Munuerepcreom

@bLc11630 U cpeBnedo cneyuaavnoao ofpasosanus CCCP
e xavecrse yuebroso nocobus

bas erylenros Puauvecxux cneyuasvrocrel

gocwux yuebuvix aagefcnul

il
)

MOCKBA «HAVKA»

TNIABHAAA PEJAKLINUA
OUNKO-MATEMATUYECKON JIUTEPATYPE]
1981



BBK 22.737
B81
VIIK 539.21(075.8)

Boru-Bpyesmrmu B.JI, 3sarsu N. I, Kapoernko U. B,
Muzponon A. I. Coopunk 3agau no d3anke nonyll\l{pononnuxon: Vueb.
nmocofme 1A BYy30B.— 2-e m3f., nepepal. m gon.— M.: Hayka. I't. pepn.
¢us.-mar. aur., 1987.— 144 c.

TlpaBecHN! 3afaTA MO OCHOBHHIM BOIPOCaM (DHSHKA HOIYNPOBOL-
AEKOB (CTATUCTUKA DJICKTPOHOB. M JBIPOK B MOJYOPOBONHEKAX, AmP-
¢ysua m gpeiid Bocmremeil sapsana, $oTo- B TePMOBIEKTPHILCKNS
ABNeRdA H T. 1.). Bo BTOpoM u37aEmd foGaBieH PAA HOBHIX 3afay
(B 98CTHOCTH, OTHOCAIOUXCA K DOJNYHPOBOLHUKAM €O CJAOMKHLIM 38KOHOM
JECOepCHR); BRE/leHa TAaKM<e HoBafA IJaBa, MOCBAMIEHHAA OIITHKe MO-
JynpoBOAHAKOB. B Hagane KaxIoil rIaBbl [aHa CBOJAKA OCHOBHBIX ¢op-
My, 3aflauu cHaGKeHB! IMONPOOHEIMU pemeHmAME (1-e man. B 1968 r.).

Jlna cTymeHToB W ACOHPAHTOB YNUBEPCHTETOB M APYTHX BY30B,
TOTOBAIIEX COEOWAIRCTOB IO (JM3AKe mONYHpPOBONHEKOD, HOAYOPOBOT-
HEKOBOMY MAaT@PMANOBEIHUIO M IONYTPOBOAHUKOBOH BIEKTPOHEK®.
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NPEANCI/IOBIE KO BTOPOMY U3JAHUIO

Ilepeoe mamamme «CGopmmra 3a7ad mo (U3MKe MOJTYIpo-
BoguEKoBy BeII0 B 1968 r. Ilonyyennsie aBTopamMm OT3LIBHI
Ha mero, Oyayum B menom 6aaroskenaTenbRBIMHE, COXepMHAIR
BMECTe ¢ TeM peKoMenpganmmu o6 yBeJnueHHH 4@cIa 3afay H
0 BO3MOMKHOM pacmapenzm temarokm cGopHuka. IIpencras-
JeHRd, CTaBlIMe Knaccuyeckumm yke B 60-e romel, He yTpa-
THJIA CHOENrO 3HAYEHHA O OO celf JeHb, XOTA KDYl OCHOBHBIX
noHATANl M METONOB, 3HAHME KOTOpHIX ceifitac o6g3aTelqbHO
IJMA BCEX CHeUMaducToB o QH3HMKe IOJYNPOBONHAKOB, pac-
mupmiIca. 1o GblI0 y4YTEeHO NPH HOJArOTOBLKE BTOPOro H3Ja-
saa «COopuEKa 3anawy.

B sajgaunuk BKIKYeH HOBBIY pasjel, NOCBAINEHHBIH om-
THKe HOJYIPOBOXHHKOB, 4 TAKMKE YBeJIMUYeHO YUCAO0 3agad B
Apyrax pasfelaX. BpeleH pAJ HoBLIX 3a7ay, OTHOCAIIAXCA
K IOIYHPOBOJHAKAM C HellapaboNmTecKAM BaKOHOM R@ACIOEp-
cum, 3a7aY N0 CTAaTHCTHKE B8ANOJHeHHS MHOTO3apASHBIX
OpaMeCHEIX IEHTPOB B MO (H3AKe MOBEPXHOCTHHIX ABJEHHIL.
Yucnennble pellleHMsA HepecMOTPeHbl B CBA3H ¢ IpOHCIIE-
IIAM 3a IOCc/TeJlHUe TOfbl yTOYHEHHeM 3Ha4yeHUil mapaMeTpoB
DOJYNIPOBOXHUKOBEIX MaTepaaloB.

BMmecte ¢ Tem cTHNB M ypoBeHL KHHATH Ilie H3MeHHJMCD.
3ajaqm cornacoBaHbl ¢ COOTBETCTBYIOLUAME DasfelaMa Kyp-
ca (uU3WKA NONYHPOBOTHUKOB, YHTAEMOr0 HAa (hEIAMYECKOM
daxyasrere Mockorckoro ynmsepcutera, a Takme ¢ yde6-
oM nmocobuem C. I Kanmammmkora u opgmoro ma mac —
«Duamra nonymposonumkony (M., «Hayka», 1977).

ABTODH BecbMa NpPH3HATENbHHl pelensdentaM: kadegpe
IONYyIPOBONHAKOBOI BJIEKTPOHMKE (PaKynbTeTa QHIMILCKOI
1 kBaHTOBOHl onextponuku MOTH, axamemmxy AH CCCP
I0..B. I'yaseny m mpodeccopy I1. II. Konoposy, cpenasummm
PAA O0JIe3HBIX 3aMedaHHW.



TIPEJUC/IOBUE K IEPBOMY H3JAHIE

IlpexnaraeMulii cOOpEENK COAEPKEAT 33/1a9@, HCNOAB30OBAR-
mBecss aBTOpaMHd B Te4YeHUe pana Jer Ha CeMHHApCKAX 3aHA-
THAX €O CTyfeHTaMd@ Kadeapsl (E3mKE NOJYIPOBOJEAKOB
MI'Y n» xadenpsl MaTepualNoBeieBdsA TOJyOPOBOJHEKOB
MMUCuC. 3axaun coraacoBamnl ¢ ofwmumM KypcoM (E3EKHE MO-
JYyOpOBOJHAKOB, YATaeMBIM Ha 4-M Kypce Mockosckoro- yHm-
Bepcareta. [Ipm 2ToM MBI CTapajmch B OCHOBHOM BHIOHpATh
aagagd, Onm3KHe K TeM, KOTOpble OPHEXOJHTCA pelmaTh B3KC-
HOepEMEHTaTOpy, MJAHEAPYA omblt mam obpabaTeiBag ero pe-
ayJbTaThl. 3HAUeHHA pA3NAIHBIX mapamerpoB (agdextns-
HEIX MacC @ T. i.), PABHO KaK @ 3HaTeldA KOHIEHTpalui,
BpeMeH KHE3HM, AanB Auddys3mm @ T. [., Kak OpaBREIO, COOT-
BETCTRYIOT peajJibHRIM HOJYNPOBOTHHKAM.

3afavyEAK paccYdTaH Ha AWl 3HAKOMHIX ¢ o0muM Kyp-
cOM (H3AKA OOJTYNPOBONHAKOB MJA A3YyJalUIAX erg; Kpar-
Kde BBeJleHHsd, HpelBapAIIEe KaskAblii pasped, cofeprxar
IdIb CBOAKY HEOOXOAMMEIX (DOpDMYN H HA B KOeM Clydae He
MOTYT DAacCMATPHBATECA KAaK IOMBITKA CBA3HOTO HMA3JN0MKEHUA
COOTBETCTBYIOLIETO pasfesia TeOpHM.

MaremaTmyeckas HOATOTOBKA, Heo0XoguMas [iaa peltte-
HEA 3ajJaY, He BEIXOJAT 3a mpefieiisl 00bIYHOTO Kypca HHTer-
panbEOTO HeumcaeHdAs B AuddepeBNEANbHEIX ypaBHEBMIL.
HanGonee Tpyamble aagatm 0TMeUYeHB! 3Be3[0YKOM.

ArTopn ¢ yfosonbcTBHeM @ rayGoxoil mpmsHaTemb-
HOCTBIO OTMEYaMT JpPY/KeCKHd KOHTAKT CO CROAMA TOBAPH-
maMe Do kadenpe monynposofumkos MI'Y. Mul ocolerHO
6narogapun C. I'. Hamammnaxosy, mepsomavannbEO YUTaBIOE-
MY KypC, K KOTODOMY «IIPHHOP@BIEHEI» 3a[aYd B HACTOAIEM
coopamke. Mo BeceMa npusdartenspunm Ttakixe B. C. Basmio-
By m B. B. OcrpoGopofosoit 3a pEmMaHEe k palore m ¢6-
CyJeHle OTHEJBHHX BOIPOCOB.



laaga 1

CTATUCTUKA JJEKTPOHOB H JBIPOK
B NNOJYINPOBOJHHKAX

HonneaTpaora smMeKTpPOHOB 7 B 30HE OPOBORHMOCTH H
KOHIeHTpaLua ABIPOK p B BajleHTHOIl 30He paBHBI COOTBET-

CTBE€HHO
n= —2—3 [FACACES (1.1a)

Gk (1.16)

k — KBaanBOJAHOBO# BeKTOP, WHTETPHPOBAHAE HPOHM3BOJHTCA
no 3ome Bpmanwoswa; f.(E) m f,(E)— dymknoum pacmpege-
7eHUA 3NeKTPOHOB W ABIPOK IO 3HEPrHAM, PaBHEIO

In(E)y=[1+e* " f(E)y=1—fu(E);  (1.2)

B=1/kT, F — yposens ®epmu, FE, (k) (E,(k))— sakon
JHCHEPCHA 3JEKTPOHOB (/IBIPOK).

Oco0wiii mHTEpec B cufsm ¢ gopmynamu (1.1a) m (1.16)
opeacrasager novexenne Qymsxnuit E,(k) m E (k) BGrmam
AHa 30HBI NPOBOJNMOCTH M IIOTOJIKA BalleHTHOH B30HBI

Ecam pry 3onsl mpoBOImMOCTH COOTBETCTBYET OfHA T09-
Ka B 30He Bpmiiosna, 1o ato (B xybmdeckoM KpmcTaiie)
ponsna Oblth Touka k= 0. Torma nmna HeBbIpOMxKIEHHOII

3d0HBI
E, (k)= E, + 12k*/2m., (1.3a)

rne E. m m, — nocroasnue, m, > 0.

Ecag ZEy 30EK OpOBOAEMOCTE COOTBOTCTBYET HECKONBKO
To4eKk B 80He Bpmmmioama, k* (a=1,2,...), To (Do-mpexae-
MY O71f HeBBIPOX</leHHOH 30HHI)

]
En,a (k) = Ec + E 2—% (k, - k;")’s my > 0. (1,36)
i=x.:2

5



Auepraa E. COOTBETCTBYeT JHY 30HHI, M, HasuiBaeTca 3-

(exTUBHON MAaccodl BNeKTpOHAa, B AHM3OTPOIHOM CIydae

(1.36) Benmumuel m; OpPENCTABAMIOT €O00M KOMIOHEHTHI TEH-
o 1 PE (K

30pa a)eKTEBHREIX Macc My, M = F-—am;—, OpHEBe-

IeHHOro K [JIABHEIM OCAM. B cmcTeMe TJIaBHBIX OCell AMEEM

Mu=My My=m, Mm,=1m, Myg=m,=., =0

(1.4)

B wacto BerpewamuieMca cayuae, Korga H3032HepreTmye-
CKHe MOBEPXHOCTA IIpe/lcTABIAIT coboil dJIMATICOMAB Bpalle-
HEA, [Be H3 BeJHYNH M, ofumHakoBe. Mx npmuATO of03Ha-
gatp Oykmoit m, (momepewnas addexrasHas Macca),
a TPeThbI0 BEeIMYUHY HAabBAalOT mnpofonbHoll adderTusHOI
Mmaccoii m o06oarauaioT uepes m,.

Cootrowenus, ananorauusie (1.36), @men0T MecTo B 1A
HeBBIPOMAeHHOIl BaleHTHOI 30HBI;

B H30TPOIHOM Clyuae

E,(k)=E, — h*k*/2m,, (1.38)

B AHW30TPOIHOM Clytae

2
Epok)=E,— % o (hi— k) (1.3r)

i=x,pz 4

w

Benmumna E,= E,— E, Ba3nBaeTcA IOOPHHON 3ampeines-
HOIl 30HHI.

B caywae BuIpo:AeHHHX 30H pasenctsa (1.3a), (1.30)
pecnpaBefausbl, @ sasacaMocTh E (k) paerca Gomee cnowm-
aniMa Qopmynamm. Hampmmep, ecnm y moTonKa BaneHTHOM
30HBI IMeKTCs fABe ehipomAeHHme upm k =0 30HH, TO 3a-
roH nacoepcan E,(k) BOamam kpas 30H mMeeT BHJ

E, (k) = E,— (h¥/2m,) | Ak? 4
+ [B2ht + €2 (k2D + K2RY + K22)]Y%), (1.3n)

OpAYEM 3HAK OJI0OC OTHOCATCA K 30HO TaK Ha3HBaeMHIX
«JIerKax» AbIPOK, a 3HaK MHHYC — K 30He ¢(TAMKEJIHX» [ObI-
POK; m, — macca cBoGOgHOTO 3AeKTpoHA B Baryyme, 4, B,
C — GespasMepHEle apaMeTpHI,

B paje nonynpoBORAHUKOB C y3KO# 3ampelNeEHOR 30RO
Jaxe OpE HeGOAbUIOM yRAJeHHH OT 3KCTPeMyMa CYIecTBEH-
HO cKasnBaerca HemapaGonmumocTh 30HH. Ecnm mpegmomo-
MHTb, 9TO OTKJIOHEHANA OT 0apaboJAYBEOCTE CBASAHHW CO
B3amMofeiicTBAEM ABYX 30H — BaJeHTHOH 30HW H 30HH LPO-
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BOMHMOCTH, & BCe OCTAJbHBIE 30HH PACIIONOMieHBl J0CTAaTOd-
HO [JaNeKo,— TO 3aKOH JHCHepCHH B pacCMaTpHBaeMBIX 80-
HaxX MOMHO npnﬁnmﬂenno 3anucaTth B BH(E

E(k) = Ec + 12k%2m + Yy( + V EL + 5,7 — Eg). (1.3¢)

3gecy M — mapaMerp, HMelI(HiT Pa3MEPHOCTL MACCH
o0nl9HO GrE3KEIT K Macce cB000JHOrO 3JeKTPOHa; 3HAK ILIKOC
OTHOCHTCA K 30He OPOBOJAUMOCTH, 3HAK MHHYC — K BaleHI-
HOU 3oHe; &P — mapaMeTp, XapaKTepH3YOUUT «B3amMojeil-
cerBAe» 30H. 3akon pmcrmepeun (1.3e) 61 npepnoxen Heit-
HoM. Beoma B (1.3e) sHauenne addertusuoii maccn BOanan
Kpaa 30Hbl, m(0)= 3h*E,/AP?, npn m(0)< M uonydaem

E(k) = Ec+ Y, (= V EL + 202 E/m (0) — Eg). (1.3%)

3aKkoH [JECHePCHH B TAKOM BHle, BBHIOJHAETCA JOCTATOTHO
XOpouo JJA 30H TIPOBOAMMOCTH pA/Ja IIOJIyNpPOBOAHAKOB C
Y3KHMH 3alpelleHHBIMH 30HaMH (HampuMep, AHTAMOHAAA
aHAAA) .

Boaee cnosBaa ¢opMa 3aKOHA OUCIRPCIH, TakMe npes-
noKennana HeilHoM, monywaercst mpu yvuete LbIpOMKIEHHA Ba-
JenTHol 3oubl. @opmyna (1.Je) UpmE 3ToM onACHLIBAET 30HY
nposoammoctn, E = FE.(k), =m 3ody merkmx nubipor, E =
=FE, (k), a nn1a 30Hb TAMKEJNBIX [BIPOK 3aKOH AECUEPCHE
aMeeT BHJ *)

E.«(k)=E, — #’K/2m,, (1.33)

Idna npocroii uapaboamueckoil sosm (1.3a) komueurpa-
IIHA NEKTPOHOB JAeTCA BhIPA:KeHIeM

n=ND,(q), n=(F—E.)/kT, (1.5)

rJe BeJIATHHA
N, = 2(m,RT/2ah*)*? (1.6)

HasbiBaeTca 3(P@PEKTHBHBIM YACIOM COCTOAHHII B 30HE MPOBO-
pmmocta, a @, (n)— maTerpan @epmm  (cM. [Tpmaoxe-
ume 1). B gacTmHocTm, B OTCYTCTBHe BBIPOKIEHHA (opiyaa
(1.5) npmmumaer Brg (cM. dopmyny (11.2))

n=N.expn. (1.7)

B cayuae Gomee cnoxmoil 3aBucmmocty E (k) xoumentpa-
ousA MOKET TeM He MeHee NaBaThcA BeIpakeHmaME (1.5) =

*) Bce ykasanmuble 37eCh 3aKOWSI JHCHEDCHA BHIIACANBL B AJICKT-
POHHOI1» HOPMHDOBKE 3HEprum, H{enaﬂ nepeliTE K CHOEKTPY HBIPOK,
HBA0 W3MeHUTD 3HAKU Ey ( u E,,
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(1.8) ¢ samemoft m, Ha HEKOTOPYI0 BeNHUBAY M4, Ha3biBae-
My 5PPeKTEBEOE Maccofl DIOTHOCTE COCTOAEAN B 80H
uposogEMocta. Taxk, B caywae (1.36)

My = Q¥ (m.m,m,)'"’, (1.8)

rne Q — YmCN0 PKBEBANEHTHHIX MHHAMYMOB B 30He OpOBO-
amMocTE (oM. sajady 4).

Ilpr pemenmm 3afay yAo6HO MmONB30BATHCA CleAylOmeil
¢opmynoft ana addexTHBHOrO YmCAA COCTOAHMIA:

No= 2,510 10" (ma/mo)**(T/300 K)** em~*  (1.9)

m apamormgno aiaa N, ¢ samenoft my, HA My,

B otcyrctBme depMEEBCKOro BBHIPOMJCHHA TIpeICTaBle-
Eme o6 sdpdexrTEBHON MAacce MIOTHOCTA COCTOAHMA B 30H®
OpOBONAMOCTE MOJKHO BBECTE B [UJIA KefAHOBCKOrO 3aKOHa
RECOepCAA, PaBHO KaK ® Jas uoboro npyroro. J[lna atoii
Ooesm Hago Bocmoas3oBaThesn opmymolr (1.1a), mpomaeens
B Heil 3aMeHy mepeMeHHBIX

ko by k. > E, 0, @,

rie E=E.(k), a 0, ¢ — moaspnsie yras sektopa k (mim
ApyrEe ypmob6EEle mepeMeHEBIe; MX CleAyeT BHOHEpaTh, XL
3anaB ABHBIA BHJ 8aKOHA A@cmepcan).

O6Goamawmm 4wepes Z.(E, 6, @) arobmam nepexoga oOT
CTApHIX K HOBBIM mepemenneiM. Torma dopmyna (1.1a) mpm-
MeT BHJ

n={ pu(E)fu(E)dE, (1.10a)
E
rae
n 2
2 CoN
Pn(E) = s 5sm BJ' Z,(E, 8, 9)dodp. (1.11a)

(1]

Qynrnnsa p.(E) RaswBaeTcs OI0THOCTBIO COCTOAHMN B 30H®
nposoamMocTd. B wacTnmoM cnywae kBajgparmumoro m m3o-
TPoOmHOro 3axoHa fAmcuepcmm (1.3a) oma pasma

pn(E)=(2m,)**(E — E,)"*/2:°R, (1.116)

B orcyTcTBme BEIpOMIenHA, Koraa fo & exp [(F — E)/kT],
paseactso (1.10a) mommo mepemmcaTs B BHA®

F—E, [ E—E,
n=exij pn(E)exp(— i )dE, (1,106)
E,




BeeneM noByio Ge3pasMepHYK MepeMeHHYI0 RHTerPHpOBAHRZA

r, momaras
E=E.+ kTz,
Torpa emecto (1.100) momygamm
n= N.exp [(F — E.)/kT], (1.12)
e

Ne=kT | pu(Ee + kT2) e ™ dx = 2 (mankT 2002, (1.13)
0

dddexTEBEAA Macca IIOTHOCTA COCTOAHHE B 30H® HPOBOAH-
MOCTH, Mg,, OOpeJe]AeTCA 9THM COOTHOMEHHEM.

IIpm kBagpATHYHOM 3aKOHe AHECOEPCHA OTCIOfA HOJYdYaeT-
ca yme mapecTHoe HaM coorHomemme (1.6). Bmpmo, uro
dopmyny (1.9) MoxEO coxpaHmTh HpE Jai0GoM 8axKoHe MHC-
nepcun. Ilpm sToM, omBako, sgileKkTHBUIAA Macca IVIOTHOCTH
cocroaHEil GyneT, BooOme roBOps, 82BHECETHbOT TEMIIEPATYPHI.

CoBepmeHEO TAKEM @ OyTeM MOMEH0 Hpeo0pasoBaTp H
BEIpaKeHHe A1A KoBNeHTpanua Anpok (1,16). Mu momywaem

E,
p= | p,(E)1,(E)dE, (1.14)

rae
n

3.4
Igsin ej 2,(E, 0, 9)dode.  (1.15)
0

0, (E)

~ en)?

flko6uam mepexofa or cTapux nepemeEEHX (k. Kk, k.) k
poBeiM (E, O, @) Temeps Hafo BHIYACAATH C DOMOMMDIO 3aKO-
Ha JHCIEDCHE AN ALIPOK.

Jlna BembpomTemHOro AblpouHore rasa ma (1.14) momy-

qaeTrcd .
p =N, exp [(E, — F)/kT], (1.16)
rae
N, = kT [ p, (Eo— kTz) e "dz, (1.17)
0

Kak m N, 83TO BhIpa)keBHe MOMHO IepeNECaTh B BH/R
N, = 2(ma,kT/2nh?)*, (1.18)

rAe Mg, ecth addeKTEBEAg Macca ONOTHOCTE COCTOAHHH B
BaneATHOX s0He. BoolGmie rosops, oHa, Kak ¥ Mg, BaBECHT
OT TeMIepaTyphl,

9



B cnyuac BBIDOMKTEHHBIX BAJCHTIBIX 307, OMHCHIBAEMBIX
dopmymnoit (1.3x), adderTuBHLIE Macchl JerkaX M TAMKeIBX
JBIPOK M. MOMKHO BBECTH, IoJarasg 1o OmpefleJeHRI0

h2k2
E, (k) = E:I: =E,— mt (1.19)
rafe 8 m ¢ — ooaspusie yran Bekropa k. Hanmparnaa moasp-
Hy© ocb 0z BZOJb OXHON M3 Oceil ZeTBEPTOro mOpPAJKA B KY-
OMTeCKOM KpHCTaJle, MK HOJydaeM

- c
mz (6, ¢) = e 1+ (8, 9); (1.20)
rae
A B? . . . 1/2
1+(0, ¢) = 7t [c—; + smze(zsm"’ 2¢sin?0 + cosze)] .
(1.21)

Kaskgaa ma 30H, onmceipaeMuix dopmymoit (1.19), oxa-
3KIBAETCA ellle W ABYKPaTHO BBIPO:IeRHOI. Brrgmenasa muor-
HocTh cocTogHmil mo dropmyne (1.15) ¢ yderom atoro ofero-
ATEJIBCTBA, MBI DOJydaeM

ps (E) = (2ma,) 2 (E, — E)"/20°h3, (1.22)

rae adpexTHBHEBIE MACCHl OJIOTHOCTH COCTOSHRHA mgy, [alor-
CA BHIpaIKEHUEM

/4 n/2 2/3
m
May =7°[£‘- f j sin 0 /32 (8,¢) do dO] (1.23)
o o

3pavenma maTerpaia, gurypmpyiomero B dopmyre (1.23),
HAafo OOpefelATh YHCAEHHO, OONB3YACH IKCIEPEMEHTANbLHEI-
M@ OJamEmMEA gaA napaMetpos A, B m C. Peayawratel pacue-
Ta, BMeCTe CO 3HAYEHUSIMH YKAa3aHHRIX IapaMeTpOB, CBEJEHHI
B tabmane 1. Yepea p, o0o3madeHa NIOTHOCTb COCTOAHHMIL,
noaywaomasca u3 (1.22) mpm 3ameHe my, Ha Maccy CBO-

00THOTO DJEKTpOHA M.
®opmyan smpa (1.10), (1.11) = (1.14), (1.15) momxmo
HAONCATE M JJA CHCTEM, B KOTODHIX OJJEKTPOHE H [OBIPKA
MOTYT coBepiaTh BHQUHATHOS ABH)KEHHe HE B TPEX, & TONb-
KO B /IByX He3aBHCAMBIX HalpaBleHRAX, mja@ B ogHoM. Ta-
KHe CHCTeMEl Ha3hlBalOT COOTBETCTBEHHO ABYMEPHEIMH HJIH
oJHOMepHEIME. HBA3HEMOyJbC, BIM KBASHBOJNHOBOH BEKTOD,
B AByMepEHOH# (ogBOMepHOH) cmcTeMe mMeeT XBe (0fHY) He-
8aBHCHMEIE KOMOOHEeHTH. H umcny papymepHEIX cECTEM OT-
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HOCATCA, HaOpEMep, AOCTATOYHO TOHKEE IUTEHKH, K YHACTY
OfHOMEDHHEIX — [IAHHEIE OPraHATECKEE MOJEKYJIHI,

B nByMepHOIl cHCTeM® KOHIEHTDALME 3JTeKTPOHOB H Jibl-
POK JAITCA BhIparKeHAAMH

n— ngm—* f I (Ep (K)) dk (1.24a)
"

p= 2m jfp(E (k)) dk. (1.246)

IIpm arom muterpansl nmo k — nBoiiusie, a me Tpoitnele, a Be-
JIAYAHEL N, p EMeT pa3MepHocts cMm~?, [lycte B paccmar-
pUBaeMoOM MaTepmaje JBAMEHIEe OPOACXOJHT B INIOCKOCTH

Tab6auya 1. IPpdexTHBHBIEe MACCH NAOTHOCTH COCTOAHAN aerknx
Mg, M TAMEAbIX Mg_ JBIPOK B TEPMAHHN H KPEMHIH

dae- | ™M+ 0 M~ -
MeHTHh A ! B l ¢ BT e T s
Ge |—13,3|—8,57 | 12,78 | 0,0424 | 0,00875 | 0,352 0,209
si —4,27 [—0,63 5,03 0,154 0,0607 0,541 0,398

3HaqeHusa napaMeTpos A, B u C naA repvanua B3ATH na kunru Wil-
ley J. D. Semiconductors and Semimetals.— N. Y.. Acad. Press.— 1975.—
‘v. 10— p. 91; aas HpE\lHHH—Ma paGotsl Balslev 1., Lawaetz P.—— Phys,
Lett.— 1965.— v. 19.— p. 6

(z, y). Beenem B k-rurockocTH monApuble KOOPAMHATH, IO-
narag k.= kcos¢, k,=ksin¢@, m mepeiizeMm 0T mepeMeH-
BuX k, @ K mepemenuniM E, ¢, rie E=F, mim E=E,
Torga murterpansl (1.24a) w (1.246) npumyr sag (1.10a) =
(1.14), opmyem

pu(E) =2 | Z,(E, ¢)dy (1.25a)

0o (E) =2 Z,(E, ¢)de. (1.256)

Bnece uepes Z.(E, ¢) u Z,(E, ¢) o6osHaueHsl AKoGMAHBI
nepexofa OT CTaphIX IepeMeHHBIX K HOBBIM, COOTBETCTBYIO-
IAe JaEEHIM 3aKkoHaM Amcuepcnm, E,(k) m E (k).

1



Jas 01HOMEPHOTO DOMYHpPOBOAHEKA MBI EMeEeM

a0

LA fu(Ea k) i, (1.26a)

I

n

8

— 8

p=— | 1,(E, (k) dk. (1.266)

8

Beoas smeprum E, m E, Kak He3aBHCHMble OepeMeHHEe, ME
BHOBbL moaydaeMm dopmynsl (1.10a) m (1.14), npmuem

1 (dE, \—1 4 {dE,\—1
en(E)= 7 (717) Pp (E) = }‘(ﬁp‘) L.;p:E'
(1.27)

’
Fp=E

OCHOBHBIM COOTHOLICHHEM, HCIONbL3YeMbIM AJId oHpeaene-
HEg yposHa @epmu, cayut yciosme ajleKTputecKoli HelT-

paIbHOCTH:
p+2zNj—n=0. (1.28)
J

31ecs 2; — 3apaj JOKaqM30BAHHBLIX mpuMeceft J-ro copra B
eUHANAX 3apaja ajaeKTpoHa (¢ yderom anaka), N; — KoH-
OeHTpagAA OpPEMEcH copTa j.

CremeRn 3alloJHEHAs ypOBHCH CilefyeT BBIIACIAATE C yde-
TOM B3aUMOJEHCTBHA MeHIy dJeKTPOHAMH, HAXONAMMAMACH
B COCTOSHAAX, JOKAJIM30BAHHKIX OKOJNO OAHOLO H TOTO JIKe
npmMecHOro Itenrtpa. Ecam oTTankMBaHEe MeKAy BIEKTpPO-
HAMHE CTONb CHJLHO, 9TO HA HEATpe MOMKeT JOKANH30BAThCA
Ho Gonee OHOTO BJIEKTPOHA, TO CTeNeHH SANONHEHHA NpH-

MECHOT0 YPOBEA NAOTCA BHIPA#ieHAAMA <
Ng F—E, NS 1 F— Ea
= g4 exp ) = —¢eXp ' (1.29)
NI kT .Ng g, kT

3pecy NY(N2) = NS (N;')— KOHIeHTpanam HeATpanib-
HHIX ® BapsAA(EHHBIX [JOHOPOB (aKOemTopoB), gs¢ (g.)—
daKkTop BRIpON{AEE@A npmMccHoro yposusa, a E; (E.)—
5Hepraa MOHODHOTO (AQKOENTOPHOr0) MNPAMECHOTO YpPOBHA.
Bxonammne cioma mapamerpmt E, F. g4 B g, BOOGIE roso-
pA, ONpeReNAOTCA M3 omelTa. B mpocrefimrem ciaydae, xorja
BBIDOMKIeHA® HOPEMECHOTO YPOBHA CBA3aHO TOJIBKO €O CHHA-
HOM B8JeKTpoHA, aKTOp BEIpOIENHEa paBeH AByM. [uma mo-
AyNpoOBOJHAKA CO CIIOKNOIl 80HNOIT CTPyKTYpoil (hakrop BbHI-
POMS/IEHAST 3ABHCHT B OT JOJNMHHOTO BHIDON(leHAs (C yueToM
paciielleHAA 8a CYeT KPHECTANIATECKOT0 HOJA), H 0T Kpar-
HOCTH BHIDOMKJIeHHA COOTBETCTBYIOI[AX 80H,

12



Mpn xomeusof aHepram B3aEMOACHCTBHA JJMEKTPOHOB, WO-
mafgapIqax HA ONMH H TOT e JOKAJMLHBIA IEHTD, MOTYT OKa-
3aThCA BO3MOMKHBIMH COCTOARHNA, OTBeYalINAe JOKAJIA3aOHAH
JByxX mam Golee ajaeKTpoHOB HA OeHTpe. B arom ciywae mpm-
PaIenne IHEPrum IMeHTpa E, npm noGaBnesn:m K HeMY J-ro
DJIEKTPOHA 3aBHCHT OT ] [lonroe mameHneHme JHeprpgm OEHT-
pa upm HoGasienmam & HeMy j auextpoHos EY cpasamo ¢
pHepruamMu E; cooTHOlUIeHAEM

E(”=E|+E2+...+E1_ (1.30)
IIpm 310M CcIpaBe/UIEBBI COOTHOIUEHASN THIA (1,29)’;
) g F—E; g F—E —U,
J = ! J = _J.. 1 J.

Nj—l 81 exp kT gy cXp AT ) (1-313)

rme N; — KoHmeHTpalUs IEHTPOB, COJepRAIIAX ] 3MEKTPO-
HOB, g; — KPATHOCThL BBIPOIK/IEHHEA COCTOAHEMA, OTBedYaloINero
‘BAMONHOHAI0 HeHTpa j aneKkTpoHaM# (QaKTOp BHEIPOMKAEHHSH
coctoanma), a U;= E; — E, — anepraa B3amMo/ieiicTBAA [0-
faBnsgeMoro j-ro anextpona ¢ mmetoumMmca j — 1 anextpo-
HaM® DEeHTpa (DHepras KOppensann).
B wacrHoM ciyuwae, Korjia HeRTp Moster comep:xars 0, 1

@nd 2 9NeKTPOHA, AMeeM

N _F N F—E —U

R YNNS4 -;-’=£ﬁ—exp—'—T—,. (1.316)

No £, kT N, £, k

tae ME moxoxmam U = U, 3aMermm, 49T0 noauasg XKoHdieH-
Tpangsa WeATPOB paccmMaTpmsaemMoro tmma pasEa N =N, +
=+ N, + N,. Coorromenmsa (1.31a) copaBseimBel Kak [IA
CIyTasg MOJOKHTENbHON 9HEPrEA KOPDPEJANMH, OTBEYAKINero
mpeobJafgaHAl0 KYJOHOBCKOLO OTTAJKABAHUA SJEKTPOHOB,
TaK H AJMA CIydas, KOIJla HEPIHg KOPPCIANAM OTPANATENb-
ga, U= —U,<0, 1. 6. pesyabTApyOIIee B3amMOJeHACTBAE
2JeKTPOHOB HA IEHTPe HOCUT XapakTep OPHTMKEHAA *),
IMonsayscs dopmynamn (1.7), (1.29) m ycropmamm

NcT"'N?i:‘Ndy N;+N0=Nuy;

MOMKHO OONYYNATHh cneayloume COooTIIOMICHIAA:

0 n
Nd ﬂ:Nd n+ l Ndz‘—Nd;;-:*_—n;,: (1.32)
-_ Py " _ p
Na'—Na P+p11' Nu. Nap>}_p1 2 (1'33)

*) Ilocnennee BO3MOMII0, RampHMep, 3a CUCT BHIATPHIUIA DHEp-
IEA XAMAYECKOH CRA3M MJIM 3HEpIMM 3JICKIPOCTaTiviecKolt Hoasapm-
SAIAHE OKpY:KawIneil cpcipl NpM JoKaau3anuu Ha OeATpe Gosee on-
HOro 3JIeKTpoHa,
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rae

E.—E - E,—E
n1=g;1Ncexp(___°_k_T_ﬂ), p1=ga1NvexP(—- akT U).
(1.34)

1. Haiitm nono:xerme yposHa @PepmMm m TemOepaTypHYIo
3aBECAMOCTh KOHIEHTPAlUE B COOCTBEHHOM MOJYHNPOBOJHHAKE
B HEBHIpOMIeHHOM ciydae. Haxk wmaMeHETCA KOHIOEHTpalua
aleKTpoHOB npm uaMeHemmu Temneparypsl or 200K mo
300 K, ecnin E;=(0,785 aB—ET)?

2. KounmeHTpanusa 31eKTpOHOB B COOCTBEHHOM NOTYNpO-
Bogunke npu Temoepatype 400 K okasamachy pasuoit 1,38

10" c¢m~®. Halitm 3nHateHme mpomsBefieHAs SPPeKTABEBIX
Macc dMeKTPOHA M JIBIPKH, eClIH M3BeCTHO, 4TO MIMPHHA 3a-
npemeRHoit 30HBI MeHserca mo sakony Eg=(0,785 -
-4 10* T) aB*).

3. B uccaenyemMoM HONyNpoOBOJHAKE 1O JaHHEIM H3Mepe-
ura sPgerra Xoana KOHOEHTPAUMA 3JTeKTPOHOB COCTABIANA
1,3 10*® em~* npm 400 K m 6,2 10" cm~® npm 350 K. Haii-
TH IIAPHEHY 3allpelleHHoil 30HbLI MaTepmaja, CUHMTas, 4TO OHA
MeHHeTCl ¢ TeMIepaTypoil mo nmEefHOMY BaKOHY.

4, Hafitm cBasp konmentrpagumm ¢ yposuem Pepmm m om-
penennTh 3(EeKTHBHYI0 MACCy ILIOTHOCTH COCTOSHHAH dJeK-
TPOHOB B lepMAaHNA ¥ KPEMHHUE; 3aKOH JHCIOEPCHH B 30HE
npogonmmoctn mMeeT Bmj (1.36). MsBecTHo, Wro moBepxHO-
CTH OOCTOAHHOH aHeprmE B K-pocTpaHCTBe MMEIOT BHA -
JRICOMNOB Bpaields, B TepMAHNM UMCIO OKBHABANEHTHBIX
MpAEMYMOB Q = 4, momepeunam wmacca m, = 0,08152 m,,
mpoponbHEag Macca m, = 1,588 m,, B kpemumnm Q =6, m, =
= 0,1905 m,, m, = 0,9163 m,.

5. axkom mmcmepcmm ABIpox B BajdeAtuoli some (1.3a)
MOMKHO IpPEJCTABUTh B BHJE

E(k)=E,—
1242 , R 4 K2RE 4 k26D 4\ |12

rie B’ =(B*+ C*/6)'?, § = C*/6B’*, a snadenmme BhIpame-
HOA B KPYLIBIX ckoOkax He mnpesocxomur 1/6. Hcmonmays
pasnoxerne mo 6, omeHuTr 3P PeKTEBHEIE MACCH NJIOTHOCTH

*) 3deck M B aHaNOTMUNBIX BBIPAKCHUMAX QA TEMIEPaTyPHOrO H3-
MEHEUHA IUMHPUNLL 3anPeLCulloil 3011 CUHTACTCA, YTO TeMIepartypa
BbIDA)KeHa B KeJhBHHAX,
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COCTOSIRAN [a 308 «JIeTKAXY» B (TMKCIRXY NHIPOK B repMa-
uar (A =13,3; B=8,07; C =12,78), a raixe addexrun-
HYI0 DJIOTHOCTH COCTOSAHUU MJIA BCeil BaJeHTHOI B30HBL

6. Hcnonsays peayabpTaT npeamgyieil 3ajayd, BbITHC-
nETh, KAKYI0 [OJI0 BCEX /BIDOK B rePMAaHUE COCTABIAAIOT
«lerKzme» ALIPKH.

7. Buuacnath coGcTBeHHEIe KOHOEHTDPANED 3JIEKTPOHOB B
repManma u Kpemumm opu I = 300 K. 9ddexrasnrie macchr
IJIOTHOCTHE COCTOAHOI B BaJleHTHOI 30le Mg, NPUHATH PAaB-
peivm 0,362 m, gna Ge (cm. asagawy 5) m 0,595 m, — gaa
Si. IHupnna sampemernnoit sonel npn T =300 K cocranaser
0,66 aB B Ge m 1,1 3B B Si.

8. BoiugcanTe yAenbHEIE CONPOTHBIEHHA COOCTBEHHBIX
repmaEus B kpemMuua npu 7 =300 K. [laa mopsmmmocTeil
BIEKTPOHOB @ ABIPOK (Hn= bUp;) B repMaHuM ® KpeMHEHUI
OpEHEATH caepyionae anavenns: Ge: p,=3,8-10°cm* B¢,
b=21; Si: p,=1,45-10° eM® B~ ¢!, b=2,9.

9. Haittu nonoxeBne yposHa PepMm @m KOHIEHTPANHAIO
BIIeKTPOHOB B COOCTBEHHOM NONYIPOBOAHEKe ¢ IapaGommde-
ckmmm 3omamMm npe Temmeparype 600 K, ecim maBecTHO, 9TO
IIADEHA 3alpeINeHHOH BS0HLI TpPA TAaKUX TeMIepaTypax Me-
Hferca mo aakony E,=(0,26—2,7-10"* T) 8B. Omnemmtsh
omnlKy, KOTOpas BHOCHTCH, €CIH He YUATHIBATH BHIPOMKE-
HHe 3JEKTPOHHOIO ra3a B 30He mposojmmocta. McnoansosaTh
spauesmg  addexrasupix mMace m,=01m,=0,02m, n
BOCHOJNBL30BATLCA NPUOMHAKEHHEIM NpeICTaBJIeHAEM HOTErpa-
aa Qepma (I1.4), cumras, 9TO0 BHIPOH(AeHHE He CIHIIKOM
CHIBHO,

10. [Tomsm:HOCTL amexTpoHOB B umctoM Ge mnpm KoM-
natHOit Temueparype (300 K) pasna 3800 cm* B-* ¢!, Haii-
TA YyJedbHOe CONpPOTHBIeHMe sToro Mmarepmaia npm 30 K,
CYATAA, YTO NOJBHKHOCTE MeHseTCH C TeMIepaTypodl mo 3a-
xony p=al~*? rme a — nocrosunas. JddexTusHy Mac-
Cy 8JeKTPOHOB HOJNOKATH pasmoit 0,505 m,, a addextEpryD
maccy nelpok — 0,36 m,. llpm Bcex paccMaTpmBaeMHIX TeM-
mepaTypax CYATaTh, YTO MINPAHA 3alpeleHHOA 30HBI NHHeMN-
BO MeHserca ¢ Temmeparypofl, E,=(0,785—4-10~* T) »B,
a OTHOUIeHAEe NOJABHKHOCTEW B8JEKTPOHOB H ABIPOK AT OpO-
CTOTH NDPAHAThL MOCTOAEHBIM B PAaBHBIM b = Ww./p, = 2,1.

11. B 30He ODpOBOAMMOCTH apceHEAA Talidd HAPALY C
ocHoBHBIM MmHEHAMYMOM (I), Je:kammm B meHTpe 30HH! Dpma-
J03HA, AMEITCA MOG0IHBIe MUHEMYMBI, PACHONOKeHHBI® Ha
E, suimre ocroBHOro (pmc. 1). Hecmegosats KoHmeHTpanuoH-
By saBHcAMOCTh ypoBHA {epME B TakoM NOJyIpOBOA-
BUKe 1A BeBHIDOKJCHHOIO0 3/J€KTPOHHOrQ rasa M B mpepene
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CHNLHOTO BHIPOMKJAEHAA. BimAHmeM OCTANBHKIX 80H Ipe-
HeOpeus.

12, Paccanrats 8aBECHMOCTL HACeIeHHOCTH BEPXHEX MH-

HEMYMOB apceEmaa ramnusa (pmc. 1) oT TemmepaTypel ajeKT-

POHHOIQ Ta3a B OTCYTCTBHO

E(K) BrIpOkgeRna, Yemy parHO

OTHONIGHME KOHIEHTPANHH

3JIEKTPOHOB BE€PXHHX MUHH-

1 MYMOB M1 K KOHIEHTpPamum
2JIeKTPOHOB OCHOBHOTO MHU-

£ namyma n; npe 300K n
1 ! y TPE 1000 K? 3¢pdexrmpryio
—» MAacCy DJIOTHOCTH COCTOSHHII

Pac. 1. HesxBuBaJeHTHRe MOHOMY- /UIf BIEKTPOHOB BepXHEro

MEl 30UBI [IPOBOJIMOCTH, MUHEAMYMa NPUEATL PABHON

mu=15 m;, E.=O,35 BB,

8 [OOAHYK IUIOTHOCTH BJEKTDOHOB CYHTATh He 3aBHCALIel
OT TeMIepaTyphl.

13. UccnenosaTs BABECEMOCTh IPOBOJUMOCTE apCeBHAA
TaJMEA OT TeMIepaTypHl BJEeKTPOEHOro rasa. IlogsmmuocTm
B mpEaMyMax 1 m Il m mommylo KOEmEeBTpanmi0 BJIEKTPOHOB
CYIMTATH HE BAaBHCAILAME OT TeMmeparypw. Haiitm mamene-
HHe OPOBOJMMOCTE IIpd H3MeHeHHA TeMIepaTyphl dJIeKTPOH-
noro rasa oTr 300 K go 1000 K, ecnm oTHOmIeHHM® DOABH-
HocTell i/py = 50; Hy:HBIe B8HAYEHHA OCTAJBHEIX IapaMeT-
pOB B3ATL W3 3afagm 12,

14. Hajfite cBA3b KOHIEHTPANUE DIEKTPOHOB € YDOBHEM
@epMu B IONYIPOBOHAKE, €CIM H3BECTHO, YTO NPH MAJKIX
3HaYeHUAX % 3aKoH pAmcuepcmm mMeer Bmpy E,(k)=E,+
+(1 — ak?)h*k*/2m,, TR a — mocTOAHHAS.

15. BuumcaaTe OAOTHOCTH cOcTOsHmE m addexTrBHEYIO
MacCy IJIOTHOCTH COCTOSHHHA B 30He HPOBOXEMOCTE UpH 3a-
koHe pmcmepcnm (1.3:x). PaccMmorpers cayvadm mesbIpomjeH-
HOTO M IIOJHOCTBIO BBIPOKAEHHOINO MOJAYUPOBOAHEKA. B moc-
NeHeM CJIydae HAATE CBA3h MeMAYy KOELEGHTpamAeH djiex-
TpoHOB H yporHeM (epwmnm.

16. CoorHolIeHES

n = 2(mkT/2a0%)/*®, 5 (1)

MOMHO paccMaTpmBaThH Kak ounpefeneBme of)deKTHBHON Mac-
Chl My W B TOM CIydJae, KOTAa 3aKOH AACHEPCEH OTIAAIAETCA.
oT KBajJpaTEuHOro, HailtTm KOHOEHTPaOHOHEYI 33BHCHMOCTH
mg A OOJYOpOBOJHEKA ¢ BakoHOM jAmcnepca® (1.3:x) B
mpefielle CHALHOTO BRIpO:#cleHHA. CpaBHATL HOJYYeHHOE BHI-
paixeBde ¢ &HaJOTHYHONI aaBEcEMOCTHIO 3ddeKTABHOH Mac~
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cst m*, onpenensieMoit coormomenmem m*v =hk, rge v—
rpynmoBasg CKOPOCTh 2JEKTPONOB. YCTAHOBAThL CBA3L MEMIAY
mg B m* [ug paccMaTPEBaeMOro 3aKOHA JUCIIePCHM.

17. Uccnenosath TemnepatypHsiii xof yposus @epMa B
nprMecHOl o6nacTE AJA HEBBIPOKAEIIHOr0 NOJYIPOBOJHEKS,
coflepsamero OfAEH THI Of{HOBAJEHTHBIX JIOHOPOB C KOHNEH-
Tpanueit Ny,

18. Haiite TeMmmeparypy, npm koTopoil ypomess Depmm
COBNAJAeT C YypOBHEM J[IOHODHOH mNpuMecH [ANA TrepMaH®d,
NermpOBAHHOrO CypbMod ¢ xonuentrpaumeir 10 cm~ (ypo-
BeHb cypeMu E, = E, — 0,01 3B, g, nomos<aTbh paBHmM 2).
HaxoBa kommeHTpanmma aaexTpOHOB Lpm »TOIi TemmepaType?

19. Hccnenopats TemmeparypHbi  X04 KOHI[EBTpamu®
9JMeKTPOHOB B HONYUPOBOAHAKE C OJUAM THIOM O/[HOBAJIEHT-
OBIX JOHOPOR B HpmMecHoit o6nacrm. Hakora KommesTpanms
HOCATeJell BapAfa OpA KOMHATHOM TeMmmepatrype B TepMa-
gam, cojepxameM 2 - 10" ecm~® cypoMmui?

20, Haifitm TemuepaTypHbli HHTepBad, B KOTOPOM KOE-
NeHTPanda 9JeKTPOHOB IOCTOSHHA H DAaBHA KOHLEHTpandl
noHopoB. OUeHmTL rpaHANH MHTEpBaja Mg T[ePMAHHA, CO-
pep:amero 210" cM~™ KoHOpOB ¢ SHEPreTAYECKEM YpOB-
HeM Ey=E,— 0,01 3B, ecam mmpuna 3anpemieHHOd 30HL
H3MeHsIeTca Do 3akomy E,=A—ET, rme A=0,785 3B
m §=4-10"* 3B -K-', a d¢akxtop BHpOMJEHHA paBen
ABYM.

21. Pemnts aHaNOTHYIHYIO Npegelaylledl 3ajady jjiaA aH-
taMonnga muaumda. llpmuars, uro agdexTusnan macca alex-
tpoua pasua 0,015 m,, A =0,26 aB, £ =27 10~* 3B K-,
E;=E,— 0,001 aB, Ns=2 10" ecm~?, g.=2. HenapaGo-
JEYHOCTEIO 30HBE OpeHeGpeYb.

22. Uccnemosars TemmepaTypHBIA X0X yposHsg @epmm B
npEMecHON ofmacTéd B HOJYDPOBOAHEKE, COXepAMEM ONHEH
THI OLHOBAJEHTHEIX MOHOPOB ¢ KoumeHrpanmek N, npmum-
Mas BO BHAManHe BinAHMe Bulpoxcaennd. OmenmTs AIA rep-
MaHAg B AHTHMOHHMJA HHJIHA MAHUMANbHYI0 KOHIEHTPAIHIO
JOHOPOB, IpE KOTOpoil yposenb DepME momajgaer B 30HY
NpoBOAAMOCTA. BBIpOMKIeHHe CUHTATh L€ OYeHp CHIbHEIM
(n=<1,3) =m BocuOAB30BATbCA NPHEONMKEHHHIM OpPeNCTaBIE-
muem mArerpana Pepmm ([1.4). Umcaosnie smauemma ma-
pamerpos B3aTh @3 3agat 20 m 21.

23. BoiudcamTE KOHLGHTDAIIMIO XAHIPOK H  YAeJLHOE CO-
OpoTEBNeHAe  KpeMEHsA, JermpoBamEOro GopoM (N, =
= 10" ¢m~’), npm KoMHAaTHOE TeMmepartype, ecird addek-
TABHAA Macca IJIOTHOCTA COCTOAHHME AbpoK pasHa 0,59 m,,
oompmxkHOCTs My, = 100 cM® B-' ¢!, go=1, a sHeprermue-

2 B, J1. Bouw-Bpyesmy ¥ ap. 17



ckmit yposens Gopa B kpemumm pasen E,+ 0,045 aB. Uemy
paBHa xoHnenTpanmsa asipok mpm 30 K?

24, Onpegeants TeMIepaTypHY B3auUCEMOCTE KOHIeH-
Tpanm@ HOCHATeNell 3apafa B YacTAYHO KOMIUEHCHPOBAHHOM
obpasme (N.>N.) B npramecEoil 06r1acTd B OTCYTCTBH® BHI-
poxiaenus. Hakosa aHeprma axkTEBandd, ompefelAioliad Ha-
KJIOH HE3KOTeMIepaTypHOil Jacte 3apacumocT lnn ot 1/T?

25, Haittu TeMnepaTypHy S3aBHCUMOCTh KOHOEHTpPANUH
HOCHTeJel 3apsAia B CHIbHO KOMIEHCHDPOBAHHOM NOXyOpo-
Bogamke (N4= N,).

26. I'epmanmit jerapoBad cypbMoit m GopoM. Hommemrpa-
nua Gopa paeHa 10'* cm~°, a crenenr KoMmeHcamam N/ Ny =
= 0,5, Haittm xoumenrpanmm axexrpoHos mpa 25K, ecan
Mman = 0,55 m,, E;=FE,— 0,01 aB; ¢arrop BuipokAeHAA
CYUTATL PABHBIM [JBYM.

27. KauectBenHo mpeicTaBATh HAa rpadpAKe TemIepaTyp-
HEBIA X0 KOHIEHTPANMHM 3JIE€KTPOHOB B 9JaCTEYHO KOMIOEHCHPO-
panHOM monynpomogHuke (N¢>N,). BocmonbsoBaThCa moay-
norapudgMuteckam macwraboM, otaoxuB no ocam lnn m 1/7.

28. Ompenenmts ob6MacTs TemOepaTyp, B KOTOpo# KoH-
OeHTpandd 9JeKTPOHOB B 9acTHYHO KOMIEHCADOBAHHOM IO-
ayoposofEmke (N,> N.) mocrosmna m pasEa Nyg— N,.
OneHATs TpaHEOBI 3TOW O0JNACTH 014 KPeMHAHA, JeTHPOBaH-
HOoro MbimbAKoM (Es=E,— 0,05 aB) c¢ =xoEmemTpanmeil
2 10" eM~® m amoMmmumeM, KOHOeHTpamuds KOTOPOTO COCTAaB-
ager 1,2 10" cm~°. OPdexTnBHAA Macca MIOTHOCTA COCTOA-
HEOit JJs 9JeKTPOHOB B KpemHmE paBwa 1,1 m, a mumpmua
BalpeIIeHHON 30HE MeHAeTCA C TEMIEPATYPOiA 0O BAKOHY
E,=(1,21—28-10* T) »B. Qaxkrop BHpOKACHAA NOHOPOB
OPHEHATH PABHEIM ABYM.

29. BoiumcnATh IJIOTHOCTH COCTOAHME [Jja ABYMepEOi
CHCTEMBI C 3aKOHAMU AEUCHOepCHn

E.(k)=E.+ hk/2m.,
E,(k) = E; + h?k /2m, + h%k)/2m,.

30. Brraumennts 3)eKTHBHOE THCIO COCTOAHHH ANA ABY-
MepHOl CHCTeMBI ¢ KBaApDATAYHKEIM 3aKOHOM [JHACIEPCHH.
Onenars NV, opm temoeparype I’ = 300 K, monaras m, m m,
PaBHHIME Macce cBOOOHOrO 3JeKTpoHa.

31. BeramenaTe miotHOCTH coctoAHmi p(E) m N, B of-
HOMEPHOM HEBBIPOAIEHHOM B3JIeKTPOHHOM rase ¢ 3aKOHOM
aucoepcnn E (k)= E.+ W*k*/2m.

32. IlpaMech cosfaeT fBa aKNEOTODHBIX YDOBHA B 3ampe-
meHHOll 30He Omoaynposofmuka, Halitm aaBmecamocTs Kome
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_TeHTpanuii HeliTPaXbHEIX, OJHO- B ABYKPATHO 3apAKeHHBIX
aTOMOB mpEMecH OT noloxenns ypopHa @epMm @ oT TeM-
nepatypst. IlocTpomTh (KauecTBEHHO) BHX 3aBUCHEMOCTeil
VKasaHHBIX KOWHEHTpaumii or monoskedma yposua @Depmu
IIPA HA3KUX TeMlilepaTypax.

33. Amdorepuaa unpmmech coafaeT B 3appemieHHOH 30He
TONYNPOBOJHAKA [IBA YPOBHA: aKUENTOPHHII F, N TOHOPHHII
Eys (E.>E;). Hccneposarh TeMmoepaTypHYIO 3aBACHAMOCTD
yposug ®epmm (TemnoBbiM 3abpocom HOCHTeNeil 3apajga B
30HBl W HAJIMYEEM APYTEX npEMeceidl mpeHebpeus).

34, [lonynposoAHAK JeruposaH NpHMECHIO, CO3TamIei
ABa axuentopHeiXx yposHsn E, m E, B rnybnue sanpemenHoif
30mbl. Haiitm saBucumocth, yposHa @epMm OT TeMmllepaTypht
O OT KOHIEHTpamud BBOJAHMEIX B 00pasel] MeAKAX JOHODOB
(manmumeM cBOBGOMHBIX HOCHTeNell sapAfa B 30HaX IpeHe-
6peun)., IlpencTaBuTr KauecTBeHHO Ha TrpaduKe 3aBHCH-
mocts 3Heprmm Qepmm F 0T KOHIEHTpamud /JOHOPOB IpH
HE3KEX TeMIlepaTypax.

35. IMonynposopgank JermpoBaH aM@oOTepuO#l NPAMECHIO
¢ KoHmenrpanmeidt N, cosjaiomeit mouopubiii yposeAr E4 B
HE’KHeH OOJNIOBMHE B3aNpelieHHOil 30HH B aKOelTOpmbli ypo-
BeHb E, — B Bepxmeil. Haittm pasnocts yposueit @epmn B
IByx ofpasmax, OfHH M3 KOTODPBIX [OIOJHHATEIbHO JErHpo-
BaH MEJKEMH JOHOPAMH C KOHIeHTpanumeid Ny a apyroit —
MeJKAMHE aKmenTopaM® ¢ KoHmentpamueit N (N, Ns<N).
OnpeJennTs OTHOUIEHMe KOHIEHTpamHil OCHOBHEIX HOCRTe-
Jeil aapAfa B aTEX ob6pasnax (aKTOpHl BHIPOKACHAR H TeM-
nepaTypy CYHTATh M3BECTHBLIMA).

36. HaiiTm KoBmeHTpanmo OCHOBHBIX HOCHTeJNell 3apsaaa
B repMaHAMH, JeTHPOBAHHOM MeJIbl0 M KOMIIEHCHPOBAHHOM

Lz vz Ee
—————————— Ed
Prc. 2. CxeMa SHEPreTHYECHAX — sm o e — —— . — £, 02656 (4)
YpoBHeit, co3faBaeMmix uHpUMec- e
6RIME NeHTPAMH MeQH B repMa-
BAE (RA cXeMe OpHBeJeHbl TaK- ~ Ey* 33258 (A)
JKe YyPOBHH MEJKHX JOHOpOB £y
W MeJKHX akKmenrtopoB FE, Mmac-
mTab He BHIAEpPIHaH).

cypemoit, mpm 300 K. Houmemtpaums wmeam pasma N, =
=2 10" cm™°, cypeMbl — Ny, =6 - 10" cyn~. Meap coama-
eT B 3anpelmeHHoll 3ode repManus ypownn: Ey=FE,+
+ 0,04 aB (momopmsnt) m E,=E,+ 0,32 sB (axucnrop-
Hblil), (pme. 2); mONOMKHATE go = gu = 1.
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37. B repmanmit sBefena rayGoxaa aKmenTopEas mpH-
MeCh W MeNKad KOMIOEHCHDYOmMAsa OpAMech — CypbMa, KOH-
OeATpPANAA KOTOPOd MeHbBbIe KOHIEHTpauma rayGoxoil mpm-
mecr. Haiitm oTmomleEme KoHNeHTpamma HeHTPAJLHBEIX ATO-
MOB CYpPbMHBl K KOHIOEHTPAaNAA CBOOQMHBIX 3JeKTPOHOB B 30HE
nposogmmoctam: npa 300 K, npu 77 K, npu 4,2 K. Kounen-
Tpanua cypbMbl Ngpy=2-10' em~°; L. — Es,=0,01 aB.

38. INMoaynposonuax ¢ rIyGokoil nmpmMechio, co3janinei
[ABA AKIENTOPHBIX YPOBHA B BepXIell HOJOBMHE 3ampeleH-
HOHl 80HBI, JMermpyloT Mmejaxumu Jomopamm. Oxasanoch, UTO
PR HEKOTOPOH KOHMEHTPALME [JOHOPOB NPOBOXEMOCTh MpPA
KOMHATHOIl TeMmepaType BOapacTaeT Ha O HOPHAKOB, & OpHA
nagbHeilneM yBeqHIENNHE KOHIEeHTPANAE JIOHODOB M3MEHAeT-
ca mano. IIpemeOperasg BIAsHEEM JIETAPOBAHAA HA HOXBHEM-
HOCTH DJEKTPOHOB M CYATAfA, 9TO yKA3aHHOe M3MEHEHH® IIpo-
BogaMocTa ofycrosieno cMemenmem yposua Depmm Mempy
YPOBHAMHE TIYGOKON HpHMECH, OLlEHHTL 3HEPIHI0 KOPPelAluH,

39. HaiiTm KoHOENTpaOWiO Mejd B OJHO- W JBYX3apAf-
noM cocToAHEsx B repmanmm npm 300 K, nermpoBamroM emo
cypbMoit. AKNENTODABIC YPOBHA MeJlA B TepMAHRA CyTh

’W £
__________ £y
_________ £,-00438 (A) DPme. 3. CxeMa aHepreTMIecKUX
————— £.-4238 (A) YPOBHell, cO37aBaeMbIX HpEMec-

HBIMA NCHTPAMH 80J0TA B rep-

Manau (Ha CXeMe IpPHBEefeHsI

TaK)X€ YDOBIK MEJKHEX NOHOPOB
_________ £,*0158() Es m menkmx axmentopoB K,
E,+ Q0438 (4) Macmial e BHIIEPIKaH),

E,=E,+0,32 5B u E,=FE.—0,26 3B (puc. 2); moaoxurhb
go=gi=g=1 Neu=3:10" em™, Ne=1,5 10" cMm7?
E,(300 K)=0,66 »B. Kax wmamedsaeTcAa KOHNeHTpaldsa 3a-
PAMKGHHBIX ATOMOB Me[d OpPA YBeJHUYEHAAH KOHENEBTpanad
cypeMut fio O - 10" em™*?

40. Ylccnegonare 3anmcamocTs ypoBHa Depmm or XoH-
INeHTPalEA MeIKAX NOHOPOB H aKIlelTOpoB B 06pasme repma-
HHUfA, NeTEPOBAHHOLO B30J0TOM, IpA HHN3KAX TeMIOEparypax.
3o70T0 €O3AAeT B repMaHEH OJHH HOHOPHHIN (Ey==FE, -+
+ 0,04 3B) = Tpm axknemropmbix yposHa: E, = E, + 0,15 8B,
E,=FE,— 020 3B m E,=E,— 0,04 3B (puc. 3). Peayus-
TaT IpeNCcTaBATL Ha TpadmKe (CXxeMaTHYECKH).

41. OuenaTs pasHOBeCHYK KOIIEHTPAIAI BIEKTPOHOB B
repMaHEN, JerMPOBAHIOM 30J0TOM H KOMHCHCHDOBAHHOM
cypbmoii, mpu 300 K.
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Nie=35 10" em~*, Ny =1,2 10" em~.

42. BramcadTh paBHOBECHYI0 KOHINEHTpANMIO 3MEeKTPOHOB
B repMaHHAMW, JETAPOBAHHOM 30J0TOM H -KOMICHCHDOBAHHOM
cypemoit, npr 300 K.

Ny =5:10" cm™®, Nop=T7,2 - 10** em~2,

43. B marepmane, onmcaHHOM B NpeALAymeill 3ajfadge,
ONMEHHATh PABHOBECHYI0 KOHIIENTPAIMIO CBOOOJHBIX JEKTPO-
HoB npu 4,2 K.

44, Honynposonuar cojepskutT JedeKTsl ¢ OTpANATeNb-
Holi ameprmeii koppensaumm ¢ Kouieurpanmeit N. Hccneno-
BaThL 3asucaMocTh ypoBpsa DepMm oT TeMmeparypel B KOH-
neHTpannE meakux npameccil. Cunratn, 910 abconOTHAA Be-
nuimHa 3Heprau koppenannm U, > kRT.

45. Tlonoxenne ypoema Mepmm B HeKOTOpoM mWONYIpo-
BOJHUKe onpejelseTcA JedeKTaMA ¢ OTPMLOATENbION aHepru-
el Koppensnumn, npmuem-U, > £T. Hak cmectmTcA ypoBeHB
QepMn npu [o0aBleHAM aKUENTOPOB B KOHIEHTPALMH, BTPOe
MeHblteil KoHueHRTpanam fAedextos npm 300 K? Hacxoasko
ornmyaerca npa 300 K monoxenme yposaas @epmm B MaTe-
pmaille, cofep:alleM BMeCTO ROHOPOB AKIOOTOPHl B TOH :Ke
xormentpanmn?’ Hackonnko cmecrarca yposens @epmnm B
ONNCAHHOM DOJYNPOBOJAHMKE € JOHODAMA IpA H3IMCHEHUH
remoeparypn ot 100 K po 300 K?

T1asa 2

PEKOMBHHAUUA HOCHUTEJIEW 3APAJTIA
B MMOJIYIIPOBOAHUKAX

IIpm oTkiOBeRME KOHUEHTpaumii HOCHTeNned 3apsAma oOT
paBHOBECHBIX 3HAYeHM n, m p, HapymaeTcs GalaHC MeKTy
IpoleccaMu TeINIOBOH reHepandm, ¢ OfHOH CTOPORBI, H Ba-
XBaTOM HOCHTeNeil Ha JOKalbHHE LNEHTPH AiIA yOBUIBIO HO-
cmTeNeil 3a €9eT MEK3OHBHEIX mepexoios, ¢ Apyro#. Crano-
BATCA OTIHYHEIME OT Hyda a0COM0THRI® TeMOhl pekoMmbmHEa-
oEa aneKTpoHoB R, ® ALIPOK R, pasuble pesylbTApYIoO-
miaM uAcaaM saxsatos mocmTedelf B 1 cu® sa 1 ¢. Pa-
BEHCTBAMH

N L S Yy
peCH n pex []
ONpe/iefAOTCA BPEMEHA JKAIHM ONEKTPOUOB B JIBIPOK T, H
Tp (B HECTAUMOUAPHBIX YCIOBHAX HMCET CMBICA TOBOPUTH
TONbKO 00 HX MITIOBeHHBIX 3Havenmsax). Beamummm 1, @ T,
saBHCAT B o0mem caytae ot Ar ® Ap. Tax, ecnm npeoGna-
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maioT mpomeccsl mpAMoll Mex30HHONK pexomGmEanmm, TO
R,=R,=a(np — nyp,), (2.2)

rjie @ — DOCTOSAHHAA.

Bo MBOrmX clyyasx PeKOMOMHANHAA OCYLIECTBIACTCH Y-
TeM 3axBaTa cBoOommEIX HocuTeneidl 3apsapa pgedexramm pe-
mweTKn (HA3bIBAeMBIME eIe NEHTPAaMH 3aXBaTa, WIH JOBYIL-
Kamm), AAIOMMMM JOKAJbHEI® JHepreTMieCKme ypOBHHA B 3a-
mpemeuHoil sone. llns ommcanmsa 3Toro mpomecca ymoGHO
BBECTA TEMIOBl 3aXBATA JJEKTPOHA M [BIPKH HA JaHHEBII
YpOBEHDb, I'y B I', 8 TAKMe TeMIbl o0parnoro Beifpoca sJeK-
TPOHOB M [JBIPOK ¢ JAHHOIO YPOBIA COOTBETCTBEHHO B S80Iy
OpOBOAEMOCTA W BaJeHTHYI 30HY, g, B gp. O6o3mazmm ad-
¢eKTEBEBIe CeUEHHMA 3aXBaTa 3JTEKTPOHA M JBIDKA COOTBET-
cTBeHno uepes S, m S, m BBeIeM Ko3pdENEeHTHI 3axBara
3NEKTPOHA H JBIPKH, Q, A Cp, HOJAras M0 OIPEJeNeHHAI0
On="0rSn, dp=0rSp, ra0 Ur=(3kT/m,)"* — «remnoBasa»
cxopocTs cBobGonHoro alexTpona, Torma

rn=anan(1_j)v, rP=aI'le/’ (23)

rae f— [Mona JOBYIIEK, 3amoJdHeHHBIX 3jleKTpoHaMd. [Joxk-
3yACh, OPAHOANOM JAeTANLHOTO DABHOBECHA M CUHATAsA CA3kH
¢BOOOMHKIX BJIEKTPOHOB M NBIPOK HEBHIPOKAEHHBIMH, MOMKHO
3anmcaTh TeMIbl 00paTHOrO TemIoBOro BeIOpOCA B3IEKTPOHOB
A OBIPOK, gn ¥ gp, B CIEIYIOMICM BEAE:

gn=Nlanfn17 gP=NlaP(1—j)ph (24)

Toe BeINIHHBl 7, W p, fawTcAa ¢opmynama tmna (1.34).

Peay:ibTHpyOmue TeMObl 3axBaTa BJIEKTPOHOB M ABIPOX
Ha JaHHBIA ypoBeHs, R, m R, npeicraBasior cofoii paamo-
ctm BeamuymH (2.3) m (2.4):

Ry=rn—ga Rp=r1; — g5 (2.5)

B cranmomapubix ycaosmax R, = R,(=R). 310 paBemcTBO
ompefleifeT BeAMYHHY [, IOCAE Yero JIerko MOoNydYaeTcA BEHI-
paeHHEe

a,%p (Pr— pyny)

Ap(ntn)Ta,(p+py)’

R,=R,=R=N, (2.6)

Hpn HaJAUAM OOACBETKE OOMMMO TeILTOBOH reHepanmn
HOCHUTeeH sapaAfa HEMeeT MeCTO elle W TreHepanug HX 38a
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cyeT smeprum mepasuosecioro uamyuenndA. I[le maspiBaior
ouTmueckoii *).

Odosnaunm yepe3 J motok (JOTOHOB AOMMKHOH YacTOTHI,
a uepea Sh'm SP®— opdextmBuble ceueHmA 3axBaTa
dorora ¢ BrIGpocoM aleKTpoHAa B 30HYy OPOBORHMOCTE H
NLIpKA B BaleHTHYW 30Hy cooTBercTBemHo. Torga Ttemmm
OOTHYECHKOH leHepanud| 3aldITyTCA B BAASO

&n,onr = NthSflh, 8p,ont = Ny (1 - f) JS;:h- (27)

Ilycts xommeHTpamma N, majia, Tak 9T0 MOMKHO HpeHe-
fpedr HepaBHOBECHBIM HM3MeHEeHHeM KOHIEHTPAOEE BIEKTPO-
HOB Ba JOBYUIKaX, T. €, OTHOIIEHOE

An Ap N an —an
!= 13 ¢ n-i P

Bp T T AP mtn

1. Ny
oy (Py T Py) T 2 ”o+”1+n°’Tn1

(2.8)

Malo. 3to — cayuaff, Korga OTCYTCTBYyeT OpRIHIAHAEe HOCH-
rexeii. IIpm atom

_ Tag(Py TPy HBR) + Ty (7, + 0y 4+ Bn)
a ny + p, + An 2

(2.9)

rie BeIHTHHH
Too =(NVitta) ™Y, Tpo = (Ni0p) ! (2.10)

CyTh BpeMeHa MKH3HA map Hocarenell mpa cnalom Bo3ly:xpge-
HUA B YHANOJAADHBIX MaTepHajaXx p- A A-TAOA COOTBETCT-
BEHHO.

Ecnm mesTp 3axBarta coagaer B aampeimeHHOH 30He /JBa
nokanbHBIX ypoBEA E, m E, T10 mpm HeGoNLIIOM OTKIOHE-
HOM OT DPABHOBECUA H B OTCYTCTBME 3aMeTHOrQ HPUIMDAHUA

LI L ny/py
T A+ py/p,+ PyPy/P;
1 Py/Py
X [ Ya, +n/a,p, + 1, + nyja,.p, ], (2.11)

e BTOpHe METEKCH y KoahdHOEeHTOR 3axBaTa yKa3bIBAIOT,
HAa Kakofl ypoBeHb 3aXBATHIBAGTCA HOCHTENh, A BeNHIHHE

*) IloguepkEeM, 9T0 TeHePamNA 38 CUeT PABHOBECHOr0 TEMJIOBOIO
BaNydeBEd, BCErAa HMelMerocs B NONYNDUBOAHEKE, 3TEM HOHATEEM
He oxparteiBaeTcd. OHa ysmThBaeTca KosdEOmeBTAMH O, H Op.
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ny, N, Py, Py oupefenenst amamormamo (1.34) ¢ aavemoft
E, na E, nim E,.

Ilycts B monympoBojHEKE TOMHAMO I[CHTPOB, Yepe3 KOTO-
pele AAeT pekoMOmmAamEA B KoTopble camu mo cefe He BEHI-
3BIBAIOT 3aMETHOI0 OpMIUNAaBHA, HMEIOTCA elne JIOBYLIKH,
coocoGHble 3aXBATRIBATH TOJNbKO, HAIIDEMCP, BJIEKTPOHBl M3
B0HHK NPOBOAHMOCTE M OTAaBaTh EX obparHo. Torga B 00-
paame n-TEOA OpPHE MAaloM OTKJIOHEHWH OT DAaBHOBECHA chOpas
BeJJIABE! BhIpAMKeHHAA

dAn =ﬂ an An dAp An
— o = 'r,+‘rl_1:—,'- T T T R
Ang = Ap— An, (2.12)

rge tr — peKoMOMEaIMOHHOE BpeMa IKE3EH, T, — CDejlHes
BpeMsa 3axpaTa 3JeKTpOoHa Ha YPOBeHEb OpANTANABAAg, T, —
cpennee BpeMa o6paTrOro BhIOpoOCa,

46. B moment Bpemenm f;, =40"' ¢ mocne BHKIOYeHAA
paBHOMepHOWl m0 00beMy reHepalWH BJEKTPOHHO-ABIPOIHEIX
nap HepapHOBEeCHasdg KOHIEHTpaOWA HOCHTeNedl okasalach B
10 pas Gonbme, geM B MoMenT t, = 10~* ¢. OnmpegennTts Bpe-
MfA AH3HA T, eCIH yPOBEHL B0O30Y!KAEHU HEBEIHK A PEHOM-
GmHAOEA HAET Yepe3 IPOCTHe Jed)eKTH.

47. BuumECIETL OTHOCHTENLHO® H3MeHeHAE LPOBOARMO-
ctm A0/, UpHM CTANEOHADHOM OCBEUIEHAH ¢ RHATEHCHB-
moctoio J =5 - 10" xsautos Ha 1 cu? sa 1 c¢. Koahpmoment
nornomerrs ¥ = 100 cm™'; TommmEa ofpasna Mana mo cpas-
neEdi0 ¢ y~'; pexoMOWmBam@Wg DPOMCXONAT HA LpPOCTHIX [e-
derrax; n,= 10" cu~*, t=2-10"*¢.

48. OupepiennTh 8aKOH M3MEHENHsA CO BpeMeHeM KOHIEH-
TpamE@ HOocHTeNell B MaTepuaje n-THOA, eCIM HOCJTe BhIKJIO-
YeHHA HCTOYBEKA TeHepanum B MoMeHT t=( TemMO pexom-
6unangm R =a(np—n}), rge a = const.

49. B n-Ge mMeorca LeHTpH pexkomOmBHamum ¢ N, =
=5 10% cM™ n E,=(E.+ E,)/2. Tlpu 300 K cegenna aa-
XBaTa 9JeKTPOHOB B JHIPOK ONMOAKOBLE,, IPH MaJanlX OTKIO-
HeHmAX or paBEoBecums T= 10~* ¢, p=15 Om -cm. Haiirm
cedeHme aaxsaTa S,

50. B ofpasme n-Ge ¢ n,= 10" cm~* pexombunanua
OpOMCXOAHT Ha NPOCTRIX HEHTpaX, BX dHEPreTHYecKmid ypo-
BeHb K, pacmolnosken B BepXHell [OJOBHHEe B8alpemeHHOl
gouel @ N, =2-10" em™®, Ilpn T =2300K Bpema xumsmm
1 =17 mke, mpr T =200K Bpema mumsnm T =2 mkc. [Ipn
Gonee BE3KEX TeMmeparypax T ~ I-Y?, CudTas DOCTOABHBI~
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MH n, B CedemEe 3axsata JBpoX S, onpegernts E,
n S,.
51. B ofipasmax Ge ¢ pasnmAIEEIME N, B Po HMeHTCA
npocTHle pexoMOmBanmmomEESle nemtpel ¢ N, =2 10" em™
IIpn 300 K B momomonspaoM n-Ge BpeMAa KH3EE T == T;=
=8 MKC, IPA P, = Doz = 10" cM™" BpeMsa MEA3HE T=T; =
= 26 MKC, 4 MAKCAMAIBHOE T OBUIO T = Tywe = 81 mxo. Om-
penenats ko3ddmnEeHTH] B CeIeHAA 3aXBaTa gocHTeNeH H
ypopenp mnentpa E, cuATam ero HAXOJAMEMCA B HEMHEH
HOJOBHHE 3aMpelieHH0il 30HEL )

52. B repmanmm n-taoa (¢ n,= 10" cM~*) crammomap-
HBIM oCBhelllcHAeM paploMepHo Mo o0beMy TeHepOpyIOTCA
mapu Hocmtenei. Ilpm cimabom ocBemenmm T, = 2 MKC, & OpH
An/n, = 0,1 pexombmuanms njer ¢ T = 4,7 mxc. Cudras,
9T0 peKOMOWHATMS OpPOMCXOJAAT HA HPOCTHIX HeHTpax ¢ E, =
=E. — 0,20 3B, onpegeanaTn OTHOUIGHH® CeveHmil saxBaTa
asipox m anexrponon npm 300 K.

53. Ina obpasna n-Ge ¢ p,=1,65 O -em mpm 300 K
a cnaboM OCBeleHAH 3HAUEHAE BPEMEHH IKAZHA T == T, =
= 2,0 mre. [Ipm Gomee mHATeHcHMBHOM BO3OYH(TeHAR p, =
=1,275 Om - cm 1 v =1, = 3,3 Mkc. Cumtan, 4ro pekoMObm-
HalliAd mjeT dYepe3 HPOCTHle LEHTPH ¢ ypoBHeM E, =E,+
+ 0,32 2B, naiiTn BpeMeHna »KE3HH NJIA MOHODOJNSDHEIX p- M
n-Ge ¢ TeM Ke MeXaHm3MOM peKoMOGmRanmm.

54. B monynpoBomHAK BBeAEHB! AKIENTOPH ¢ KOHICH-
tpanuein N,= 10" cm~®. Ux yposens pacnonoskem B6amam
cepenmubl 3anmperternoif gounl. OTHOUIeNne ceueHA 3axBaTa
§,/8,=100. Kposme Toro, B mnoiynpoBofHEK BReJeHH! eme
Meqakne 1oHoph ¢ NV, == 10" cm~*. Ilpm nuskoii Temuepatype
obpaser; ocpeliaeTca  CBeTOM, reHepaApyIOmMEM g =
= 10" cm~® c~' map mocmreaeit pabmomepRo mo ofBeMy.
BpeMn mm3nm snexrponos T, pasro 10 mrc. Oupemennmts T,
I HepaBsHoBecHLle KoaMenTpanmm An m Ap, a TaxKe Kos(-
dunmeRTH 3aXBaTa Qn M Clp.

55*. Ilpn m3amepeRmE BpeMeHH MM3HA HePABHOBECHBIX
HocmTeneit B p-Ge okasanocs, WTO B mHTepBase OT KOMHAT-
Hoit Temmepatypsl go 7' = 120 K saBmcmMoCTh BpeMeHR Km3-
HE OT TeMIIepaTyphl mMeeT CIeJyIOMEI BHA:

Tv=[81+6,2th(4,41 —955/T)] 10" o.

HssecTrno, 9ro pexoMObmBanma mjaeT ¢ yvlactAeM HOEHTPOB,
co3faomux fApa yposaa: E, — B HiKHeil I0J0BHIIe 3ampemeH-
Hoii 30mel W E, — B Bepxmeil. CudTas, 910 B paccMaTpHBaes
MoM HMHTepBaje TeMmepartyp KkodgpdnmueRTs 3axsBaTa aieK-
TPOHOB Olpy B Upns, & TAKH(e Py OCTAKTCA HOCTOAHHLIMH, O«
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penennts 31A Bermumnsl @ E,. Cumrate N, =2 10" cm~* n
N, = 10" eM~* (npemefipedr TemMmepaTypHOH 3aBHCHMOCTBHIO
N,). Onpepeants cedeHma 3axsaTa ajiexTposos mpm 200 K.

56. OmpenennTb, Kak 3aBUCAT OT BpeMeHH KOHIGHTpa-
num m36BITOYHHIX HOCHTeNeil B LOJAYIDPOBOAHAKE A-TAIA IOC-
Je¢ OpeKpameHAg CTAOAOHADHOM TreHepanm|, Cco3maBabiuell
ci1aboe oTknoHenmEe oT pasHoBecHA., CYHTATH H3BECTHHIMH
pekoM0mEAamUWoOEBOe BpeMa T,, BPeMA 3axsaTa Ha YpPOBHH
NpEJAEOAHAA T, B BpeMA o0paTHOro BHIOpOCa T,.

97. B ycaopmax, ONMCAHHKIX B OpeablAyliefi 3ajaue,
onpefelnTh OTHOCHTelbHOE H3MEHeHAE NPOBOAEMOCTA B
n-Ge ¢ n,=95 10" cM™® mpm cranmoHapHOH reHepaman
g=10" cu~® ¢! m mccaeg0BaThL KOJIHMUECTBEHHO XapaKTep
ee pejakcamHd, ecidm T, = 2 MKC, T, =9 MKC B T, = o0 MKc.

58. B ofpasme repmanmp n-TUma, cofeprmamero N, =
= 10" cm~® memrpos pexoMOuHanmm ¢ aueprueil ypoBHS
E,=E,+ 0,16 2B, xapakrepzaycMBIX Ko3(D)HIEEHTOM 3a-
xBaTa Aslpok o, = 10-% cM’ c¢~!, koHneuTpauma cBOGOMHBIX
aaextponos npm 150 K panna n, =4 10" cv~®. OrHomenne
Ap./Ap, onpejenensoe no gororposoiEMOcTA B POTOIIEKT-
pomarurTHOMY 3ddexty mpm caaboM Boaly:KIeHmH, OKasza-
adoch pasHeM 24. OmpedesanTh BpeMeHa :KO3HA BJIEKTPOHOB
H JBIPOK OpM TOH e TeMmmepatype m mpu ciaaboMm Boabym-
neHnm B obpaame, comep:ameMm NN, = 10" cM~® mentpos Toil
e IPHPOHI.

59*. BrigmcanTh CTAalMOHAPHY KOHIEHTPALMIO 3JeKTpo-
HoB B obpaame n-Ge ¢ 3040TOM B YCIOBAAX 3aMeTHOH TIpH-
MecHOH IofcseTkd. NOHOeHTpaumo [BIPOK CTATATh IIpeHe-
6pexmmo Madnoit. Temmepartypa obpasua T = 20 K, konmen-
Tpanum MeJKEX J0HOpoB Ny m atoMoB 3omota N, yJobier-
BOPAIOT HEPABEHCTBAM

2N,y < Ny < 3N,

IIpAHAT, BO BHEMAHHE, YTO B YKa3aHBHIX BHILE YCIOBHAX
30JI0TO B repMAHAM HIpaeT POlb AKNENTOpa, CIOCOOHOTO 3a-
XBATHIBATL N1Ba maM Tpm siaektpona. CooTseTcTBylOINAafd cxe-
Ma ypoBHeil mpejcrasieHa ma puc, 3 (cM. crp. 20). Koad-
danmEeHT 3axBaTa JMEKTPOHOB Ha ABaMALl OTPUIATEIBHO 3a-
pAKeHHBle HOHBI B30JI0TA ¢, H CeYcHAe B3axsaTa (OTOHA
TPMEAH OTPHIATONBHO 3aPAMEHIIEIME MOHAMH 3070TA Sh'
npaEAThL cooTBeTcTBeHHO paBubiMm 107'2 cn’ ¢! m 107! em?
ITotox dortomoB cocrasager 10 cm~* ¢~'; KoHmenTpammm
NOEOPOB B 30J10Ta COOTBCTCTBEHIO PaBHBI

Ne=25 10" cm™® u Ny =10 ey~?,
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T1a8a 8
ANdOY3IUA U APEAD HOCUTEJIEA 3APAA

Ilpm meopmHOpOaHOM pacmpefeleBEA HocuTenedl 3apsia B
o6pasne BoaumkawT Arddysmonnsie ToKA. IlmormocTm pud-
¢y3HOHEEEIX BIEKTPOHHOIO M ALIPOYHOIO TOKOB OHOpeletdioT-
CA BRIDAMEHUAMH:

1n nage = €Dn grad n, jpgage = —eDpgradp,  (3.1)

rge e — abcolqiOTHAg BenWuU@HA 3apajga oaextpoua, D, =m
Dy — xosdypunumentel nuddysunm 3IeKTPOHOR U JBIPOK, n O
P — uX KoHueHtpauua. llonnsie mIOTHOCTA 2NEKTPOHHOrO H
JBIPOYHOr0 TOKOB B PaccMaTpUBAEMBIX YCIOBAAX CKAAjBIBaA-
orca m3 paddysmoEnoil m ApeiidoBoil cocTaBIANMEX:

jn=eD,gradn+enp.&, fj,=—eD,gradp+epp,&. (3.2)
3/1ech fn, H fp — ODOABMMHOCTH 37EKTPOHOB H IRIPOK.

B cocroanmm PaBHOBeCHA TOK B MOHOOOJNAPHOM — HaOopHA-
Mep, 9JIeKTPOEHOM — IOJYIIPOBOJAHHKE OTCYTCTBYeT:

in=1n rapd + jn xp = 0. (33)

Brryacams xoHmenTtpamuio aiextponos mo dgopmyne (1.5)
C ydYeTOM cjBEAra JHA 30HB HPOBOJMMOCTE HA& BeAHYAHY
—e@(r), rge @ — BIEKTPOCTATOYECKHIl HOTEHLHAJ], HailZeM
oo dopmyae (3.1)
' <Dy dn 3.4
Inauep = kT le grad @y ( . )
rae n =(F — E.)/kT. _
Orcioga Ha ocHoBaHmm ypapEeHmil (3.2) m (3.3) mony-
qaeM

D, —n]l"kT/( n) (3.5)
ABBJIOI‘H‘IHOG COOTHOLUEHHE OOJAy4YaeTCA H ANA OBIPOK:

D, =— ppka/ ( dq) (3.6)

B cayuae HeBHIpOMAEHHHIX NOTYOPOBOJHHEKOB, KOTAa cOpa-
Begnmea (opmyna (1.7), paeemcrBa (3.5), (3.6) mepexopmsar
B COOTHOWIeHOA Jimmreiina:

D, = p.kT/e, D,=p,kTle. (3.7)

KnBeTEKa 2/7eKTPOBOB B JBIPOK ONHCHLIBAETCA yPaBHENUAME
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HETPePLIBHOCTI:
an

An 1 ,.. . ap Ap 1 .. .
E:g-—-;:ﬁ--;(lw],‘, ::g—“-[';——(llV]p- (3‘8)

at e
3iuecs An m Ap — pa3HoCcTE MeKJYy KOWI[GHTPANMAMHA 9SJeK-
TPOHOB H AILIPOK N B p W NX DasHOBECHKIMH B3HAYEHAAMHA N,
B po; g — 9UCI0 BNEKTPOHHO-JLIPOYNEIX Iap, FeHepHPYeMEIX
B eHHUNY BpeMeHm B ejmunIle o0beMa obpasua,

B cayuae ourmueckoii reuepanan

g = nyJexp(—yz), (3.9)

rjge 7 — KBaHTOBHII BLIXOJ, Y — Koddduuumedar norjioieHnst
cseta, J exp(—4yz)— naorHocTh HOTOKA KsaHTOB. [lamee, Ta
O T; — BpeMeHa MKH3HA DJJeKTPOHOB H JBIDOK (BIuBCIAE-
mule o gopmynam (2.1) m (2.6)). Ilpr paccmorpennm mpo-
meccos ArgdysEm OOGLINHO BBOJAT XapaKTeDHb® BeJHIHHEI
pasaMepHOCTH JIHIEI

L,=7VD,t, 1 L, = VD,1,, (3.10)

HassiBaeMiale AAPEPYIMOHELIME JAJIMHAMHA DIEKTPOHOB W [bl-
POK COOTB@TCTBEHHO,

K ypaBumenmam (3.8) m (3.2) cumeayer B cayuae mapy-
mIeHAR JMEKTPHYECKOil HelTpaibHOCTE A06aBmTE emie ypas-
wernue Ilyaccona

div §=4np/e, (3.11)

rae p — OAOTHOCTH 2JIEKTpHYECKOro 3apsaja, a & — [HdJeK-
TpAYecKasg HPOHALIQEMOCThH TOJY1POBOIIMKA.

daMeraM, OfHaKO, 4YTO MOBOJLHO YacTo MOKHO CYHTAaTh
BHIOOJHEHHBRIM YCIOBHe JIOKAJIbHOIl 3IekTpoHeliTpadbHOCTH
ooaynmpoBofHmKa. B orcyTctsmm mpmauvnammA, T. e, IpmE
Tn = Tp = T, 3TO O3HAaYaeT, 4TO

An=Ap, p=0, div(j, +§,)=0. (3.12)

ITpr arom nrddysna n apelid dIEKTPONOB M ABIPOK B3amMO-
CBA3AHEI: BO3HHEKAaeT N0o6aBoyioe 3JNeKTpUYECKOoe IoJie, TOp-
Mo3amee Gomee GricTpo AaddyHMpyOIEe HOCATEIM T IIOI-
TAaraBalomes 6Oonee Meinennsie, Pacmpoctpanennme efmporo
HedTpasabBoro ¢poHTa M3GHITOULLIX HOCHTeNXeil omHchIBaercd,
coraaceo (3.8) m (3.12), ypanuenmem

8(:}—'” =g— ATP + div(Dgrad Ap) — pEgrad Ap, (3.13)

rne D — koapdrnment OGmmonapmoi Audpysug, p— Gmmo-
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nApHAA RpeitpoBAA MOMBUACHOCTD:

—nte o, _"=P
D—n/bp+p/bn, b= T (3.14)

XapakTepHolf AAMHOE 3TOrC mHpomecca ABIAETCA AMHNHa 6n-
monaproil gaddysun L
L=17Dr. (3.15)

Vpasrerne GmmonspHoil guddysmnm 3EaYHETEIbBHO YIIpPO-
maercs B Tex cayyaax, xorga DD — xonmcranta. JTo, HAalpH-
Mep, AMeeT MeCTO, eCIM NOMUHEDYIOT HOCHTEJHE OJHOLO Ti-
na; npu atoM D ectb kooddmument nadysum HeOCHOBHBIX
HocaTened, B ycmopmax coGeTBenHoil OpOBOIEMOCTA HMeeM

2D, D
n=p, D=ﬁ; p=0 (3.16)

Haxomen, meoGxonmmo cpopMynmpoBaTh TpammiHEIE yC-
noBEa k ypaBHeHmio (3.13). ¥ momepxumoctm moaympoBogHU-
Ka OpomcXOfET pexoMOmuanms wu30bITOUHRIX HOCATENeHd 3a-
papga. OGoamaymm deped R, wmcno map, pekoMOHHAEPYIOIIUX
3a 1 ¢ Ha 1 cM® mosepxHoCTH, ® ompefeluM TaK:Ke CKo-
POCTh HOBEPXHOCTHOH pekoMOMHAOmmm s (C HamMEHOBaH@eM
cM - ¢~'), cBa3annyw ¢ R, cOOTHOIIeHTEM

s =R,/An =R,/Ap, (3.17)

rie An=Ap — koRmeHTpanEa @30BITOYHBIX HOCATeJEll y
UOBEPXHOCTH. JJNeKTPOHK W JHIPKA, peKoMOMHEpYyOIIAe HA
IIOBePXHOCTH, MOCTABAAITCA TYZA DOBEPXHOCTHOH Trele-
paunef/i B OOTOKAMH H30LITOYIILIX HOCHTEJleﬁ, HanopaBJIeHHBI-
Ma K mosepxHoctd. Ilostomy rpanmumoe yciosdme Ha 1o-
BEPXHOCTH [lOJIprOBO}.IHEKa D-TAIIa oMeeT BUJX

43 =(jn : V)/e + SAn,

rie Vv — eMdHAYHEIN BEKTOP BEeNIHeid HOPMAJld K MHOBEpX-
HOCTA.

Jlanee, rpaHMYHEO® YCIOBHEE NAA NJOTHOCTed TOKA HOCH-
Tejeil Ha KOHTAKTe IOJYNpPOBOAHHKA OyneM (OPMYynEpOBATE,
3ajaBaf aHadenme KoapdummeHra HH)KeKOUM §, ompepenfe-
MOro KaK OTHOMEHHe [JIOTHOCTE TOKA HEOCHOBHHIX HOCHTe-
neil Kk DONHOH IJIOTHOCTH TOKa,

60. Brrumeants kosdpdunmenTH guddysdmE 9IEKTPOHOB T
ARIPOR B HEBRIDOKMEHHKIX repMAHBA M KPeMEEH IIPA TeMIe-
parype 300 K, ecam mopemixEOCTE 97€KTPOHOB A AHpOR TpH
9TOli TeMDepaType PaBHHEI: B repMasmm f, = 3800 cm’ B-!o"!,

29



p, = 1800 cx® B-* ¢!, B kpemumn p, = 1450 em? B! e,
p, =500 cm* B~ ¢

61. Brrapcamrns auddysmonnyio gy dJEKTPONOR B He-
BBIposkerHomM repmanun npu temnepartype 300 K, ecim Bpe-
MSL FKW3HA 2JeKTPOoHOB coctaBifer: 1) T, =10""¢, 2) 1. =
= 10-* ¢ mONBEKHOCTL BAEKTPOHOB L, = 3800 cm® B~* ¢~

62. Hafitw csasp wMmexay noaddurmentom pupdyaunn
BJeKTPOHOB W HX KOHIeHTpalmeil B CIyYae IOJHOTO BBIPO-
fenns, ecid sakos jpmcmepcun umeer s (1.3a).

63. Buumeante rosgunment puddysun  2JeKTPOHOB B
yCJAOBAAX CHJILHOTO LBIPOKJIEHHS, eCTi 3aKOH Jicllepcad
anexTponon umeer mmg (1.3a); p. = 300 cm® B~ ¢!, n=
= 10" cn~%, m, = 0,2 m,.

64. Ioayunts sbipamenme Ada koopdmmmenta nmddy-
3y BRIPOMIEHHOTO 3JeKTPOHHOrO Ta3a B IOTYIPOBOAHHKE,

ecli@ 3aBHCHMOCTH JHEPTHE
OT KBa3uBOJHOBOTO BEKTOpa

- % ///// nmeet snyg (1.36).

— 65. Briucarte xoadda-

- /%x noeut GumonApHoil guddy-
§: D Tomgmpstodnar 77, S1a AR coGCTBEHHOTO rep-
S,/ /; MaHOA OPH KOMHATHOII TeM-

— / / nepatype; b=21, p,=

—_ // 7 =3800 em* B~' ¢\,

—- ///, 66. Boiyucnuts koddgu-

naenT OmnoaspHON mEddy-
Puc. 4. TonyGeckonequmid oGpa- 3IM B apceddle Traljusa C

3en MOJNYNPOROJHUKA (CTPeNIKa- coBCTBEHHOI TIPOROIUMO-
MU YRAa3AHO HanpaBJIeHUe CBETO-
CTBK)  IIPH TeMmleparype

poro noroxa). 300 K; 1, = 8800 cm® B~' ¢,
up =400 em® B! ¢t

67. B ogHOponHEIT monyGeckoHeuHHIl DIEKTPOHHLIH mO-
aynposofBuk (r 2 0) B naockoctm z =0 HeHmpephiBHO MHH-
MeKTApyIoTes AwIpKE, Tak uro Ap(0)= 10" cm~® Haiitm
HEpaHHOBECUYK KOHOEHTPALMI0 AbIPOK HA DACCTOAHRHN L =
=4 MM or uoBepxmocTH, ecau T, = 10~% ¢, D, = 40 em’c.
68. B mexoTopoii TOUKe OJHOPOJHOTO JIEKTPOHHOLO IoO-
JAyOPOBOJHEKA CBETOBLIM 30HIOM TeHEPUPYIOTCS HAPEl HOCH-
reneit., Cumras 3ajgady ofHoMepHoIl, ompelenars pgrdpdyau-
OHHYI0 JJOOY JABIPOK, €CNX KOHUEHTPAIUA HEepaBHOBECHEIX
HOcHTeNell Ha paccTOAHMEm Z; = 2 MM OT 30HJa paBHa Ap, =
= 10" eMm~%, a mpm z, = 4,3 MM oma pasma Ap, = 10'® cm~%,
69. HafiTn KommeHTpanui0 HepaBHOBECHHIX HOCHTeNeil 3a-
pARa BA OOBepXHOCTE ToicToro obpasma n-Ge (pume. 4), ec-
IH ONTAYeCKas reHepalmd Oap paBHOMepHA 0o o0bemy;
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g =25 10" em~* ¢!, Bpema xmanm anpox T, =4 10~°c,
CKopocTh MoBepXHOCTHOH  pexoMbmmanmm s =500 cm/c,
Dp =49 cM? ¢,

70. Haiitn anddys3moHay0 AIAHY ALIPOK, €CAE KOHMEH-
TpanEa HePAaBHOBECHHIX HOCHTeleil 3apAfa Ha OOBepXHOCTH
ToNcTOr0 o0paama repMamdaa n-tana (pmc. 4) npm pasHo-
MepHOHi mo o06bemy remepanme map pasHa Ap, = 10" cm~*
OpE  CKOPOCTH  INOBEPXHOCTHOH  pexoMGuuamam 8, =
=8 10° ¢cM-c™', a OPE CKOPOCTH HOBEPXHOCTHOW peKoMOm-
nanam s, =3 10> em-c™' oua pasHa Ap,=2 10“° cm~%
1, =10"?%c.

71. HaiiTR KOHOEeHTpaOmio HepaBHOBECHHIX TBHIPOK Ha OC-
BemleHHON TOBepXHOCTH ToicTOr0 oOpasma n-Ge, ecan
s=5 10* em-c”!, DAOTHEOCTE TOTOKA  KBaHTOB J =
=6 10" cm~* ¢!, xpauToBmii BhIxof 1 =1, KospdrEOment
pormomennss cseta Y =10° cu™!, 1,=10" ¢, D,=
=49 cum® ¢ _

72. B rtoacromM ofpasme repMmamma n-tuma (pme. 4) pas-
HOMepHO 10 00heMy TeHepEpYIOTCA B.IeKTPOHHO-IBIPOUHEIE
napel. HalitTa cKOpOCTH NOBepXHOCTHOII pekoMOmHANEHE, ecan
KOHIIeHTpALAsAA HEPABHOBECHBIX /[BIPOK Ha IOBEPXHOCTH 00-
pasua B 4 pasa MeHblme, yeM B obweme; L, = 0,2 cpm, 1, =
= 10" ¢.

73. HaitlTo KOHIEHTpAIEI0 HepaBHOBECHBIX JBIPOK HA 0¢C-
BelleHHOIi MOBepXHOCTH TojicToro obpasma n-Ge mpm cmib-
BOM mornomenmr cBeta (YL, > 1), ecim HIOTHOCTH MoToKa
kBautoB J =6 - 10" cm~? ¢!, kBaHTOBBIA BBIXOXM M = 1, cKo-
pocTh moBepXHocTHOI pexomOmzanmm s =500 cM ¢!, 1, =
=10"*¢, D, =49 cm* ¢\.

74. Haittm pacmpefenesde HepaBHOBECHBIX NBIPOK W BHI-
YECJAMTH MX KONMEHTPAMI0 HAa OCBEINAeMOH II0BEPXHOCTH
nmonybeckonegnoro obpasmga n-Ge, ecam noBepxHocTs 06pas-
Ila ocBeIlaeTcA cBeToM ¢ ko3ddmmmeHToM norromeEms y =
= 14 cM~!, mioTHocTh moToKa KBaHTOB J =6 10' em~? ¢,
KBAHTOBBIII BHIXOX. 1 = 1, CKOPOCTH MOBEPXHOCTHOH peKoM-~
6muanma s =500 cm ¢!, 1, =10"*% ¢, D, =49 cm® ¢ .
IlpoBectr aHanm3 DOJYYEHHOrO DPeayqbTaTa, PAacCMOTpEB B
ob6meM BHJe OpefelbHBIe CIydam GONBIIAX B MAJRIX Ko3(p-
¢$rOoueETOB DOrJIOINEHHA.

75*. llonyumTe BHIpaXkeHAe MJIA HANPAMKCHHOCTA 3JEKT-
paueckoro mona sgdexra [lemOGepa, Bo3HEmKamwINero B Ha-
mpaBMeHMH, HOPDMAJbHOM K HOBeDXHOCTH IOJyIIPOBOXHHEKA
(cm. pme. 4). Tlosepxmocts ocsemjaercss taxmm o6pa3oM, TTo
TeHepanas JJIeKTPOHHO-(BIPOUHBIX Hap HMMeeT MeCTo B TOH-
KoM IpmuosepxsocraoM caoe, IIpoanamsamposars momyuen-
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HOe Belpaxienme gasa repmamma n-rana npa I = 300 K, ecan
L=03 uM, n,=>5-10" em~® e = 16. OTkn0oHEHRE OT pas-
RoBecEs cumtaTh ManeM: Ac/c, < 1. Cumrate TaKxKe
[An — Apl < Ap.

76. Paccuntars HAOPAMKEHHOCTh 9JIEKTPHIECKOro NONA
sppexra [lemGepa Ha ocBelmeHHONl HOBEpXHOCTH TOJCTOTO
ofpasna repmanma n-Tena (pmc. 4), ecim remepamAs diek-
TPOHHO-IBIPOYHBIX AP HPOHCXOAAT B TOHKOM OPHIOBEpPX-
HOCTHOM Clloe ¢ HHTeRcHBHOCTBIO g, = 10'* cM~? ¢!, BpeMa
MU3HA HepaBHOBeCHKIX HocHTeneit B oOmeme T =10"* ¢,
cKOpocTh ToBepxnocTnoii pexomOmmammm § = 100 cMm - ¢~
D,=49 em*c', b=21, ny,=>5-10" em~2,

77*. Haiite pasnocT, HOOTEHNHMANOB, BO3HAKAIOWIYI OpH
spderte [lemOepa Memay ocBemedBOH m TeMHOH MOBEpXHO-
cTAME TojdcToro obpasama repmaumsg n-rana. M ATemcmBEOCTSH
IIOBEPXHOCTHON reHepammm map g, = 10" cm~? ¢~', Bpems

KH30M HepaBHOBECHBIX HOCH-
z teneil B o6wveMe T =10"* ¢,
D,=98 em* ¢!, b=21,ny=
=5 10" em~®; momommts $=0.

d 78. HKaxk mamemmTca pe-
b 3ynnTar mpeislgyinedl 3ajgagm,
Frpd g eciiM Ha OCBEIEHHOH IOBEPX-

CBem roctm ofpasna pexkoMOmEamumsa

Pnc. 5. Teomerpma onsita no HM30OLITOUNBIX HOcHTENed aapa-
?S:emgfinicﬂf}gg:nl nocatencit ga Gyjer mpoOHCXOJATH CO CKO-

pnue CX]CT}(;I;OI‘O xgo;:)a]:lar;z‘mne POCTgiO s =..500 cm - c'?

79*. Haiitn KonuenTpanmo

» HEeDPABHOBECULIX HOCHTEJNel

3apAfa Ha BepXHell m HWKHeHd IpaHAX TOHKOH MIACTEHE MO-

JyOPOBONHAKA n-THNA (pMC. 5) B YCIOBHAX DABHOMEPHO

mo 06beMy TemepanMm CBETOM ¢ INIOTHOCTLI0 MHOTOKA KBAaH-

10B J=15-10" c¢m~? ¢! m KoadpdunmentoM mnormomenns

Y =25 cm~'. KsamrtoBnit Brixom 7 =1, TOAWAHA OJAACTRAABI

d=0,7 MM, CKOPOCTL MOBEPXHOCTHOH peKoMOmHANAE § =
=500 e ¢!, 1,=10"*¢, D, =49 cm? - c~'.

80. HaiiTe cKopocTh IMOBePXHOCTHON peKoMGMNAanmd S, ma
HIKHEl FPaHE IIOCKOTIAPANIEeAbHOI ITACTAHBI MOJYIPOBOM-
HEKA n-TENA Tonmuuoit d =7 MM (pEC. 5) B yCIOBEAX pas-
HOMepHoil Mo 00beMy TeHepamdd CBETOM, eCJIA CKOPOCTb HO-
BeDXHOCTHOW peroMOMHALME Ha BepXHell rpamm §; =
=100 cM ‘c¢~', KoUTeHTpAaOWA HepaBHOBECHHIX HOCHTeNleit
3apsafa Ha BepXHeil m HW(Hed rpaHAX paBHB COOTBETCTBEH-
Ho Ap(d)=T7 10" cm~, Ap(0)=15-10" em~% 1, =10 ¢,
Dy, =49 cM® ¢
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81. Haftte pacnmpenenerme HepaBHOBECHBIX HEIDOK B
AIEEAOM HHTeBENHOM ob6pasne n-Ge opm cranmomapuoil
MHEMKEKIME JHPOK B TOYKe H IOPA HANAYHA 3JNeKTPHYECKoro
mona & =95 B -cm~' Bmoab oGpasma. Temmepatypa KoMuat-
HafA, DOAYNpOBOAHAK Heshiposmaes, L, = 0,09 cm.

82, Buigmcauth npeiidoBylo OaMBy HepaBHOBBCHBIX [IBI-
POK B repMaEEH n-THNa OPA KOMHATHON TeMmmepatype B
aneKkTpmyeckoM noie & =5 B-.ceM”!, ecam nuddyamonnas
AnmEA aMpok L, =7 1072 eM.

83. B ognroponumit mony6ecKoOHSYREIA 2NeKTPORAKIA 1ONY-
nposogunk (z = () Ha mosepxmoctm z =0 cTanWwoEApHO HH-
eKTApYIoTCa AbIpKA. Broap ofpasna B manpasnemmu z >0
npunoKeHo adexTpEueckoe more & = 10 B/cm. Oupegeaurts,
Ha KAKOM DPAacCTOAUHHM OT NOBEPXHOCTH o0pa3ua KOHUEHTpa-
O¥s HepaBHOBECHHIX [BIPOK YMEHBIIMTCA B OOITOPA pa3a;
L,=0,1 cu.

84, Pemurp npexniaymy®o 3agady Opda  YCAOBEA, 4TO
9JEKTPAYECKOe [0JI6 MMeeT MPOTEBOLOJNOMHOE HAIDAaBIeHMe.

85. B opuoponumifi nonyfeckoHeWUHBI OOJNYNPOBOXHMAK
(z=0) opm z=0 cran@oHAapHO HHMEKTAPYIOTCA MBIPKH.
OmpenennTs, KOHNEHTPAanHWI0 BBeJeHHHEIX AHpOK mpm I = 0,
ecnm Koapdmomear mikeknam § = 0,5, moNHAA MIOTHOCTH
Toka j=16 MA-cn?} L,=01 oM, D,=50 cm? ¢,
Hpeiionm npipox nmpenebpeds.

86. B ycnosmsxX, amanormvBRIX YCIOBEAM OpeALIAymeil
sagaum (mo ¢ L, = 0,05 cmM), ompelendTs HaOpAMKeHHOCTD
3/IeRTPAYECKOr0 NOJIA B TOYKE HIKEKOAHW, ecAm yAeabnas
opoBogEMocTs ofpasma d, = 0,1 O~ cu~!, b= 2,1, m MoK-
OO0 CYHTATH N, => Do, Ap.

87. Uccnenosats pacnpeneneHme KoHIeHTpPAalAm Hepan-
HOBECHBIX NBIPOK, CTAlMOHAPHO HHMEKTAPYyeMBIx Opa z = 0
B OAHOpOAuRi noayOeckoHeuusli noaynposogEEk (z = ()
R-THIA, €CAU BpeMA KHINI JKpPOK T,=a/p, TH® a —
NOCTOAHHAA. Cautats  Ap > p,, gpeiipom abipor mpe-
Hedpeun.

88. BriugcauTr HEPABHOBECHYW KOHIOEHTPANHIO JBIPOK
ma rpammne nonybeckoreunoro (z == 0) crabo sermposanpo-
Io DJeKTPOHHOrO NOAYIPOBOAHAKA, K KoTopoMy mpm I =0
npunoMeHo cuiabHoe anexTpumdeckoe mnone & >0. Koad-
¢unuesr mmmexkoum  8=0,15, n,=10" em~d, p,=
=0,5-10" em~®, b=2,1. Cunrats, yto An=Ap<n, m yc-
JOBAA CTANUOHAPHEL

89. Buoiumcamre HepaBHOBECHYI KOUIEHTDPANHI0 ABIPOK
npe z =0 B ycroBmax mpennaymeil sanaym, Ho mpm ofpart-
HOM HAIpaBJI6HAE 3NeKTp@iYeckoro moaa (& <0),

8 B, I1, Bouy-Bpyepss i AD. 83



90. B onmoponmmlii ponyGecKOHEUHHH IONYIPOBOMHAK
(x=0) n-tuma mpm z =0 cragAoOHADHO UUKEKTAPYIOTCA
nbipku. OnpefeldTh IIOTHOCTH DJAEKTPOUMHOTO TOKA NpH
z=0, ecmm Ap(0)=10" cm~?, L,=007 cu, D,=
=49 cm? ¢!, xoopdunoment mmrexuun & = 0,4. [lpeiidom
HCPaBHOBECHHIX HOCUTeNell aapana mpeHebpets.

T1a6a 4

NHOOY3UA U APEN® HOCUTEIER 3APANA
B MATCHUTHOM IIOJIE

B ognopomEOM M H30TPONHOM NONYNPOBOJHUKE, HAXOMA-
meMcA IOf JeilcTBUEM JIeKTPHIECKoro 1I0AA & U caaboro
margatioro nona H, mepnenamkyaspooro &, miorilocTd ToKa
HOCHTeJIeH BBIPasKAIOTCA CIeAyIONAM 00pa3oM:

§n = nep{ 811 — na(panll/c)*] — [ X H]pun/c}, (4.1a)
i» = pepp{ 611 — np(npafl/c)*] 4 [6 X H]upa/c). (4.2a)

3mech M.n M Mpm — XONMOBCKNE MNOABIKHOCTH, & 1), H
Tp — KOIICTAlTH, OUPERENAIOINUECA 3aBHCUMOCTBIO JJIHH CBO-
GogHoro mnpobera HocmTesneli oT sHeprma. MaruurHoe mO-
ne cumraercA cnabmM B TOoM cMbicae, uT0 p.rfl/c <1,

upnH/c<1; B npubegennnIX
H dopMynax orGpouiens uie-
HE] BLIIIE BTOPOTO NOPANKA
‘ 110 9THM mapaMeTpaM.
II B ycaosuax onuira, mso-
| OpaskenneIX HaA pHC. 6, Mesi-
|

a1 y ny OoxoseiMm TopuaMd 06-
//' ———— === —;— pasila BO3HBKAET HANpANe-
// nne Xonra Vg, Tak d4ro B
7/ nanpanienun oCM y pefict-
4 BYeT XxojuioBcKoe moge &,.
> Otnowenne
Puc. 6. Teomerpus oneita mo ma-
Guogeino ogdexra Xomna, By =c&,/j.H (4.3)

HocAT HalBaHme moctoaniioit Xoana (j. — mIOTHOCTH TOKa
BAoab ocu z). B atnx e ycmosuax censs Memay &, m j,
uMeer BHJ

J:=(0, + Ac) &, (4.4)
Ife ¢, — opoBoguMocts mpu H =0, a oruocnrensmoe mame-
HEeHMC HPOBOAEMOCTH B caaloM MarsurooM noide o0OBIYHO
34



BHIpaKaeTCA ClAeRyomuM o6pasom:

— Ad/o, = LRG0 H? (4.5)
3necs Ry, — 3anauenne nocroannoit Xomna npu H -0, a § —
K03 PUUHEHT MarneToCONPOTIBIIEHNA.

B cnyuae HeBBIPOMAELIOTrO IIEOJUOPOLIOr0 TWONYIPOBO/I-

nHKa (7 4 p saBHCAT OT Koopaunart) B dopmync (4.1a) cie-
JlyeT npoBecTil 3aMelly

§—>8&n="8 1+ (kT,e) grad (lu n), (4.16)
a b opuyne (4.2a)
&> &, = 8§ — (kT/e) grad (In p). (4.20)

Ecan marumrice none penuxo (uo e macTodALko, ITOOB
6ein0  ellh/mckT > 1, korja CTAUOBATCA CYIECTBENIIBIMI
KBautosbic 2@EKTHI), BANAILNE MArIiITUOIO 10 YUHTHIBA-
ercsi (B TOM cayuae, Korjia JUuIMunl cuolojiioro npodera uo-
CUTCIIEil e 3ABHCAT OT dHepPrHu) ypaBliemnuAMI

negw
jo=—""" o o ; N
WS ey (& — (& <M yjeh, (4.0)
p 1 (!J.pll/c)2 ' piCye .

Iepeuanslii noToK mocmTeseil, oTKIOHAEMBIT 3aTeM Mar-
MUTHBEIM LOJCM, MOJKET
ObITh €O03/1aH 1€ TOJBKO - An ¢oem
nyrem TIPHJIOsCIIIA 1° 1 ////
puewrnero  uHodA &
IIycTs, kaK mokasano ua
puc. 7, ojHa rpanb H30- :
|
|

JIPOBALIHOIO pAMO- )
YTOJIBHOTO 0(Opaslia ocne-

1[aeTcA CBCTOM, TaK 4TO S ———— F——
BOJHIIKAIOT 1ICPABHOBEC- // y
HEIe Napbl DICKTPOHOB I s/

NBLIPOK, NpUTeM HepaBHo-
MepHO 1o o0neMy. B na-%

TIPaBACHIM OCI X' CO3A3~ 1, o 7 ry verpusn onuita mo na6aio-
1orcA AnQQysnornse no- ;eing ¢uToa1eKTpOMarBuTHOr0 3=
TOKH, a 10 B/JIHAHAEM dekTa.

MAarHATHOrO AONA, OTKIO-

HAKIMEro BX BONbL OCH Y, BO3HHNKAeT Hanpaxenue §oToanex-
tpomarantaoro (DIM) addexra Veom Memnay topnamm of-
paana, DepuesAAKYIAPHOro ocK §. BygeM cemrath mocrarodmo
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GomemuEME pa3MEpH o0pa3ma B ILTOCKOCTH zjy, TAK WTO OT mepe-
MeHHHRIX 2z, y HNYTO HE 3aBHCHET. B crammomapHBIX ycroBEAX

rot § =0, d&,/dxz=0,

1. e. none &, nmocronEHo pe3de. Paccmarpasacmyro cucreMy
MUKUO OIHMCATh yPaBHeHUAMH

. 1 ,.
Tdivh =2 =28 = — Zdiv, (4.8)
Jox Tt jex=0. (4.9)

3.ech DpIHATO, 9TO N3MeHenle samonHennsa ypopmeii npm-
[NaOHA NPOUOPLIOHANEHO N30BITOMHRM KOHIEHTpaUHAM CBO-
foxEblx HocuTendell 3apsaga. [lpu MaaRIXx MATHUTHBIX NOXAX
MOKHO B BRIPa)KeHHIAX MIA IuIOTHOCTell TOKa

fn = jin— []; X H] Unn/C, in = nep,& + eDygrad n, (4.10)
ip=ip + lip X Hlp,mie, in=pen,&§ —eDygradp (4.11)

npesedpeds B mepBoM npudam:xeunn wieuamn ¢ . [laree,

onpemenaM Az, Ap HE3 ogHoMepHON 3a7aYM € IPaEIYLBIMO

ycrosaAME (reHepanus ma mosepxuoctu x =0):
g=—j../etsAn, z=0;

0=j../e + s.An, z=d.
Temeps mIOTHOCTB dmﬂa ®IM agdenta j, (amm mome DIM
adexra &, upm fj,, dz = 0, manpmMep) MokHo mafitm na
0

ypaBuenma

d elf My "‘l',
Ty = &y (nta + pay) + Dy n T Lo o)

(4.12)
3aect n=n,+ An, D — koadpuuuentr Gumoaapuoi auddy-
aup (3.14) =

nt, + p7,
T, (n+p)

Dy=D (4.13)

91. B ofpasue n-TMna mmoTHOCTL TOKa BAONE OCH Z (CM.
pac. 6) ects j,=0,1 A-cM~®. MaruuTHoe moZle L0 OCH 2
ectb I =1000 9. B ycnosuax pacceanma Ha KoieGammax
pemreTKA png = 1,18p,. Onpenenmts Ry B X0ANOBCKOe Ha-
upsxenne Va, ecam n, = 10" cm~* m pasuep obpasma B Ha-
npaBleEnH ocE y paBed-a = (0,5 cm.
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92. IIpm mamo:xemmm Ba ofpasen p-TADA MArEATHOTO IO-
na H,=4000 3, nmepmenjmKynApHOro HAOPABIGHAK TOKA,.
coupornsnenne ysermimiaoch ma 0,22%. Ompepennts Koad-
duumenT MAarseroconpoTuBieHns { u xoaddmument 1, B
dopmynax (4.1a) m (4.2a), ecam ppu = 2240 cy® B! ¢t

93. Ompegmenurs mnoctoammylo Xoana B InSb, cogepixa-
ImeM aKMenTopal ¢ KoumeaTtpamueid N,=5 10' cnm~? ecam
OTHOIIEHHEe XOJJIOBCKHX MOJBUKHOCTell K IpeiidoBBIM pPaBHO
1,18, p./pp = 80. Marmutuoe noxe caaboe, n,=1,6 10 em~?,
T =300 K, aruenrtopsl CINTaTh I0JBOCTHI0 MONH30BAHHBIMIIL

94. B monynpoBomHuKe p-tnna npu fp=pyuH/c=0,2
nocroannaa Xonna Ry = 0. Onpepennts wroadunmesT mar-
HetocouporaBieHNA §, ecau b=p,/pp; =30 u gauusl cso-
GomHOro Inpofera aJJIeKTPOHOB W JBIPOK He B3aBUCAT OT
aHeprui,

95. Oapepmennts manps:kenme ©IM adderra meixgy top-
LAMH MACCUBHOrO KyOmdeckolro odpasua n-tmma, ccam i, =
= ppuf/c =0,07, MakcuManpnag KolueHTpPamUA H3OLITOT-
HLIX 37MeKTpoHoB (Ha moeepxuocth z =0) An(0)=10" cx~3,
po=1,6 Om-cm, Dp =143 cm® ¢!, b =21,

96. OnpexeniTe BpeMA AU3UND B NOJYNPOBOLBNKE p-THIIA,
€CJI NIPH HaJOo:KenuH BROJXb ock ¥ {cM. puc. 7) mons maunpA-
sennoctn &y, = 0,168 B :cym~' u marnprmoro moasa (mo ocH
z) Il =1000 3 rTok BOOAL OCH y He B3aBHCHT OT caaloro
oCBeleHHA rpamnefi, UePHeNIXKYIADHBIX OCH 2z, D,=
=908 cm® ¢, (Mant ppu)/ (s + pp) =1,2, pasmepur o6pas-
LA CEUTATH GOABWIHMI, OPINIMIAHUA 1IeT.

97. 1a uosepxnoctn 2 =0 (cm. puc. 7) ofpasua n-tuma
I'CHCPHPYIOTCA CBETOM HepPaBHOBECHHIG HOCITEJNM 3apAga, Tak
uro An(0)=2-10" cm~®. OtiocHTeqpHoe yMelblIeHHe CO-
uportusnennsa oopasua 6§ =1,2%, a Ven=23,8-10"* B nupn
Bp=wpull/c=041. Oupejemits 1, 1 T, ecam [,=
=3800 cm* B! ¢!, b=21, D, =45 cm* ¢!, d=0,2 cM,
a pasmep o0pasua BOoap ocH y ecth a =1 cm.

Traea §
NOBEPXIIOCTHBIE SIBJEHRA

Hanugue DOBepXOOCTHLIX COCTOAHNIT 14 IOBEPXNOCTH IO~
AYyOpOBOAIMKA HPUBOAAT K oOpasosausio jgoiinoro caod
3NeKTPHIECKOI0 3apAfa. B 3aBmcuMoCTH OT TOro, ABIAIOTCA
AN OHHM AKIENTOpPaMH HJIH JIONIOpPaMH, IOBEPXHOOCTh 3apdxa-
eTci OTPELATENbHO WIHE mojoxmTenbho. IIpm atom B mpmmo-
BePXHOCTHOH o(NacTH BO3HMKAeT clod 00beMHOro 3apsjna.
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Boauukamoniee ajeKTpudecKoe [oJe BbI3bIBAET n3rn6 aHep-
TeTU9ecKUX 30H BBEPX B Clydae aKUeNTOPHHIX HOBEpPXHOCT-
HBIX COCTOAHMII, @ BEH3 — B CJy4Tae AOHOPHBIX!

E(r)=E.—ep(r), E.,(r)=E,—ep(r). (5.1)

Beamupny n3rnda 3ou HAa NOBEPXHOCTH TOJYUPOBOAMEIA,
T. €. Pa3HOCTh MeKAY 3HAUCHMAMM 3NEKTPOCTATHYECKOIO N0-
TeiMajga HA TMOBEPXHOCTH ¥ B 00beme, 1Aa3bIBAIOT LOBCPX-
HOCTHBIM MOTEHIHATOM (.

B ofnactn o0bemuoro aapsajfa KONLCHTPANAM 3JMEKTPONOR
1 JblpoIX 3aBHCAT OT KoophauunaT. JlJA neBsIpo:kjeUNbIX 0O~
JIy 1POBO;IIIKOB 9TI 3aBICIMOCTO HMEIOT BHJL

n(r)=N.exp[(F — Eo+ ep(r))/kT]=nexpleq(r)/kT],
(5.2)
p(r)=N,exp[(E.— eqp(r)— F)/kT] = pexp[—eq(r)/kT].

IIpu narude 301 BBepx (BHN3) B 110JYUPOBONNKe p-THIIA
(n-THIa) KOULEHTPAUHUH OCHOBHBLIX HOCUTeNeil aapsmja — [bl-
pok (dACKTponoB) BGAN3H NOBEPXHOCTH yBeAMYABAaeTcA, 00-
pasyercsi oboraumienuslif Apipkamu (aaextpouamu) caoil. Ilpn
narnde 304 BHH3 (BBepX) B LOJYNPOBOAUUKE p-THHA (R-Ti-
11a) NPOMCXOAHUT YMclbIUEHH® KOHLUEHTPALUMHM OCHOBHBIX HO-
curtelneii sapaga — ofpasosanue ofepueHHOro ciaoa. B 1mo-
cilelHEM ciaydae, ecidm M3rHd 30H J[0CTaTOYHO BEJHK (KaK
npasuio, Goawbmwe £,/2), BOIH3N NOBEPXHOCTH BO3HHUKAaeT
Cl10il, KOHIEHTPALIA 3JeKTPOHOB (BIPOK) B KOTOPOM MOIKeT
crarh 3ameTHoil. Cnoii BOAH3U [OBCPXHOCTH, WPOBOIHMOCTD
LOTOPOro CPaBIIMA C [POBOAUMOCTHI0 B 00beMe 10JYyUpPOBO/i-
HITKa WA NPEBOCXO]IIT ee @I C03J1aeTcA JJeKTponaMu (IwIp-
KaMll) B WONYNPOBOJHIKAX p-Tuia (n-Tioa), HasbiBaercd
IIHBECUOHIBIM,

Jlna onmpenenenun ajekTpocTaTHYecKoro morenuuana ¢(r)
cnejgyer pewuts ypasienue Ilyaccona ¢ rpaHMYHBIMH yCHO-
BUAMH, ONPEIeNAeMbIMI YCIOBUAMA 337a4M:

divD =4np, D=¢& =—e¢do/dr, (5.3)

rjie p—OG'LeMHaﬂ OJIQTHOCThL 3apfja, € — AHIJICKTPHICCKAA
IOpPOHHUIaEMOCTD,

p=e[NI(r)— NI () + p(r) — n(r)]. (5.4)

Bennuman n(r) m p(r) onpegensorcs dopmynamm (5.2), a
KOHIIGHTPaunE OZHO3APAAALIX UOHA30BAIHBIX JOHOPOB U &K-
nenTopos B 00/1aCTH MPOCTPAECTBERHOIO 3apAfa BEIYHCAAKTCH
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no dopMmynam:
Nf =Ny {1 + guexp[(F — E, + e(p(r)),kTJ}_1 =

=Nyl +exp [(F — Ei + etp(r))/lzT]l“ll (9.0a)
Ng =No{l + gaexp[(Ea-— F —eq (n))/kTI} " =

= No [t + exp[(E] —F —eq(r))/kT]} ™ (5.56)

3peck Ej = E;—kTlngs, En=E,+ kTlng, E.uE,—
dHEPrMU AKI[eNTOPHHIX U JOHODHBIX YypoBHeil B obbeMe moay-
NpPOBOJHUKA, go U g — PAKTOPH BBHIPOLJEHHA AKLENTODPHOIO
1I JOHOPHOTO ypOBIeil COOTBeTCTBEHHO.

Ilupnua ohaacTH HPOCTPAHCTBEHHOrO 3apAfa XapaKTepH-
ayeTcA JVIMHOR 3KpanMpoBaHuA, Wil Jedaesckoil gnmHoil Lp.
Jl14 31eKTPOHHOr0 MOJTYNPOBOJHHKA 0118 DABHA

Lp = (ekT/[4ne®ND o (F — E)RT)|IYY, (5.6)

!
rne @, (1) — npouspomnas murerpaia Depmum. B uens-
pOM{IEeHHOM caydae

Ly = {ekT/ (4ne*n)}'?, (5.7)

rae n — KOHIeHTpanua anextponos (1.7), a B ycaosuax mod-
HOTO BBIPOMSTEHHA

Lo = {e/[4ne’p (F) V7, (5.8)

rae p(F) — nnotHoets cocroaunit Ha yposae Mepau.
Jlan coGCTBEHHOTO MONYTPOBO;HHKA B OTCYTCTBUE BbI-
POKJ[EHUA UMeeM

p = {ekT/(8ne’n:))"2 (5.9)

Ecaun BHemHero dIeKTPHUCCKOr0 NOJIA HET, TO IOMYIPO-
BO/IHMK B I@J0oM Delitpanei. Yclopie neliTpalbIiocTH [JIA
o yGecKoNeuynoro  MoJaynpoBoJiuKosoro o0pasua (z =0,
9TOT caydail u Gymer paccMaTpuBATLCA B janablieiimmeMm) ¢ 10-
BepxHOCThIO npu x = 0 mMeeT B

Vo(2)dz + Q. =0, (5.10)

rie Q. -— NoBepXHOCTHAA ILIOTHOCTB 3apAja B IOBEPXHOCT-
IILIX COCTOAHUAX.

W30nTounsle Komneatpannm dnextponos [, m jwipox T
B ClI0e DpPOCTPAHCTBEHHOTO 3apAja BHIUHCAAKTCA TO
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dopmynam
Ty= j‘ [n(x) —nyldz, T, = 5 (p(x) = pldz, (5.11)
[} [}

re ny @ po — KOHUEHTPAL[AA JIEKTPOHOB O ALIPOK B olbeme.
[TopepxaocTHAA OPOBOJAMOCTE G ODpE/IENAETCA KaK

G = epnln + ep, T,y (3.12)

i) p,'.,_ p.;—ad)(bemnnnme NOJBMKHOCTH 371eKTPOHNOB H [iBI-
pOK B €JI08 mpPOCTPaHCTBeHHOro 3apaja. Yacro momararr, 410
OHO paBHBl SHAYCHUAM MOJBHIHOCTE B 00beMe obpasua.

MSMGHOH[’[B NIpOBOANIMOCTH LHONYLOPOBOJHAKA B IIpUNo-
BePXHOCTHOIl ofmacTm moj feiicTBAEM BHELIHEr0 dJICKTpHYC-
CKOT0 NOJIA, NPUIOH(EHHOT0 IO HOPMAaAll K OOBEPXHOCTH 00-
pasua, HaseBaerca adeKToM noaA.

IMonuwit sapan §Q, muayquposannsiil mojaeMm mojd egmHiu-
neil mMOBEPXHOCTH, PaBCll

60 =6Q,+ 6Q., (5.13)

rae §Q, — Em3MCHEHHE [MOfl BINAHANEM [MOJA 3apAfa B HpHUO-
BEPXHOCTHOM cioe, O}, —9acTh HUJYLHPOBAHHOTO B34PANA,
8aXBAYEHHAA ORICTPRIMA IOBEDXHOCTHLIMH COCTOAHHAMH.

ITonmsit muAYNEPOBaHABII 3apA/ OoUpexedAeTCsT aKclepu-
MEeHTAJbHO N0 M3MEpeHHAM EMKOCTH KOHJlelcaTropa, cocTos-
HIPTQ M3 OOJYNPOBOJHHKOBOrQ 00pa3iia U IOJAeBOr0 dJIeK-
TpOAaa,

6Q=CU. (5.14)

3necs U — mpraosiennoe nanpsiciule, C — eMKOCTh Ha eJili-
HUIY TLIOTIA;(H.

Hamenenue 3apajfa B npumosepxmocTHoM ciaoe 8(Q,, cooT-
BETCTBYIOUIE® ONPOJCICHIHOMY W3MEHCHIIO IOBEPXHOCTIIOTO
lnoTeHOHaMa, Moer Ouirk Haiinenno u3 ypasneuus Ilyaccona
(5.3). 3nax 6Q n 8Q,, u3 cooruowennsa (5.13) momuo maiiTu
cpsdannslii 3apay 60,.

B sddexte monn rBOAAT Benuuuuy {,n, NMEONIYIO pas-
MEpHOCTh NOJBHMHOCTH M onpegeaseMyw qopmynoil

Hoa = 8G/80, (5.15)

rie 8G — n3MeneHHe [OBEPXHOCTIOH NPOBOZUMOCTH B a(-
(exTe moNA; Moo BABHCAT OT TOrO, KaKaa J0JdA HOCHTEJeH,
MHOYOADOBAHHEIX IOJEM, 3aXBaTHIBAEeTCS HOBEPXHOCTHHIMH
COCTOAHEAMA,
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B moTernmanbEOil AMe, BO3MHKAIOIIEH OPM MCKPABICHAR
80I1 OKOJIO ONHODOAHOIl IT0BEPXIOCTH MOJYOPOBOANMKA, JBH-
HeHnHne 3JICKTPOHOB B nanpaﬂneuum, NepOeHIuKYJIfADHOM 110-
Bepxnoctd, KBaHTyercd. Ilpm aToM Moryr Bo3lMKAaTh mOBEpX-
HOCTHbBIE JHEPreTHIECKHE 30HLI, COCTOANMA B KUKIOM u3
KOTODHIX OTBETAI0T ABM/KEHAIQ 3JEKTPOIOB BROAL HOBEPXI0-
crin. IlopepxnrocTHOR KBauTOBaHHE Heo(XOMUMMO YUITHIBATE,
eCcIl pacCTOAHHE Meaily OOBEPXIOCTABIMH 30HAMU npeBbI-
maer AT,

98. Brruncants mefaenckyio gnmuy npm 300 K: a) B cof-
cTBeHHOM repmanmm (e = 16), 6) B coficrBemmonm KpeMuun
(e =12), B) B repmaHME n-TANA C KOHIECHTPAUNeil 3JeKTpO-
uon, pasmod 10 em~®, Ouennte nfebaeBcKyio JUIMAY B Me-
ranne, monaras e =1, p(F)= 10" cm~* 2B~

99. OnpefleTATh X0 MOTEHOUANa B 00OramlennoM EpHITO-
BCPXIIOCTHOM €JI06 IonympoBofmnka n-ruma. Omennte Tod-
1y o0oramieHioro ¢aof, ecal JAoNODEI B 00heMe HOMYIPO-
BOAIIKA TIONIIOCTHIO MOHA3OBAMLL

100. Hla moBepxHOCTH KpeMUHWA p-THNA CYIecTByer obeft-
nenneli CIod, IpHYeM KOHICHTDAIMA dJIEKTPOIIOB CIHTACTCAH
npereGpexnmo manoit. Hadita tonmumny oGmactam 00BemHOTO
sapsana npu 300 K, ecan ¢, = 0,25 B, a rounmeutpanma me-
KOX TOJHOCTHI) MONN30BAHHEIX aKmentopoB B o0meMe N, =
= 10" em~?,

101. B ycaosmsix mpepgwifymieii s8ijaud omenuTh HANpPA-
JKEIIIOCTE MOJA Ha MOBEPXIOCTH,

102. Ha mosepxnocTH o0pasiia KpeMOmaA n-TANA CYIIECT-
BYET CHJBHBIII H3rH0 30H BBepX, OTBedawlImil ofpasoBanuio
oGeyiaennoro cinod. Ilpm KaxoM 3Havenuu moTeHIMana B Ipi-
IIOBePXHOCTHOM 00GJacTH KOHIEHTpalLuA JABIPOK CpaBHAETCA
¢ KomIeHTpanmeil saexkTpoHoB? OUEeHUTH TONMONHY DPHIIO-
BePXHOCTHOIO cllosA, B KotopoM p(z)>n(z), ecam eg,=
= (,5 93, xoHOeuTpanua sIeKTPOHOB B obmeMe n = 10" cn~°,
T=300 K, b=p,/pu,=29.

103. Bo cronbko pas moTeHOHAN B TOYKEe HIBCPCHE OPO-
BOAEMOCTH B KpEeMHHM p-TEHa GOnblie, 9eM B TIepPMaunH
p-THOA, eCIN KOHLEeHTPANMH ALIPOK B 00HEMe 3TIX MmOJYIpO-
BOTHIIKOB OAMHAaKOBK M paBHE p=2-10" cm~*; KoEmentpa-
LUA HOCHTeldeil sapsAja B cOOCTBENHBIX rePMAHAZ ¥ KPEeMBHU
IpH KOMNATHOIN TemMmepaType PaBHBI COOTBETCTBEHHO: Mge =
=22-10" cm~?, nie=1,05-10" cMm~% a oTHOmeHHUE HOI-
BHIKHOCTEH BIEKTPOHOB X ALIPOK paBHHL bg, = 2,1 m b, = 2,9.

104, Ompenennts gopMy 30H, €CIA K HOJTYIPOBOAHEKY C
Co0CTBeHHOIl TPOBOAMMOCTBI0 HODPMANBLHO K €0 DOBEPXHOCTH
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NpATOKEHo MOCTOARHOe dnexrpmaeckoe mome & (pme. 8)
HacToNbko ciaoe, 9Te Besje B monympoBofunke e@/RT <1,
Haittn cradok moTemmuaza pa uoBepxmoctH, ecan & =
=160 B-cMm~!, (=22 10" cm~?, e =16, T =300 K.

105. IlepneHjMKYAAPHO K HOBEPXHOCTH [(BIPOYHOrQ HOJY-
NPOBOAHHUKA C ITOJHOCTAIO MOHN30BaHHOM aﬂuen'ropuoi‘x 1Ipu-

Mecblo B ofbeme NpuUiIo#eHO ciaboe 3JIeKTPATECKOE MONe
ep/kT <1 (pme. 9). Om-

[ e pedenutsh X0d HOTeHIHa-
Ja B NPHIIOBEPXHOCTHON 00-
\\ JIaCTH B OOBEPXHOCTHRIH IO-
N -
2
e ;
/
r ————— . —r
8 6
. ——— l . . - — F
b L___
v fy
0 z >

Puc. 8. HaraG 308 n xox motenwira-  Pue, 9. [T3rnG aon B opamosepx-
Ja B NPHIOBEPXHOCTHOH 06JIACTH  10OCTHOII 06JacTA AKPOYHOTO No-
€oGCTBEHHOTO MONYIPOBOZHUKA IPH  JyNPOBOJAHMKA OpH HAJOKEHBU
HAJIOMEBHMH 2JeKTPUIeCKOro DO, BJEKTPUYECKOTO NOJIA.

TeHOUAT, eCNH HAUPAKeHHOCTs HPIIOMKEHHOro moag & =
=2 10°B-em™!, p=10" em~®, e =16, T =300 K.

106. HaitT moBepXHOCTHBIA UOTEHLHAN AJAA colcTBeHHO-
ro repMaHEA OPH KOMHATHOI TeMIepaType, eclid KOHUEHTpa-
usa ajcopOmpoBaHHOH Ha ero HOBePXHOCTH [OHOpHOH# npH-
mecu N =10° cm~* CudTars JOHOPH IOJHOCThI0O HMOHH3OBAH-
pavm, n;=2,2 10" em~?) ¢ =16, e@p/kT < 1.

107. HaiiTy noBepXHOCTHMWIl IOTEEIHAN AJA COOCTBEHHO-
ro repMaHds NpH KOMHATHOIl TemmepaTtype, eclid KOHLEHTpa-
nusg ajacopOHUpPOBaHAON HA ero NOBePXHOCTH AOHOPHOH mnpu-
meca N =10" cm~% Xop moreHumana ¢(x) annpoKCHMHEPO-
BaTh JBYMf IpAMOJNHeAHsIME yaacTkamm (puc. 10):

{q’,),—é’.t, <z << o0&,
0y 22 ¢,/8,
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re Hamps:KeHHOCTH monA & moctognua. Caurtate mCKpHB-
renwe 30 w©a mnomepxuoctH Ooxsuinm: eq,/RT > 1, n;=
=22 10" cm~?, e = 16.

108. HaiiTn namenienne padoTel BHIXOMAa B TepManmg ¢
MTPOBOJIIMOCTLIO p-TINA, el Ha ero I0RepXHoCTH ajfcopiu-
pyeTca aklenTopuas mApiMech ¢ Komdeutpaiueii N =
=8 -10° em~% Cumrate axientopsl B oObeme W na IoBepx-
HOCTH HOJTYNPOBOUINKA NONHOCTLIO HOIMA30BARIBIMHE, e@/kT <
<1, p=10" cn~?, € =106, T =300 K. Onemirs, NpH KaKUX
N B paccmarpnpaemoM
caydae cUpaBejinBa cre- ‘,“’(I)t
JaHHAfA AandpoOKCUMALAA
eqp/kT < 1. AN

109. Haiitu usmene- N\
AAe  padoTHl  BHIXOAA
3JIeKTPOHOB, eCJN Ha Io-
BEPXHOCTH TOJYNpPOBO-
HITKa aRcop6ApOBAHBI MO-
JEKYJBI ¢ RAATTONLHBIM MO-
meatom 310~ Ka-M n
miotHocTbio N=10" cm~?
(puc. 11). Bo ckoabko
pa3 wu3menenne paboThl
BHIX0/la B O3TOM clyyae —Ey
Oyner meHsbiue, 9¢M B yc-
nopuax 3ajgaau  107? .
O6bACHUTE  HOJYUeN- g ' z
BRIl pea3ynnTat, upnHA-  Puc. 10, Wiru6 30m B npunoBepxmoct-

Mafg BO BHHMaHHEe, YT( Hoil obaactn repmannsg, wa moBepx-
KOHUGHTPALUA a31CcOpOH- BOCTH KOTOPOro agcop6upoBana Houop-

HAA NPHEMeCh; MCIOJbL30BAHHAA anmpo-
POBAHHBIX HA IOBEPXHO- yepyanpa xopa motennmana u3oGpa-
CTH WacTIIL B 000HX CHy- JKeHa LITPUXOBOil MmHHE.

Jagx 0IMHAKOBA.
110. Boiagcants mo-
BCPXHOCTHBIIT DOTCHIIIAJN
B ychaosuax 3axatm 107,
€CJH BMECTO COOCTBEHHO-
r0 MOJYIPOBOIHUKA B3ATH Hanyrpobochun
Marepual n-THHA C OOI-  yue {{ TlopepXHOCTH HOMYIPOBOM-
HOCThIO HOHHM30BAHHBIMII  gpka ¢ ancopOHPOBaHHBINH [UNO0Nb-
:lOHOpaMH I I\'OHU,QHTPE\- HBIMIL MOJICRYTaMi,
el 3NCKTPOHOB B 00'h-
eMe n=2-10" cM™2.
111. Haiity naotuocTs ajicopOupoBaHiioro Lia MOBEPXHO-
CTH KpeMHHA p-TUOA NOBEPXHOCTHOrO 3apfja, BBRIIBABLIEIO
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ymerbmennme padotst Beixoma Ha 0,26 aB. [lna moremmmana
BHYTPH HOJYUPOBOJHOKA ICNOJL30BATH  ANIMPOKCHMAIUIO,
npurAtyo B 3agaue 107, CumraTs aKiUenTopsl IOJHOCTBIO
ponmaopamnnivm; p = 10" e¢m~%, e =12, T =300 K.

112*, Jlna nonympomofmuia, cofep:amero B o0bexe
[OJHOCTLIO IIONH30BAHNYIO NPIMeCh, HANTA CBA3L MEMAY
BAPANOM Ha ITOBEPXHOCTH M DOBEPXHOCTHBIM HOTEHIIHAJIOM;
CTUTATD Plemo =@, > 0.

113*. Belumcmairs 1oBCpXHOCTILIA MOTEHUHAT JMA KPEM-
UHA R-THIRQ, CCJAH 1Ia NMOBEPXIIOCTI AfCOPOMPOBAHKL AOIOPEI,
rkonuenrtpanusa xkoropeix N =10" ca~? (camrarh Bce OHOPLI
MONIIOCTEI0 MOUIZ0BAUNLIMIL, OpH 3ToM e@/kT > 1); n=
= 10" ¢u~%, e =12, T =300 K.

114*, ermcmrrb NJ0TIIOCTL 3apAla HA MOBEPXHOCTH Tep-
ManmA n-tima (follopsl B o0beMe II0JHOCTLIO IIOMM30BAlBI),
ecoit H3rH0 3011 1Ia OBEPXHOCTH coctanaser e, = 10£T;
T=300 K, n=10" ecm~?, & = 16. OnpejlennTh KOHUEHTPAIIHIO
AKIENTOPHEIX YPOBHEH, CO3Jal0lIuX OTOT B3aps, CYATAg AakK-
IENTOPH MOJHOCTHI0 MOHM30BAHHBIMA.

115. Ilpm apcop6umm LEHTPOB aKIEHTOPHOTO THOA Ha MO-
BEPXHOCTE COGCTBEHNOTO TepMaHHA pafoTa BHIXOJAA YBeJH-
gunack wa 0,052 »B. Haiitu koHHenTpanmuio agcop6mpoBaH-
HBIX AKLEeITOPOB; €cld OHM NOJHOCTBIO HOHM3OBAHE;, I =
=300 K,n;=2,2 10" em~?, e =16.

116. Ilpn apgcopOumm axienTOpHOH NMPAMECH HA IMOBEPX-
HOCTH TepMAaHUA p-THna paloTa BHIX0OJA BJAEKTPOHOB yBeJlH-
quiack ga 0,13 3B. Onpegennts mwioTHOCTH afCOPGUPOBAHHO-
r0o 3apsAfa, eCAW AKHOENTOPH B olbeme M _1a_HODepXHoCTH
nojxHoCThIo MonuaoBansr, p =2 10" ¢~ T'=300K, & = 16.

117. Haijitu nmotHoCTH 3apana, ancop6nponaunoro Ha H0-
BEDXHOCTH COOCTBEHHOL0 KPeMHEA, €CAN NpH afgcopduud pa-
6ora BoIxofa yMemsmmgack pa A® =0,13 3B; n/=
=1,05 10" ¢m~? e=12, T=300 K.

118. Onpenennts NIOTHOCTD 3apANa, 8ACOPOHPOBAHNIOTO DA
TMOBEePXHOCTH TePMAaHHUA pP-THOA, eClIN OPH ajicopbmmm paboTa
BHIX0J(@ aaeKTpoHoB yMeHpmmiaach Ha 0,026 aB. Aruentops:
B ohbene nonsocthio HoHusosaun; I =300 K,e=16,p=
=22 10" cm~°. BuunciuTs KOHUEHTPALHIO AOHOPHRIX YpPOB-
Heif, co3lal0IIAX 3TOT 3apaf.

119*, {na pwipouroro MOTYNPOBOTIIAKA €  TOJHOCTHIO
HOHM30BANIILIMA MPIMCECAMA B 00beMe MpUOIIKEIIHO BBITHC-
JUTh TOBEPXMOCTHYI NPOBOAMMOCTb, €clMm npu ascopiiunm
AKICUTOPULIX MOJCKYJ 9HEpreTHIECKHEe 30IAl U30THYJIICH HA
0,25 aB; p=10" ca~3, e =12, }t;, =10%cm2 B¢}, TeMme-
paTtypa KOMHATHAA.
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120. B ycrnosmax mnpeprigymeit 3agagm BHYACAATHL MO-
BePXHOCTHYI0O IJOTHOCTh 38DpAAa, CO3RamoUiero marab 3o,
pasmsiii 0,25 3B.

121*. OnpejieATh MOBEPXHOCTHHI MOTEHLIHAN NOJYNNO-
BOJNIMKA ¢ COOCTBEHHOIT NPOBOAMMOCTEIO, €CIH IOBePXHOCT-
Haa npopogumocts G =10"7 Om~'. Cuurarh BCIOXY B HONY-
nposojunke eqp/kT <1 (¢ >0); = pn = 3800 cM? B~ ¢~ 1,
b=21, e=16, n;=22 10" cm~®, T =300 K.

122. OmpejgenuTs NOBEPXHOCTHLIA IIOTEUNHUAN TepPManus
p-THNA mpA aACOPOUMA AKI(ENTOPNBIX MOJEKYJN, eCll MOoBepX-
HocTnas mpomojiuMocTs pasna G =0 10-" On~'; eq/RT <1,
ny =, = 1800 ca2 B¢ p=10"cu~*, e =16,T =300 K.
Cuntath, 9To BCIOAY B 1LIQJYNpPOBO/UIHKE AKIEGNTOPH NOJ-
HOCTLI0 HOIHIORATLL.

123. BeiuuciadTh TOBEPXUOCTHHI TMOTGHINAN. KpeMUHs
n-TMma, Ha OOBEPXIIOCTH KOTOPOTO ajicopfupoBambl JOHOPHL,
ecIn MoBepXHocTHAas TpoBofumocts G =5-10-* Om~', npm
atoM eq,/kT > 1. [lna xopa mOTeHIAANa OPAHATH AUNPOKCH-
Manmo, gcrnoas3osannyio B sagade 107, rne & — mocroaBHasA

peaunupnaa. CaartaTth JOHOPH! BCIOAY B HOOJYOPOBOAHHKE DOJI-
1

HOCTbI0O HMOHM30BAHHLIMH; p; = pn = 1450 cM? B¢}, ne=
=10" ¢m~®, e =12, T =300 K.

124. Onpenenu1b NJ0THOCTH 3apAja B NOBEPXHOCTHEIX CO-
CTOAHMAX, €CIN K 3IeKTPOHHOMY NOJYIPOBOJHUKY HOPMAlb-
HO K €ro II0OBePXHOCTH NPUKJIAALIBACTCA TOCTOAHHOP 2JleK-
Tprdeckoe moae & =9 10° B-cem™ (¢>0), n opm artom
OOBEPXHOCTHAA IIpOBOAMMOCTh OKa3bIiBaeTcAa paBIIOfI
10-* Om~'. CanraTh, 9TO BCIOAY B [OIYLPOBONHHUKE BBHIOOJ-
geno ycunosue e@p/kRT < 1; n=>5-10" cm~?, e =186, p;=pn=
= 3800 cm* B! ¢!, T =300 K. Cuurath JOHOPE B MOTYy-
DPOBOAHAKE TIOJNHOCTHIO AOMH30BAHHBLIMHE.

125*, OupepfenaTs MOBEPXHOCTHHII NOTEHUHAN MOIYOPO-
BOJHAKA R-THNA OPH AACOPOUMH [OHODHBIX MONEKYA ¢ IIO-
BEeDPXHOCTHOHR KounerTpanueil N, ecan JOoHOpHAA NPUMECh B
obbeMe TOJYNPOBOTHHEKA HA pACCTOAHUAX, OOJLIUAX J1d-
HBl OJKPaHHNPOBaHNA, IIOJHOCTBIO MOHH30BAaHAa; N¢ =n=
=3-10" cm~® & =16, T =300 K. Paccmorpers cayusam:

a) N=10° eMm~?, caurarts npu stom ep/kT < 1, rae g, =
= ¢ |x-=o; R

6) N=23 10 cm~* opum atom eq,/RT > 1.

126, Brnemunum sieKTpUYeCcKMM IN0JeM, HaNpPaBIeHHRIM TIO
HOPMAald K MOBEPXHOCTH JBIPOTHOTO I(OJYIPOBONHUKA ¢ IIOJ-
HOCTbI0 MOHH30BAHHKIMA AKUENTOpaMd, UHAYNHPYeTCA 3apaf
¢ moBepxHEocTHOH maoTHocThlo 6Q = 1,8 10-° Ka:cm~? umpu
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8TOM pg,n=0,4p,‘,. Onpegennts fomio MUAYNHPOBAHNOrO 3a-
pPANa, 3aXBAYCHHOTO OBEPXHOCTIILIMI COCTOSHITAMIL

127. TlepueufuKyJApno HOBEPXHOCTH JiBIPOIHOr MOJNY-
NPOBOANIIKA NPUJIOIKCII0 DIEKTPHIECKOE T0Jie, YReXMTHBIICE
nosepxnocTiyo  npopogumocts na 8G =0, 10~ Om~',
OnpefenuTs IIOTHOCTh NI (yUIPOBAUHOIG 3apA/a, 3aXBavelt-
HOTO TIORCPXIIOCTIIBIMM COCTOAILIAMH, €CJH N3BECTHO, MTO eM-
KOCTb 1A eJUNHIY [NJOLIA/(H KOIIeHCATOPA, COCTOAINEro H3
TIONYHPOROIINKOBOTO 06pasma I MeTaJJIIIeCKOro 3JIeKTPoja,
pasna C=90 n® -cMm~*, upumo:kennoe panps:kenue U=
=578, a p,=1800cmM2B7c7",

128. Ompenennte INIOTHOETH OTPHLATENBIIOTO 3apAja Ha
NOBEPXNOCTH JKIPOYHOTO MOJYNPOBOJLIHIA, €CIM BeJInYuna
NoBEPXIIOCTHOTO MoTenumaia pasua |¢,l =0,25 B. Axnenrto-
pbl B ray0uHe MONYNPOBOAHMKA (fia paccToanuax, OObmIIX
JULIOBL JKPAHAPOBAHUA) CYUTATH NOJHOCTLIO HONHU30BAHHBI-
Myu; p=3-10" cmM~*, e =16, T = 300 K.

129, OmpenennTs CKOpoCTh DOBCPXHOCTHOR peKOMOUHAIIMK
$ UIA TOHKOW M JUIMHHON MIACTHHBI NONYOPOBONHUKA n-THIA.
Jlnuna B mipusa niacTHHBI

he————— jf‘ ————— . 3HAYUTEJLHO MPEBHIIAIOT €6

) £:  rommmny, paBRylo 2a=
8;4'%\_‘—"_' £ = 0,5 MM, CKOpOCTH 110BEPX-
T~ £ H(’)CTHOﬁ peKoOMOMBALAN NS
0o0eux €TOPOH  TJTACTHHBL

N r oauHaxoBbl, 3ddeKTaBHOE

Y BpeMs KHM3HHM lUepaBHOBEC-

0 z, % HBIX pocuTeseil B nuacrnue

T, =125 MKe, a oObeMHOC

Puc. 12. 3omfia cxema anexkTpoi-
HOTO MONYNpOBOAHAKA ¢ hojomu- DPEMA HUSII, ﬂuaMepemloe
TeNLHBIM o00beMilaiM 3apagom B AdA TOJACTOTO o0pasda, pas-

OpHOOBCPXHOCTHOI o6macTi. m 1, =250 mxc. Ucmoan-
30BaTh yciaosue sa/D, < 1.

130*. OnpenenuTs CKOPOCTH IOBePXNMOCTHON pexoMOnHa-
OUM s, Ha BepxHeil Tpand TOHKO MJIAacTHHBI MONYIPOBOJHMA-
kKa n-tuna. Jlnuna M wHpuHa NJACTHHEI 3HAYUTENBLHO Ipe-
BHIILIAIOT ee TOJIUMHY, paBHYI0 2a = 0,2 MM, CKOPOCTb NO-
BepXHOCTHOM peKOMOMHALlMM HAa HU:KHeH rpand s, ropasjio
MeHbIUe, YeM S, oQPeRTIBHOEe BpeMsd JKU3HH HEPABHOBECHBIX
nocurenell aapajza s mracrtuune T, = 20 MKc, a oObeMioe Bpe-
MA KusHH T, = 100 mrce. Ucnons3dosats ycnosue s,a/D, < 1.
131*. Haiitn 3aBHCHMOCTb CKOPOCTH HOBEPXHOCTHOH pe-
KoMOMHAINM § OT BeIHUHIILE 1, XapAKTepusymolleil narud
300 HA MOBePXHOCTH TNoJynpoBoinHKa (pue. 12) m cBasas-
HOIl ¢ LOBEPXHOCTHEIM NOTEHIHANOM COOTHOLIEHHEM e\, =
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=F—E,—eq, rne E,=(E.+E,)/2. Tosepxnoctnag Kon-
LeHTpaniA LeuTpoB, NPHHAMAKINX yvacTHe B pexoMOHHA-
Ly, pasga N, aHeprmA ux YpoBHA ecTh E, KomueHTpalu
n30BITOINBIX HOCUTENed 3apsja B 0OLEeMe BAMHAH obaacTu
IIPOCTPAHCTBEHHOIO 3apAfa oAuHakossl (Ap=An npm r=
=z,). C4uTaTh NOJNYNpPOBOJHUK HEBBIPOHKIAEHHBIM, OTKJIOHE-
HHMe oT paBHoBecHA MajieiM (Ap < ng), yCIOBHUA CTalHOHAp-
HBIMA.

132*. B ycnosuax npeauigymieil 3agadi oNpefeniTb OT-
HOIJeHHEe CeueHMil 3aXBATA JIEKTPOHOB M [BIPOK, eciii HiBe-
CTHO, 9TO CKOPOCTh [I0BEPXHOCTHOH peromOuuanunm s(y,) mpu
U3MeHeHHH 1, HIPOMCXOAUT Uepe3 MakcHMyM npu ey, = 1,1~7T.

133*. HanpsxenHocTs 3mexTpuieckoro momas B oforamiei-
HoM ciioe BOJH3M IOBEPXHOCTH IOJYNPOBOJNAKA DaBHA
10° B - cm~'. OuenuTn, dHEepruio Ha#HI3ILEro NEPreTHYeckoro
YPOBHA B TPeyroibHOi TNOTEHLNANBHOIl fMe, OrPAHMINBAIO-
uleil MBMIKENIE JJICKTPOHA B HAMPABICHHH, NepUeNIUKyJIsp-
HOM moBepxHocTH. IPPeKTHBHYI0 Maccy dIEKTPOHA NPUHATH
pasroit 0,2m,.

T1aea 6
TEPMO-3. [I. C. B IOJYIIPOBOAHHKAX

Jinpdepernuaabaan TepMOIMEKTPOIBIKYIAA CHIA MOTY-
OPOBOIHUKA € ORHMM THIOM HocHTenell 3apsafia maercd BLipa-

MReHueM .
a=+2 (k(; + n) (6.1)

rie 3WaK COBIAjJaeT CO BHAKOM HOCUTeNell 3apaia, M=
= F/kT, F — ypoBenr Depmm (3a Havalo orciera BuIOHpA-
eTcl Kpail COOTBeTCTBYswolleil 30HbI), Q* — BeAMIWHA, HA3RI-
BaeMas dHeprueii mepeHoca. B M30TpOmMHOM ciay4ae, KOTODHI
MBI paccMaTpHBaeM B JajbHeilIeM, dHEPrisd NepeHoca pasHa

Q* = g/a. (6.2a)

B nocneareit gopayne
o= <et/m>, (6.3a)
q = {etE/mD>, (6.36)

snak <...7 O3Ha"YaeT HOTErpupoBalllle mo 31epruaM ¢ BeCOM
K (E) (—0f/0E) /3n%:

AE) = = | (E) (= 7f) A(E) dE,

«

CA.

°Q———‘>8
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f— dysknaa @epum (1.2), T— BpeMa penaKcanudm, 3apH-
cAmee oT KBa3aMEMNyabca (9HEPrEA) 0o 3aKofy
dE -
T=1,57 K7, (6.4)

8 i — BeJHUmHA, MMEINaAd pPasMepHOCTE MaCChl H ompeqae-
JsgeMas COOTHOIUCHOEM

mv=1tk (v=i V.EK) (6.5)

BooGuie rosopsi, Benmumuna #i 3aBACAT OT 3HEePrAd, OJHAKO
B mpocTeillueM ciyYae KBaJApaTHINOTO B3aKOHA JICHEPCAN
0HA mocToAnHa @ copnagaer ¢ ajppeKTMBHOI Maccoil mocuTe-
neit, onpefenseMoit o0nIABEIM ofpasom (cM. aagady 16).

B ¢opmyne (6.4) penmumma r ompejexAcTcA MeXaHH3MOM
paccefinmsa mMOyJaeca socuredeil. Ilpm paccesmnmm Hocmrelneit
sapsaja Ha akycrmdeckmx KoideGanuax pemeTk® r=0; npa
paccessHAE Ha ONTHYECKAX Kojefapuax pemeTkda r=1 npa
Temneparype Bmume Temneparypum JleGaa I'p m r=1/2 npm
T<Tp; mpu paccesnuA na SapsKeHHBIX OPAMECAX r =2,

Ecim B cncreme nmeerca mecKoNBKO THOOB HOCHTENe aa-
pAfa, To mOJHAasg TepMo-d.J].C. paBHA

a= 2 a.a./0, (6.6)

rge 6, m o — NMPOBOAEMOCTL H TEpMQ-d, fI. C., CBA3AHHEIE ©
i-M copToM HOCHTEJEH, 0 — MoJHAaA I[IPOBOJUMOCTh, CYMMHPO-
BaHHE OPOBOJHTCH MO BCEM COPTAM HOCHTeJeil.

Ilpm mE3knNX TemMueparypax B 9YHMCTHIX MaTepmajax Tep-
MO-3. I. C. MOKe1 3RA4YUTeNLHO HPEBHIUATH BEJINIUHY, AaBae-
Mmylo ¢opmynoii (6.1), scaencresme sdderta yaieuenma Ho-
cureneit gomonamu. J[na «domomHON» cocTaBasomeRr Tep-
MO-2. /. C. B BTOM CJIyJae HMEeT MeCTO BhIpayKeHme

oy = avly/uT, (6.7)

Toe v, — CKOpocTh 8BYEa, ly — mamua cBoGoamoro npofera
(oHOIOB, Y — DOUBHIKOCTE HOCHTEJEH 8apsapga, @ -— MHOMN(H-
TeNb, OUPENENAIIAA OTHOCHTENbHBIN BKAAK paccesHHsA na
AKYCTHYECKHX KoJe(OaHmAX B MOJHYI0 BEPOATHOCTh pacces-
Hua Hocateneil. Ecam Bcé paccesnne mocuteXeld mpomcxoaut
HA aKycTAYeCKUX Kojnebammax pemeTKH, TO MIOMKHTENb 4 —

mopsAZKa eNEANOH. B MarEmTHOM moae*) Tepmo-a.J.cC.

*) Mu paccmarpmsacM 00JacTb 06 CJIMIUIKOM CRJIBLHRX MarenT-
HRIX LoJefi, KOra MOMKHO Dpede0pevb KBaGTOBaHWEM BEOPIHH BIICK-
POEOB B MarEmTHOM moJe, Yciaosue npumenumoctd Gopuyn (6.20),
(6.38) u (6.3r) mmeeT Bup heH/filc < kT.
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no-npeskEeMy Raerca BeipasxemmeM (0.1), B xoTopom

a,9,+ 0,9
Qr =2 (6.26)
rne
=7 1 N =/ _»r N\
a=\Gire, TS irer (6.38)
=7 E \ _ St _Ev
h= 7 Fer st BTN\ e (6.3r)
=

mc¢

134. Hoayanth Buipaskemme fiIs TCPMO-D. . C. B OTCYT-
CTBHUe MArguTHOIO noas AJsd AocHTeNell ¢ KBaJApPaTAIHLIM 3a-
konoM puemepeny. QOuenHTh TEPMO-3. 1. €. THONYHOLO MeTal-
na  (Myer =My, Nyer=2 10* cmM~*) npm KOMHATHO# TeM-
nepaType M CDABHATh €6 ¢ TepM0-3.7A.C. BLIPOMIEHHOTO
NONYyOpPOBOABAKA n-TATMA (Mgy =0,2mo, Nae=2 10" cM7?).
Cuntats, 9T0 paccegHme B 00OHX CJHydJaAX OPOHCXOAHAT Ha
3APANeHHON rpAMecH.

135. HauecTeenno mpefcTaBoTh Ha rpadmKe TeMmeparyp-
HYI0 3aBECHMOCTH TEPMO-3. /. ¢, TepMANHUA p-THOR B OPHMeC-
mod m cobeTBernoiil obmacTax.

136. Cumras, 4to paccednme NPOHCXOAAT HA AaKYCTHIe-
CKHX KojnebGanusAx, nafiTR BeIMYHOY TepMo-3. A.C. TepManms
p-THNA, cofeps:kamero 6 10' cM~® MeJAKHX aKIENTOPOB, OPH
7 =200 K.

137. OmpeRennTh mnonoM(eNHe BUEPTETHIECKOr0 YPOBHIA
ZOHOPOB B KOMIIEACOPOBAHHOM HONYNPOBOXHUKE N-THMA, €CIH
Tepmo-3. 1. ¢. npn 100 K pasma —2,1 mB-K-!, Hspecrso,
aro Ng=2-10" eMm~%, nu< N, cTellens KoMNeHcanon
N./Ny;=0,5, a paccesome IPOHNCXOMHT HA AKYCTHYECKUX KO-
JeGaHUAX pelmeTKn.

138*, .B mpemenbmoM ciaydae CHALIIOTO BHIPOMAAEHHA II0-
JyIHTH BRIPAMKEHMe [JIA TEpMo-2. A. C. MOJNYINPOBOAHAKA n-TH-
na, sakoH gmcmepcum kortoporo mmeer eup (1.3x). Haitm
TEpMO-3. A. C. AaHTUMOHHJA HHANA C KOHI.(BHTpaLLHeﬁ 9JIEKTpO~
nos 10" c¢ym~® opu 100 K, ecnm paccesanme mpomcxopuT Ha
sapmmengol npuMecn. dddeKTHRBAA Macca DIEKTPOHOB HA
nue 30EW Opoeopmmoctm papma 0,013m, a mupmra sampe-
LienIoi 300K H3MeHAETCA € TeMOepaTypoil mo aakomy E,=
= (0,26 — 2,7 - 10—*T) aD.

139. Ilomyunts BHIpaKenHe A TERMO-2. A, €. LOJYIpO-
BOMHAKa N-THOA ¢ 3akoHOM pacoepcam (1.3:x) npm
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npouasonbEOM Bhipokfenna, Cumrats, wro memapaGonmg-
HOCTh, 30HH HEBEIMKA U OTPAHHYATLCA pPaccMOTPenHeM
NIepBHIX NONPAaBOK, BO3HUKAIOIUX H3-3a HenapaOoaHyHOCTH
B0HBI.

140. Ouenuts Benuduny «poHOHHON» cocTaBiasAloUleil Tep-
Mo0-3. . ¢. repmaHna n-tuua mpn temueparype 20 K. B me-
cieqyeMoM 00pasue OOABHIKHOCTH 3JIEKTPOIOB B OCHOBHOM
OmpefensaeTCA paccesHHEM HA ARYCTHYECKHX KoxeGaHusax nI
pasna 4 -10° cm® B~' ¢!, a paccesnme )0HOHOB TMPOHCXOAUT
Ha crenkax o0pasma. [lomepeunsie pasmepal ofpasma mopa;i-
ka 1 MM, a cKopocTh 3ByKa O - 10° eM - ¢~ 1.

141. HaGaomaemas moABMMKHOCTE 3JEKTPOHOB B AHTHMO-
unge wagms npu 20 K pasma 2-10° cm®*B~'c™!, a omemxa
OOABIDKIIOCTH B CAydYae, KOLJIa paccesinue MPOHCXOMHT TONb-
KO Ha aKyCTHTECKHX KoJcOaHMsaX, JaeT NPH ITOH TeMIepaty-
pe Beanunny mopanka 10° cm*B-'c~'. Caurasn, 9ro paccennie
¢$oHOHOB HPOMCXOANT HA CTEHKAX 00pa3ua, OUEHHUTH OTHOILE-
une «QoHoOHNOH» cocTaBJIALIEll TepMo-2. . C. AHTUMOHUJA
UHEA n-TENA K «(QOHOHHOW» COCTABIAKIIEH TepMo-3. . C.
n-repmannd. Cxopocts 3Byka B InSb pasma 10° em-c™!
pmomepevyHele pasmepnl 00pasmoB cUETaTh OAMHAKOBBIMH.
HanAble [ans repMaERA B3ATh M3 YCIOBAA HpeAblTymei
Bagavyd.

142. 3mepernsa TepyMo-3. A. C. B MONYHPOBORHAKE pP-THIIA
B CHVIBHOM MaramtHoM mnoie (w > 1) npm KOMHAaTHOH TeM-
meparype IoKasanan, 9T0 B mcciaefyeMoil obnactd momneil Tep-
Mo-3. . . He 3aBHCHT OT MAarHUTHOrO WONSA H paBna
475 mxB K-'. Ha ocnoee atmx #mamepenmit Haiitm adipex-
THBHYIO MAacCy [ABIPOK, €CJHH KOHLEHTDPAUHMA HX paBHa
5,6 10" cm™®, 3akoH [AHECIepCHH ABIPOK CYATATh KBajapa-
THYHBIM.

143. Hafitm BeIpaseHnue A TepMO-3. 4. C. HOAYIPOBOI-
HOKA n-THIA ¢ 3akoHoMm jpucmepcnu (1.3a) B npenene cmie-
HEIX MArHHTHEIX modeil (@ > 1) B OTCYTCTBHMe BBIPOMKIEHHS.
Pacemotpers 3aBacHMocTh pasHocTd Ad(®)=alu\e — alu=
OT MEeXaHH3Ma pacCesaHms.

144, [lns BripoMKAEHHBIX 06pa3loB aHTAMOHHAA HMHIUA ¢
KoHueHTpamueil anextponos 10" ¢m~* npu 77 K repmo-a. 1. c.
B 06acTH CIUIBHEIX MATHUTHLIX TOJeil He 3aBHCHT OT Mar-
nutHoro mona u paBHa 68 mkB - K-!, Ilpuunman sakon mguc-
nepcuu B Buge (1.3:), maiitnm Benmuuny sdgdexTuBHOH Mac-
cbl Ha AiHe 30HbI mpoBofmmoctd. Iupuua sanmpemerHoil 30-
el opn 77 K pasua 0,22 3B.

145. Tepmo-a. a.c. B BHIPOKAEHHOM  IOAYIPOBOJHHKS
n-THOa B 00JACTE CUABEBIX MAUHUTHBIX HOJell HOCTOAHHA H
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paspa —27 mxB K-', Namepenna Ges MarEATHOTO TOJA NPH
TOIl Jt® TeMmepatype JaaN JUIA TepMO-3. I. €. 3HATelle
—51 MxB K-'. Haiitn napamerp r, onipefefsiioniuii xapak-
Tep paccesnnsa SNEKTPONOB, €CNH H3BeCTHo, 9T0 30HA HPOBO-
JUIMOCTH ICCeiyeMOro Mmarepuasa — napaGonuueckas.

146*. JIna apcemnga MUgusa OMIONPUYECKH YCTANOBIeH
CeNYIOUHI 3aKO0! JUICNEPCHH 3JICKTPOROB B 30HE HPOROJ(H-
MOCTII, BRITIOJIRALINCA RIVIOTH 1o duepran nopanxa 0,6 »B:

E(k)=0,28In[1 +59 10-"L*(cm~?)] aB.

Ilafitn, mpm Kakoil KoummeuTpanmuu axexTpolor ofpauaeTcs
B OyJb BeIHIHHEA H3MEHEeHHA TOpPMO-D.J.C. B CHJILIOM Mar-
nutinoM none Aec (o). Boamoino nu ofpamenie B HYJdb Be-
aaaunel Aa (o), ecnn 3aKon JAMCIOEPCHAN BJIEKTPOHOB MMeeT
pua (1.3:x)? Cumrarp, ITO paccesnie NPOUCXOJIUT I1a 3apd-
JGeUIIof HpAMecH.

Taaea 7
$O0TO0-3. . C. B NOJYIIPOBOAHNKAX

IIpr ocBeIleRME NONYNPOBOAHAKOBOrO 00pa3uma, MOMIMO
nemOep-apderta (cM. 3apagy 75), o0ycaoBIEHHOTO HEOMIO-
POJHRIM pacmpefesienyeM u30bITOYnbIX Hocureneii, ¢oro-
3. . C. MOKET BO3HUKHYThH ellle W BCHE/ICTBUE HEOJHOPOJHO-
c¢TH Marepmana poaynposopumea. Ilns unpoerotel GyneMm pac-
CMATpPHBaTh TOJNBKO OJHOMEPHYIO 3aJauy, KOTAAa KaK paBHoO-
BEeCHBIE KOHIEHTpaNA R, U p,, TAK W IePaBHOBECHEIE n =
=n,+An n p=p,+ Ap 3aBACAT TOJALKO OT KOOPAAHATH! Z.
B stoM caygae ¢oTo-3. . C. BHPANKAETCA  CHETYIOUIMM
o0pasoM:

D dn
V= @ pd.r 11 d 24
Batt + B,p o (7.1)

TIe HHTEerpUpoBaHHE BejeTcs 0 BCeH Nenn, BKIWTawUIeil
o6pasen. Ecam cupabeanusst cooruowenuda Jiinwmreiina
(3.7), To0

dp — dn "
kT dz Pn
V= z gs bn—l-—p— dl‘, b= up . (7.2)

Moxno sBHO BRZenuTh u3 V cnaraemoe V, (BenTuibuyio
¢dot10-3. 1. ¢.), CBAJAHHOE € HEOAHOPOAHOCTHIO obpa3ana

4% o



(wcxonum ma dopmynm (7.2)):

VeV + 1,
v, =4 @b; =2 An 2% 4g, (7.3)
a craraemoe V, onpefenserca HEOJHOPONHOCTLIO H3GHITOIHOI
KOH[{OHTPHL{HH:
v,=4 Ef)JTjr—”p 487 gz, (7.4)

147. Haiitn ¢goT0-0. 1. ¢. B HONYIPOBOJIIAKE ¢ MOIOIOAAP-
HOIi NPOBOMMOCTBI0 NPH NPON3ROJILIIOI CTElleHM BBIPOIK-
Heuus.

148. Buamcants ¢oTto-2. 1. c¢. B obpasne n-Ge npuw T =
=300 K, ecam ero cpemusas uacts (puc. 13) ocmeweHsa Tak,

Clem aro B Heit Ad=0,2 Om~'cM™,

l ll 1 l a sae ee Ac=0. B orcyr-

CTBHe OCBemeHHA YIelbHOE

CONpOTHBIEHA® B CeTeHAN A

I T
460 : 4040 } 48=0 ecTb po, 4 =15 OM -cM, a B ce-
| ! genud B po, s =5 OM - cM.
{ } 149. B ycaosusax, apano-
A 8 TAYHBIX TpebIAyINell 3amadge,
—_— naiiTu ¢oro-3. . C. IPA Po, 4 =
z =10 OM-cM, pp, =8 OM - eMm

Pnc. 13. K pacaery doto-a. n. ¢. u npum Byx 3HaieHAAX AOC:
opd  HeOAHOPORHOM Boaﬁym;(e/— AG, =001 0m~"'eM™ 1 Ag,=
HuE. =2 Om~'om™, -

150*. O6pasenr n-Ge ocBemiaercA B Y3KON HOMOCK®
(ppc. 14) mmpumvit Al=0,1 MM cBeTOM, TeHepAPYIOMUM
2,5-10" cm~’c™' map mocmrexeit sapaga. B Touke z =0
yoeasnoe comnporasierne p(0)=1 Om:cm. Ilpm nepensu-
JREHHM CBETOBOTO 3onja BA0Ab ofpasua ¢oTo-a3. /1. €. H3Me-
HAeTCA KAaK

A

V(o) =—17 7

e A=3-10"* B, B=2 cu~', Haitte p B T09K® 2 =2 CM;
TeMIepaTypa KoOMHATHAfA.

151. Beragcauts JAuA clIyJas OfHOPOAHOro BO30YKIeHHH
BeHTUIBHYI0 (hOTO-3. J1. C., BO3HAKAIILYI B p — n-NEpexoe
B Ge npu 75 K. Ocsewaerca (pac. 15) yuactox n-obmacri,
npuneramdft K p — n-mepexofny; B BeM An=10' cm~’,
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pEe ero An=0. B rny6ume n-obmactn n,=n,=10" eM~?,
B p-obmacta p,=10" em~*; p,=3-10* em*B-'c!, b=0,5.

152, Haittu paasocts norennmaxoB A MexAy rpasAaMH
obpasua n-rmna tonmunoif d =1 cM, ecru ocBemer:meM rpa-
Hi 2 =0 c0o37aHK HEPABHOBECHLI® KOHIEHTPAIHA

An(z)=Ap(z)=Nexp(—z/L), 0O0<z<d,

rie N=10" cm~®, L =0,01 cm. Papnonccnas komumentpanus

Be
i T
—_—Tr r T
i : i
| n
| | n ;A
Il l | |
—>! | |
[ )

Y -l g <
Puc. 14. K ompepeie- Pmc. 15. TeomerpEA omHI-
HEI0 BeHTHABLHOH d¢o- Ta N0 HAGMOAGHAI0 BeH-
T09.4.C. B HBOAWO- TanbEOR (oTo-3. A. €., CO-

ponaOM oGpasme. 8flaBaeMOHM IpE oOcBemie-
HUH p — n-Iepexofa.
’ -
EKTPOHOB WaMeHAeTCA JHEEHHO OT Ny =5-10Y cm™> npm

z=0mo0 ny=4-10" cm™® npm z =d; remmeparypa 200 K,
b=2/1.
153. Buumcaunts dorto-3. A.¢. B ycaosmax 3agaum 147

HO NPH HAJIHIUM OPUIHOAHUA, CIHTAA T,/T, = 10.

Taaea 8
OITHKA MOJYIIPOBOAHHKOB

Ontmyeckne cBoiicTBA MaTepiHala XapaKTEPH3YIOTCA ero
MoKa3aTeneM npeloMiIeHHd n(w) A JHHEHHBIM Koad)cfmunen-
toM mornomerna Y (w). Ilocrennme cBsAzaHEl ¢ KOMIIEKCHOM
DpOBOXUMOCTBI0 MaTepHala o((o) HAa vactore ® (B OpeHe-
fpe)KelnA OTIAMYMEM MATHMTHOH OPONHI@aeMOCTH OT eJHHH-
1Ibl) COOTHOLUEHHEM

(n+ix)?=4nic/o+e, % =1y\/4n, (8.1)

e £, — ANDJIEKTPHIECKAd IPOHALAEMOCTh MaTepHala B oT-
cyTcTBme ¢cBOOONHBIX HOCHTeneil aapApa,
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ITpm mopMamBROM NAjieAARN cBeTa Ha TONCTHIT oOpaser
na cpenel -¢ n==1 koadppmimuent orpa:kenna coera R ectn

R=[(n=1)*+xV[(n+1)*+x?]. (8.2)

Jlng crerta ¢ gaumnoii BomHL B Bakyyme A xoadpdrnment mpo-
nyckanusa 7 (7. e. oTiOmIeNue HMHTEIICHBIIOCTEH mpoleguiei
H Hajiaoieil BOJH) DOJYIDPOBOAMUKOBRIM CJI0EM KOIeTIoil
TONMNLL d, ToMeulenHbiM B cpely ¢ n=1, paerca BwIpa-
seleM

T— (=R [1 + on)’l (8.3)
{exp (yd/2)—R exp (— yd/2)]% - 4R sin® ({ + 2mnd/A)’

3;iech pasza § onpenensierca gopmynoi
tE=arctg[2x/(n*+ x> —1)]. (8.4)

CuaraeMmoe ¢ KBaapaToM cunyca B anaMenatene (8.3) orser-
CTBEHHO 3a BO3MOMKHbIe HITepdepeAnHoHHbIe dPPERTEL.
B mx oTcyTcTBHe — m3-3a HETOYHOH MIOCKONApaIeNbHOCTH
NOBepXHOCTEeHl MM HMJ-32 HEMOHOXPOMATHYHOCTH CBeTa —

uMeeM

(11— R+ (x/n)?] (8.5)
oxp (vd)—I* exp (— yd) '

B orcyrcTBUE MeIK30HHOrO MOLJOLOENHA CBETa, T. €. NpH
ho < E,; BO3MOMxKRA cHUTyauua caadoro UOMIOLIEHNA BOJII
AocTaToIHO Oonbwoil wacrorel. Myenuwo, nycers 2nyA <1 u

0% > of = 4nne/e my. (8.6)

B ¢urypupyowyio 3meck ITa3MEHHYI0O JacTOTYy ®, BXOJHT
Ta e KoMbunanmua 3(Q@PeKTHBHBIX MAacc 3UIHUNCOHAIBLHOLO
3aKOH2 [AMCHEepCHH, 9TO M B NpoBoguMocTh. UMmeHno, B cay-
gae 3axona aucuepcny (1.3r)

1 1 ' 1
== X - @.7)

m .
opt i=x,y,z

B aroil cmryaumm, nmpeHedperad elye H PeIIeTOIHBIM NOII0-
weHaeM, T. e. ciurad, 4ro Im ¢, = 0, umeem

¥ = 4nRea(w)/cVe,. (8.8)
ITpm npsAMEIX pa3pemicHHBIX Nepexo;ax Koa(QuijieaT no-
TJIOLIEHHUS CBeTa Y JaeTcHA BhipajrieHHCM
2 (2m) 2 | Per|?

77— Promt ((0) . (8 9)

a2
dcmomsl
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31eck ¢ — CKOpOCTH CBETA B BAKYyMe, &, — BeIMeCTBEHHAA
TacTh IMBNEKTPUUECKoll PORNIAEMOCTH HA YacCTOTE @, Dev —
MATPHYLEIA BJIEMEHT OIepaTopa UMNYyJbCa, CBA3KIBAIOLIUIL
COCTOAHNUA € OJUHAKOBHIM KBA3NBOJHOBBIM BEKTOPOM B Ba-
JICHTHO 30HE M 30HE NIPOBOAMMOCTH, 00BIYHO OH npejmnoJa-
raeTcA NOCTOAHHAIM BO Bceili HMHTepecywolmeii Hac o6xacTa
aHepruii 8JeKTPOHOB B o0eux 30Hax (A pa3pelreHHBIX
nepexofoB). Uepe3d puons(w) o0003HaveHa KOMOHHHpPOBAHHAA
ONOTHOCTH COCTOAHRIT

Proms (0) = ‘2.3 J.a [E: (k) — E, (k) — fiw] dk. (8.10)
(2m)

B mpocreiireM cnygae, Korja 3aKOHHI JHCIEPCHN B 30HAX
HPOBOJANMOCTE U BaJleHTHOI HMeIOT NpOCToil mapadomude-

CHEif BHJ

2,9 2,2
Eck)=Ee + 25 B (k) = —j— (8.11)

24
m,’
BEIYHCIeHme mATerpana *) B gopmyrne (8.10) gaer

Proxs (©) = mE2 (2 (o — E)Y?/n2h3, (8.12)

mit=my' + my’, (8.13)

154. TIpm ortpa:enum csera ¢ A =100 MEM TONCTHIM HO-
NYNPOBOAHUKOBRIM 00pasnoM koadduuueHT orparmeHna R =
= 0,36. Koadpumuenr npornyckaHua OJeHKH U3 TOTO e Ma-
Tepuana tonmuHoit d =1 mym pasen I = 0,17, Haiitu ko3 -
GUIHEHT OOTJOMLEHHA ¥.

155. HafiTu Benu9unbl KBa3UBOJHOBEIX BEKTOPOB 3JEKTPO-
Ha U JBIDKH, POMAeMBIX OPH NMOTJOL(EHHHM KBAaHTA cBeTa hi®
B IPAMO3OHHOM MNOJYIPOBOJABUKe ¢ NapaboiHdecKIMH H30-
TPOOHBIMU 3aKoHamu pacnepcwu. OUeHUTH CTENEeHb HeBep-
THKAaNbHOCTY Oepexoja, CPAaBHUB pe3yJbTaT ¢ BeJHTIHHOIL
BOJIHOBOFO BeKTopa ¢ mnoriomernoro ¢oorona. Ilpmuare E,=

*) Jlna BpIYOCICHWA WBTerpara yA00HO BBECTH MOJNAPHEIE KOOp-
auHATEL B K-mpocTpaHcTBe, & 34TeM BOCHONIBAOBATHCA (JOPMYNOH MH-
TerpupoBaHuA ¢ §-PpyHKOmew:

b
juz) 819 ()] dz= 3 f(=)/| ¥’ (=)

rae f(z) — Opom3BonbEAaA HenpephiBRAA (YHROEA, a ¢(z) — andde-
pennupyeMas (QYHKOEA, HMEOMAA TOABKO NPOCTHE® HYIN T; ¢ <
< z; < b; mpefieniet a ¥ b MOryT OHTH B GeCKOHEUHEIMA.

55



=03 5B, spdexrmpnne macct m,=m,=04m, ho=
= (0,31 3B, noxasatens npenomaenua n = 4.

156. PemnTts 3amady, aHANOrHUHYI0 OpednIfylleii, 10
B3ath ko = 0,20 aB, n=23,3, E,= 0,18 3B n caurtare aaxon
sucrnepenn keiirosekum (1.3x) ¢ m(0)=0,015m,.

157. OnpepenaTs HEPTAM YACTAI, pPOKAAWOIUIAXCA TpH
NOrJoeAHY KBAHTA CBeTa Aw > K, B NOJYUDPOBOAHAKE C BbI-
poeNHOH BaleHTHOIl 30HOI. 3aKOHEL JUMCIIEPCAH CUHUTATH:
napabonmaeckuMa @ mn3oTponusimMa ¢ dddexTaBHOR Maccoil
9JIEKTPOHOB M, = 0,00m, n addeKTHBEEIMI MaccaMH JETKHX
Il TAXENTHIX AMpPOK my=0,12m, 1 mp = 0,5m, coorsercr-
senno. Ilpanates E,= 1,43 3B, ho = 1,5 3B,

158*, Boiuneanrs KOMOHHAPOBAHAYK IUIOTHOCTH COCTOS-
HIIT 1S 30ULI ITPOBOJUMOCTE M 30HBI JIErKUX ABLIPOK, OMHCHI-
paeMbix. 3axonom pacumepcun (1.3:x).

159*. DBeiancauts KoMOWHNHDPOBANHYIO TMJIOTHOCTE COCTOA-
Uil Aas 30HB NPOBOAMMOCTHA M 30HLI THAKEJILIX ALIPOK, ONMH-
crisaemeix gopmyaamm (1.3x) (mpm 3maxe «+») m (1.33)
(currate my > m(0) 1 ho — E; < Egmy/m(0)). Ionysenuniit
pe3yJbTaT CPAaBHATH ¢ OTBETOM NpeAblAyHlell 3ajaw,



PEINEHUSA

laaea 1
CTATHCTHEKA 3JERTPOHOB
Il IBIPOK B IOJYNPOBOIHIKAX

1. a3 ycnosms HefiTPANLHOCTH R ==p B HEBLIPO/KACHIOM
caytae umeeM

2 (mukT/2a02) " exp [(F — E.)/kT] =
= 2(mykT/2nh*)*** exp [(E, — F)/kT].

Orcrona
exp[(2F — E. + E,)/kT] = (my/m,)*"?,

|, cJe;lopatedatno,
F="/,(E.+ E)+/ kT In(my/m,).
HoHnuenTpanna ajeKTpPOHOB paBHA
no=Vnp = 2[(m.m;)"*kT/2:7*]"* exp [ (E, — E.)/2kT],

Monaran E.—FE,=FE,=A —EtT, nmaxommMm, 9To OTHOUIEHIe
rounentpanuit upn 300 K o npn 200 K panso

Pa00 _ (3001372 A (1 1 ,
;qo— = (200) exp[ ﬂ'(g—og—m)] = 3,6.109,

2, C ydgeToM TeMOepaTypHOro H3MEHCHHA UHIPHNB 3a-
npeientoit 304Ll KOINENTpannda B coOGCTBEHHOM 0JyNPOBOJ-
HHKE paBla

n=2(Vmym,kT/2nh*)*? exp(&/2k) exp(—A/2kT),
e E,=A—ET Orcioga nonytaem
2(Vmamyph/2nh?)*exp (8/2k) = nT-** exp (A/2kRTY,
H, CJIef[0BATebIIO,
mymy,  (onk? \2(n 3 4 24 2
T (Tr ) (%) T P (i — 5) = 0.2t
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3. Ornomenne xKounmesTtpanmit npm remmeparypax T, u T,
panno (cM. 3amagy 1)

n, T\¥2 A 7 .
D (T_z) e.\p[— e (T—l — T_z)]
(Es=A—%T). Orcionia
A = 2kT\ Ty (T~ Tz)_l In (’111‘2/2/)127’?/2).

Hna mammx ycaosmit A = 0,26 3B.
4. KoruenTpauuA 3IEKTPOHOB PaBHA

20 R S X
. 2 X u

(2n)® N
AR\ 20 1 / 8/
+Em—”')]} = W F(Smﬁ_m I )1 2(kT) 2 X

X y {1 +exp[p(Ec—F + 2>+ 3y + z’)]}_ld.rdy dz =

= (32334(1)1/2 [B(F— Ec)] (Smi/n “)1/’ (}37')3/2 -

T\3/2

=2(’”d"", ) @/, 1 (F — ).
2nh

3aecs Q — wHCNO IKBHBANEHTHBIX MITHIINYMOB 30HBI NPOBO-

numoctH, p=1/kT.

Peayanrar muterpuposauua no k e sasmcur or BBIfOpa
npefiel0B HMHTOIPUPOBAHMA, €CIH OBTH IpeJeNnl Je:{aT BHE
o0nmacTi 3aHATHIX coCTOAHUIT. JTO HMEeT MecTo B Gonbuinu-
CTBE TPAKTHTECKH MHTEPECHBIX CIy71aeB, MOITOMY Mbl He CO-
BeplIacM OMHUOKY, BRIIOMHAA Murterpuposanme mo k B Gec-

KOHETHBIX Npeiesaax.
Taxkum oGpasom, aaA 3¢derTuBHON Macchl NJIOTHOCTH CO-

CTOAHIIT HMEeM
2/3 a 1/3
Mmyn = 0 (mJ_m It ) ’

B Ge ummeeM ma, = 0,503nm,; 8 Si mg, = 1,06m,,
5. Paamoxkum 3akon pacuepcun (1.371) mo 6 m orpanm-
9AMCH WieHAMHU, JHHeHHBIMU ITo 3!

E, (k)= E, — (h*k*/2m )[1 £ 36B"p(0, ¢)/(A+B')].
3accy m.=m,(AdxB")", (0, ¢)=sin*Ocos? ¢sin?q +
-+sin? Bcos? 0——:5, 8 u ¢ — yrunt cdepuuecKHX KOOPRUHAT
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sextopa k. Hounenrpanma jsipok B a3ToM npubammenun
paBHa
23

jk’ d/»j de § sin 0 40X

0

P12 = @

52k 360’ -1
x {1 +osp [ZluikT (1 * 73 VO ‘P)) - "]} =

( ‘ : - 36
=I—[L—j‘kzdk{[1 + C\p< |3 IT—||)J + lf;!’ %

1]

o T
2 0 12 -1y 60 )
Xl“a/ﬁ U+ esp| gi—=7 AT =]l zz)de ) sin8d0:(0, (P)}=
0 1]
= ‘VL'I'Z(DI/Z M),

rne nnjexc «l» oTnocuTea K 3oie «JMCTKUX» ALIPOK, HMHAEKC
«2» — K 30HE (TIDHREJBIX» [IbIPOK, BENUTHIEI Num onpe;e-

JIeHbl KaK
e 3/2
N 1,2 2 (m_,,,l,sz/2n,Tz2) .

a 2(ppeKTHBOBIE MACCH HJIOTHOCTH COCTOAHMII
4
Mdpy,a = mi[1 + WJ

Otciojla moJiytacM [WIA HCKOMBbIX 3(@CKTHDUBIX MAace

“Qr T
My, = 0,042m,,,md,,2= 0,33:n,. Bosiee rowublii pacter ¢ yde-
TOM 97€HOB CJACAYIOL(HX HOPS;IKOB IPHBOIAUT K HECKOABLO
OonbiieMy auavenuio 3 heKTunnoii Macchl «TAMHEABIX» JIbI-
POK, md,‘2=0,35m0. [Mosuan adyexTnBHAA Macca MIOTHOCTH

COCTOH“UE{ BaJeHTHOIl 30HK! repMaHiLT Opu 3ToM paBHa
3/2 3/2\2/3
may = (m&s 4+ m2)*"* = 0,36m,.

Jlona «rerxux» ABPOR B IOANON KOHUEHTPAIHA JbI-
POK pasma

"1 Arl_l My \3/2 0,04
' N“l. + sz - my, 1VE

Takum 00pasoM, «Ierxue» AHIPKH B TepMAHHE COCTABIAIT
aump okolo 4% Bcex cBOGOAHBIX ABIPOK.
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7. Kax moxasamo B pemenmn aagaum {,
no=2(Vm,m,kT/2ah*)** exp(—E/2kT).

HOI[CT&B.TIHH 3HaveunIAa Sd)q)GRTHBlIHX MAacC I WHAPOHBL 3allpe-
meHHOI 30HbI, YKa3aHHbIEe B YyCJOBHNN 3aJ39H, Noaydaem

Ge: n, =22 10" cm~?,
Si: n.=1,05 10" em~?’,

8. p=[en(u.+pp) ' = [enp. (1 + 1/b)]-". Hoacrapaaa
q11ca, YKA3aHALIe B YCJAOBMH 331a9H, HOIYIaeM

Ge: p =50 OM -cwm,

Si: p=3,1 10" Om cm.

9. 13 ycaopus #efiTpaiabnoctil moydaeM
N®,,2(n) = Nyexp [(E.— F)/KT],

NMOCKOJALKY ra3 NLIPOK B BANEHTHONH 30HE MOMKHO CHNITATL He-
BLIPORJEHHOBIM 03-32 Ooubluell BenndnHel aderTnBnol mac-
cor. Iotaraa w=(F —E.)/kT <1,3 n uconoasays ¢opmy-
ay (11.4)

@, () = L(1 +0,270),
rae {=exp1, OpUXOIHM K ClefyloLieMy ypasieumo 1aa £
' — 0,274t —A =0, A=(my/m,)""* exp(—E/kT).
Peurenme aToro ypasHeuus uMeer BHJ
t=0,1354 + 70,0182 + 4.

Bes y1uera BBHIPOKAEHIA MBI HOJY'ILTIT Obl pesyanTat

tuenup = VZ
Oruomenne (F—E.)/(F — E.)uesup pasno
F—E, _ 1n(01354+ V001824 1 4
(F— Ec)nenup 1o ]/Z ’

KoBneATpanma aJMeKTPOHOB, paBliasg KOULEATPAUMA ABIPOK,
naetca o6naHo# popMyoi

n=p=N,exp(—E/kT)exp(— (F — E.)/kT).
IIpm 600 K mu mmeem E;=9,8 102 aB, 4 =4,74, t =291,
baesmp = 2v18;
F—E,

(F - c)nesup

— 1,37, " lwemn_ (o5

Myesup £



Orciona
n=(NJ/t)exp(—E/kT)=3,3 10" cm~.
10. Yneabnoe compormBIeHHe COGCTBEHHOIO MOJYIPOBOJA-
HIKA PaBHO
P =le(npn + pup)l" = (nepn)"'b/(1 + b) =

h ons? 42 ( Py )
= a—— | — explsr—r1.
214 b)ep, l/mnm,p kT ! 2RT
Ilpn 30 K mveem E,=0,773 aB nn
pso=1,2 10" Ox cor.
ITocnenuron nudpy, pasyMeeTcs, Heabds HPUUIMAaTh BCOPLEd:
B TAaKHX YCIOBMAX HIPAKT pPOJb NPHMECH I, MOKeT, ObITh,
nupie cTpykTypubie fedexkTnl. OAnako npoBejeHHAs ouUEHKa

DOKaabiBaeT, CKOJb CHJIbHO BINAET TeMmepaTtypa HA COlpo-
THUBJEeHIEe COOCTBEeHHOQTO UONYLIPOBOAHUKA. .

A

FYEL e
Puc. 16. Koumeurpaunounan aanu- ¢
cnMocTh yposlis @epMu B DOIynpo-
BOOMIIKE € He3KBUBANEHTHLIMU MH-
HIMYMaME 30Hb NPOBOJZHMOCTH B
YCIOBHEAX CHJABHOIQ BRIPOAKAEHHA.

V]

11. Tlonnan xommeuTpanus 3JEKTPOHOB PpaBHA CYMMO
Konuequaunﬁ B OTJ€JbLUBIX MHHOIIMYMAax

2 , 2
n=ny{n;= (murf(['jl (k)) ¢k + Eﬁj‘f(lfu (k)) dk,

rie E(k)=hFE/2m,, E,(k)=FE,+ 1*i*/2my;, a 3a nasamno
oTcyeTa oHepruy spOpanm Kpail mikuero Muummyma. Orcioma
HAXOAHM

n= NI(DI/Z(T])+ N“(-Dl/gl(n —_ E./kT)'

rae Ny m Ny — sddexrususie umcna COCTOSEEI B MEHEMY-
max I u II. [lna BeBmpoxAeHEOrO ClyYan

n=In[n(N;+ Nyexp(—E,/kT))"'].
B npenesne cuibHOTO BHIDOM(ICONA HMeeM
1 [2my\9/2 m 3/2 /2
1, >0,
8(z) = {0, <0,
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IIpumepran aasmcumocth yposHa (epmn o kKommesTpannn
B cJyd9ae CHABHOIO DBHIPOMKJEHHs (puseicta ma puc. 16.

12. KouneHnTpanua JJeKTPOHOB B BepxXHeM MUHHMYMe
panHa

(-]

) i m—r,
@ { e goyaie = Mygesp (“7)

o0

np =

= nlexp(— EJRT)[1 + Gexp(— E kT,
e &= Ny/Ny=(my/m;)¥*=>58. Herosmoe oTHOmeunue ccrh
n/ng = n,/(n—nn)="texp(—EJ/kT).

H()]'[CT&B.TUIH Clo/la vOocaeninle 3Iavcliig oDapaMcTponp, na-
X0TUM
nyp (300 K)
n (300 K)

nyp (1000 K)

—4 o
= 08107, Ry ~ 1

13. ITposogumocTs panna .
ag= e‘)llul + enuuu = en,p.l (1 + n“p.”/n[”.[) =
=enp; [1+ ¢ (un/p)exp(—E/RT) 1+ {exp(—EJRT)].

B obnactn T < E,/k ameeM G = ¢, = cnji;, IPA BHICOKIX TeA-

Puc. 17. Temmepatypnas 3asn-

4
4 CHMOCTDL LIPOBOAMMOCTH  [TOJIYy-
NPoBOTIIIKA ¢ HEIKBHNBAJCTIIBI~
P ML MITUIIMYM8MUE 30Ubl [1POBOJIL-
oo

r MoCTit (CXCMATHUCCKD).
|
£5/k 7
. ol gy .
neparypax (I' > EFyk)0 ~ 00 = en—rr— Ipusmepusi xof

1IPOBOAMOCTH HmOKa3aH Ha pac. 17,
Hcromoe oTHOMEHEE PaBHO

¢(1000 K)/a (300 K) = 0,5.
14. TlpeoGpasyem ¢opMysy 7AJS KOHLEHTPANUM 3NeKT-
POHOB:
2

i

f 1 (E) dk = n—‘jkﬂ/ (E) dk = Tp(E)f(E) dE,

tae p(E)=(k*/n*)dk/dE — unotnocts cocTosumit, BriGupas
3a HAYaJ0 OTCYETA Kpail 30HK DPOBOAMMOCTH M Bepaman k*
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gepe3 E, HaxonmM

o A 8mal 2mE 2maE
K _27(1—‘/1— - )N—R{(HT),

OTKYZa

A /2m\S2 SmaE
o (B) = o (3) B (1+ 5 )
Taxum o6pasom (cm. (II.1)),

n= N, [(Dllz M+ 5 m:;T Dy ('l)]‘

15. Cornacno ¢opmyne (1.11a), nas Beramcienna maot-
1OCTH COCTOSTHMIT Hajo HaiiTw saAxobuan Z(E, 6, ¢). Bsona
cdeprueckne KoopAnHatel B K-upocTpancrse, Mbl lLomyuaeMm

Z(E, 8, (p)ilc'-'l% sin . (1)
OGo3Hauus BpeMeHIIo
2K E,/m(0)=a?, (2)
nonyunM, cornacno (1.3},
k=(2/a)[(E—E.)*"+ E,(FE —E.)]". (3)

@opmyant (1) n (3) maror
Z=(4/a*)[(E — E.)*+
+EJE —E.)]"[2(E —E.)+E]sin0. (4)
Vnobno npanath Kpaii 30HBl HTPOBOJAMOCTH 33 HATAIO0
orcuera oueprun (E.=10). Toruga, momcrapias BLIpa)ienus

(4) B upaByw vacrn (1.11a), maxopum, ¢ yuerom dopmy-
ant (2),
3/
p(B)=Br g (1 ) (14 22). 6)
L Ly Eg
ITpn E,>» E n m(0)= m, oTcrofa BHOBbL noaydaerca dopmy-

na (1.116). C npyroit cropoust, upun E > E, suipaxenne (5)
NpUHAMAET BUJ,

pu (E) = [2m ()" E*/n*WOES". (6)

Benomunas, ato m(0)=3R°E/4AP?, rpe P — napamerp,

(Imryp%py[(kmnﬁ B Gopmyne (1.3e), maxoumM oKOHUATENBRO
(upn £ > E,)

pn(E)=(3/2)*E*/n* P, (6°Y
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®opmynur (1)—(6) me cpasaEn ¢ KakmMm-an6o mpern-
TOJIOKeBEUAMA O CTEHeHH BEIPOMKIEHHA 3JIEeKTPOBHOro rasa.
Ot aTEX Opefno/]oeHAil 3aBHCHT IHLIL CBA3b KOENEHTpa-
nno arextpomos ¢ monmoskenuem yposEs @Pepmm. OGparumcsa
cHayalla K HEeBHIPO)KIEHHOMY CJY4alo.

Monavaynce dopmynamm (1.13) m (5), monyzaeM AnA MoO-
nena Heitga:

Ne = ([2m (01" (RT)*/n* % Y] X
X [ Vzexp(—2)(z + Eg/kT)V? (z + Eg/2kT) dz.  (7)

B ofmem crygae 3amadcHuWA MHTerpana B npasoli gactm (7)
OPEXOAKMTCA NDaxogmTh wumcaeHno. B mpemenbnom cayuzae
E;> kT uonyqaemu ope:kEwit  pesyaerar (1.6) (opu
m,=m(0)). G nmpyroit cropour!, mpa ;< kI Mb nmecMm

N, = 2[2m (0)]"% (kT)?/n213ES 2. (8)
CpaBHEBag 3T0 BHIpaMKeHHe C d)opmynou (1.9), maxommu

spdexTrBRYI0 MacCy NNOTHOCTA COCTOAHMII B 30HE OPOBO-
REMOCTR ¢ 3aKoHoM amcuepcmd (1.3:x) mpn E, < kT:

4 kT 3u2er
m == — T O =, 9
dn = 7178 E, (9 13t (9)

B ycrOBEAX IOTHOTO BLIPOMKACHHA KORIEHTPANNE JJICKT-
poHoB naetca ¢opmynoil (no-upe:raeMy opu E. = 0)

F
_ i 2m (0) 13/2 na/2 L 3/2
" fp” 3::“[ ne ] d (H'Eg) (10)
0

[Ipn E,>F n m(0)=m, orciona monydaerca pesymbTar,
CrpaBefJuBLl 1A KBAafpPAaTHUHOr0 M30TPONHOLO 3aKOHA JIC-

OepcHm:
ne { 2m“F 3/2
3n? | 2 *

16. Ucnoabaya pesynpTar mpeislAyulell 3aaum, HaXogmEM
my, =m(0) (1 + F/E,).

Bripayxas F wepes KOHHCLUTDAIIO, OPOXOAUM K CAEAYIOLIEMY
BEIPAHKEHNAIO JIJIA Mynt

Mp =" [1+l/ 14— (0)5 (3n? n)’/"}




dddextnrman mMacca m* gana sakoma pucmepenn (1.3x)
paBHa

me =ik, =mO(1+5) -
= 4

2
= m (0) I/ 1+ ;l-z(g—Eg(anZn)'”“-

Haitnenmnnle Maccml CBA3aHH COOTHONIEHHEM
my, =(m(0)+ m*)/2.

Jlnsa KBaZpaT@YHEOrO 3aKOHA NUCHEPCHH Mg, = m* = m(0).
17. Ua ycaosms EeiitpaisEoctm n=p+ NJ mpm p<n
monyvaeM
Nc.expn=N.{1+gsexpn exp[(E.— Es)/kT]},

Pemerme IOJYYeHHOro ypaBHeHﬂﬂ, Knanpamqnoro OTHOCH-
TeAbHO expm, OaeT
expn =(2gs) "'exp[— (E. — E,)/kT] X

X1+ 4(Nag/No)exp( (E. — E)/RT) ]V — 1),
OTKYJa

F=FE;+ kTIn{(2g4)7" [{t + 4(Naga/Nc) X
X exp [(Ec — Eq)/RT1}* — 1]k

Ilpg 7 — 0 mveem N K Nyexp[(E. — Es)/kT] =
F=(E.+E.)/2+(kT/2)In[NugN.(T))

Ilpg Gonee BEICOKHX TeMmIepaTypax, KOrza N>
> Nyexp[(E. — E.)/kT], nonydaem
F=E,— kTIn(N/N,).

TakuM o6pa3zoM, IpH DOBEIUEHUA TeMIepaTyphl ypOBEHB
(DepMu cHavaga Bo3pacTaeT oT //
(Ecp+ E))/2, a sareM, mpoitna g ////////////,
qepes MAKCHMYM, HAadYHHAET
[049TH JAUHEe#HO yOLIBATH C TEM- £k,
mepaTypoil Ao TexX mOp, HOKAa ~ 2
KOHLEHTpanus JHIPOR He CTa-
HeT 3amerroil, [IpaMepaRuIit X071 £
yposes @epME ODOKasaH Ha
pec. 18. 77
18. W pememma mpemity- p. g TeMnepaTypHaA 38BH«

med 3ajaYM BEAHO, UTO YPO- cpyocts ypoBuA (QepME DpR
Bess @epMmmE °coBmafaer o MeCHOro IOIYRPOBOABMEKA,

B B. JI. Bors-Bpyesen u 2P, 65



yPOBHEM MDEMECH, KOTAA
(1/2g2){ (1 + 4(gaNo/N.(T\) Yexp[(E. — E.) /kT])/? — 1} =1

(cm. puc. 18). 3To mpomexoauT mpH TeMmepaType, ompeAessae-
Moii “ypaBHeHEEM

kT, =(E.— E)[In ([N.(T,)/4g:Na] [ (2. + 1)* — 1]},
O6oanauge Rl =E,— E; a y=T,/T,, nonyamm
y=In[N.(T,)/Ng + In{[(2g. + 1)* — 1) /4gs} — (3/2)1n y.

Hdna paccMaTpEBaeMOro ciyyas
T.,=116 K, N.(Ty)=2,5 10" cm~?,

Taxum o0pasoM, ypaBHeHEHE mMeeT BHJ
y=26,62—1,51ny.
Ero pemenme ects y = 4,4, cnegosartenwsro, I, = 26,2 K,
KomnenTpamus aneKTPOHOB NPH 3TOH TeMOepaType paBHA
n=N,(T,)y " exp(—y)=3,3 10" cu~’.
19. U3 ycnoBua HeiiTpankHOCTR N = N} oonydaeM ypas-
HeHHEE ANA KOENEHTPALEH 3JE€KTPOHOB
nt+nndgi—niNJga=0, ni=N.exp[(Es— E./kT],
OTKYJa
= (2g2)" [(n} + 4ganaNa)'"* — n4].
ITpm muskmx tTeMmepatypax (Korma ng < 4g.Vy)
n=(ndNy/ga)"* =(NsN./gs)""* exp[(Eqs— E.)/2kT).
Ecnu me ns > 4g;Ns, To n =N, A
IIpg 300K B Ge mmeem ne(300K)=7 10" cm~?,
4bgeNa=1,6 - 10 em—2.
Taxum ofpasoM, ngs > 4g.Ns 0
n=N;=2-.-10" em~*.
20. Hmweaa TeMnepaTypBaA TPaHANA OLpefeNAeTcA He-
PaBEHCTBOM ,

ng > 4ng4, ng = Nc exp [(Ed - Ec)/kT]
U HAXOOHTCA W3 yCIOBHA

N(Ty)exp[(Es— E.)/RT\) = 4g:Ns.
Ty =(E.— EJ)/k1n [N (T,)/4g.Nd.

Bepxsaa TeMmepaTypHas rpaHEOAa onpeAenfeTcA TpeGoBpa-
66 1
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mmeM, 9TofEt cofcTRemEEIE KoHneHTpanum OBIN MANE! TO
CPABHEHHI0 C IPAMECHBIMHE

n<n,
IloaroMy BepxHIOI rpaHANy HaiigeM M3 ypaBHeHHEA
Ny;=N.exp[—(E.—E,)/2kT], E.—E,=A—ET.
Ona paBra
Ty = (A/2k){In [No(T1)/Nd] + &/2k]".
Beesiem cnegyiompe 0603Ha9eHUsA:
To= (E.— Ed)/k, Tq=0/2k,
1= To/ Ty, ¥a=To/Ts.
Torma s onpefeNeBNA IPaHAL AMEeM [BA YPAaBHEHHA:
Y, = In[N.(T;)/4gaNa] — (3/2) In y,,
Y= In [NG (Z.(,; /Nd] - (3/2) lny, + &/2k.
Jlna repMaHHA 3T ypaBHeEAA OPHOOpeTaoT BAJ
y;=5,05—151lny, y.=14,93—151ny,,
IOCKOABKY *)
T,= 116K, To=4,5-10K,
N.(Ty) =2,5-10" cm™2, N.(T;) =6,0-10%° cu®,
Hs sarax ypaBBeHmit noryzaeM
=327, y,=1129,
T,=35K, T,=400K.

21, AmanorEyHEO pemieHAI OpefiBIAymedl aafgaum Aaa
InSh mMeem

A=0,026 3B, £=2,7-10"* 3B . K-,
T, =11,6K, T, =1510K,
No(T,) =35-101 cu™®, N (T;) =5,2.107 cn™%,
Orciofia monydJaeM ypaBEEHOA
yi=-382—15lny;, y.=713—145lny,.

*) Pasymeercs, TeMumepaTypa ‘T; EMeeT MEmL SECTO QopMamdb-
Eul cMuca,
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N OKOHYATENbLHLII OTBET MMeeT BHR
.llx = 0,078, yz = 4,78,
T,=149K, T,=316K.

22, Vcnopme HefiTpanbHOCTE 3amdchiBaercsA oOBIIBEIM 00-
paaoMm:

ND,,,(n)=N.{1+gsexp[(F — E;)/kRT]}"",
2(n) d d ( d n=(F — E)/AT,

a ana mETerpana PepME MoXKHO HCHOAB30BATH OpHGIAKeRH-
Boe Brpaskemme (II.4)

D, (n)=e"(1+0,27e") -,
B peaynnTaTe mpEXOAOM K YPaBHEHHIO
exp2n + ga' (1 — 0,27Ny/Ne) exp[— (Ec — Eq)/kT] expn —
— (Na/gaNc)exp [— (Ec — E4)/RT] = 0,

pemeEHe KOTOpPAro mMeeT BHX
exp nj= exp [— (Ec — Eq/kT]-[{(4g2) 7" (1 — 0,2TNy/No)* +
+ (Na/gaNe) exp [(Ee — Eq)/RT 1}'/*—(2g4) ™" (1—0,27N4/N o))
Orcrona
F—Ey=kTIn[{(4g3)™" (1 —0,2TN4/Nc)? +
+ (NajgalNe) exp [(Ec — Eq)/RT [}**— (2g4)7}(1—0,2TN4/No)].
Ilpm 7 —» 0 copaBemIEHBO HEpaBeHCTBO

(0,27)*No/4gsN. < exp [(E. — E,;)/kT),

F=(E.+E))/24+(kT/2)In(Ns/g.N.).

Ecnm KoHDeHTpamua MocTaTodHO BedEKa, ypoBeEh Pepmnu
MOeT B ODpefleleHHOM HHTEPBAJe TeMIepaTyp OOOacTh B
80HY OPOBOARMOCTH. YCJO0BHE

v=[(483)7[{1 — 027N (In y)**/No (T))® +
+ Nay (In y)**/gaNe (T) /2 —
— (2g0)* [1=0,2TN4 (Iny)**/N.(T))] (1)

ompeflendeT TeMIepaTypy, ANA Koropoidt yposeEs Depmm
coBIAflaeT ¢ JHOM 30HH IPOBOXEMOCTH. MiI BBEIE aReck
o6oanavenns

y=exp[(Es~ EJ)/RT), Ty=(E;—EJ)/k,

no3TOMY
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IIpr MamsIX KommeETpanmax HoBopos ypasmemme (1) Boo6-
me He MMeeT KopHe#, m B aroM crydae yposeBr (Depmn
He IIONajaeT B 30HY.

Uccaenosarme ypasrenma (1) ymoGree nposon®Th, mHe-
pemmcaB ero B BHE[e

y=—gi* + Aoy (2)
rme A=1,27N./g.N.(T,) — napaMerp, OpomOpOAOHAMBHEILT

KOHIEHTpanu® HOHOPOB. IIpmmepHSBIi XOX KpHBBIX, ONBCHI-
[ 4

A 1A,
! 4

"L Ly Aohiy

fz"“ﬂkp
Prc. 19. H onopegenermio
KPATHEYeCKAX 3RAaIeHAmH TeM-
nepaTypsl B KOHIEHTpAnmn
npaMecH, IPE KOTOPHIX Ypo-
Bens PepvmE ponanaer B 30-

HY DPOBOAUMOCTH, 7

BaeMbix JeBoif m mpaBoll wacTAME ypaBHeHAA (2), mpm® pas-
AMYABIX 3HAYEHAAX IapaMeTrpa A TokasaH Ha pmc. 19, rme
f(¥)=y, a f(y)=A(lny)**— gi'. Us pacysxa smumo, 1r0
OpR KOHOEHTPAUXAX NPEMecH, MEHBLIUMX HEKOTOPOH KpATHe-
cKoit xommentpamum Ng°, yposens Mepmu He momajaer B
30HY OPOBOMMMOCTH HM IPM KakEX TeMueparypax. IIpum xom-
neETpanuax, OCONBINAX KPATHYECKOH, HMEIOTCH [Be TOYKH
mepecevueHAA KPHUBOM, ONMHMCHIBAEMON NpaBOit 9acThI ypaBHe-
uma (2), ¢ opAaMoil, 3afaAHOi ero nepoil YacThi; ITHM TOU-
KaM I[IepecedYeHAA COOTBETCTBYKT JIBe TeMIepaTypsl, orpa-
EMYABAOINNE HMHTEPBAJ, B KOTOpom yposeRs (DepMm pacmo-
noxen B 30He nposomumoctu., COBMECTHOE peLICHHE Ypas-
menna (2) m ypasHeHHA

1=(30/2) (Iny)"*/y (3)
onpejenfeT KPATHIECKY TeMmeparypy 7*P Bm KDHATHIECKYIO
KOHNEHTpandi0 [0HOPOB, COOTBETCTBYKILYIO KAacaHAIO JHA
308K nposogmMocta yposHeM (Depmu. IlogcraBasa Beamanm-

By A @3 ypaBeEeHmsa (3) B ypaBHeHme (2), moxydaeM ypas-
HeH@e AJA OOpefiesileHAA KPATAYECKO# TeMOepaTypsl:

-1, 2
y=—gi' + glllﬂy-
Mpr gs=2 pemeBme mOCNeJHEro ypasHeHHA eCTh Y*P == 5,2,
89



Takmm ofpasoMm, B repManmm (cM. sagagy 20)
y*® = exp(T/T*?)=5,2,
I'**=T,/In5,2=116 K/1,65 =70 K;

2 Xp N AT -
N = Ze Y (7o) ~ 10 em~3,
3 (ln yxp)l/ﬂ 1,27

[Ana InSb nonygaem (cM. samauy 21)
TP = 11,6/1,65 =7TK, Ni*~1,5.10% cu™%,

23. Onermy rpammnsr TeMOepaTypHOrO HMETEPBajta, B KO-
TOpOM KOHIOEHTpAOWA ABIPOK HOCTOAERA ® pasHa N.. Kaxk
m B safade 20, Hy:KHO peIIATh ypaBHEHHAR

¥, = In[N,(75)/4gaNa] — 39,12,
Yo =In [N, (T0)/N.] —3y/2 + &2k,
Hdar rpemMumA
A=1213B, £=28 10~ sB K-
To=(Es— Ey)/k=520K, T5=A/2k="T020K;
N,(T;)=2,6-10%cu™®, N,(T;)=1,3-10% cn>,
IIpm atoM ypaBHEeHAA HPUAAMAIOT BAL
Y =4,18—151ny,, y,=11,09—1,51ny,.

Nx pemeHns TaxkoBHI:
Y = 2,69, Y. =17,98;
T1’=194K, T1’=879K-

Taxom oGpaszoM, mpm koMHaTHOH TeMmmepatype p= N, =
= 10" c¢Mm~*. Vnmeabmoe compoTmBlieHHe MaTepHala PpaBHO

p={(pep,) ' =0,62 Ou - cm.

IIpn 30 K xommenTpanma NBIPOK ecThb
p=(N.N./g.)!*exp[—(E.— E.)/2kT] = 3,2 10" cm~*,

24. B npmmecroii ofracTE KoHNEHTpanma cBOGOXHREIX
ABIpOK Maja, a yposens (DepME JeKHAT B BepXHell MONOBHE®
sanmpemeHEBoll 30Hbl, TaK 4TO

Ni=N,{1+ gaexp[(E, — l")/kT])'l ~ N,
ToaTomy ypaBHEHME HEATDPAILHOCTHE EMEET BHJ
n+ N. e Nd [1. + gdn/n,i]“.

({Y



rme na=N.exp[(E:— E.)/kT). Orcroona
n = (2g2)"* {[nd + 284(2Na — No) na + gaNa]'"* —
- (nd + nga)}-

[Ipr Emakmx Temmepatypax (Korma ng < N.)
n= (N./gs) (N/Ns— 1)exp[— (E. — E.)/kT],

®, CclefoBaTeJbHO, HCKOMAaA 9HEPIrHA AKTHBANEA pAaBHA
E.—E,.
25, Ws peayanpTaTta npefsigyinedf 3agagd, cIATas, ITo

284(Ns — No)ny/ (na+ gaV,)* < 1,
ng(Ng—Na) Ny —N,
n,+ 83N, 14 g4Ny/ny
26. Mlpg 25K mmeem N,=25 10" em™®, a na=
= 2,4 - 10" cm~*, Taxam o6pasom,
2 N,—N
2qnq ( d. 2a) — 0121
("’d + nga)
B MOKHO NPHMEHATL Pe3yAbTAT HmpeAbAymied 3agadm:

Na=Ny 1,1-1018 cp2,

HonygaeM

n =

27. B o6nactn mmaxux temmepatyp, T <7T,, m B obnacrm
peicoxnx Temmepatyp, I > T, sasmcmmocts lnn oT Temme-

lnz

{
I
|
I
it _ -
77 77 yr

Pmc. 20. TeMmepaTypHas 3aBUCAMOCTh KOHIEHTDANAA 9acTHIHO KOM-
OeECAPOBAHHOrO OONYIPOBOAHNKA,

patyps mmeer BAA Inn = const — E,./kT, rne E,x— coot-
BeTCTByIOINasA omeprma axkTtmpapmm (pme. 20). B muTepnane
T,<T <T, KOHIEETpaO@A dJMEKTPOHOB HPAKTATECKA HE W3-
meEAeTcA B pasEa Ny— N,

1



28. Hmxnuas rpanaAna o67acTH onmpefenseTcs M3 YCIOBEA
(Nc/gd) (Nd/Na - 1)exp [- (Ec - Ed)/kT,] =Ny — N,,,

oIlpefleNnAINero TOUYKY nepecedeHUSA MIATO, COOTBETCTBYyIOMIe-
ro n= N,~ N,, 1 npoJon:keHNda HU3IKOTEMIepaTypBOro yda-
CTKa Kpusoli 3asucuMoctm lnn or 1/7T. Orciona

Tl =(Ec —Ed)/k ln [Nc(Tl)/nga]-

BepxnAa rpammOoa ompefendercs CoOCTBeHHOH KOHIEHTpa-
nneil 31eKTPOHOB:

n=N.exp[—(E.— E.)/2kT;] = Ns— N,,
TaK 49TO
T, =(A/2R){In[N.(T,)/ (Ns— N.)] + &/2k}-\.
IIJIH KpeMHRA ¢ MBIIUBAKOM H aJIOMOHHAEM HMeeM
E,—E,=A—%tT=(121—28 10-*T) 3B,
To=(E.— Eq)/k = 580K, y,="T,/Ty,
To=A2k~17,02103K, y,=T,/T,.

Ucnonesys 3agaEHEle 3HaUeHHA NapaMeTpoB, mpaBelaeM
YpaBHEHAA K BALY

Yi=1In[Nc(To)/gaNo] — (BIny,)/2 =10,3—1,5Iny,,
¥a=In[Ne(T0)/(Na— No)| + &2k — (3/2) lny, =
=16,8—1,51n y,.

Pentennsa atmx ypaBHeHnﬁ TaKOBBI:
Y= 7,32, Y= 12,96;
T,=79K, T,=3542K.

29. B cayuae ommEakoBbix 3PPeKTHBHBIX MAacC MH IO-

JaytaeMm
E—E,) 11
2G5, 0) = kg = [am ],

n cornacuo (1.25a)
pn (E) = m,/nh2

Cnygait mepaBHEIX 3¢peKTHBHLIX MacC OPABOAATCA K Mpefhl-
AyuieMy, eCJId BBeCTU HOBbIE MEPEMEHHBbIE, roJiarasg

1/2 1/2
ke =myluy,  k, = miu,
(]



Torna En(u)=E. + 82 (us + u})/2 n po(E)=(m.m,)"*/ah3.
OtMmernM, 4TOo B ABYMepHOX cmcreMe ¢ mapaGoxmdecKnM
CHeKTPOM INIOTHOCTh COCTOAHHN He 3aBACAT OT 3HEPrHM.

30. CorsacHO peaynbTaTy TpefHIAyINelt 3ajad@ KOHMEHT-
panus aaeKTPOHOB [JaeTCHA BhIpajrkeHmeM

n = (m/n?) | 1. (E)dE,
Ec

rae f. ectt pysromsa Pepmu,
fa={1+exp[(E~F)/kT]}-,
Briumcaenme mATErpaia gaer
n=(mkT/nh*)In {1 +exp[(F — E.)/kT]}.

B orcyrcremm priposnenna F—E. <0 m |F—E.I/RT > 1;

npa 3ToM
n=(mkT/nh*)exp[(F — E.)/kT],

H, ¢lef0BaTeNhHO,
N.=mkT/ah?

Ilpg T=300 K m m=m, ato maer N.= 0,98 10' em-?,
31. Cornacmo (1.27) M momxygaem

pn(E)=(Ym/nh y2) (E — E.)~"3,

Ilpu aTOM B OTCYTCTBHEH BHIPOKAEHNA

dE’g

2 -
n_gl,’:‘j (B — E)™ exp £
Ee
BBI‘:[KCJIHH HHTErpaH, ooaydaeM
n = (1/h)ymETT2m exp [(F — E.) /kT),

N.=(1/h)YmkT/2x.

32. C yuzerom coorBowenma N=N,+ N, + N, ma (1.31a)
noayyaem
Noy=g,Nz™!,

N,=g,Nz"'exp [(F — E 1) /kT],
N, =g.Nz~' exp [(2F — 2E, — U)/kT],
rae
2= go+ guexp [(F — E)/AT]+ grexp [(2F — 2B, — U)/AT]
(L]



Hpn F<E|, El—F>kT nMeeM NONN N1~sz0 opm
E,<F<E,+U w F—E, E+U-—F>»kT npnonyzaem
N’ N N0~N7,~0 al]pB F>E'+U F El—U>kT

OOYTH BCe ILEHTPHl 3amoi-

A HEeHH AByKpaTHO, N, = N, =
a = 0, Nz = N.
N 3aBUCAMOCTA  KQHIEH-

tpauuit No, Ny @ N, ot no-
noxenua ypoBaa Depmu
CXeMaTH9eCKH MpeJcTaBile-

) . . Hu ma puc. 21.

F 33. Ipmmecmmit nenrp
MOKEeT HaXOOHATHBCA B Tpex
3apANOBEIX COCTOAHHEAX: e,
0 m —e, KoTOpBIe OTBEYAIOT
sanonmenmio nenatpa 0, 1
nan 2 anextporamm. CooT-
BerctBeHHO N* =N, N’ =

_ o~ =N n N-=N, rige N,

£ U F N, m N, parorca BrIpaskemd-

\ AMH, MOOJYI€HHRIMA B Ipe-

-8 nsiaywei aamage, [Tonomxe-

N ane yposaa Qepmn ompene-

: jigeTcAd W3 YCIAOBHA Hel-
TPalbHOCTH
+ N",
3 f’:U F OTKy[Aa clegyer, 4TO

=g, X
Pmc. 21. 3aBECEMOCTD KORNEHTDA- 8o = &2
mmti oycteix (a), ommo- (6) m apy- X exp[(2F — E.— E,)/kT]
KpaTHO-(8) 3amOJHAEHHEIX IEHTPOB (E.=E, E;=E +U)'
0T nolokeHRMA ypoRHR (depmm npm . hy Hd 4 !
HO3KEX TeMOEpaTypax (cxemMaTmie- pjm

oK), F=(E.,+E)/2+
+(kT/2)1In(g./g.).

Banmo, aro mpa g, = g. yposens Pepmm pacmonosxeR moce-
peqnHe MeKIy YPOBHAMA OPHEMECH B HE 3AaBACHT OT TeMIe-
patypsl. Ilpn g, ¥ g, mmeerca ciabasa TeMIoepaTypHAfA 3aBH-
camocth yposaa DepMmm.

34. B ycnosmsax NOJMHOrO ECTOLIEHAS JOHOPOB YpaBHEHHE
HeliTpalbHOCTA EMEeT BHJ

N,+2N,=N,,

rfe Bupamesus mag N, m N, npupefeHsl B pelueHuy
“



sanaum 32. Beens o6oamavenna
z=exp[(F —E\)/kT], &=exp[—(E.— E,)/kT),
NJ/N =g,
MBl OpRIeM K YpPaBBeHHNIO
g:E8(2—q)z*+ g.(1—q)z— gug =0.

Ilpm me cimiukoMm BHICOKEX TeMmueparypax, xorna E, — E, >
> kT, anavenne § < 1. Torma B obnactu ¢ <1 momywaem

z=~g.q/g.(1—q),

F=E,+kTIn[g.q/g.(1— q)l.
B ofnacra 1 < ¢ <2 pmeeMm
z=g(q—1)/g.(2—q)t,

KornenrpanmorHas sasmcEMocts ypoBEA Depmm cxeMmaTH-

YeCKE NoKaszaHa Ha pac. 22.
35. lIpu manmumz B obpa3-

Oe TMOJHOCTbIO MNCTOMEHHHX F

MEJNKEX NOHODOB M -3aIOJHEH-

HbiX AKOEOTOPOB ypPAaBHEHHE

HeHTPaNnbHOCTE EMeeT BHJ

N,+2N,=N+N,—N..

Bsena o6o3mavennme

v=(N+Ns—N,)/N, , , .
1 2 g=Ny N

T. .

T. ©.

rae maTepBan 0 <v <2 oxaa-

THBAET BCI0 HMHTEPECYIOIYIO guc. 22. 3aBmcmAMOCTh YPOBHA
epMA OT KOBNEHTPANHEHE MeJ-

HAC 00;1aCTh JNETHPOBAHEA M-  yuy nopopoB B MOAYDPOBOAEAKS

KAMB OpHAMECAMH, MBl BHIMM, ¢ ray6oxoi mpEMechio, CO3fa0-

9TO0 B8agava N0 cyllecTBy Imell JBa aKmeNnTOPHELIX YPOBHA

CBOAMTCA K  IOpefHAyIIeit, (cxemaTHgecKm).

ecntm ¢ 3ameHatr Ha v. Co-

OTBETCTBEHHO HCKOMAafa pa3HOCTh ypoBHeil Mepmm pasHa

AF=F,—F,=E,—E4+
+ kT In[gf (v, — 1) (1 —=v ,)/2,8, (2 — v1) V4],

rme v,=1+NJ/N, a v,=1—N,/N. B obpasme, germpo-
PABEEOM aKnentopaMs, ypoBeEb QepMm IeET B HEMKReN

»



NONOBWEE 3anmpemeHHO# 30BH, T. e. o6wWYHO 8TO — TOMY-
OpOBONHAK p-THNIA C KOBMOEHTpanwed JbIpOK, pABHOU p ==
= N,exp[(E, — F,)/kT], rge F,— yposers Mepum B aroMm
o6pasne. ABanmOrAYHO, OPA JIETHPOBAHHNE JAOHOpaME 0GHITHO
mMeeM MOJYNPOBOMHHK n-Tama. QTHoumeHme KOHI@HTpanuii
OCHOBHBIX HOCHTelell 3apAfa B paccMaTpHBaeMhX oGpasmax
paBHO

n/p=(Nc/No)exp [(F; — Ey— Ec + F,)/kT] =
N, go(vl—i)vz E,—E,—E.+E,

TN, Ty T ;T :

36. Ucnonrays pesyrbTaThl 3amaz 34 m 35, MB MoHeM
HanEcaTh:
Fe=E,+kTIn[g(v—1)/g.(2 —v)].
lpm gy =g.=1, v=1,3 ameem
F=~E,+03 »B.
KornmerTpanes ALpPOK B BaJleHTHOH 30He paBHA
p=235,1-10" cm~?,

37. Mockonpky yposersh Qepmm pacmoio:keH rryS50xo B
aanpemeﬂnof{r 30HEe, AMeeM

n=N.exp[— (E. — F)/kT],
Ngp ='/,;Nspexp [— (Esp — F)/kT],
N&p/n = (Nsp/2Nc) exp [(Ec — Esp)/kT].

Orciona npm 300 K monysaem Ny/na~65-10"", mpa
77 K mnomysaem Ng/n~03 u npm 4,2K noayzaem
Ny /n=~4,6-10",

38. Hax 6nu10 mokasaHo B 3afade 34, B YKa3aEHBIX ycio-
pEax ypopers DepMm cMeImMaeTcs OT OQHOIO YPOBHA NpHEMe-
CHE K APYroMy, H

0,/0, = ny/n, =exp [(E, — E,)/kT] = exp (U/kT).

Orcrona
U=kT 111(02/(']1).‘z 0,3 aB.

39. Cormacmo sagave 34 npnm N < Ncy yposerr Qepmm
6amaok K E,, a Ncu< Ncu, nockoasky E,— E,» kT,
Takmm ofpasom, Ncu~ Nsy, m, nonaraa E,—E, =

76



= F.(300 K)— 0,32 3B — 0,26 3B, no1yzaem

2
= &8, Ngy ( E,—FE, ) ~ 4 opy—?
Neu = e Vea— N exp T ~ 6,8-104 cMm™ ",

IIpg Ney <Ny <2Ncy yporeEr Pepmm Gnmsor kK E,, =
Nzu~ Ncu, 8 NGg= Nsp — Ny = 2.101 cm2,

40. Tna roro, 4arofu oGoGmuTh paccMoTpenme 3agaz 34,
35 Ha ciaydail mONYNPOBOMHMKA C 9YEeTHIPEMA OPHMeCHLIME
YPOBHAME, HYMKBO 3alHCATH YCJIOBHe HEHTPaJbHOCTE MJIA
paccMaTpHBaeMoi CHCTEMBI:

N,+ 2N, + 3N, = N,, + Ngy — Ns. (1)

VnoGro BBECTH HmapaMeTp, XapaKTepH3YWMANl KOROeHTPaLA0
MeJIKEX KOMIeHCHDYIOMUX OpEMeceil:

v =(NAu +N5b—Ng)/NAu.

Ilonowerre yposEa (DepMmm ompepengerca ycaomeM (1) 6

£ Q23Bf e om e e

Ep 158

Ergpsa8
&

~. =
e ! 2 J ¢ ¥
Pmc. 23. H3MeBeHme MmONOxeHEA ypoBEA QepMm OPH HH3KHX TeMmOe-
paTypax B IepMaEEM C 30J0TOM, JeTHPOBAHEOM MEJKOMH ODPEMeCAME
(CXeMaTHYECKH),

yuetom coormomernmit (1.29). IlogoGro 3amaue 34 monydaem,
4TO0 KOHIOEHTpPanHOHHaA 3aBHCHMOCTE YPOBHA (DepMn npe
HE3KEX TeMOepatypax HMeeT BHJ, CXeMaTHYeCKH HOKa3aH-

HBEIA Ha pmc. 23.
41. B paccmartpmpaeMEX YCI0BEAX (2Nay < Ngy < 3N,,)
OpA 3alUCH YCIOBAA BeHTPAAbHOCTH AOCTATOYHO YIRTHIBATDH

JEOIb BepXHHH ypOBeHb 30J0Ta:
Niu+ n=Ngp = 2N 4.
n



Beena o6o3mavenns
(Nso — 2N, ) /Naw=1—K, z=exp[(F— E,)/kT),
no=N.exp[— (E.— E,)/kT],

nony4aM
gsz/ (g1 + gsx) + nex/Naw=1—K.

OTtcrona
z = (2g3no/Npu) " {—g:K — gato/Naw +
+[(gsK + g:no/Nau)® + 4g:8: (1 — K)no/Nau] 2. (1)

HuveeM no~4,9-10 em~®, 1. e. ne®Ny,y BB Z=
=(1— K)N,./n,, a KOHNEHTpanud paBHA

n=n01=(1—K)NA“=N5h— 2NA|_| =2 . 10” CM_S.

Taxkzm o6pa3oM, B pacCMATPEBAaEMBIX YCIOBHAX BEPXHMIT
YPOBEHEL 300T& OOYTH HOJIOCTEIO HOHI30BAaH.

42, TlockonbKy N,y < Ng <2N,.,, ycioBHe HeITpaXbHO-
cte mMmeeT BAA Ny + = Ngy,— Ny, CooTBercTBeHHO
nonosxenne yposER Pepmu ompepenserca BupamenueMm (1)
Opefnaymei safgadd, B KOTOPOM

1- - KF(NSIJ_ NAu)/NAu) R, =Nc exp [_ (Ec - Ez)/knv
z =exp[(F — E;)/RT],

a g g BaMeBeHH Ha gy, g HMmeem n,~ 10" cm™?,
ny/Nayw = 0,2, m, monarag g, =g, =1, naxoamum 2z =0,5,
Takum o6paaoM, mckoMas KoEmeRTpandsa papga 5 - 10" cm~>.

43. Ilockonbky mpm paccMaTpmeBaeMoii HHSKoH TeMmepa-
Type n, < N,,, nmomoxenne yposa Pepmm meTpynHO Haiitm
u3 o0mero BHpa#eRAR NIA I, DONYYeHHOro B 8sagavax 41,
42. Nmeenm

F=Ez+ len [81 (NSh - NAu)/gz(2NAu - Nsb)]-

Orciona
n= [gi (NSII - NAu)/gz(ZNAu - NSh)]Nc exp [— (Ea -
—E,)/kT] = 10-%,

PaaymeeTcsa, mogo6ras Koamentpanusa HeHaOaonaema. Pm3m-
"gecKHm ropaafo Gombimag (XoTA H JOCTATOYHO Majxasd) KoH-
NEeETPANAA BJAEKTPOHOB B 30HE NPOBOJAMMOCTE [AMKCe NpH
O9eBb HE3KAX TeMIepaTypaXx Co3faeTcd 3a CYeT HeyCTpaEMm-
Moii mofcBeTKm (cM. 3agazy 959).

44. Ycnosre BefiTPalbEOCTE EMEET BHEJ

N,+ 2N, =N,
78



rme N, m N, maworca BhIpaskeHWAMA, TPNBEIeHHLIMA B pe-
meran 3agagnm 32, B kKoropeix U= —U,, a v — 9uC10 2jeKT-
poHOB Ha nedekxr,

v =(N+ N,— N.)/N.

Brena o6osmauenne
z=-exp[(F — E,)/kT),

rune E, — ameprna ypomma nedexTa, oTBedalmero mpmcoequ-
HEHAIO MepBOro 3JeKTPOHA, Mhl HaligeM

(2—v)g.exp[U/kT)2* +(1 —v) gz — gv =0.
Orciona
z=[2(2—v) gl [— (1= g + [(1 — )%l +
+ 4v (2 — v) g8, exXp (UO/kT)]W} exp (— U,/kT),

B ycaosmax, xorga U, > kT, monyuaem
Yl A
7= l/-z—- v l/g2 exP(_ T )

F=E, —Uy/2— (kT/2)In[g.(2v~* — 1)/g.].

VYposers Pepmm caabo (norapmdmmueckn) 3aBECHT OT KOR-
HeHTpalMd MeJKHX DpHEMeced Bo Bceil obmacTH, rae medeKTH

FA

Pnec. 24. 3aBmcmmocTh ypoBnA Ergg';—:—r""/
QepMH 0T KOHNEUTPANEA Mejl- 2

KEX OpaMeceil B MOJAYyOpPOBOAHH- :

Ke, cofiepxameM fedexTs ¢ OT- I
pubaTensHoil 3Hepraed Koppena-

OEdE (CXeMATHYeCKH). :

1

1

v

2

paccMaTpEBAeMOro  THOA  HTPAT  OCHOBEYH  Polb

(cM. pmc. 24). 3
45, Ucnonpays pesynnTaT OpelnAyiieil 3aavd, BEaxof@mM

F(v) —F (v;) = — (kT/2) In [(2v3" — 1)/ (257 — 1)].

B paccMatpmeaeMmx  yeroBmax v =4/3, v,=2/3 =m
F(2/3)—F(4/3)=-1,8 10* aB.
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Temneparyproe cMemenne yposna (MepMmm ompejienserca
BRIpAIKEHHEM

F(T;)— F(T,\)=(k/2)(T; — T)In(2v™* —1).
Orcroma mpm v =4/3, go = g, =1 mmeenm
F(300 K)—F (100 K) =6 10-° aB.

Taaea 2

PEKOMEHHAIIHA HOCHTEJIER 3APAJIA
B MOJYOPOBOJHUKAX

46. Penakcanusg HEepaBHOBECHOU KOHIEHTpamu# ONHCHIBA-
eTCA ypaBHeHmeM

dAp/dt = —Ap/t,

OTKyna
Ap(t)=Ap(0)exp(—t/1),
Ap(t))/Ap(t2) = exp[ (ta ~ 1) /1],
t=(t,—t,)/In[Ap(t,)/Ap(t)] =4 10~*e.
47. B cTanmoHADHHX YCAOBEAX HMEEM

g=Ap/t, g=1yl,

HO3TOMY
Ap=vylt=10" cm~*

Ad,=eAp(up + Wa)/enpu, =(Ap/ny) (1 + 1/b) = 0,15,

48. 3aryxaEWNe HepARBHOBECHON KOHLEHTPALWNH OOHECEI-
BaeTCA ypaBHERHEM

— R =dAnjdt = —a[(n, + An)(An + n}/ny) — n}] =
= a[(An)* 4+ nyAn].
VMaTerpmpys 3To ypaBHeRHEe ¢ HAYAJBHEIM YCIOBEEM A7 =
=An(0) opm ¢ =0, Donydum
at = ng ' In[(n, + An)/An) + const,
n, An (0)

An= [An (0) + ny] exp (ngat) — An (0) *

49. Ua dopmyannr (2.9) mpm craGoM Bo30y:xAeHEE EMeeM
T=(aN,) " (ng+ po T ny+ pi)/ (e + po).
80



Buramenny powreure ci0a KOMOENTpar:
- « -3
ny = (pettn) ™" = 3,3+ 104 ox~,

Po= ngi/ﬂo =2.10cm78,

ny=p, = n; =810 cx?,

Orcrona
oa=(tN,)"" - (ne+ po+2n)/(n,+ p)y = 2,9 107° ea’e™,
S=alvr=25 10~ cmM’.
50. B namnx yenosnax o3 (2.9) maxo;(mM
1 =(ct,N)~' (1 + n/n,). (1)
Tak xax no yeaopnio npn T <200 K mmeem t~T-"2 g
ap=UrSp ~ T"*, 10 MOMHO cuuTaTh, TT0 B 29roil obmMacTH
T =(ap,N,)",
Orciosia
S, =(tNwr) ™,
v+ (T =200K)=0,96 - 107 en/ec,
S, =20 107" cm>
Tenept, npu T =300 K onpezeaun n, n3 (1) = saTen
pafieM E.— E, no dopmyae
E,—E,=kTIn(NJ/n,).

Imeem .
v (T=300K)=1,17 10" ex c¢7},

n=ny(tNa,—1)=93 10" cm~?,

N(T=300K)=1,03 10" cm~’,

Taxnm oGpasom,
E.— E, =032 1B.

51. Uz gopuyam (2.9) caeayer, 1To mMpH MaIOM OTKJIOHC-
DUA OT PABHORECHAA BPEMS MH3HH MAKCHMAALIO NPU N, = R,
Torpga B mamnx ycaosmax

I Thae = Tncpa/znt.
anee,
Tz = Tno (Pl + Puz)/[)oz-

Orcroga Jgerko Haiitn py m, ciacjopareasio, £,
Py = Dua [Pusz/zli’.T.\mnc - 1]-' = 1,3 10" CM—S,
E,—E,=FkTIn(N,/p,)=0,26 »B.

6 B. /1. Gosu-Epyesny u ap. 81



Teneps meTpyamno onpefiennts KodPAONCATH H  CeTeRUA
3axpaTta:

Qn = (Nl Tno)i—' = pl/(thTM,uucni) = 4,4 10-9 CMJC_"

ap=(NTp) ' =(Ni1)) "' =6,2 107" em’c™,

S, =a./vr=238 10-'* cn?,

S, =a,/vr =53 10-* cm’.

52. Boipaskentia 1A BpeMeH JKM3HN B BYX HaII@AX clay-

ganx aMeior Buf {cM. (2.9)):

1 "’] ap An
a’pNt (1+ n0+Ail +an no—-}—An y

T = (V)7 (1 + ny/my).

qQ =

OTtcrona

n n ¢4
Boancasaa koannmeBTE! 3TOT0 YpaBReHRA, Haiifem
n,=N.exp[(E: — E.)/kT]=4,7 10" en~?,
n,/n,= 4,66, 7t/v,=2,35.
Orciofla mCKOMOe OTHOUIeHme cedYeHnli 3axpaTa, paBHOE OT-
HOIIEHAI0 K0d)UOAEeRTOR 3aXBaTa, €CTH
Sp/8n = ap/a, = 89.

53. B paccMaTtpmBaeMbiX YCHOBHAX BPCMEHA JKH3NE Ta-
KOBHI:

o = (2t:N) = (1 + appi/en, (1)
T=(o V)" (1 ta,(ps + An)/a.(n,+ An)). (2)

BriancanM Bolmesimide clofia BeJARTANEL
n,=(poep,) =" = 10" em~?,
pi=DN,exp[(E,— E/\)/kT]=25 10 cm~?,
An/ng=>b(p,—p)/p(1+b)=0,2.

3 ¢opmyn (1) = (2) oupenenmm orBomenme Koapdunmen-
TOB 3axBaTa:

1—1,/7, T,
(pl—}—An) T,/ (no-}—An) T,— Py/" ’ Ty 1

f P
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Caenonateabno, o,/c, =0,39/0,080 = 4,4. Orcroma nmeem
w="1, (14 ap/a.n)=18 10-°
Tro =0, T/, ®8 107" ¢
54. llpr Bmakmx Temmepatypax IuyGoKme YpPOBHA aK-
OeOTOPOB 3aMOJIHEHE! JHLIb 32 CYET KOMIEHCALH JOHOPAMH:
Ny= N7 =10%cu™, NJ=9.10 cu?,
Copasennmerl HepasemctBa Ng, N7 > ng, p,, ni, p..

IoatoMy, cumtas ypoBenb BO3Gyigenna Maiasim (An,
Ap K N7), mueen

T = (2, N3) ™, T, = (ayN;)—lﬂ
An=gt,= 10" em7?,
Ap=Ant,/t, =An(S,/S, Y(NY/NT) =9-1012 cu -3,
1, =1.Ap/An =109 10-°
= (T NP =1,1-10"" eud 7,
=a,8,/8,=1,1- 107 cmPc™ !,
55*. Hpoaﬂanmupyem ofmyw ¢opmyay (2.11). TIlpn

paccMaTpuBaeMblX THOJosKenuAx yposueit I, K. u yposusg
@epMI MOMKHO CUUTATD

n/p, <1, n/p, <1, pJp, <1,

C yueToM 3TOTO mMEEM

l = __A,'_ o + a'"ﬁpl/po
T 14 p,/p, nt 1 @m0, 0, *

CpasamBana 3Ty QOpMyady € SMIHDHYECKOll, 3aRI0YAEM, YTO
BBICOKOTEMIIEPATYPHOE IIaTO, MMeEIOLlee MeCTO HA OIbITE,
BOSMOIKHO JIMIIB, €CId

a,.znz/ot,,zpa < 1.
B orox ycioBmAx noayuaem
T=(poF0)/Ni(2tuips + cazp\).

Yuntupas, yto p, = N,exp[(E, — E,)/kT], nocre upeobpaso-
BaHUA HAXONUM

2Nt = (anl + oy 1) -

— (ap' — an') th [(Ey — E,)/2RT + (%/,) In (@1 py/nz No)1.
6* 83



Imnompnuccras GopMyTa AMECT TOT KC DHA:
2Nt=A—BWW(T/T —y),

rme A=2324 10° em™*-c, B=248 10° em*-¢, T,=
=955 K, y = 4,41. Orcioja naxo;us

. =2/(A—B)y=2,64 10"%cv’c,

tn=2/(A+B)=35 10° cn’e,

Do =N, (on/oa)exp(—2¢)=2 10" cm~?,
E,=E +2kT,=E,+ 0,17 3B.

Auaa onpesiencuns cevennii saxpara HafiieM npn 200 K

vy =(3kT/m,)"*=10,96 10" cm ¢,

Oronuateanno,
Sar= /v, = 2,8 107" e,
S~ 3,7 107 em®
56*. ITo ananorum ¢ ypasmenmamo (2.12) moskHO Ha-

IucaThb
Ap

TE =g — Rn =g T‘r_t (1)
dA Ap Ap Ap R
L=y —r ot —,# Ap == An—Ap.  (2)

B cTamnoHapHLIX YCIOBHIX HMCCM

Ap=gt, Ap.=Apu./t, An=Ap(1+ 1./1)).

TloBesente An m Ap B mppolecce pelakcalMd ONHCHI-
BAGTCA JHHACHHALIMM KOMOMBAIMAMH [IBYX 9SKCOOHEHI[AAJL-
HelX QYHRIMA DpeMenu:

An = A exp(—ki)+ Bexp(—k.t),
Ap =Cexp(—kit)+ Dexp(—kit).

Tlponnddepennuposas (2) m sripasus d An/dt ua (1), no-
TyYnM XapaKTePUCTEYECKOE YPABHEHNO

K — k/t, -+ () 7' =0,

-1 -1 -1 -1
rjne g =T + T + T . Lro xopHn cyrs

Fre = (21) 7 £ [(415) 7 — (nr) YA ®3)



U3 ypasmemua (1) cnenyer, uto
C=tkA, D=rkDB,

a 13 MAYaJLHBIX YCAOBMIT HONYTacM
C+D=gr, A+B=yg1(1+1,/1).

Orcroga B onpefefsawTca KOO UIMUEHTLH; OKOHYATENbHKIM
OTBET AMeeT BHJ

gTr T'.! 1 . Ti .
An — T::—I.—‘O + %:) {[%r— —k, (1 + ;I')] exp (— kyt) +

+ [kl (1 +- .:i) —-%Jexp(—kzt)}c
(4)

2 1 2
ap= b [ (142 e ok +
1 2

+ I, [kl (1 n %) — —‘-] exp (— &, t)}

57. B craigouapHLIX YCIOBUAX
Ap=gt.=2 10" em™,
An=Ap(1+1./1,)=22 10" en7?,

A _ ! Apu, + Anp, Ap[l—} b(l : )] _
1

Mol s

] I
a, n\, b

{lo popuyne (3) mpempraymeil 3agadm HaXoquM
k=502 10° ¢, k=2 10'c".
Janee, supaskenus (4) Toit iKe 3ajau;m B TAaHHOM CAYyTae
ppiolpeTanT BHT
An=2,2 10"[0,58 exp(—k,t)+ 10,42 exp(—kit)] em?,
Ap=2 10"[0,58 exp(—Fk,t)+ 0,42 exp(—kat)] cm™,

Quesmpnno, 3a ppema mopajxa 1/k, = 1, wmcuesmer mebons-
nfaA «GuIcTpaA» KOMDOHEHTAa HepaBHOBECHOH NPOBOAAMOCTH,
a sateM Oyjaer HaGMIOMATBCA «XBOCT», 3aTYXAKWEH MO Mepe
ONYCTOIIEHAA JOBYINEK ¢ XapaKTepubiM BpeMmeneM 1/k, = 1,.

58. B o6mem smpamennm (2.8) mna Ap/Ap wmommo
npene6peTs B HAIUEX YCJNOBHAX BeJOYUHAMA Py, Py A R,
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Orciona
AP(/AP = aPN“/fL,,no = 24,
Nn Ap

n= e Epy ~1,04-107 emdc7?,
[Ipe apyroli KOEMEATPALMH JOBYIIRK HMEEM
Ap./Ap = 0,24,
15 =(Nn-a,) ' =10"¢,
t.=(1+Ap/Ap)T,=1,24 10~*c.
59. flcro, 4TO KOHOeHTpamEeil CBOOOLHBIX JARIPOK B pac-

CcMAaTpPHUBaEMBIX YCHOBEAX MOM»EBO npenebpeys. IIpm arom yc-
NosHe JIOKaNbHOII HeliTpalbHOCTH MMeeT BH[

= == L
n+3NAu+2‘VAu=N4T; Ni=~ N, (1)
B yYCJIOBHAX 3ajavum B 061)33116 NMEIOTCA TOJLKO ABa:KIRl f

TPUMIAB OTPEUATENbHO 3aps/KeHHble HOHBI 3010Ta. Ciedo-
BATENBHO,

N:u + Nru = }VAur (2)
u yciaosme (1) MmoMHO mepenucath B BHJE
"+N:—\‘u=Nd—2NAuEA‘V5- (3)

Yepea N} 3meck o6osmagena «dpeKTHBHAAY KOHIEHT-
Pauus MOHOPOB, BBIYUCIEHHAA € YUYETOM KOMIIGHCALHM,
B cragpmoHapHBIX YCTOBHAX TEMILI TeHEPALN 3JIEKTPOHOB C
TPex3apsAAHRBIX HOHOB 30j0Ta (g,) B 3axBaTa 3JIEKTPOHOB
OBYyX3apAXHRMA doHaMmu (r,) HoJMHBI ObLITE OJMHAKOBHL
Cornacro dopmynam (2.3), (2.4) m (2.7) msr umeem

gn='Nt(ann1+JS£h)/: 7‘,,=(1,Jl(1—f)N“ (4)

rie B gaHAOM cayuae [ = Nay/Naw— noas TPeX3apATHEIX
HOHOB 30JI10Ta.
Beeniem oGosznauenne

ny =n, + JSP"an. (5)

Torga ycmoBme craumoBapHOCTH KOHNEHTPAN@E CBOGOHBIX
9JIEKTPOHOB JaeT

n(l—f)—nit=0,
OTKyfa

=n/(n+ ny), ©)
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CaesgoBaTennHo,
[ ]
A’iu = NAu"/(n + nl)'.

n ycnosme (3) mpmEHMMaeT BRAJ
n+ Npur/(n + ni) = Na, ™
Orcioga mMeeM
n=—%0ﬁ+Nu—ND+
+ [(n] + Ngu — NDY4 + i NI]2 (8)

IMonk3yach yKasaRHBLIMA BEINIE YHCACHHLIME 3HAYCHHAAMI
gurypapyomux 3jech napameTpos, moxydaem: n, < 10" cm~?,
JS =10 cn™ > n,, Nj=05-1014 cn™? > JSE" /a,.

ITpm atoM dopmyna (8) ¢ xopomrmm mpnbam:eRmeM
OPHBOMATCA K BRIY

na JSENG /oy (Nay — N3) = 101 cm™,
B orcyrcreme nocsetkE (J — 0) mu monyymam Gut
n= nlN;/(NAu - N;) <10’ en~>,

T'raea 8

INOOY3UA U APEAD HOCHTEIEN 3APANIA

60. Mcoombayna cootromenna Jiinurreiina (3.7), monyamm
anAa repmanusa: D,=98 em®* ¢!, D,=466 cM® ¢-'; pas
kpemuama: D,=37,6 cm® ¢!, D, =13 em® ¢},

61. Cornacro gopmynam (3.10) a (3.7),

L, = (u.kTt./e)'"?,
Otcioa monyqaeM
1) L,=0,{ ¢, 2) L,=0,01 cm
62. Coraacno Qopmyre (3.5)
D, =nu.kT/(edn/dn), (1)
rne n=(F —E.)/kT. lanee, ma ocuosamum (1.5) m (IL3)

pafigeM
n=(8n/3h°) (2m.kT)¥*n*2,

OTKY/Ia
1 =(3h"/87)* (2mkT) ~'n¥",

(dn/dn)/kT = 3m.(3k*/8x) " n'", (2)
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Hoacranns (2) B (1), monyunm
D, = (h*p./3em,) (3/8n)**n*?,

63. Hcmoanays pesyabTaT mpeABAymieii 3afaum, MOAydmM
D, =36 cMm® c'.
64. Ucnonwaysn pesyabrar sagaim 4 m dopmynam (1.5),
(1.6) m (I1.3), naiinem
n = (81Q/3h%) (8mom,m.) ' (RT)n*",

man, nonaraa mg, = Q**(m.m,m,)"?,

n=(8a/3h%) (2mqkT)**n*2,
N =(3h*/8xn)*° (2mkT)'n*?,
D, = (h*u./3emq,) (3/8m)**n*'2,
65. Ucnoataya coormourcnne Jiimwureiina m  yciaosme
n = p=n, Rail;(eM
2n, 26T _ 2kTp, g =1
D= n (D, 1D,y ~ e(Up, + 1) —e(T+0) 63 em? e,

66. Cornacuo dopmynam (3.16) n (3.7),
D =2D.D,/ (D, + D)= 2D,/ (1 + u,/p.).

B paccmaTpupaeMom caydae Mp/jt, = 0,045 < 1, moaromy
D = 2D, =2u,kT/e = 20,7 eM? ¢~

67. Vpasienme HenpepeEIBHOCTA B PACCMATPHADBASMOMH '3a-
nade 3aliCHBAETCA B BHIE

2
d Aap _Ap_ 0.
dz T

14

Ero pemennc mMeeT BIJ
Ap(z)=Ap(0)exp(—z/Ls),
rae Ly, =(Dp1,)""* = 0,2 cMm. O1crofa Haxo/im
Ap(z)=Ap(0)exp(—2/L;)=1,4 10" cu~7,
68. Pemenne ypaBHeHNA HenpepHBHOCTH
d’An _Ap _

dz” Tp

Ap=Ap(0)exp(—z/L,).

p

EMeeT BILT

Taxr xan
Ap,=Ap(0)exp(—z/Ly), Ap,=Ap(0)exp(—2,/L;),
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HAaXOqMUM
ApdApy = cxp[(xs — 1))/ L),
Ly={(r,—a,)/In(Ap/Ap,)=0,1 cu.

69. Ypapueniie HempepsIBHOCTH AR JaHHofl 3ajadd 3a-
nucelpaeTc cinedymowiy obpasom (cM. puc. 4):
d*Ap
dz?

D, +8——=0.
v

I'pagnansle ycnoBUA TAKOBBI

dA
Dp_dTplxao =sApli=, Ap->gT, IpN T 0,

Peurenite ypasueHua HMeeT BIL
Ap(z)= g1, + Ciexp(—2/L,) + Cyexp(z/Ly).
‘Ha rpanuunuix yeaosuii C; =0 n
—D,Cy/L, =s(C, + g1,), Cr=— guTZS/I(LD + 87,),
TaK YTO
Ap(z)= gt ftes (1 —exp(—a/Ly))+ LV (Ly + st5)

n Ap(0)= gutpl,/(Ly + s1,). B paccymarpiBaeMnix yCaoBH-
AX 1IMeeM

Ap(0)=0,88 - 10'* cm~™.

70. Kax BniTeraer na pemenua uperbiyueil sagaud,
Ap, = gv, m——2— Ap, = g,7p ——
1 [ T 72 otp
PRI Lyt 8,7,

AP[/APg == (Lp + San)/(L‘; + S;Tp):.
Orcioga momytaeM
L, =1,(8 — 8:Ap/Ap)/ (Aps/Apy — 1) = 0,2 cum.,

71. Vpasmeuule HeUPepPLIBHOCTH H TCPAHNIHEIG YCIOBHA
B JAUHOM CJyuae uMeior BuJ (CM. puc. 4)

d*A A
Dy + geexp(—12) — £ = 0 g =Jv,
z ‘P

dAp

el = 8ADlsmg, Ap—>0 apE z— o,

D,
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O6mee pemmenme ypapHenna TAKORO:
Ap(z) = —gorpexp (— y0)/(Liy* — 1) +
+ Cyexp(—a/L,) + Cyexp (z/L,).

Oupenensaa koucrautn C, 1 C; W3 TpAaHNYHBX yCJAOBHI, Ha-
XO/MM

8,T» YLfJ + STy —z
Ap(l’) 0 1 [ Ly+STp exp (_L_p) — exp (—' ‘Y.T) )
Ap(0)= goTpr/ Loy + 1) (Lp + s7,) = gwu/v (Lp + 5T,),
TaK Kak B Hamux yecaosoax Lpy > 1. Otcioga moayvwaem
Ap(0)=0,5 - 10" em~*,
72. U3 pewenusa sazaua 69 moayuim
Ap()=g.15, Ap(0)=gutsLs/(Lp+sT5).
Orciofia HaXOmuM
Ap(0)/Ap()=Ly/(Ly + 515),
s=(Ly/1:)[Ap()/Ap(0)— 1] =600 cu - ¢~*.

73. YpaBHeHHe HEOPEPLIBHOCTH M TPAHUYHLIE YCHOBMA B
paccma'rpunaemom cay4yae UMEKT BUR

d*Ap dAp
D — Tp 2P 0, Dy

g

=0 = SA‘DI“:O - J.l

Ap—~0 mpu z-r oo,
O0mwee peimeAne ypaBHEHHA TAKOBO:
Ap(z)=C,exp(—z/L;)+ Cyexp(z/L,).
Onpegmensaa C, u C, u3 rpaHUYHEIX YCAOBMI, HaXoAUM

Ap(x)=1Jlexp(—z/L;)/(s+ D,/L,),
OTKYAA Ccleayer
Ap(0)=Jx,/(st,+ L;)=0,5 10" em~?,

74. VpaBHeBne HempepHIBHOCTH M TPaddUYHBe YCIOBHA
MMeIOT B JlaHHOM ciaydae ciaefgymomuii Bug (cM. puc. 4);
dt Ap
Dy— +goe‘tp(—w)——;—0 &=Jy

dAp
D" dz

Ap—~0Q mpr z - o,

sAp t

X==0 x=0
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QOfimee peLIeHAe 3aMHCHIBAETCA TaK:
Ap(2) = Cyexp(— z/Ly) + Cyexp(z/Ly) —
— goTpexp(— Yz)/(L v — 1)

Onpefensa KOACTAaBETH HHTEIPHPOBAHNA M3 IPaHOIHHIX YyC-
NOBUit, HAXOAAM

2T yL2 4 sv z
Ap(e) = bty [ Lp”Jrﬂp"exp(—-L-;)—exp(—vr)],

L -3
Ap(0) = gTp (Lyy+ 1) (Ilp Tt 2,5-10" cM™7,

Ilpn ¥ -~ 0 nmeer MecTo paBHOMEpHaA m0 o0beMy reBepa-
nug u

Ap(0)=got,Lp/ (L + s15),
9T0 coBmajaer ¢ pesyapratom sanadu 69. Ipm Ly > 1 mpo-
KMCXOAT CUIBHOE MOTJIOINEHNe CBeTa HA HOBEPXHOCTH:
Ap(0)= gt/ (L, + st,) =1,/ (st + L),
T. . NOJYUaeTCs pe3ynbTaTr 3ajgaum 73.

75*. B cranuomapeBIX YcaOBHAX nmeeM (cM. puc. 4)
Jax Tt Je==0, 1. €.

d An dA
a& + ED"'E- —er_d_.L‘—=0’:
rie
0=20p10Cn Op=pelUp OCn=nepn

Orcroma maxogum moae nembep-adperTa:

ooty
- ——f;[(D,. D)Lk _ p,t(4p— An) A"’] -
= —; g; ((Dn— Dy) Ap — Dn(Ap— An)]
Honowmnm & =& +&"”, rne
& =—L%%p,_p,), & =2ID, (f’jz” "di").

Ecam puoonnserca ycnosue [Ap — Anl < Ap, To mo:xno mpe-
Bebpeus cnaraempim & ” mo cpasnenuio ¢ &’ Ilpu atoM ana
onpenenenna Ap — An B ypasuenme Ilyaccoma MOMHO mOA-
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crapnth &':

e(D,—D aA
|Ap— bn| = = B, (1
““Fo dr
KommeHTpamnio nepanuonecnslx HocnTeneii Ap wuaiijem na
ypaBueRUIA HCIIPEPBIBHOCTH

div(D grad Ap) — Ap/t =0, (2)

rae D — koadpuuuent Gnnonaproil Angdyann, mMocTOAHHBI
npn cnaboM OTKIOHEHIN OT PaBHOBCCHMA, TaK UTO ypaBHeHle
(2) upusmmaet BUJ

2
dAp Ap -0

= I L= VDT.

1

Pemenne ana ofpasna tonunus! mooro Gosbiuelt L ects
Ap(x)=Ap.,exp(—z/L), (3)
rae AP.—KOI]HEHTPHIU]H nepaBsnoBeccCHLIX nocuredaei Yy no-
pepxmocta npu z = 0. llopcravnm Ap s (3) B (1):
VAp—An| e(D,— D) _

Ap 4na L*

e (=) T —1)
davepp(ny 4= po;b) L2 4me’ (bng + pg) L* )

B ycnosnax ny > p, nonyunm

|Ap — An| ekT(b—ﬂ
Ap 4nebn L2

B paccnannBaemmx YCIOBNAX HMCCM
lAp —Anl/Ap =27 10-" < 10-".

Peaynstar mokaawiBaer, uTo TpedoBaune JOKaALHOH DIEKTpO-
HeilTpaJbHOCTA B OOBLIYHKIX YCJOBNAX BHIIOANAeTcA ¢ 6oJb-
ot cremenblo Tounocty. CliefoBaTeNnLHo, NIA HanpAXeHIo-
cTH aneKTpmieckoro nona B addexre Jembepa B xopouicm
npubarKeHNA CIPaBeIANBO BBIPAXKEHI®

A
=_§(D,,—D)d iy

76. W3 peimenusa npeAnyuicii 3ajgaun aMeeMm

_ 2 . d \p /cT(b—1) m
&=- g, (Dn — D, ) en b dz * (1)
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31eck 6, = e(palto + ppo) = ep,n,. IMockonbry mo ycaosnio
safla An, Ap < ny B pppe K Ually, DOTYUEEM

z dap Ap, z
Ap(z) = Ap,exp <—Tp)’ - = T exp (__L';)'
Ilpn z =0 nmeem
dAp/dr = - Ap,/L,.
T'panuunoe ycnosme npu z =0 3anuchiBacTCsii B BHE
g.=5Ap,— D, (d Ap/dr) ..o,
OTKYAa HAXOIM

i £ d\p . £y
Ap, - DI_,./I,H s’ dc |x=o I_)p =+ st' (2)

Iloscrapns Bepamcnue (2) B gepmyny (1), nomywnm

s=tT0—0 __ A 48107 B.cow?,
en b Up -+ Slfp

77. s pemenon sagatn 75% useea (e pue. 4)

& i( . )d \p dp E"r)n(l —b71) dAp
= =5 Dun—=D, dz ey, (n, + pg/b) dz

IooToMy s Tosmcroro oGpasua

T (b —1
Ap=AmeW("f%» m"—%—7@777%A

Ipaunuuoe ycIoBiiec HA OCBCIIENHOIT IOBEPXITOCTII TAKOBO!
dAp
gd_—Dl; 4z [’\_0-
Otcrola HaXOo M

Ap,=g.1,/Dy = g Vbt,/D,,
=0, v/ 0B,
P — Q= — —‘, o=

ebn
Mpr atom Ap,=1,5 10" c1\1"<<n0=5 10" eM~% 1. €. ye-
nosue Ap, € n, BHIIOIHASTCA.

78. Hak moxasamo B safaue 77, pasuocTd NOTEHI[HANOB,
Bosuukatoman npn adupexre [embBepa, ompepessierca puipa-
KCHUCM

ET (b — 1)
PP = T Aps.
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W3 pemenna 3agaun 76 mmeem
g 8,
Ap, = 2 = .
P DL, 48 s+ (Dy/br)'2
B nrtore maxoauMm

L _ K=Y ,
L 21 P2 eb"o s+ (Dn/bT)1/2 =

2,5.107°B,

TaknMm o6pa3oM, @3-3a HaAN4HA MOBEPXHOCTHON peroMOmHa-
IMM pPa3BOCTh MNOTEHNAANOB AQ =@, — @, yMenbmiaerca B
1,6 paaa.

79*. Ilyctb g, — CKOPOCTL TeHepamAmM M3GRITOYHEIX HOCH-
Teseil B o6neMe o6pasna (go=Jvy). Yparnesme HenpepLiBHO-
cTu mmeeT BOA (cM. pHC. I)

4 TPaHNIHbBlIE YCJIOBHA —

dAp
Dp dz x=0

dAp

7o lea =% AP |c=d.

=g Ap [=0y Dp

Pemenne ypabreHns mMeeT BHJ
Ap =g, + Ciexp(—2/L,)+ C,exp(z/L,). 1y
Koopproreats: €y B C, HaX0QUM H3 FPAHUTHLIX YCAOBHI:

C. =
: (Dy+ eLg) ex0 (dIL,) + (D, — 5Ly)

= L
B D, F s, ) exp (dIL,) + (D, — sLy) exp (— dIL,) "
) (2)
2 1
D L D —sL —d/L
= sgyTLp ( ,J+s p) 1 (Dp— sLy) exp (— d/Ly)

— (D sLy)? exp (/L) + (Dp — sLy)? exp (— dL,)"
3)

Ucnonnsyn sepancenns (1), (2) n (3), naxonmm

Ap(0)=Aap(d) =

(D, +sL,yexp (d/L,)— (D, — sL,)exp (— d/L)— 2sL,
(D, F sL,Joxp (/L) — (D, — L, ) oxp(—dL,)

=270,

B mameym cnyuae peiumcaenue gaer Ap(0)=9,8-10" cm~2,
80. B paccmarpupaemom cayuae L, =(D,1,)"*=0,07 cu,
a d=0,7 cm, caegosatensao, d/L,= 10> 1, Ilo aroii npm-
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qUNe AJA KOHIMEeHTpANlil AePABAOBECHEIX HOCATCJEIl 1A MHIK-
Hefl m BepxHeil TpPaHAX dMeeM cooTercrnenuo (cM. 3aja-
uy 72)

D
Ap(0) =gty DTT_’:(.Z: Ap(d) = et 3 +psd/Tp'

Taxum obpazom,
Ap(0)/Ap(d)=(D,+ suly)/ (Dy -t s,1y),
OTKYyMa

Ap (d)

Ap(d) 1] U b v 420 cvyc,

D,
= I,15P0)

81. YpasHeuye HeIPEepLIBHOCTH B JALIHOM Clydae HOPIBO-
INTCA K BIIY

d®A p
D "—.—‘gl
LRy Hp

ddp _Ap _
dz T, :
uIg

Ha Gonbmux paccTOAHNAX OT TOYRH WHKEKIAM HepasHOBeC-
Ap
4p

P
:

0 z

Pmc. 25. Pacmpesmenenme HepaBioBeCHBIX ABIPOK B HUTEBHAHOM o6pa3-
Oe 0PI CTALMOHAPHOI HHIKeKI[UM B DJICKTPUYCCKOM HOJe,

HaA KOHNeHTpamua Ap momkma ofpawathesa B HyAb, YpaBHe-
HUIO YIOB/JETBOPAIOT pelnennsa BuAa (piuc. 23)

A [ Apo exp (klx)l z<< Ot
p= Ap,exp (k,z), x>0,
rie
kys=e&12kRT + [eﬂgz/4k2]'z + L2,

a Ap, — smaueBme Ap B Touke mEmKernquu z =0,



Brenenm ofosnamenmna: l=kT/e&, Ly = Ep,1y (L —
apeiidonsas panna). Toraa aerko maditu

ey = @07 |12 (4 + 4L 5)7.
B pamtux ycmosnax
1=5210""cy, Lg=c&L:/kT =1,5Tcu,

Tak xax //Lg < 1, T0 MOKHO CIUTATD, YTO

ky~1l, ky~—1/Lg.

82, [Ipeiidopaa juuua JLIpoK parua
Ly =2&p, 1,
Hcoonnzys coornomenus
Ly =(Dpt,)"% D,/y,=kT/e,

Loy TEM

Ly = Lle&/kT = 0,95 cu.

83. B nanien cnynae Ly > ! (cm. pemenue sanaqan 81),
HOCKOJIbRY
2 o o -3
Lye=_Les/kT 3,9 cs, I =FkTje& = 2,010 ¢y,

H HOITOMY Mwkno npeucedpeus nudifysncit no epasneunio ¢
apeidonm, Cazobarcinio,

Ap(z) = Ap(O)exp (— z/Ly),
ana
Ap(0)/Ap(x) = exp (a/Ly).
OTtclota maxo/iMm
z=Lgln[Ap(0)/Ap{z)] =
= (L& /kT) In [Ap (0)/Ap (z)] = 1,0 cm.
84. IMocromrky Lg>>1 (cm. sagaun 81 n 83), mmeem
Ap(z)=Ap(0)exp(~z/l).
CregoBareaLuo,
Ap(0)/Ap(z)=exp(e&x/kT),
1)



Otcrofia monyvaem
x = (kT/e&)In[Ap(0)/Ap(x)] =10 * cm.
85. Pacrpejenenne mepanmopecnuix Abipox B upeHelpe-
eunn ux ppeithor uMeer sILY
Ap =Ap(0)exp(—a/L,).
Orcwaa
j»(0)=—eD,d Ap/dx| ;o =eD,Ap(0)/L,.
Henonvays gopmyay jp,(0)= &/, maiizem
Ap(Q)=tL,j/eDp=10" cm~®,
86. B oreyrerene npununauya (An = Ap) u npenebperas
apefigoeoil xoMuoncarofi ALIPOYHOro TOKa, MMeeM
jp=—eD,dAp/dxr = jiexp(—z/L,),
jo=0.& 1 eD,.d An/ds = 6,& — bj,,
O, = enylt,.

[Tonmas maaTnocTe ToKa pasHa
]—]u+}p’_0u _(b-l)b](.‘\p( I/Lp).

Orciofa onpefenseM HAOPsKEHEOCTL moxsa opa z = (:
E0)y=(lo)1+(b—-1)5]=0,025B cm.
Jluiponunit Tox nposoluMoctn OyJeT Mal 1o CPABIEHHIO C
andspysnonuniv room, ecan &, € D/ Ly, nau & € kT/eL,.

B rammux YCI0OBUSIX 3TO HEPARCHCTHO LLINTOJIIACTCA.
87. Ypavuecuue metpepLienoctu B JaHOM cJaydae IPUHHA-
MAET B
cAp o (An?

Do —==0

Vunoman ero na 2 d \p/dz, noayiaeu

L’("u_ﬁ_ﬁ‘)z_.2 d(xp) ~0,

Pda dr du dr

0TKYAQ

dAp
[ ) 57 (AD)° = const. )

Tlockoapky npo z - o gonskno 6uite Ap =+ 0 n dAp/dz ~ 0,
1o const=0. IlppEnvMas Bo BHUMAnDe, YTO KOUBIEHTPALHA

7 B, ]I, Bouu-Bpyenuy u ap. 97



n30BITOMIBIX JABIPOK JOMKIA YMCILIUATLCA OPH YIAJCOHEN OT
touku r =0, maxounm u3 ypasuenua (1)
Ap(z)=Ap(0) (1 +2/z,)7?,
e
z,=[6aDy/Ap(0)]'/2.
88. ¥panmenume HempepHIBHOCTH HMMeeT BHT
d%A

P

dz”

dA
D ——Z;t—d—;’—Ap/1:‘,=01

e
D=(ne+ p))/(n/Dy+ p/D.Y, p=(n—p)/(n/pp+ p/ps).

Ina cunvHoro anextpuyeckoro uona & >0 peluedue mMeer
Bug (cM. 3agauy 81)

Ap(z) =Ap(0)exp(— z/Lg),
T8
Lg = &ur,.
3anmuiem ABIpouHLI TOK B Touke x = 0:
I» Ix=o =§j= [ep, (py + Ap) &=y + (EDP/Lé’) Ap (0)1
uan, npenelperan guddysumeit mo cpaBHeuuw ¢ ppeiidom,
Jolemo =8/ = ey (py + Ap) &le. (1)
IloaHan MIOTHOCTH TOKA paBHA
J=jatir=epa(natAn)& +eu;(p.+Ap)&,
OTKYRA
& |smo = (j/eps) [bro + po +(b+ 1) Ap(0)]-1, (2)
Toacrasnas pmpaxernue (2) B (1), momyamm
t =] p,+ Ap(0) szo-i-A.D(O).
bny =4 py 4 (6 + 1) Ap (V) bn, -+ pg,

CiemopaTenabao,
= D, Ap (0) ‘
bn, + P, bn, + B, >

OTKyZa
Ap(0)=§(bny+ po) — po. (3)
B mamen cayyae aMeem
Ap(0)=-0,11 10" cn,
88



Ecanm § =%, =po/(bn + p,), 1o m3 eerpaskenna (3) cme-
nyer, aro Ap(0)=0; Takoii KOHTAKT HA3HIBAETCA OMHUYE-
cxkuM. Ecnm B cma6o JermpoBaBROM 3JAeKTPOHHOM MOMYIpO-
BOJAHHKe ocyulecTsaserca ycaoeme & < &, = p,/(bn,+ p,), T0
OpH BalOKEHAR CHJIBHOTO DOJNOMHTENBHOTO IIONA MPOMCXO-
autT ofefBeAne MPHKOHTAKTHOI 06/1acTE HEOCHOBHBIME HOCH-
tTensMA. JTo fABAeHEe HOCHT Ha3BaHNle BJKCKJIIOSMH HOCHTe-
Jeil zapsaja.

89. MHcxonmoe ypaBHeHWe TAaKOBO e, Kak B IPeIblIy-
meif 3amave, Ho pacnpefenennme Ap(z) (eM. s3amauy 81)

HHOO:
Ap(z)=Ap(0)exp(—el&|z/kT). (1)

Hbipounsiit Tox B Touke =0 paBen
. - dA
15(0) = & = — elpo + Ap(O)]p, | &] —eD, L22]

nan, yanteisaa (1), ‘
jr(0)=¢j = —ep, | &1. (2)

AneKTpoRABIH TOK B To9Ke z =0 ecTh
el
jn(Q)=—e[n, + AP(O)]I’-nlgl—_kT,‘lAP(O)elgl:'
=—elng +2Ap (0)] by, [ &]. (3)

Crknapsisas seipaskennsa (2) m (3), BaxouMm
£ =7»(0)/j = polbn, + po + 26Ap (0) ],

Orciota Ap(0)=(2bE)~'[(1 —E)po— Ebn,). Ecim E<1, 10
Ap(0)=(po— Ebn,)/20bE.
B mamem caydae
Ap(0)=2,9 10" cm~*,

B cnafo neruposaHHOM 3JEKTPOHHON NOTYNPOBOIHIIKe,
K Kotopomy B Touxe z = ( mpUIOKEHO CHIbHOE OTPHATONb-
HOoe dJeKTpuYeckoe noxe (T. e. mampaBieHMe MOJA TaKOBO,
Y10 JBIPKH BAMCYTCA K 3MEKTpPoay B Touke z =0), upu ma-
apix KoappuumenTaX MIPKCKOHM § NPOHCXOANT HAKOILIEHAe
AEOCHOBHBIX HOCHTENeil — ABIpoK — B ofaactm BOIH3A JIeEK-
Tpoja.

90. M3 ompejeiennsa KoadUDHEATa WHIKEKIMN Clegyer

12(0) =Elj» (0) + 7. (0)],
OTKY/R
jn(0)=1js(0) (1 - E)/¢.
7* 99



[laoTHOCTL ABIPOUYHOTO TOKA B TOUKe % = ( pasuHa

. dA
jp(0) = —eD, 2 —

VYunteipag, 4To B paceMaTpuBaeMoM €iyvuae
Ap(z)=Ap(0)exp(—z/L,),
nmeeM
j»(0)=eD,Ap(0)/L,.
Jlng nuoTHocTH 2MeKTPOHIOTO ToKAa B Touke z =0 poaydmm
ja(0)=eD,Ap(0) (1 — £)/EL, = 1,68 MA cM™2,

Taasa 4

AUOOY3NA 1T IPLEId HOCHTEIENR 3APATA
B MATHUTHOM IOJIE

91. Hanpssxenne Vy u mome &, onpe/leaniores 1a yciao-
Busa j,=0. lIpencGperass B ypasnenun (4.1a) wremamu uo-
praaka H?, moayyaem

jx = enoin &,
Ju=0=cno, (&, + Egunll/c).
Otcro;1a
&y =—&anll/c = — (j/enp,) panll/c
n
Ry = Ryo = —an/ (enepn,) = 7,38 10" cm® In—!,
Vu= — (pau/tn) (aj Il /en,c)=3,7 10-* B.

92. Us ypasuenna (4.2a) cacayer (B = poufl/c), eccan

npeHe6pedsn wrenaMn mopajgxa H°,

&y =Pp&s Jp=pep&il — B*(mr— 1)1

Orciofa BBIY MaJ0CTII OTLOCITCIGLNONO NunmcHenud p = 1/a
HMeCM

Ao _AP_ o _p)p2 2._(M'2_ .40™?
o= p = (M= DR, B (=) =810

=

MNp =
(Ruo0

1 ;‘[ dopmyne (4.3) Ry.=cP/o.H, nootomy p?=

H, COrJacHO ONpejeNcHIli (4. o)
t=n.—1=023.

d1o 3mavenme { XapaxTepuo Aus Paccelna JLPOK Ha aKy-

CTHYeCKAX KoneGaBUAX peleTKA,
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93. BosbMeM y-koMmoHenTy cymmbl ypasnenmii (4.1a) u
(4.2a):
0=y + Joo = e(npa + pip) &, + e (nptaltun — plsiten) EH/c.
Orcroja
&, =(p—nb )& p,ull/c(p+ nb).

ITo dopuyrne (4.3) nonyuaem

RH — c{f!/ —_ C8,11
T, 8 H (nep, + pepg) ¢ o
tJy 1 p— H’)2 l_‘),—H -1—

—Iflﬁ’xeglp(;;—}—lib) (p+ nb)* By e’
Ourpejenny BeAMUIHEl p M R U3 YCJAORNS HefiTpaabHOCTH:
2/,
p=n+Ng=N,+ ni/p;
oTciof1a
— 5 - -3
p=Ng2+V NijJb+ n} =547-10%cen™,
Dui6pannntii 3nax kKopnua orsewaeT scjgosnio p>0; n=
= 0,47 10" cu~.

OKoHTATCALHO 110:1y19aeM
Ry =—1190 cm® Ka—'.

94. llpn Ry =0 odpawaercs B uyiap &, [0ITOMY 03
dopmyn (4.6) n (4.7) maxomim

ne.’)u” pe pp

0=]'ny+jm/= 1+b~_'!_52 bﬁgx 1+B ﬂgm
n __p p_ b2 (148%) 953
1032 14pY n 14822 T

Mpn aaanix § n3 ycaonus j, =0 caegyer
Ry ll/c=8&,/&«=pB(p—nb®)/(p+ nb).

Paccwarpunas z-KOMIOHEHTY CyMMBl Bripaskenud (4.6) n
(4.7), monyaum

Jo=nep, & [t — b*p* — bp*(p — nb?)/(p + nb)] +
+ pep&1 — B2+ B (p — nb*)/ (p + nbd)].
Otcwojta Ao/o, =— pnP*(1+ )%/ (p+nb)4, n
= —(Ad/0,) (¢/Ru0,I)* =npb(1 + 0)*/(p— nb*)? =
=(p/n)b(1+ )%/ (p/n-b*)*=0,95.
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95. Unrterpmpys ypasmenue (4.12) mo z or =0 po
z=4d (cM. pmc. 7), HAXOAUM
0=0,&,d+ eH (pou + ppu) D;An(0)/c
Tak kak ofpaser — ky0, 10 &,d = Veoy, N
Veonw = — poeB (1 + b) DyAn(0)= 2,5 - 10-* B.
96. B mamHoM cayuae mmeer MecTo Kommencanna (DIM
HanpAXXeHNAa H3MEHEHHeM MNajJeHHnA HanopAxienna 3a cyert (IJO-

ronposognmoctn  (®II). Wurerpmpysa ypasuenue (4.12),
VAep/KHUM JHLIb CIaraeMbie NOpPAIKa

An=Ap = An(0)exp(—2/Ly),

yunTHIBalOmte BiauAHAe remepamna Ba rpaga z =0. Ilo-
TyuuM
0=e&,(un+ pp)An(0) Lo+ eH (1tun + ppu) D.AR(0) /c.

Orcoxa

_ (Han T Bpu _ -
T—(-——“ i, CJU/‘) D,=5.10""7

97. W3 ypasnenuit (4.8) —(4.12) cnenyer, 9ro gma mo-
CTaTOYHO TOJCTOro ofjpasua n-Tnma
An(z)=An(0)exp(—z/Ly), L,=7VDy1,,
Ap(z)=t,An(z)/T..
O1croMia, DOCKONBKY OTKJIOHEHHE OT PaBHOBECHA Majo, AMeeM
d
1 An (0 .
6=EJ‘A0(:0_)d.r— - (1+—) (1)
00 0
Hanee, ypasnenme (4.12) B Hamem ciayuae MOMIHO 3aIHCATh
B B8

o,V
j, =2 LI +b)Dn(t )ddA:'

[Monmeii Tok B HampaBReHHM y paBen HyJIO, II03TOMY, HH-
Terpupys Io &, HaXOAuM

a (1+0)D An )T, 7

[Toncrarasa stor peaynsrat B (1), monyuaem

2
1o 8.d e a0t
Tp —E[m m] =10 C, Tp= 10 C.

102



laaea §
NOBEPXHOCTIILIE ABJILEIIIA

98. a) 0,72 10~* cM; 6) 2,9 107° em; 8) 1,5 107% cm;
JA Metailla omeHka fAefaesckoit auuun uno gopmyne (95.8)
Jaet BeiuguHy mopsika 17 107* cm.

99. Vpasueuue Ilyaccoma w rpamuunble ycnoBda B pac-
CMATPHBAEMOM CJIy4Yae 3aMHCLIBAIOTCA B BUJE

a2 4 4nte
L= =2 e i) W
¢ -0, %—»0 opu  x— oo, (2)
¢=¢.<0 opuz=0
Orcroga
do _ 1/5 kT ey _e9 (]2
e
Lo =(ekT/4nne)" (4)

N3 ypapeesua (3) ¢ yveToM rpaHuYHBIX ycloBuii (2) BH-
AMM, 9TO H3MeHeHUe HOTeHIHala ONnpeieNseTcs COOTHOIL®-
HueM

e§s/hT

fexpv—v— 11" dv = V2 Z%‘ (5)
G/ kT

Onpegenam ToamuBy oforamesroro cmoa L ycmoBuem
eq(L)/kT = 1. Torga (npu eq./kT > 1)

E = aLp, (6)
rje

o0
a= 2_1’2j.[expv—v—1]‘”2dvz 1,1.

1
Mu BuamM, 49TO MaXe B YCIOBHAX CHJILHOrO oforameHmns
mupuHa 00OTaimeHHoro C10d HE CHALHO OTIHYAETCA OT Je-
6aeBCKOIT JIHHEL

100. Xon motesnmuana BGAN3M MOBEPXBOCTH OOpefeldAeTCHA

ypaBEEHEEM

dle kT e
’ g ok [1 — exp (-— FT)]' (1)
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rae Lp=(ekT/4npe*)'?, a rpanmmamile yenOBHA COBIAKAIOT
¢ yeaopnamu (2) sajaug 99, Orcioja
e, /kT
s [v—1+exp(—v)| V¥ dv=2zV2/Lp. (2)
ep/hT
B ofnactm, rue eq@/RT <1, ofveMmuuiii 3apam maj, a upu
e@/kT > 1 oSneMublii 3apsig NOuTH HOCTOMIIEH M paBed —en.

Ipaunny obnactn 00BLEMHOrO 3apsifa MOMN(HO OOpPENENUTb CO-
orHOomenueM e@(w)/kT =1, u wnpuna oT0H 0O6AACTH paBHA

eq /KT

w = L2712 j [v—1+exp(—v)] "dv =
1
= Ly (2eq,/kT)"'?,

komp ckopo e@ /kT > 1, Mucem Lp=(ekl/4ne*p)'’* =
=13 10~ cm ¥ w = 5,710 cum.

101, Jdaddepenmupyna soipakenne (2) @3 pelucHEA 3a-
pave 100 mo x, maxomnMm

de kT
&) -—%9 =eL—D(

Qemﬂ)lln
kT )t

JOna wpusejennbix B ycuosmn 3sagaun 100 mapamerpos
nMeeM
E0)=9 10°B cMm'.
102. B paccmarpuBaeMoM cuydyac ypasuenue Ilyaccona

cjielyeT 3alIlicaTb ¢ y4eTOM Haallug nocuresei dapsaia oGo-
HUX 3HaKOB:

d’¢ 4T [, eq)  pl e
ﬁ“zf,{l—“f’(—ﬁ)*ﬂ“%‘f— @

rae Lp=(ekT/4nne*)'?, a n u p — RoHUEHTpANUN JIEK-
TpoHOB W ABIPOK B 00beme monyupopogruka. Orciofa
eQ /kT

! 5
[u-{-e‘”-—i+—f:—(e”-—v——1)]”du=12g“_ (2)

eQ/hT

Touka z =1z, B KoTOpOit n(z) = p(z), oupegensierca ycao«
BIIEM

@ (z:) = (kT/2¢)In(n/p).
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Taxnm o6paszom,
Ty
s e P ~1/
z; = Lp2 5‘[0—-1+e- +—n—(e—v—-1)] dvg
vy

Ine v.=eQ./kT, v;= —;—In (n/p), npmuem ofmactb, TrHEO
p(z)>n(zr), BO3HHKAaeT JANMmMEL OpA V,>v, T. . Opn
@, > (kT/2t)In(n/p). llockonbKky B HAIUOX YCAOBUAK V> 1
H p 2 n, nMeeM

%

R~ LDZ'”’j fv + (pexp v)/n]V? dv.

vy
Mpn v, <In(n/p) Braajsom cBoOOAHBIX NBIPOK MOMKHO Ope-
HeOpeys, M MBI OJNyUaCM

z, ~ Lp{[2eq./kT]"* — [In(n/p) |'*} =1,4Lp.
Ipunnvas BO BHAMAaHWe, 4YTO P = ni/n, rne no=
=1,03 10" em™® (cm. sagaun 1, 7), orcioga maxonau
=18 107 cm.

103. B TouKe HHBEPCHH OPOBOZOMOCTI BLITONHICTCA YC-
T0BHE
Hep = pan(z),
rae n(z)=nexp(eq/kT), ¢; — Doreniuan B ToTKe MHALCP-
cui. Otcoza

@; = (kT /e) In (pﬁ/bnf),.

IO3TOMY
¢ _In (r*Iogintsi) —98
Tice  In(plegnice)
104.
T2 p—elp(e) — (], (1)
rae

p(x)=n;exp[—eq(z)/kT], n=n;cxpley(z)/kT]. (2)

”

3necs 7y — KOHOEUTPAOHA AIEKTPOUOB (Wau ABIPOK) B 00B-
eMe Iojf{ 001acTbI0 MPOCTPAHCTBEHHOIO 3apAaja.
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Ioacrasaaa gopmynn (2) B ypasnenme ITyaccoma (1),
HAXOAM

de __4ne _ ecp) _ e p] 8ne’ 8ne”ni
P _T"i[e*p( kr) T O PRr | ek @
ITockonsky

Ly =(ekT/8nen)'?,
monydaem

d?p/dz® — @/LHh = 0. 3)

Tak Kak DOTeRMAAN ompefeleH ¢ TOIHOCTLIO A0 KOHCTAHTHI,
MBI MOMeM CUNTaThb ero pPaBHBIM HYJ0 B rnyOune obpaama.

Hanee, mopManbHAg COCTABIIIOUIAA BEKTOPA JJEKTpHYe-
CKOH HHAYKOHMA AOMKHA OHITh BempepHBHA (HET HOBEPXHO-
cranx sapanos). IloaToMy rpanmanble yciaoBUA HMEIOT BHJ
(cM. puc. 8 ma c. 42)

¢=0, T =+ oo,
&=—¢edo/dz, z=0,
Pemenme ypapnenna (3) mmeer Buj
@(z)=C,exp(—2/Lp)+ C,exp(z/Lp).
Na rpapmunrix yexosmit maxomum C, =0, C,=&Lp/e u
¢ (z)=(&Lo/e)exp(—x/Lp). (4)
Ha ocroBamnn (5.1) u (4) monywaem
E.=E.—(e&Lp/e)exp(—z/Lp),
E,=E, —(e&Ly/e)exp(—z/Ly).
Cradok moTeHIIlalla HA HMOBEPXHOCTH PaBeH
Ap=&Ly/e =0,72 MB,

105. Vpargenne Ilyaccoma u rpamuuainsie yeaosns B pac-
cMaTpEBaeMOM ciaydae mMmeloT BHA (cM. puc. 9 ma c. 42)

a? 4 4

=@ =Nl =S [ —1]
¢—0, :_;B_’O npn x> oo, (2
3’:-9((5—:’ npn z =0, (2"

3neew p(z)=pexp(eq/kT), p = N..
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Ymuoskum obe wactn ypasmemua (1) ma 2dg¢/dz m mpo-
IIHTEeI'PHUPYEM IIO @:
| 8 ,T )
R N
TMocroannaa C ompefensercs H3 IpaHnunAoro ycaosms (27):
C=—FkT/e. Na (3) umeex p(x)

do/dz = —{(8npkT/e) X \
X [exp(eq/kRT)— \\
— eqp/kT — 1}V2 - .
7} z

[pauiyaa BO BURMaHIe,
uto eqp/kT < 1, moayunum

do/dx = = £
= — (4npe*/ekT) ¢ (), /
()= q. exp(~2/Lu), A —
rae
Ly =(ekT/4ne'p)'? =
=15 107 car. £,
Ha rpamnunoro ycaosus
” o . .
(27) maiinem @, ) >
¢, =&Lp/e.
Puc. 206. Harnd 3on u xox mo-
OroHYaTe1bHO, TeHUala B IIPHNOBCPXHOCTHO
o6nacTy  CoGCTBEHHOTO  repMa-
¢(z)= UHA, HA [0BEDPXHOCTH KOTOPOro
= P
=(&Ly/e)exp(-—-z/Ly);  eicopuposana jouopuas npu-
¢.= 1,9 MB. MCCE.

106. Awaormano satave 104 moayuneMm ypanmenme
Po/da® — (p/Lf) =0,
rie Lp=(ekT/8ne’n,)"*. Tpanmunsic ycrosua (pue. 26)

TaKOBbI:
o0 npu - %,

& =4nQ,/Je npm z=0,
rae Q,=eN. Pewenue ypasmeHus mMeer sug
®(z)=Cyexp(—z/Lp)+ Crexp(z/Ly).
Wcnonways rpanuvnbie yenoBnA, HaXoTiIM

c:=0, C‘=4ﬂeNLD/8.
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Oxonuatensuo,
¢ =(4AneNLy/e)exp( z/Ly),
A = (4neNLy/e) = 8,2 mD.

107. W3 rpaunqnoro yeaosu: iMeem

& =4neNJ/e.

Beawunuy ¢, maiijeM n3 yenoBna smékrponeiirpanouocty 06-
PA3NA B NENOM:

N = [n(2) - p(a)1ds,

r’e
n(x)=n.exp(eg/kT), p{z)=niexp(—eq/kT).
Takum olpasowm,
/8
N=2n; | shie(q,— &2)/kT]dx,

0

OGosnauns e(q¢. &x)/kT =y, nonyram
0

N =—(2nkTe8) | shydy —(@nkTie)chyy,pr=
e-'[,”hT

= (nkT/e®) [exp (eq,/kT) — 2 + exp (— eq/kT)].
Mpanayvas yeavsue e@,/kT 1, GyxeM uMeTn
exp (e@./RT) = 4ne*N*/ekTn,,

OTKYjla
e, = kT In (4n62N2/akT17;) = (0,32 2B.

108. Apanormyno zamave 105 3ammimeM ypaBHCHHe
Ilyaccomna:

%:51_‘[1;(:;)—1\’«]: %[EXP(,E%)—i]- (1)

I'panmunble yCIOBHA HMEIOT BHJ
& =47Q,/e, Q.=¢N npm z2=0; (2%)
¢—>0, de/dz—~0 npA I — o, (27)

3anmmem pemenme ypasHeHdsa (1) B pAEfge (cM. pelneHme
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sagaun 105)

@(2)=q.exp( 2/L,),
rjie
Ly = (ekl/inep) ‘2,

Bexuunsy @, MOIKIO BBIPA3NTL E3 TCPAHAYHOTO YCJIORHA
(2):
de Py 4meN _ 4neNLp

glx-—-.0=_"—l_;x: =T‘D_= e ! Ps = Py N

Orcioa mamercrme paoTel BHIXOAA PAaBHO
A¢=ep, >0, @.=1,4-107"B,

7. e. padota BLIXOJA YBeNTHTINIACL HA BenHumiy A® = e, =
== 1,4-107" 9. lojcranusia ¢, B yeaonne eg/RT < 1, naxo-
J|M, 9TO 9TO YCJIOBUE BLIMONIAETCS IpPH

N <« gkT/4ne*Ly,

T. €. B DaNI¢CM cAydYae OpH

N<«1,5 10°cen~?,

109. B paccmatpupaeMoMm cayuae udmcHenme paGoTnl BLI-
X014 OTpeesisleTca CKA4YnoM LOTeHIala ¢ B ABOIHAOM €06
(em. pme. 11):

A = —cq.

3ieer @ =4mm, m— momwuscTL ABoiinoro cxosa, m = Nd,
d==el, | —nacuo mauous-moierynsl. Taxum o6pasoM,

A =—4neNd=-34 10°aDB.

B zamaue 107 mm monywuam, uro A9 = —eq@, = —0,32 3B.
B paccmatpHeaeMoM clydae, KaK DBHANC 03 OJYYCHIOTO
peayanTaTa, H3McedeHHe palornl peixo’a B 94 pasa MeHnlue.
JTo cpsmsano ¢ TeM, 4YTO UIMpHHA odnactd, B KOTOpoil Ha
BIEKTPOH MelcTByeT dieKTpHyeckoe Ioje, ropasmo Goabiie
OJA CHyvuad ajacopOUdu HOHOB, YeM DPH afcopOIEH IUIOAb-
HBIX MoJexyn. JlefcTsuTenbo, mieyo AuMOALHOM MOJEKYJIb
pasio I =d/e~2 107° cM, B To BpeMAa Kak wWHpHHa ofna-
CTH HPOCTPAHCTBEHHOTO 3apAja, HIYHPOBAHHOIO MOJOMKHU-
TeJLHBIME 1I0UAMI, pasda

z2,=q@,/& = ¢,e/4neN =28 10-%cm.

Bo BTOpOM cayuae dleKTpRUECKOe IOJe COBeplIaeT Op@
ABIMKCEHEM JJIEKTPoHa ropasfgo 6Goapwryio paboTy, deMm B
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mepBOM, fla)ce HECMOTPA Ha TO, YTO BO BTOPOM CIyTao
2JIeKTPAUECKOE TI0Jie TPEMEPIO B € Pad Melble,
110. Ananornuno sagzaue 107 zaunmulem

oo

& = 4neNe, N = (ln(x) — n]dz,

<

0
rme  n(zx)=nexp(ep/kT). Bsoga ofosnavenme Y=
=e¢(p, — &x)/kT, nonydaem
0
N = — (nkT/e&) | (expy—1)dy=

eqs/kT
= — (nkT/e&)[1 — exp(eps/kT) + e, /kT].

ITpu eq./kT > 1 naxomgnm
N = (nkT/e&)exp(ep./kT),

OTKY/a
e@, = kT In (4ne’N*/ekTn)= 0,2 aB.
Bugmo, Wro B paccMaTpEBaeMEHIX YCIOBEAX HepPaBeHCTBO
e@,/RT > 1 peiicTBUTENBHO CIIpaBeIlBO,
111. B paccmaTpmBaeMoM ciydae (cM. pellieHme 3afaud
110) mmeem

brieN .

& =— N=J‘[[)(‘«L-)—-p]dxl p(:r)=pexp(:%)!

OTKyfa
N = (pkT/e&)exp(eq@./kT)=
= (pkTe/4ne’)'* exp(eq,/kT)=6,2 10" cm?,
112*, Hmeem ypavmenme ITyaccona
2
.;’z—‘f =, p—e[Ni— N, + p(&) = n(a)l.
T'paEmrunble yCI0BAA TAKOBEI:
o=¢,>0 npa =0,
¢—~0, do/de—~0 upm z— oo,
B o6beme momynpoeogHmKa
Ny—N,=n-p,
Toe " B p — KOHNEHTPAaOUMW 3JMeKTPOHOB W JBIPOK B o0be-
Me, &

n(z)=nexp(e@/RT), p(z)=pexp(—eq/kT).
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Orcrona
p=en[l-exp(eq/kT)] + eplexp(—eq/kT) 1],

a Tak Kax np =13, T. e n/mi=n/p=y, 10
p=cnfly[1 —exp(eqp/kT) |+ v~ [exp(—eq/kT— 1]}

Bpenem o6oamavennme ¢ = e@/RkRT, torga ypasmemme Ilyac-
coHa npnoﬁpETeT B

2 4.nen _
= — < vt —expw) + v [exp (— 1) — 11].

ITpomuterprpyem obe 9acTR ypaBHEHRSA IO :
(dp/dx)? = — LT[y — yexpp —v 'exp (— ¢) —y ] +C,
me Lp? =8ne?n;/ekT, L,— nnnna Jle6ana. I{oucramty C

orpefieAM m3 rpaAmunoro ycaosusd ¢ — 0 m d/dz - 0 upm
z — oo, [l KONCTAHTHI IIOTy4aeM 2HaveHne

C=—Lp'(y+v7")
Urax,

(g_i’)z = Lp? [y(expxp — 1)+ 9y exp (=) —1) +
+9 (T =9)],

OTKyHa
‘"" = 4 (kT/eLy) X
x[y(exp(k—r) —1)+ y"(exp (— %)—1)4—“‘) )]”2

3nax maroc caenyer o1bpocath, mockoabky dg/dz <0, T. e.
€ pocToM Z moTeHumana yGLIBaer.
Ilpmn 2z =0 rpannynoe yc1osme mmeeT Bmf

eglx o= 4“01,

rne &liwo= —d¢/dzli=,, Q.— m10THOCTH B3apAja Ha Imo-
Bepxnocta. Otciofia

— R [ axp Ps
& |x=0 = e_Ll-) [Y\e\p(k_f) — 1) +
- e, eQ, » _ 172
+v I(OXP(—k—T) —1)+ k—f(? I—Y)J
Qs = 2en;LpX

X[Y (er(“P ) - 1)+ v (exp(——- ,%)_ 1) n ;?(?_1_?)]1/2
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113*. U3 3anaum 112*
s
0, = 2eniLn[y(exp<” ) 1)+
" o 172
+Y_’(exl)(_;?%f:) 1)+ %(‘Y 1_—‘\’)}
L5? = Sneny/ekT, y = n/ny.

Ilo yenosmio aafatm n/n;> 1 m ep,/kRT > 1. Torna
Q.= 2enLplyexp(eq,/kT)]* = (ekTn/2n)""* exp (eq./2kT).

ITockonbxy @, = eN, Mul macesm
eqps/2kT = 1o [eN (2n/ekTn)"*] = 5,14
Orciona
eq, = 0,27 B.
114*. Ecau sousr nacrnyTsl nnns, Ta ¢ >0, a ccanm 307H
H30rAYTL Boepx, T0 ¢ < 0. [looTomy B pemennu zagaan 112%
ClIeyeT CHeNAThL 3aMCHY @, > —( !

eqﬂs‘ )
Qa = 20)‘2,;[11)[‘\) (0.‘LP (_ I_‘,T) . 1) -

_ eq, » _ 1/2

+ 7 l(exp(ﬁ)—%)-l- ')]
Bnech ¢, — abconoTnan peamumHa sarmba som; Lp' =
=8ne’ni/ekT; y=n/n,>1 u e /RT =10> 1. Iloatomy

Q, = 2en,Ly[—y + v~ ' exp (e /kT) + yeq,/kT)V* =~
~ 2en;Lp(yeq/kT)'* = (eneq,/2n)"* = 3,37 10~* Ka - cm™?,

Orcioma N=0Q,/e=2,4 10" cu~2
115. Mamcuenme paGoTsl BLIXORA BJI€KTPOHOB PABHO
A? = eq,. B namewn cayuac eq,/kRT =2,
B pemennu sagaun 112* momowmm Y=1 m samemmEm @
Ha —@, OpA 3TOM I[0Jy4HM

Q.= eN =2en,Lp[cxp(—eq,/kT) + exp (ep/kT) —2] 172,

OTKYynA
N =2n,Lylexp (ep,/RT) + exp(—eq./kT) —2] '/,
3neen Ly = (ekT/8ne’n,)'* =0,72 10~ c¢m. Taknm oGpasoM,
N=0,75 10" cm~2%
116. B pemenun samamm 112* cgemaem 3ameny @, =
-~ —@, B yuTeM, 4T0 B pacCMaTpmBaeMoii sapaue | =n/p=
142



= 0,01 <1 7 exp(eq./kT)= o> 1. Torna
Q.=eN =2en,Ly [y~ exp (eq./kT)] 3,
rie Lp =(ekT/8nen;)!’% Orciona
N=e"'(ekTp/2n)""* exp(e@./2kT)= 3,7 10" cu~,

117. TlpmeEMasg BO BREUMAauue, 4YTO B HAUEM CIy9ae
[Ad| = eq.=5kRT, y=n/n,=1, exp(ep./kT)=¢'>1, na
peiuenua aapaym 112* monywum

Q. =eN = 2en;Lpexp (eq./2RTY),
rae Lp=(ekT/8ne*n)!* =29 -10~* c¢m. Orciona
N =2n.Lpexp(eq./2kT)=17,3 - 10" em~2,
118. Tockonsxky mo ycmosmio sajgatm n, =22 10" cm~?,

Yy=n/p=0,01, ep.,/kT' =1, nomywaem (cM. pelneEme 3a-
paum 112%)

Qu=2enLp[y(e— 1)+ 7" (e”' — )+ (v~ —y)]"* »
&~ 2enLpy~'e™' =1,9-10* Kn - cm~?,
rne Lp=(ekT/8ne®n,)'* =17,2-10~* cm. Taxmm obpaszom,
N=Q.,/e=1,1 10" cm~2,

119*. B paccmaTpmpaeMoM ciydae IIOBepXHOCTHAA IIPO-
BOAEMOCTE @MeeT BAX (cp. ¢ dopmyioit (5.12))

6~ ep) | [p(2)— plda,
0
rie p(x)=pexp(eg/kT), p>0, 1. e.

G = euy | plexp (eq/kT) — 1] dz =
0

Ps

= —eppp [ loxp (eq/kT) — 1] (dg/dz) g, (1)

0
I'paEuunble yCioBAA TAKOBH:
¢=0¢, opa z=0, ep,=10,25 2B;
¢—+0 mopa z-— oo,
¥Ypaemennme IIyaccona mMeer Bma

d’¢ 4
“F=lp@ =N, e No=p,

8 B. JI. Boru-BpyesEs u #p. 413



d2¢_ne ____]
—dI—z-_—a—p{exp 1],

OTKYZA

do Q_Snep [ __ ] Snep[kT L ]
(f2) = fzer | —1 <2\ oxp— g +C.

Ilpm z - o nommno 6etre ¢ — 0, do/dz - 0, cneposarens-
Ho, C=—FkT/e n

N =

Iloxcraenan tbopmyny (2) B Bumpaskenme (1), maxogmm

"eP' j‘ {exp (e@/kT) — 1} do )
WP ((8npkT/e) (exp (eQ/kT)—eq/kT — 1)]1/2 °

Ilockonnky mo ycnosmio sapaum e@./kT = 10> 1, ocuon-
HOIf BKJAZ B MHATErpai jaeT o0JacTh sHaveHAll ¢, Gam3nux
K Q,, |, CJeH0BaTeNbHO, MOMIO 3aTUCATH:

Py
3 1/2 [exp (eq/kT) — 1]
G~eppp( Srpkl ) cxp (eq/2kT) dy

Orcona

¢ = epip( o=

1/2 {e .
5 ) exp \W) VzL._.ep,ppexp (eqs/2kT),

rie Lp=(ekT/4me*p) /3,
Ioacrapaas pamHble ycaoBnA 3afaud, HOJydYaeM OTBeT
G=44-10"° Ou~",
120.

N = [1p(2) —pldz. )

IIa onpesenenns moBepXAOCTHON MPOBOAEMOCTH B GOPMYIH
(1) B BameMm cayuae monyumm

G=ep} [ (p(2) = pldz = eppN,
0

orkyaia N =Glep;, Q,=eN, Ilogcrapnaa uucaensme
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spatenns aag G n p,‘, na samagn 119, mafizem
N=28 10" em™? Q,=44% 107 Ka-em™™

121*. TlosepxmocTHaA mPOBO;MMOCTL paBma (cM. dopmy-
ar (9.42) m (5.11))
G=cp,l'y+ep,T,= €Mn5 [niexp (eq¢/kT) — n;]dz +
(1]
-+ eppS [n;exp(— eq/kT) — n;] dz,
o

IJM, TOCKONBKY Io yeionmio 3anatnm eq/RT <1,

! eEn, _
Gzepnn,j-i%dz—epynig’i—(;— dr = k;’, i1 —b l)j‘(pdx.
0 0 0

(1)

3asmcumocTh ¢ (z) Haiilem ma pemenun ypaseenma Ilyac-
coHa:

d%q 4np alp e
rye Hhnlntrat Hau = [p(2)—n(z)]. (2)
T'pannvnbie yCJIODHS TAKOBHI:
¢=¢, npn z={(,
¢—~0 upm z-> oo,
Ilopctasnsa B (2) BLIpanteHusA s KOHOEHTpPANHIl 3JaeK-
TPOHOB ® [LIPOK B 06;acTH HPOCTPAIICTBEHHOTO 3apsfa,
raiineM

23— — T o[~ ) — oo (3) =

wm d?g/da? = ¢/L}, e Ly =(ekT/8ne*ny)'?,
Pewenme ypaBHeunsa uMeeT B
¢ = @, exp(—2/Lp).
IMoncrapnag ero 8 (1), maxogam
G = e*un Ly, (1 — b7')/kT,

OTKyZJa
BT 8nGLp

e*uan,Lp(1—b71) T oep, (1—077)
g* 415

= 5,2 MB.

(P,=G



122. Cornacmo gopmynam (5.11) m (5.12) B paccMarpu-
BaeMOM CJydJae IOOBEPXHOCTHasgd HOPOBOAHMOCTE paBHA

G~ eppg [p(z) — pldz,
rie p(z)= pexp(eq/kT). Orcoga
G = eusp | lexp (e/kT) — 1]da. gy
IIpmarMag BO BEEHMaHHe, ITO ecp/kT < 1, monyuaeM

S(P(z (2)

G==ey,,p§ 1+kT —1 dzr =

113 pemenna 3apaum 108 mmeem
@ (z)= q.exp(—z/Ly),
rae Lp=(ekT/4ne*p)'* =1,5-10"" eMm. IlopcraBnsa sTOT
peayabTar B gopmyny (2), maiigem
G = e*upp@,Lo/RT.

Orcrona @, = GRT/(e*uppLs) = 3,6 MB.
123. Us peinenusn sagagm 110 mmeem

e@. = RT In(4ne*N*/ekTn).

CornacHo ycnosmw HeliTpannHOcTE ofpa3sma

et_.——‘s

[n(z) — n]dz,

rie n(z)=nexp(eq/kT); c apyroil cToponsl,

00

G=ep,.j [rn(x) — n]dz = ep, N,

orkyga N = G/ep,.
OkoB9aTeabHO mOJydaeM

ey = kT In (4nG%ekTnpl) = 0,22 oB, =0,22B.

124, Tpammumoe ycnosme B Touke =0 K ypaBmeHEN
Ilyaccoma mmeer BEp

4nQ, =e, 8, - .8, (1)
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rie &, =& — pHemmee 3nekTpmueckoe mote, g, =1, &, =
d
L] m e, =¢=16. Vpasrenume Ilyaccoma saammcLI-

BaeTCA B BH]O
d’p _ _ 4mp
dz? e

. p=e[n—nep®]

rie n = Ny, win, nockoanry eq@/kRT <1,

dp _ 4n’np @

dzt | ekT L

R
D
IlaTerpupys 310 ypaBHeHHME C IPAaHEYHEIME YCIOBHAME
p=¢, npa z=0,
¢—~0 ompm z-—> >,
HaxXo[dM

‘P = q)s EXp (—I/LD)'
OTHyna

o0
f @ dz = ¢,Lp. (2)
0

3anunineM BRIpa®eHHe MJA LOBEePXHOCTHOH# OPOBOXEMOCTH:

G = ey [ 1n(2) —nlde + ew, [ 1p(2) — pl dz.
0 ]

BropriM cnaraemMbIM 3[ech MOMKHO mpeHeGpedb, DOCKOJILRY
n>p u n(z)>»p(z) (sonwl wuszoraytw BHu3). Ilcmombays

dopmyny (2), moayuam
P
=epnn j 5a dz = ey,n k—T:’ Lp.
Orcrona

Gelle _ %00 _39.10-0 B
epanlp ep, ’ :

3apan B HOBePXHOCTHBIX COCTOSHHAX HalijeM @3 TPAaHEY-
Horo ycnosma (1):

Q.= eN=(& — eq./Lp)/4n,
otkyra N=1,1-10° cu7?,
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125*%, 3ammmem yetorme meliTpanemocTm  ofpasma B
HenoM:

p(z)dz + Q, =0, rne Q,=eN. (1

S —8

Tpasmunsie yerosus ana ypasuenun Ilyaccoua d’q/de’ =
= —4np/e taxosw: ¢ ~ 0, dp/dz —~ 0 npn z — oo, Jlua toro
4yTo6H HAHTA CBA3SL MeMAY IIOBEPXHOCTHBIM I10TelI{AaI0oM
s B NOBepPXHOCTHBIM 3apaAfoM (,, [BasK/IEI NPOMHTErPHpPYEM
ypaBreHme Ilyaccoma.— cHauajia 10 Z, HOTOM L0 @:

(- 00
_ e ((d% e dg
fﬂdb "E.Y?d“=257 0’
1} 0
0 0 g "")
ey e (dfde)f, e (dW
Jodo=—g | Thaw=— g | (52 ar=g (2] .
Q4 @ 0
13 3tax cooTHOmenmil HaxogmM
o 0 1/2
Jo@ar={£ [ode @
(1} Py
Ilopcrasmm (2) B ypanmerme (1):
[
2nQi/e = | pdg. 3)
©s

OGreMuEIT 3apAR paBen
= e[Nj- - n(z)]l
rie
Ni=n(t+exp[(F—Ej+eq)rT]|™
H'OZI E; cienyeT, BooGule TroBops, MOHEMATH BEIpaKeHme
E;—kTIngs rme g:— kpaTHOCTS BHIpOKIEHEA NOHODHOTO

ypoBrsa, E,— ameprna nonopon. B o6weme (23> Lp) N7 =
=n{l+exp[— (Ej—F)/kT]) '~ n, rar rak
(Ey—F)/RT > 1.
B o6aacta o6bemroro aapana
n(z)=nexp(eq/kT),
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(1}
Buramenna mETerpan S p do, monyanm
Ps

[ln [1 + exp [— (F— F; -1 ecps)/kT] ]

o
do = kT
fp ¢ ; 1+ exp[— (F — E}) /T

Ds

—1+ BXD(e(PM’kT)}

IIpeoGpasyenm mhipaskenne

L+ exp [—(F — E} -+ eq,)/kT ]
In — =

14 exp|—(F—E])/kT|
-l [e.\'p [(ﬁ — E:)/kT] +exp[—eq RT]+1—1 _
14 exp [(1' — EZ)/I"TI
exp (-—eq /kT) -1
1 4-exp [— (b: - 1")//e7']} -~

= ln(’l -+ exp(_ e&)— 1) = 0
kr kI

= ln{l +

Hrak,
0

S pde = kTn|—eq, kT — 1 + exp (eqps/k T)].
¢

IloscraBass moaydenunlii peayantaT B gopmyay (3), Ha-
XO/UM

2aQ% e = kTn[— eqy kT — 1 +cxp (eq,/kT)]. (%)
Paccmorpny fBa caydas:
a) e /RT <1,
{3 Qopmynsr (4) momyuaem
2nQ% e = Y,k Tn (e, kT)?,
oTkyaa ¢. = (4nN*kT/en)'? = 3,1 mB.
6) eq,/RT > 1.

Qopmyna (4) B 3TOM cydae OPEHEMAeT BEJ

2nQ?/e ~ kTnexp (eq,/kT),
oTKyaa ¢, =(kT/e)ln(2ne’N*/ekTn)= 0,29 B.
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126. Cormacmo dopmynam (5.12), (5.13) m (5.15)
Boo. = 550 60 =805 + 80y 86 = ep;dly:

aneck e8Iy = 8Qs. Orcrona
8Qs = 8G/ji, = . 8Q/p; = 0,180
M3 (5.13) monywam
6Q,=08Q—68Q,=0,66Q0=1,08-10"* Kx-cm~?,
127. Cornacno dopmynam (5.12) —(5.14) mmeem
8Q =6Q, +8Q,, 6Q=CU=0,51-10"" Ka -cM7?,
8G ~ ep;6T,, 6Q, = e, = 6G/up = 0,33-107° K .em2,

Orcona 8Q, =8Q —6Q, =0,18 10-° Ku -cm~2,

128*, O6bemBaA NIOTHOCTH 3apAjia P paBEA

p=e[p(a)—NZ],

rne
p(x) =pexp (e¢/kT), N7 = p 1 +exp [(Es—F—eq)/kT]]™"
(Ey =E,+ kT lngys E,— areprma axucntopos, gs — dax-

TOp BBIPOKAGHHEA AKOCNTOPHBIX ypoBHeil). B ray6uue mony-
nposofHAKA (T > Lp) axunentopsl OONHOCTHIO HMOHB30BAHBL,

C.le[0BaTeIbHO,
Ng =p{l +exp[— (F—E)kT}} =~ p.
0

Buiumenas mETErpan jpd(p ananormtso 3agaze 125* mo-
©g
TyYnM

0
j. pdo = pkT[1 —exp(ep/kT) + ep,/kTI.
@

TMoscTaBasa aT10T peayasTaT B ypaBHeHHe
0
20Q% e = — f pdo
L2

(cm. 3amagy 125%*), mMeenm

Q.= {(pkTe/2n)lexp(eq./kT)~ eq kT — 1] }'4,
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Ilo ycnosmio aamagm @, = 0,25 B; cnemonatenvmo, eq,/kT =~
2~ 10> 1 npr T =300 K, moatoMy ms mocneguedd dopmynsi
oprlNKMIKEERO ClefyeT

Q.= (pkTe/2n)"* exp (e./2kT),
npudeM @, =eN, B oKOHYATENBHO
N = (pkTeRne®)'"* exp (e@./2kT) =
= VY2 pLpexp(ep./kT)=1,52 - 10'* cm~2,
129, BriggenoM @3MeHeHHe CO BpeMeHeM KOHOEHTPAI(A

E36BITOYHEIX HOCHTENEdl Mocie BHIKIIOYEeHWA HCTOYHHEKA re-
Hepan@E, KOTOPHII paBHOMepHO ocBeimnaj oGpazen:

Qaitp=—g——divjpz ]p=_DDgradAp' (1)
Tp

I'paEEYHEIe YCAOBAA TAKOBHI:
D, dAp = FsAp Opm z=+a (2)

(ock x HampaBleHA NEepPHEHARKYIADPHO OOBEPXHOCTH NJACTH-
o), Ua (1) caenyer

8Ap a%ap Ap 3)

Vpasuerme (3) pemaem MeTOJOM paajeleHHA IepPeMEEHEIX:

Ap=o(t)p(z); (4)
HMeeM
F
2 $=2D, oz ? ¢ — ﬂxa
OTKyRa
14 1 14°®
C dq: + - D,,Tp—-—\p = const,

91y mocroAEEYI0 06o3EavtmM wepes —1/T, w BBefieM oGoaHa-
9eHAe

1/t=1/t,+ 1/7..
Torga ypaBHeHREe, 3aBACAIMee OT BpeMeHD, OpPEMET BHJ

1 do 1
cpdt+ =0

Ero wactaOe pemerne
@(2)= exp(—t/1). (5)
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VYpasmerme, 3aBrcAmee oT £, AMeeT BHA
I
dz* T&“p )

Ero peurenme

Y(z)= A cos[z(t.Dp)~"*] + Bsin[z(t.D;)"""*].  (6)
Pemenne foa#Ho GBITh CHMMETPAYHO OTHOCHTENILHO TOY-

v =0, NOCKONILKY 0O YCIOBAI0O 3afaym o00e CTOPOHEL

OaCTEHBE HMEIT OJEHAKOBBIE CKOPOCTH HOBEPXHOCTHOH pe-

romOmuanme. [loatomy B =0, @ u3 dopmyn (4), (3) m (6)

cirenyer , .
Ap = A cos[z(1.Dp) "*lexp(—t/1). (M
I3 rpaEmuneix ycnosmii (2) BHa ocHoBaumm (7) moiayuyaeM

D,A sin[a(t.D,) " *lexp(—t/1) (1.Dp) "2 =
=sA4 cos[a(t,D,)~"*]exp(—t/1),

a a sa
uan - tg - = __. DBsegem o6osgauesse n =
(Tst)l/‘ (TaDp)ln Ly
=a/(t.D;)"?, Torna
ntgn=sa/D,. (8)
TpancuergenTHoe ypasHeHme (8) mmeer GecKoHedHoe dHC-
710 KopHeil 1 (a clefoBaTeNbHO, W T,): Ny, Mz ... OPHEIEM
M<N:<mnsg.... Pemenme ypasHesEa (3) Temeps MOMKeT
ORITE 3a0dCAHO B BOJQ
Ap = gl A, cos[z/(t, D,)"*] exp (— t/1)). (9)

[1a (9) cmemyer, 4To ciaraemble, COOTBETCTBYIOIAE KOPHAM
BBICIIAX MOPAJKOB, 3aTyXalOT CO BpemMeHeM OhICTpee, 9YeM
pelileHde, OTBeyalolee HepBoMy kopHIO. [loatomy ana He
ovueAb MaiwXx ¢ (T. e. mocJe HavajlbHONO IEepeXoXHOTO Opo-
Heccd) BCeMH CJIATAEMEIMH, KPOMe COOTBETCTBYIOLUEro mep-
BOMY KOpHIO ypaBeHeHmA (8), MoxHo mpeseGpedun. Torga

1/‘[1 = 1./Tp + 1/t.|'
rae 1/tq =N1D,/a®. B cayuae MadBIX § TAKEX, 9To

sa/D, < 1, B ypaBHeHnn (8) AJiA HAUMMEHLIDEr0 KOPHA MOK-
Eo B3ATh tg M = 1. Torma

a*/ 1Dy =sa/D,
Bs=a/ty=a(ty' —1;")=100cu.c”?,
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130*. Boiumcnumn mameHeHme co BpeMeHeM KOHIEHTpA-
NNM HepaBHOBECHBIX WOCHTeJeil Hoc/ie BHIKIOIEHAA ONHO-
posnoii mo oGbeMy reHepannm:

A Ap/ot = —Ap/T, — div i, (1)
rpe Jp=—Dp,grad Ap. I'pasnunbie ycaosus Takosnl (0Ch &
HepHeHARKYIAPHA [1I0BEPXHOCTY [JIACTHHLL)

a

D‘,—%p— =—s5,Ap nprn r=a,
dAp
Dya = s,Ap opy z = —a.

Ypapuenme (1) peluaeM MeTOROM padfieleHAsA HepeMeHHBIX
(cp. samauy 129):
Ap = (A cos oz + Bsinax)exp(—t/1), (2)

-1/2 -1 ~1 -1 .
rie & =(t:D,) """, 1 =1, + 1, . Ilogcranam (2) B rpa-
UAUALIE YCJIOBHA:

§
— Asinaa + Bceosaa = — Uln. (A cosaa + Bsin aa),
X:

8
Asinaa + Bcosoa = -E'"—a (Acosaa — Bsin aa),
v

nin

A(—ntgn+k)+B(ktgn+n)=0,

A(ntgn—Fk)+ B(k.tgn+n)=0,

rie n=caa=a/(7,D;)'? k,=as,/D,, k,=as,/D,. Cacrema
ONHOPOAHKWX ypasuennmit (3) mMeeT HCTpPHBHAJIbLHBle pelle-
HHA, ecln

(3)

—ntgn+k ktgntn _0
OTKyAa

TpaHCI@HEAEETEOS YPABHEHH® (4) pMeer GecKOHedHO® uHC-
o KopHed My, M2 ... Pemenne (2) Temeps MOM(HO 3almcaTh

B BHOJI0 .

(-]

Ap = [A cos —— + B sin ——z—} exp(— —t—).
2‘ (il 0)1/2 ! (TP 0)1/2 i

i=1
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Tak e, Kark u B safgaqe 129, octaBnfseM B pemeHHmA JAMH
Hamfoiee MeIJEHHO 3aTyxamllee cjaraemoe, OTBedalomee
noepeoMy KopeIO ypasuenma (4). Torna

-1 -1 -4 2

=T + T, Ta=a*/MmD,. ()
Paccmorpum cayuaii n, € n/2. Ilpm atom tgn, = 1, B ypas-
nenme (4) mpmHEmMaeT BHAS

'.’ngl + Tlfk2 + 2"]: — 2kky—Fky — k3 =0,

OTHYy/Ia
Tli = (ky + 2k,k; + k,)/(Fy + Ky + 2). (6)

W3 meipasennma (6) caeayer, uro m, <1, Korja BEIOONHA-
1oTea yenosna k<1 m k, < 1, nam

as/Dy <1, asi/D, < 1. (7

U3 ¢popmya (6) m (D) maxommm
1 1 Dp s+ s, + 25132a/Dp

—_— T — —_— N

T, Ty a? 5, kst 2Dy[a

nnE, YSATHIBAA BepasencTsa (7),
/7, = /1 + (s, + 55)/2a.

Ecam s, s, 10 1/1, = 1/1, + 5./2a, otkyna $; = 2a (7! —
— ;') =800 cm-c7

131*. Temn saxBaTa 3/7eKTPOHOB HOBEPXHOCTHBIME IEET-
paM# pekoMGUHAIME paBeld

Rn=ca[(1 —f)n — naufl],

rie fi — moas JNOByIUEK, 3aIONHEHEBIX JJEKTPoHaMd, 1, —.
KOHIEHTPAnusa BJCKTPOHOB HA WOBEPXHOCTH NONYIPOBORHM-
Ka, N,  — KOHIleNTpaIus JIEKTPOHOB HA HOBEDPXHOCTH NOJY-
DpPOBOJHAKA B paBHoBecuH, KOrfa yposeusr DepMu coBmajmaer
C YpoBEeM JIOBYWIKHM, Cp, — BEPOATHOCTh 3axXBaTa OIHOrO
BJIeKTPOHA, KOTJa BCe JIOBYIIKH OYCTHI.

3anuiieM ARAJOrMYHOE BHpaMeHue [IA a0CONIOTHOrO
TeMOa 3aXBATA NBIPOK:

Rpgcp[ftpc_p-l“ _ft)]-

B craguonapuom cocrosunn R, = R,=R. Haxona n3
9TOTO YCTOBHA [, M IIOJCTaB]AA HafijjeHlloe EBIpaX{eHHo
B dopMmMyay Aaa alGCOMIOTHOrO TCMIA 3aXBaTa BJEKTPOHOB,

124



noaygaem

R= tncp (pa"'s - pslnsl)
‘n ("c + "u) + ‘p (P. =+ pal)'

rjae
Pa = Do+ Aps = puc exp(—eF,/RT),
Ny =N, + An, =n, exp(eF,./kT)'.
3necs F,, F, — wsasmyposnm @epMu 1A AHIPOK B BIEKTPO-
HOB, mHJeKCOM «0» OTMEYAITCA PABOOBECHBIC BEJHIMHEI
Do =nexp(—ep./kT), n, = n;exp(ep/kT).
Haaxee,

Pu=niexp[(E,—E,)/kT], n, =n.exp[(E,— E.)/kT),
rne E,=(E,+E,)/2+?* kT In(m,/m,) (cpaBEmte c 3apa-
qeit 1), N — KOROEHTDPanUA B COOCTBCHHOM MHOJYNPOBOIHEKE.

OueBHAHO, PN, =pn B Py Ny = nj, IO3TOMY

R = p(pn—nz)
n(Rag + Bny + 1y ) + ¢ (Pag 4+ APy + Py )

Jina Be6ONBIIOr0 YPOBHA HHACKINE

Cnlp (po + "o) An

R~
€ (Mgg T+ Par) + 5 (P -+ Pyy)

(1)

Bsona o6osmauerne
cp/cn = exp(2ey,/kT), (2)

npeo6paaonmnaﬂ amamenatens B dopmynae (1) m mopcrtasass
HafifeHHoe Beipakenue mia R B dopmyny s= R/An,
noJiyaaeM
s =(cpCa) "2 (po F 1) (20) ' X

X{ch[(E:— Ei— e,)/kT] + che (Y. — Po) /2T

Bmecs cn=N.an, ¢, =N, TH6 a, B 0y — Ko3dPUTACHTH
8aXBaTa IEKTPOHOB H JKIPOK HOBEPXHOCTHBIMH YDOBHAMH,
paBARe npom3BeleHAAM 3PPeKTHBHHX CedeHEmH 3axBaTa Ha
rennoBylo ckopoctk. [loatomy oTBeT Ansg cropocTH mOBepx-
HOCTHOM pexoMOMHANVY MOMHO 3amUCATH B BH[E

Nt (anap) (" + po)/2n‘
=¢h [(E, —E - etpo)/kT] +chfe (%, — o)/k r}*

(3)
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132*. Ua ycnoBEA aKcTpeMyMa BrIpadieEmA (3) mpempiy-
meil aagaqnd

ds

= 0= — _‘__Sh‘(“’a — %) N (2,2,)' 2 (n, + py)

kT rRT 2"1
X {ch [(Eq — E; — efpo)/kT] + ch [e (py — o) /kT]) 2

mmeenm sh [e (Y. — o) /RT] = 0.
OTcIofia NOMYyTaeM, YTO § = Suax OPA Yo = P, (CM. 0603Ha-
tende (2) mpepwiRywmeii safiagu). CregoBaTenabHo,

Sp/8n=cp/cn=rexp(2ey,/kT)=9.

133*. B rpeyroasioii noteHnuaanuoii aMe BOGaAM3M no-
BepXHOCTH moaynposoauura (puc. 27) ypoBmm smEepram E,
MOJKHO HAMTH, BOCHOIb30BABIUHCD,

51\~ HAIpuMep, KBA3UKIACCHIECKEM Y-
£, (z) TOBHEM KBAHTOBAHHA (em. Jan-
¢ day J. J. n Jupwuy E. M. Ksau-
E, toBag  mexaHmka.— M.:  Hayxa,

1974, ra. VII):

X

|
fﬂ : E*
|
N R [ kp(@ydz = (n+ 387, (1)
To %y z a
Pmc. 27, Ksantosamme
COEKTPa 9JNEeKTPOHOB B 3necs ) ™ .
OPEOOBEPXHOCTIION MOTeN- k.(z)=7(2m/h*) (En—E.(z)),
OUaNBHOH AMe. E.(x)=e&x, sBeprum OTCIATHIBA-

I0TCA OT Kpasd 30HB! OPOBOJAMOCTE HA [PAHHIE, Ty — TOUKA
moBopoTa, ompenensemas ycaopuem E.(x,)=E, a n— unc-
JI0 y3J10B BOMHOBOII GyHKNUM JUIA JIAHIOIO COCTOAHMA (B CO-
CTOARAR C HamMeHblIeir aHeprueit n=(0). DBuaucags #mnTe-
Ipan, moaydaem

*n Ep

d e 1 — 2
j VE,.~E(z)dz = 5 Y VE,—E.dE.= 55 E¥*,
(1] 0

Ws ycnoszma (1) HaxomuMm JJA BHEPIHH N-TO COCTOAHOA

_(3Gn+3)x \¥? ( 12 )l/’
E"‘( 8 ) E\ s | *

Jlapasg OpaBMIBHYI0 3aBACUMOCTH DHEPLHM OT R, 3TO BBIPa-
’KEeHHe IPEMeHEMO M OpU MAAHX N, [I1A sHeprum oCHOBHOIO
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COCTOAHRHAA HMeeM

on \2/3 _ [ 52 |18
EO:(T) & (W) :
a E,=(7/3)"E,, lpu &=10* B-cu~', m=18 10-% r

naxoqum I, =~ 62 m3B, a E,—E,~ 0,76E, = 47 md2B. Pa3s-
Mep HOTeHIHAJbHON HAMBI, KOTODBIH «YYBCTBYET» 9JIeKTPOH

¢ sHeprueil E,, ecth 2, = E,/e& = 60 A.

Traea 8
TEPMO-3. [1. C. B IIOJYTIPOBOJTHUIKAX

134. Us gpopmyn (6.2a), (6.3a), (6.36) o (6.4) moaywaem

j' (df/dE) E"T2dE o
£ _ 0 _ r41 (N
0 T TG+ 2) gl ()
0

(df/dE) E"T14E

Orcroga

k (errl (m)
a=—--—e-[(r+2)w—n .

B BripoiimeHHOM ciydae BLIpasmenne Jud o OEPeXofuT

B caeayiollee: _
o=—(r+1)n’k/3en.

Jlna rtEnmYmoro Mertanna, HCHOALIYA smavenme k/e =

= 86,3 MkB-K~', morysaeMm oOwer=—8,2 mrB-K-'. Orno-

LIeHNe TepMo-3. . C. MeTAMIa K TePMO-3. [. C. BBIPOIKIEHHOTO
OOJyNPOBOANMKA PABHO

a m n 2/3
MeT MeT on -2
= ( ) = 5.107%,

Opn Mya \ Pumer

Takum o0pa3oM, BClefcTsme OONBUIOR KOHNEATPALUE CBO-
GOMHBIX BJIEKTPOHOB B MeTa/Jax TepMo-d. [.¢. MEeTaloB
3HAYHTENBHO MeHLIIe TepMO-3. 7. C. GOJBMIMACTBA HOXYNpPO-
BOJIHUKOB.

135. Korza temmepaTypa He CANOIKOM BeJHKA, Tak 49TO
KOHIEHTPaNuA ABIPOK MHOro Goibile KORMENTPAUAH BIEKT-
POHOB, OCHOBHOIl BKJIag B TEepPMO0-3.JX.C. JAAIT ARPKA (CM.
¢dopuyny (6.6)). B mpmmecnoit obiacTE KOBNEHTpAmEA ABI-

127



POK p, OCTaeTCA MONTH WOCTOAHHOW, & TepMO-3.J. C. IOTO
JKNTEJIbHE H paBHA
.
k Ny(Ty) , 3 T Yy
a--;—[ln P +—2-lnT—0' +Fl’— .

B aroif oGnmacTE TEpMO-3. . C. MEAJNEHHO pacTeT C TEMIepa-
Typoit. B coGcTBeHHO# 00nacTu B TEepMO-3. A, C. JAIOT BKJIAH
o6a THHa HOCHTeJeil:

am—k(iztBe 3y M b G L %)
b+ 1 2&T m,  b+1 kT b+1 &7

3pecy b — oTHouleNEe HOABHKHOCTCHA 2IEKTPOHOB H JIBIPOK,
a Q,', i Q; — 2HepPrHd NepeHOCa JANA 2TeKTPOHOB W [Hl-
POK COOTBETCTBEHHO. BINOTh 0 BeCbMa BBICOKHX TeMOepaTryp
OCHOBHYIO POJIb B KPYIMEX CKOOKAaX HIDaeT MEPBHM wieH, M
OOCKOJABKY B repmanum b>1, To Tepmo-2. . C. OTpHEOATENb-
Ha ®m yOmBsaer mo al0COMOTHOH BeJluYHMHEEe OPH BO3pacTandd

)

Pac. 28, Temmeparypmas sapwcm-
» MOCTh TEPMO-3, . C. HOJYIPOBO(HM~

' 7 Ka p-tuna B oGnacTH mepexopa oOT
npuMecnoll TPOBOJXEMOCTH K COOCT-
BenUofl (Ka4ecTBEHHO),

teMmoepatypel. I'ie-To B oGIacTH mpOMEMYTOYHEIX TeMIepas
TYp NPHE Hmepexoje OT UPEMECHON NpPOBOSMMOCTA K coGeTneu-
HOil TepMO-9. JI. C. MeHAeT 8HAK. [IpuMepHREIE X0f TepMO-3. [. C.
npencTasied Ha pac. 28.

136. Ilpempe Bcero maiifem rpamuns mpuMecHofi o6nacTm
AAA TepMaBHA p-THOAQ C THOAYHOM MeJIKOH HpEMechio
(Ea—E,=0,01 3B). Ilogo6uo TomMy, Kak 3TO [enanoCh 8
sagage 20, moiygaeM ypasHeHHA

yy=1In [Nv(Ttll)/%'aNu] — 31/2,
Ya=1In [Nv(T;)/Na] — &2k — 3y,/2,
rae mo-mpexmpeMmy Eg=A —§T, ) Ty = (E, —”E,,)/k =116 K,
To= A2k =4,5100K, y, = Ty/T,, ya=To/Ty Otciona
HaxopuM (umpu g~ 1)
y1‘=4-—1,5ln Y, y|=2|6' T1=44K,
Va= 13,2— 1,5 In Yay y]=9.8, T|=460K-
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Takum o6pasom, npr 200 K yposenr Pepam moitno marames
nuTH 00 Qopmyae

F=kTla(NJN,).

Tepmo-a. K. ¢. paBua

&= —[2 + In (N )] = 0,7 MB.K™%,

137, Ilpm paccmaTpmpaeMuIx ycaosdsx yposens Depmm
MOKHO BBRIYHCJIATH DO ¢opMmyne (cM. sagaqy 24)

F=E,+kTIn[(NJN,— 1)/g.),
a ’Heprua mepemoca pasEa (cM. Qopmyay (1) sapaum 134)
Q¥ =kT(r+2)®,ys(n)/D.(n)=2kT.

ITopcraBnaa maiinennrle Bwpaskenna anAa F m Q¥ B dopumy-
ay (6.1), saxogmm

=T auf )

Orcrona
|Eql + kT In g = kT [elal/k — 2+ In(No/N. — 1) ],

H OpE g4=2
IEa' "0,2 8B.
138. [na npoHaBoNbHOro 8aKOHA AHCHEPCHHE HMeeM

f (— df/dE) (dE/dk) %3 (E) E dB
Q* = .

‘S' (— df/dE) (dE/dk)*4*" (E) dE
]

[na ciyuas CHIBHOTO BEID&XKEHWA, HCHONL3YA DPa3ioKeHHO
(T1.6), monygaem

I
ET 3n KT (F) (dn/dk (F))? 4N dk (F)

OTclona HaxonuM AJIA Tepmo-3. M. C.

ik U A [per (_dﬂ_”
¢ 3N e k2 (F) (dn/dk (F))? dn[k () ak (F) ] I M

9 B. JI. Bost-Bpyeauy ¥ XD 129




W3 onpepenenna (6. 5) creyeT, 9TO 3HAYeHHe BENHYMHE M
npm sHeprmu, pamHoil swepruu Pepmu, ects fip=h’k(F)X
X [dk(F)/dF]. Bmpaman B dopmyne (1) dk(F)/dn depes
fie, & k(F) — uepe3 KOHILEHTpALNIO, MBI OPHUXOAUM K cle-
Oyomnmeil KOHIEHTPAaNMMOHHOH 3aBMCHMOCTU TepMO-2. 1. C. BBI-
PO /€HHOTO JJIEKTPOHIHOTO Tasa:

k 2n° mp n dmp
a=—?§r‘TkT(:3—2-)2w(r+1 3mrF an ). (2)

[lnA TmoXynpoBOAHOKOB € 3aKOHOM JHCIEDCHH 3JEKTPOIOB
(1.3:) mmeeM (cM. 3afauy 16)
fiip=m(0)[1+ 2Rr*(3n°n)**/m (0) E.]'%

ITopcraBnAs aTo BeIpaxenme B GopMynTy (2) n nemoln3yA
9YHCIeHHEIe JaHHHIE H3 YCJIOBHA 3ajadH, HoaydaeM 1A AH-
THMOHHZA EOOHA o = 46 MxB - K-,

139. C yveToM mOOpaBOK HePBOTO HOPAMKA, BOINHKAIOMINX
opa ydeTe HenapaGolHYHOCTH 30Ibl, 3HepruA MepeHoca
paBHa

f dE (— df/dE) E"Y2 (1 + (r — 3) E/E | dE
or— 2 -

j dE (— df/dE) E™* [1+ (r — 3) E/E,] dE

0

D,y (M + (r—3) (r+3) @y, (n) RTVE,

=k + ) T =8 T2 B,q, (0 ATIE,

OTcrona
. @ M+ (r—3) (r+3) D, ., () kT/E,

HJIH CHJIRHO BRIPOA{IEHHOTIO 3JIEKTPOHHOI0 Traaa HﬂﬁJIEHHOB
BBIpA’KEHNE COBHAJaeT ¢ Pe3ydbTaTOM OpefbAyImeid 3agaum,
ecJld B HeM IOPOBECTH palJjIoKeHHe N0 CTeHeHAM napaMerpa
E/E;, onpemenAnIiero cTemeRh HeNapaGoJHYHOCTH 30HEH, K
OTPaHHYUTHCA DONPAaBKAMA IEPBOrQ HOPARKA 0O 2TOMY
mapaMeTpy.

140, TlockonbKy HOABIKHOCTL SIEKTPOHOB OHpeReaseTcHd
pacceAHneM Ha AKyCTHTeCKHX KomeGammaAx, To a ~ 1, m, mo-
naras ly = 0,1 cM, moayuaem

ag =~ vly/p ~ 10 MB/K.
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141. OuenuM penuumny a, onpefelAWIMYI0 OTHOCHTENb-
HBIH BHJIa pacCeAAHUA HA AaKYCTHYECKHX KOHGﬁaHﬂHX B IIog-
BAN(HOCTE:

a= (p-[n Sb) naOn/(Hln Sb)tcop =~ 2 1.0-..

Jlna ornomenna «(OHONHBIX» COCTABJAILINX TepMO-3, A. C.,
nonaran gaa ouenKHE (lg)ce = () 1o sb, DOAYTIaEM

a a v
(%) 1n sh a dnSb in sb_Pae o 40-2,
(%p)ae %Ge YGe MPmsp

Tarum obpaaoM, ad)@eKT yBredeHHA INEKTPOHOB (POHOHAME
B AaHTHMOHMJ(e MHJHA n-THIa MMeeT B3IIAYUTEILHO MEHBLIYIO
peanuuny, vyeMm B repmannu. Hcuonrsya amagenme (oty)ae,
monydYeHnoe B DpeAbIiynleit 3ajgave, HAXOAMM (Q¢)insh ™
~ 10 MxB - K-* npn 20 K.

142, Jlua wocuTedell ¢ KBaJpaTHUHBIM 38KOIOM JHCHEp-
cun na dopmya (6.26), (6.3s), (6.31) monygaem B cayuae
CUJLHBIX MArHHTHBIX HOJeH, KOL/A 0z > Oy, G2 2 ¢y,

j (— df/dE) EK®(E) dE

q <E) 0 5 D, o (—M)
0 g (1) o0 2 kTCDsl,z(—n)’

j (— df/dE) k* (E) dE
0

Otcwopa caeayer, 9T0 TepMo-d. 1. C.

5®5/2(—'n)
a(o0) = — [ﬂ + 25;2(—_—")]

B ofnactm momelt w > 1 me 3aBHCHT OT MArHNTHOTO oI,
& TAK)Ke OT MexaHnaMa pacceaHmA. llocmeauee oGcToATENB-
CTBO [enaeT H3MEpPeHMA TepM0-3.[.C. B CHJNBHHX MOMAX
YRoGHEIM crmocoboM ompefeseHHA 3(PeKTHUBHHIX M4CC HOCH-
Teneii aapaga. [lia HeBBIPOIKIEHHOIO rasa
k5

afoo) =3 (3 + 1)
W3 aroit dopmynsl maxomum 1 =3; takmMm oGpasoM, mpef-
noso:KeHne O TOM, UTO JHIPOYHLIH Tra3 IIeBBIPOMIEH, X0-
pomo cebs ompasjbeiBaeT. 3iafg KOUNIEHTPANHIO JTHIPOK, He-
TpyAHO HafiTn 3ddexTuBHOE uYHCHO ABipok N, =pexpn=
= 1,18 - 10" cu~*, orkyma m, = 0,6m,.
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143. ]Inn BeBHIpOXTEHHOrO IONYNPOBORHEKA ¢ KBAIpa-
TAYHRIM 32aKOHOM ANCIEpPCHA HMeeM

@ = a(H)|gmo = — % ((r + 2) — 1],

& (00) = & (H) [ow = — 2 (3 — 1),

€

H, ClIeJI0BATeNbHO,
Aa(o)=q(x)—a=—(k/e)(*/s—T).

Orcioma, B 9aCTHOCTH, BhRITEKaeT, 4T0 Ac (o) o6pamaerca

B Hyap npm r=1/2, T. e. B TOM ciIydae, KOrjja paccesaHne

OPOMCXONMT HA ONTHYECKUX KoNeGaHHAX pelleTKH, a TeMIe-

patypa Bmxe Temnepatypst [lebas.

144. B ofnacte CHIBHBIX MArgETHHIX moteit (w > 1)
9HEPrHA IepeHOCA He 3aBHCHT OT MeXaHHM3Ma pacCeAHAA M
OpPE CHILHOM BHIDOXKAEHNH 9JeKTPOHHOT0 ralda papHA
(cm. (I1.6))

EY _pra 1+[n=/6k3 (F) 1] (a%/an®) ni® (F)

L J—
*=3 E+ (68 ()] (@an) P Py
OTCIOI(a OAs1 OPOM3BOJBEHOTO 3aKOHa [ICIIepCHA HOoJydaeM
2 -
nk 1 dk(F)
(o) = —Z"5 7 an

Ha ocuoBammm onmpefeneHua (6.5) Benmumea fi paBHa

N m = 2k (E) L,

ITocKonbKy HAJ MPO3BOJLHOTO 33KOHA [[HCIEPCHM B M30TPOI-
oM caydae k(F)=(3n’n)"?, sripakenme JiA o () MOKHO
LepenAcaTs B BUA®

2 m
a(oo) = —n—;‘ kT—hr@;g)a—,,z (1)

rne fiy — 3HavYeHWe i Opm sEeprun, pasHo# sHepram (MDepmm.
Ilopcrapnaa maHHBIe M3 YCROBHA 3afa9W, HOJYyTaeM OTCIOAA
e = 0,019m,.

O6pamas dopmynry ana M ma sagasm 16, maxogmm ad-
¢eKTHBHYIO MACCy BJIEKTPOHOB HA [{HEe 30HEI:

m(0) = — 1* (3n2n)"*/Eg + [1* (3n2n)"*/E} + mp]'/* ==
= 0,043 m,.
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145. Ucnonwaya dopmyny (2) ma sagaum 138 m dopmy-
ay (1) n3 sagaunm 144, MOMHO YCTAHOBHTH CJeyILYI0 CBA3b
MeK1y 8HadeHMeM TepM0-d.[.C. B OTCYTCTBEM MAarHETHOrO
Iolig M ee 3HAUEHMEeM B CHJAbLHBIX MArHUTHBIX DIOJAX JJIA Bbl«
POMIeHHOr0 NOJYNPOBONHAMKA ¢ KBAJPATHYHBIM 38KOHOM JIHC-
nepeuu:

a=—§-a(oo)(r+1).

3
Orcloga monyuaeMm r = > '1(00) —1=1,8.

Takum o6pa3oM, B pacCMATPHBaeMBbIiX YCIOBHEAX pacceAHHe
OpPOMCXONHT B OCHOBHOM HA 3apHA;KEHHHX MPHMeCHX.
146*. 113 dopmynst (2) sagaun 138 m dopmynst (1) aa-
aagn 144 umeem
2 n de
G==-3—CZ(OO)( +1 3 'd—n').

HLF

TaxmM o6pasom,
d~
At (00) = 0t (00) — @ = —%a(m)[%%—(zr— 1)]. )
F

Ua onpepenenma (6.5) nnsa 3agaEHOr0 3aKoHA ARCOEPCHA

- = 0,023 + 1,35-107"%2 (cm™") = 0,023 + 1,3.107 1452,
[}
(2)

B (1) Bmiparkennme B KBafpaTHBIX CKOOKAaX, a ¢ HEM H Bejd-
ypAa A (o) ofpawgalTca B HyNb, Korjga

~ T T8 @)

C yueTom 3asucHMOCTH (2) 8TO ycloBHMe NPEHEAMAaET BHRX

1'3.1(]—14"2/3 _ 9 — 14
0,023 4 1,3.107 14,273 =%

2

3
Takmm ob6pasoM, Benmiuua Ao () obpamaerca B HyIbL HpH
KOHIEeHTDALIA

=9 26(2r——1

) 1018 ¢y "% & 1010 em 3,
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Korpa sakom gucmepcum mmeer sug (1.3:x), 10

-~ 2 1/2
np_ m(0) _2hT o g 23
m - m, [1 + m (U) Eg (3.Tt ll)

(cm. 3apavy 16), m ycaonsnme ofpamennsa Ax (o) B Hyab Opm-
HUMAaeT BHAJ

212 2.12/3 -1 3
1—[1+m(3nn) ] = 3.

IT0 ycaoBHe He BBIIOJHAETCA I HPH KAKIX KOHIEHTpPanuAX,
cilefoBarelsllo, Oaa 3akoHa paancoepeun (1.3:x) Benmumua
Ac (o) He oOpaulaetcd B IYJib,

T'raea 7
®O0TO-3. 1. C. B ITOJYIIPOBOJIHITKAX

&

147. PaccmoTpuy 10ayDpoBoIULK, HanpnMep, p-tana. Tor-
na B gopmyae (7.1) caenyer nonoxnts n=_0:

= )D_pid—,—)dlz=/ \_Dg dp.
pp p dz Py

[TongsuTerpanpaOe BBHIpadieHEe eCTh OJHO3HAYHAA (QYHKNRA p
(cpasumre ¢ (3.6)), u murerpal IO BceMy KOHTYDY TOmze-
CTBEHHO pPAaBeH HYIIO, 9TO CBHIETEILCTBYET 0 CYLIECTBEHHO
ouronApHoM xapakrepe $oTo-3. [1. C.

148. BrncauM cHagana BeHTIWIbHYO ¢oTo-3.A.¢. V, Ho
dopmyne (7.3), omycTus B Heli pg:

B
Vl = Eez.s' bn, -f“b(—ll_-:— 1) An %%dl =
r -1
Lt = I TR AT -
a? 0,B
- -’1-7-‘1 14 Aagjog 4

e 1+ AO‘/GOIB ‘

Bropoe cnaraemoe BHIYHCIAM, pa3bupas muTerpan: B (7.4) Ha
ABa, IO JBYM Yy3acTKaM Mauoil mmpunn 2¢ s6nuam A m B,
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rne d An/dz ¥ 0:

Ate bte
V.o kT b—1 j dAn j dAn
2 e bt 1 eAn—i—bno/(b—}—h + B_eAn+ bn jb+1) [

A—

_ kT b—1 1 An+bny /(64 1) 1 bny g6+ 1)

= e b+ 1 by a/b + 1) +ingg Fong p/6+ 1) |
kT b—1, 1+ (b+1) Anjbng ,

T e b1 I+ @+1)anbn, 5 °

Cxknagmiean V, m V,, maxonam

1+ Aa:
2T Pt 47,4070 B,

V=111 T a0, ,

149. 113 orBeTa UpeAsIAymeil 3aja9l UMeeM B IPefelbHOM
caygae Aa/o, < 1:

2 kT
V=77~ A0 (Po,a — Po,B)

z B ofpaTHOM mpefensHoM caydae Aa/g, > 1:

2 kT pU,A
V= b—+1 Z In (PO'B ).

B paccmaTpmBaeMeIX yClIOBHAX
Adpe a=0,1<1, V=34 -10-* B;
Adpe s =16>1, V" =30-10"* B,
150*. Cumras, 9To E3MeHenHWe p OpHW casire Ha Al mese-
JMKO, HOJOMKHAM
p(z + Al) = p(2) + 2 AL

W3 gopmynnr ana V aagaum 148 nomyqum
2 kT (Aa Al dp/d:r)

V= n 1+ Aag.p

T o1 e
B TPEANONOAEENR O MAJOCTH BHIPAKEHHA B KDPYTJAHIX CKOG-
kax. Orcrofta
®

]
Aodp A tNe( 4z
51+Aa-p" 2%T Al j1+3;=013(1+3.r).

Py 0




3necs

_A(b+1)e
C =% erar = 0.89

Nuterpapys mo p, mafinem
1+ Ag-p(z) _ ( + Bz)°,

14 Aa-p (0)
OTRYyfAa o
14 Ac-p (0)] (1 + Bz)® —1
p(I)=l + 0.0()/1(('4- z)
n o
Aoa=Anep,(b+1)=47 Omu~" -cu~,

[Ipr z = 2 monyvum
p=4,9 OmcM.

Hponepxa OOKAa3kIBAET, YTO CAEJIaHHOO BHIIIE OPeXNOoJoHeBne

BEIOOJIHAETCA,
151. Ilo dopmyne (7.3) maxommm

ka+1A j [ An(b+1)]“dx=
n, dz b

=E”+1Anjp dny
') ng [mg + An (6 F 6]
e

np[nn—l— An (b + 1)/b]
Pp [y T A7 (6 1)/5]"

k—-Tln
é

B paccmarpmBaemux ychaormax (cM. tabammy, Ilpmnomxe-
Hue 2) Ha ocHoBaHEE (opmyam (1) sagavm {1 mMeem

ng=10""cn"®, n, = ni/n, =10""cu?,

kT/e=65 10"
B pesyanrate monyqum V, = —0,11.
152, Hcemonsayn ¢opmyny (7.2) (cM. Tarnie aamawm 75%,
77*), HaxomUM
n, (z) = n, (1—%z), §=02cn7",

d
k_rj' (1—b) N[— L™ exp (— 2/L)] + bkn,

7 dz =
bny (1 — §a)
d/L d
_ AT —1£jexp(—-z)dz+!zl‘ Edz z
e b o 1—ELs " eJi—¢fzr 2=7T
0 9
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B mepsom mmTerpane cymecrsemEn z <1, m MoikHO 3ame-
HATL 3HAMEHaTedh Ha eganuny, tTak kak EL =0,2-0,01 <1,
Unterpaposanue faeT pesyabTaT

kT (b—1N 1
‘P=T(T,T(;+ ‘"r_—gd)-

Orciona Ap =4,1-10-* B.
133. IlonoGuo ToMy, Kak mosywaoTca gopmyas (7.3) m
(7.4) ma (7.2), B mamewm caygae opu Ap = Ant,/T, HAXOOAM

v =£I$§ i T
1 e bny + (b + T,/Ty) An n, dr

: kT Tp/Tn— b d An
I/ —_ _(‘g\ . n
2 e bry (b + Tp/'l.'n) An dz dz.

dz,

Hance, ananormuno 3agave {48 moayqaem
ke, 1+ Aap,

V:l = 7 1” _1+ AU-po.B'
—_ A b_k_r In 14 Ao'pﬂ,A
! YA t+Aocpy 5
OKongarennio,
2t 1 14 Aap
V —_ V V — jron 0, A = . -2
1TV, s Tp/Tnln T+ 8o, 5 2,7.107°B.
Tiaca 8

ONTHKA IOJYNPOBOAHHKOB

154, Tpennonosum, ato ® =Ay/4n < n, Torma mo mn3-
BecTHOH BeamumHe R ¢ momouibio dopMynn (8.2) mHaxoaum
n=14 B Tex e yciosuax ¢opmyna (8.5) yopomaertes:

T=(1-R)*exp(—yd)[l — R*exp(—2yd) ]
Orcioga, o6o3naums z = exp(yd), DOJYIHM JJA Z ypaBHEHHe
z*+z(1 - R)YR*T—R*=0.

Ero pewenne ects z = 0,48; cneporarennno,
Yy=d'In(1/z)="17,3 cm~',
Ilpm stom % =158 10~ < n, Tak 9T0 HCXONHOE NpexHOJO0-
fHOHHEe XOpOII0 BLINOAHAETCA,
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155, Onpenenns OpEBEfEHHYI Maccy
my=(my' + m;*)™" = 0,05m,,
gaiifeM 3Hadende BOJHOBOLO BEKTOPA YaCTHIL
k~h"'[2m, (ho - E;)]"*=1,2-10° em™",
CpaBEEB 3TO C BONHOBHIM BekTOpoM GoTOHA B cpefe,
g=no/c=166 10' cm~!,

OONY9HM
g/k=255 107

156. Jina memapaGonuueckoro sakoHa ancmepemm (1.3:k)
mMeeM

- , / H 1
k=071 (m(0)[(ho)? — E}|/2E.)"? = 6,5-100cn™".
Haxee,
g=nw/c=23,35 10* en~,
d cTeOeHb HEBePTHKAJILHOCTI NEpPexoja Tanosa:
q/k =52 103,
157. B caywae po:imenus Jerioif ABIPKM B KauecTBA
OpHUBeIeHHOA Macchl HAMO B3ATH
me = (m;l + m.;f)_1 = 0,035m,.
Onpenennn, mupesefperan HeBPPTHKANHHOCTHIO, 3HAUCHAA

KBa3HBOJNIOBHIX BEKTOPOB 3JCKTPOHA 1I Jlerkoidl ABPKA (CM.
sagauy 155), naiigem mance

E.=(m./m,)) (ho — E)= 4,9 10~? 3B,
Ey=(m./my) (ho — E;)=2,1 10-% aD.

ANAJOruailo Opy poiKIeNnyn TMKReJg0H ALIPKH IOJYYHM
mg,=0,0454m,, E,=06,4 10~%aB, E,.=6 10-*3B.

158. BseaemM an8  kpatkoeTtH obosmaueunoe a’ =

= 2h*E;/m(0). Torma mmeem
Eny() =Ee+ 5 (£ VEE+ R —E), (1)

rge 3HAKM «+» B «—» COOTBETCTBYIOT 30He MPOBOJAMOCTH
(r) m panemrTHO# 3ome (p). CoBMecTHM HaYalo oTCYETA
JHEPru¥ ¢ AIOM 30HHI MpoBoguMoctH, nonarasd E. = 0. Toraa,
cornacHo opmynam (8.10) u (8.12), Mn ponyuaem

Prous,i =N 5‘ k26 (VE:, + a?l? — Tlm) dk. 2)
0
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Uunere ! ykasasieaer A T0, 4T0 3fe¢h PACCMATPHUBAIOTCA 30-
Ha NPOROMINMOCTA M 3oma jerxkmx asipok. [Tombaysch mpasu-
JoM unterpuposanun ¢ §-gynkuueif, naxonm

Rey (m (O /2 Ta o g2 .
Prons, 1 (00) = rey (TA’} l/h’-’ur — L. (3)

Mpu ko — E; sto soipaskenue (¢ APYTIAMI TOCTOANIBIMA

rospduumenTamit) gaet Ty ke (OPMY YacTOTIOH 3aBUCIMO-

CTH, Pums, ((0) (H, cregoBartentro, xkodppminerTa rnoraoLie-

MHA CBeTa), YTO U B CJyvae KBAJIPATUYHBIX 33KOHOB JHC-

HepcuM B3JeKTPOHOB H MBIPOK ¢ d(deKTHBHBIMU MaccaMi

m(0): puws, ((0) ~ (hoy — Eg)'?, 9T0 1 cllegoBalo OMRNIATE.
C gpyroii cropousl, npu ko > £, Ml noaydacs

Y ~ Duans, I(U)) ~ (')2- (4)

Tak, B wacrnocra, o6cTouT jedo opu K, — 0, Lorga B ICHT-
pe 30HHE Bpnanaiosna 300l NPOBOIMOCTH H BajeHTHAH CMHI-
KAIOTCA HJIM «IOUYTH CMBIKAKOTCAY,

159. Ionrsyacs gopmynamm (1.3e) m (1.33) n momaram
a* = 2h*E,/m(0), Mu monydaem

Oromb,h ((0) =
=172 (k8 (Eg2 + 10,V E; + @t — ho+ itk 'm,) dk. (1)

0

Hunere «h» yraspBaeT la To, 4TO 37€Ch PACCMATPHBAIOTCA
30Ha NMPOBOJHMOCTH IT 30HA TAKEAHWX ALIPoK. Hepaseucrsa,
yKkazaHHEIe B YCHOBHAX 3ajavUd, MO3BOJAIT Npenelpedys Mo-
cnenuuM cinaraeMbIM B ckoOkax. Torma, BHIMUCIAA HuTETpan,
oonydaem

3/2 [ho (ho — E) |12
Oroxcn (©) = [2m (0)] [ © fho g)} (ﬁﬂ_ 1). @

a3 E, E, 2
CpaBHEBAs 5TO ¢ BHIpa:KeHHeM (3) U3 peuleHHA HpefrgyImeil

3a0aUH, HAXOZHM

Pramé h X0 1\t [fo -1/2
Pt _gfo_)/le(te )],
Promo, i \Eg 2 [Eg Eg + ()

Buanwm, ato npn Ao — E,, T. e. B6a@3n mopora HOrJIOIMeHNHA,
/2
Pmmo. n/Pmmo, (e ZJ/ .
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IPAJIOREHNAA

1. HEKOTOPBIE CBONCTBA IIHTET'PAJIOB ®EPMHA

Harerpan @epmu @;(n) omopepensercs COOTHOIUIEHUEM

1 el de
O =5 ) TR e =W (L)
0

rae I'(j+ 1) —ramma-gynknma. B knaccudeckom mOpefene,
KOTJAa BeJIMYAHA 1] OTPHULATEJbHA M JOCTATOYHO BeJHKa HO
a0coNIOTHON BenMYuHE,

®,(n) ~ exp . (I1.2)

Ina GonpOIuX OOJOMHUTENBHEIX 1) (B CTATHCTHKE 3TOMY COOT-
BETCTBYET CIydail ModTH IIO0JIHOTO BBIPOKIEHUA) HMeeT Me-
CTO 4CHMIITOTHYECKHMA pAJg

nit A (42 S
D, (n) = IU+2)[1+—.”21—(“-+...]. (I1.3)
Juna marerpana Qepmm @, (n) uacto GeiBaeT monesHa cle-
Iylomaa npuGnmxennas gopmyna;

®,.(n)=expn/(1+0,27expy), (11.4)

gapomaa upE 7 < 1,3 morpemrsocts, He npesocxopamyo 3Y%.
IIpm 1 > 1 npubamxennan dopuyna

_ 4n'? 1,15
O () = 357~ (1 + 27) (1.5)
TaK:Ke Jaer morpemuocte He Gosmee 3%. Tarkmm oGpasom,
npubnmxensrte ¢opmyant (IL4) m  (IL5) mnepexpsisaioT
BeCh HHTEPBAJ 8HAa4YeHHAH OT CAydYasg CIUIBHOTO BHIPOMAEHHA
RO HOBEIPOKEHHOro (KIACCUYECKOro) caydad.

B pAne ciyuaeB OKa3kIBAETCA HOJE3HHIM HECKOJABKO Go-
Nee CN0KHO® HPUGIFKEHHOe QHAJATAIECKOE BHIPAKEHHE NJIA
nrrerpanos Qepum [X. Aymerich-Humet, F, Serra-Mestres,
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J. Millén, J. Appl. Phys, 1983, v. 54, p. 2850], cnpaseannm-
Boe JUIA BCeX 1 M JJA BeLleCTBeHHHIX j > —1:

r(+2 2+ }" .6
[b+n+3n—bF+apPt] ° (L)

D; (M) = [exp (—n) +

3necs
15, Loy gy 1/2 0.7
a={t+80+0+50+ 12 s @)
b =18+ 0,61, (T1.76)
c=2+(2-72)2, (TL.78)

B unnteprane —1/2<j<4 mwpamenme (I1.6) paer mo-
rpemuocTsb, He mpesnimatomyio 1,2% aaa secex 7).

Jlna omeHKH UHTErpaioB, cojepanmux ¢yukuuio Qepmn
RIH ¢e 1IPOM3BONLEIe, B Clydae CHABHOTO BHIPOKACHUA YacTo
NCOOIB3YSTCA PA3NOIKEIUS

oo

dG (&) 1
j e Trepe—n%®~

——Geo)+ G+ @8
an

3peck G(e) — mpoussonbHag (QYHKUUA BHeprud, NJIABHAA
BONU3W TOUKE € = 1),

2, HEKOTOPLIE ITAPAMETPBI MO TYNPOBOAHHROBBIX
MATEPHAJIOB

‘ E,%), Myn myp Hp (300 K), | ny (300 K),
Mavepuan gD Mo m—,.,‘ c:‘ B~1le—1 c:a’hli—lc-1
Ge 0,74 0,55 0,36 3800 1800
Si 1,16 1,06 0,59 1450 500
10Sb 0,22 0,013 0,4 78000 750
InAs 0,43 0,023 0,41 33000 460
InP 1,40 70,087 — 4600 150
CaSh 0,80 0,047 0,23 4000 1400
GaAs 1,52 0,068 0,5 8800 400

*) B ra6imne npuBefeHN S8HAYEHUA WMUPMAL BATIPEIeHEOf BOHK nOpR
77 K, nonyqgeEHkIe B3 OMTUYECKUX WamepeHnit,
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Jlannsle, npABeleEAble B TaGaune ANA repMamnd B Kpem-
HEIA, B ocHoBHOM B3faTh n3 gunuru . Cmura «[lonymposon-
Hukm».— M.: Mup, 1982, a mi1a monympoBOJHAKOBBIX COENH-
nennit A"'BY — u3 o6sopa I{. Xuncyma «flekoToprie ocHos-
unle ueptel coegmuennmit tnma A'''BY»y, omyGamrosamoro
B cOopnuke «Semiconductors and Semimetals», v. 1, Acad.
Press, 1966, Ilpnm nonpzomanun Tabauneii caeayer uMeTh
B BUjY, UTO ¢ PA3BUTHCM TeXUMKH BKcHepnMeHTa Gurypupy-
jolige B Hell 9MCIOBble 3HAYEHHA OAPAMETPOB MOLYT LOJ-
BEePrHyTLCA yTOTHEHHUIO,
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