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I. Beryn

Inutepec no cmonyk rpymu A'VBY' oGymosnenuii
HMIMPOKUM iX BHUKOPHCTaHHSIM Yy HaIiBIPOBIIHUKOBIN
OIITOEJIEKTPOHIII /ISl CTBOPEHHSI 1HXKEKIIMHUX JiazepiB 1
¢doronpuiimadiB, 1m0 (QYHKUIOHYIOTH Yy Aiana3oHi
JIoBKUH XBWiIb 8-14 mxm [1-3]. KpiMm Toro, BoHH €
0a30BMMH TEPMOEJEKTPUYHUMH MaTrepiaiamMu JUTsSt
cepenHboi obmacti Temmneparyp (600-850 K) [4]. Bucoki
3HAYCHHS ONTHYHOTO KOe(]ili€eHTa MOTIIMHAHHS (103-
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10 cm™") Ta cratmuHOi JieNeKTPHYHOI IIPOHMKHOCTI
(mekiTpKa COTEHB) JAal0Th MOXIIMBICTE BHKOPHCTOBYBATH
TOHKI IUTIBKM JJIsI CTBOPEHHS  OaraTOCIEMEHTHHUX
MaTpus [5-7].

XanpKOTCHION CBHHITIO KPHCTANI3YIOTBCS Y TpaTIli
tuny NaCl. [Ipupona XiMi9HOTO 3B’SI3KY JTOCHTH CKJIaHA
1 BIIIIOBIIAE 3MIIIaHOMY 10HHO-KOBAJIEHTHO-
METaIiYHOMY THITY. [OHHICTH TpaTKH BH3HAYa€ 3HAYHY
(Ha TOpsImOK 1 OiNbIe) Pi3HUIK0 MiXK CTAaTHYIHOIO € 1
BHUCOKOYACTOTHOM &, MICICKTPUIHUMHU MPOHUKHOCTSIMH.
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Jns  XaJbKOTEHIZIB CBHUHIIO XapaKTEPHO ICHYBaHHS

. - L.
v ! ’ Bakaucis Vp, mae nmsi gipku. Komn E,, <Ep <E,
JIBOCTOPOHHBOI ~ 00JacTi TOMOTEHHOCTI 1  3Ha4yHe

BIIXHJICHHS BiJl CTEXiOMETpii, 110 00YMOBITIOE HASBHICTH MaeMO ONHO3apsANHUN akuentop V. . Ilpu neperuni
Benukoi  kimpkocti  (~ 10"-10% cM”)  enexTpuuo
AKTUBHUX BJIACHUX TOYKOBHX JAe(eKTiB, n- i p-THI E, meB
mpoBigHOCcTi (puc. 1.1) [1-3].

OcHOBHUM  (haKTOpPOM, IO BH3HAYae poOodUi 800 fEpy
XapaKTePUCTUKU MPUIAJ0BHX CTPYKTYp € aTOMHI
nedexr 6a3zoBoro Marepiaiy. L

He nuBmsiauchk Ha Te, M0 Y AOCHIDKEHHI NeEKTHOT 400 -
nijicucTeMu xanbkoreHiaip ceuHio PbX (X — S, Se, Te) Ep, - -
HAKOITHYCHO 3HAYHHUU TEOPETHIHHH i ok ——— - P _— —
eKcrepuMeHTalbHNui Matepian [8, 9]. Ha nmanwmit wac y E,——
MMUTAHHAX PO BHJ 1 3apsIIOBHI CTaH aTOMHUX JC(EKTiB L
€ 3HaYHA CyTepEeYHICTb.

EHepr§quHy nmiarpamy — piBHIB 3acenegocﬁ -400 _PbTe PbSe PbS
XaIbKOTEHI/IIB CBHHII0 HaBeneHO Ha puc. 1.2. PiBeHp 1
E,, Binmnosimae nepexony BakaHcil meramy Vp, 3 800 - | |
OIHOKPATHOTO Y JIBOKPATHHII akuenTopHuii cran, B, — Ea | | I —T
nepexo/y BakaHCiil XalibKoreHy V, 3 OJHOKPATHOTO y 0,8 1,0 1,2 1,4 1,L6A, e

IBOKpaTHHUH noHopHuii craH. PiBui E,, 1 E,, i o i
Puc. 1.2. Eneprerudna niarpama piBHiB 3aceneHocti PbTe,

PbSe i PbS [31] (A — mapameTp i0OHHOCTI, IITPUXOBI JiHIT —
Kpaii 3a00poHeH01 30HMU) [9].

po3tamosani naneko (0,6-0,8 eB) Big kpaiB 3a00poHEeHOT
30oHu. Sxmo pisens Pepmi Ep nexwuts Bume E, ),
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Er piBus E,, Bakancis nepexouts y HeHTpasbHHIl

0 . .
craH Vp, . AHaJOriYHy CHMTyalil0 MaeMO I BaKaHCii

XaJIBKOTeHY V, , sIKa IMOCIiJOBHO MPOXOJUTH CTaH JBO-,
OJTHO3apSAHOTO JIOHOpa 1 NPOXOIUTH Yy HEHTpallbHUI
crad, kouu piBens Pepmi Ep, pyxarouncs Bropy 3a
eHeprieto, neperunae pisui By, i E,,. Mixsy3nouii
aTOM  XaJIbKOT€HY OUIBINICTH  aBTOPIB  BBaXAIOTh
enekTpuyHo HeWrtpamsHuM [9, 10]. Hlo crocyeTbes
AQHTUCTPYKTYPHUX Je(eKTiB, TO CBHHENb Ha MicCIi
XaJIbKOTeHY — JIBOKPaTHO 3apsyUKEHHH akIenTop, a
XallbKOTEH Ha MicIli Pb — 1BOKpaTHO 3apspKeHMid TOHOP
[9]. IIpu mpoMy Oinbla YaCTHHA HAIUTUIIKOBOTO 3apsiay
2e¢ abo e po3mojiieHa Ha BENHWKHX BiJACTAHIX HABKOIO
TOYKOBOTO Te(EKTy.

3ayBa)KMMO, 110  BJIACTUBOCTI  KPHUCTAJIYHUX
MaTepiaiis PbX (hopmytoThcs HE TIIBKH
CJIEKTPOAKTUBHUMHM  TOYKOBMMH  Jedekramu, a ¢

MACHBHUMHU B EJIEKTPUYHOMY BiIHOIICHHI AedeKTaMu
TUIy TPELMIITaTiB BJIACHUX KOMIIOHEHTIB YW IX
KOHTJI0MeparTiB [9].

VY npoMy OIJIsili IPUBEICHO aHai3 JOCTIHKEHb 10
CTOCYIOTBCSl BHBYEHHS JAE(PEKTHOI MiJICHCTEMH ILTIBOK
XaJIBKOTEHIIIB CBUHIIIO.

II. AtomHi nedexTn: Qpisuko-ximiuHi
npouecH Npyv BUPOIIYBAHHI ILIIBOK i3
napoBoi ¢gasu

2.1. MeToauka eKCHepUMEHTY i pe3yJabTaTH.
[TniBKM XaJIbKOTEHIAIB CBHHIIO BHPOILYBAIH 3 IapOBOT
(a3 meromom rapsdoi crinku [11-14]. B skocri
OCHOBHOI ~ HaBa)XKM  BUKOPHCTOBYBAJIM  Hamepen
CHHTE30BaHI KPUCTAIM 3 MOYAaTKOBOI KOHIEHTPAIi€0

17 . -3
HociiB ~ 2-10""cM ™. Jlna [0#aTKOBOrO JDKEpena
CIIy)KHB TIOPOIIOK YHCTOTO XalbKoreHy. ITigkmamkamu

Oymm cBixi ckomm (111) BaF,. Temmeparypa ocHOBHOTO
JDKepella — TeMIlepaTypa BHIIapOBYBaHHA — Oyia

T, =820K,
T, =850K . Temneparypy minxnagox T, BapitoBaau B

TeMmIreparypa  CTIHOK  KaMmepu  —

mexax T, =420 —700K . Temneparypor 101aTKOBOrO
BHTIAPHUKA MOXKHA OyJI0 3MIHIOBAaTH MapLialbHUN THUCK
napu xanbkoreHy Py, y 30HI OCaKeHHs IUIBOK.

[IBuakicTh pocTy IUIBOK CKJIajgaina ~ 3Ac'1, a ix
TOBIIMHA 2-5 MKM.

CrpykTypa IUTIBOK  JIOCTIKyBanacs METOAOM
JIBOKPHCTAIIbHOI ~ PEHTIE€HIBCHKOI ~ CIIEKTpOMeTpii, a
€JIEKTPUYHI BJIACTHUBOCTI — KOMIICHCALIHHUM METOJIOM Y
MOCTIHHUX €JIEKTPUYHUX 1 MATHITHUX TOJISX.

PesynbraTamMu €KCIEPUMEHTIB BCTAHOBICHO, IO
TUTIBKH OCAJDKYIOTBCS y BUTJLI MO3aiYHAX KPHUCTANTIB i3
cepenHiMu TiHiMEHEMH po3mipamu  0,2-0,5 MM, sKi
opierToBani mwionuaamu (111) mapanensHo 10 MOBEPXHI
migkmaaky [14]. T mpoBigHOCTI 1 KOHIIEHTPALlisA HOCITB
3apsAgy ~ IDIBOK  BHU3HAYAIOTHCS  TEXHOJOTIYHUMHU
(hakropamu BupouryBaHHs. Tak, mis wiiBok PbTe mpu

HU3BKMX TUCKax mapu tenypy Pr, =(1 07 -107%) Ma

dopmyrotbess TwriBkE n-tumy  (puc. 2.1). INomampmie

10"

10"

lg (P, , ITa)

Puc. 2.1. 3anesxxnocTi KOHIEHTpaIii HOCIiB cTpymMy N, y miBkax PbTe Bin HoMiHanbEHOTO THCKY Mapy Telypy
(T, =653K, T, =833K)); nixxnanxu:

g, 1, 1'=NaCl (100); A, 2, 2' — BaF, (111); o0, A — ekciepuMeHT; 1, 2 — po3paxyHOK 3 ypaXyBaHHIM
BHYTPIIIHBOTO HANPYXeHHsI TUIiBOK, 1', 2' — 6e3 Hporo [17].
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Puc. 2.2. 3anexHiCTh KOHLEHTpALi HOCIiB 3apsiay Ny, B mwiiBkax PbSe Bix Temneparypu ocamkenns T, na (111)

BaF,, 0 — ekcriepuMeHTaIbHI pe3yIbTaTH; CYIUTBHI KPUBI — PO3PaxXyHOK:

() Py, =1Ma, T, =820K;(2)- Py, =10a, T, =820K; (3)- Py, =10Ia, T, = 800K [18].

HiBUILEHHS TUCKY MapH XaJbKOTeHY Y 30HI OCaKeHHS
NPUBOJAUTH 0 3MEHIICHHS KOHICHTpAIlii eJICKTPOHIB Ta
iHBepcii THIy MPOBIAHOCTI 3 HACTYNHUM 3POCTaHHSIM
KoHUeHTpauii xipox [15-17]. IligBumenHs TemmnepaTypu

ocajukeHH T, TpM HOCTIHHOMY B3HAYEHHIO THUCKY

XaJibkoreHa OOYMOBJIIO€ aHaNOriuHl 3MiHH (puc. 2.2)
[18]. Taxi »x pe3ynpTaTH OTpUMaHO AJsl IUIiBok PbSe i
PbS [18-19].

2.2. KBaziximis nedekTiB 3 BpaxyBaHHAM
CKJIA/IHOTO CIIEKTPAa 3apsi/IOBUX CTAHIB.

Y poborax [15-19] 3ampomoHOBaHa KBa3ixiMidHa
MOJIeNb, SIKa BPAaXOBYE MOMIIMBICTH TEPMOIHMHAMIYHOTO

PbX® < PbY +%XzV . Kppx (T,) =Py, - Py%;

PbY <> Pb +e, Kpyy(T,)=[Pb/]-n-Py;
VXY Vi # X5 +h7, Ky (1) =[Vi1-p- P
PbY <> Pb> +2¢7, Kjyy(T,)=[Pb>]-n2 Py,
VXY o Vi X% +2h%, K (T)=[Va1-p Py,

Tyr n — KOHHEHTpalisi eNeKTPOHIB, p —
KOHIICHTpALlisl JdipOK, KBaJpaTHHUMH Iy)KKamMu |...]
MMO3HAYCHO KOHIEHTpalif0 JedekrTiB, iHAEKC 8"

BigHOCHTBCA 110 TBepaol dasy, ,,v” — 1o naposoi. Py i

Py — mapuianeHi THCKM IapiB CBHHIIO i XaJbKOT€HY
2

. . , .
BiamoBinHo, € — enekrponu, h™ — nipku, K — koncrantn
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mpoIiecy 3 YTBOPEHHSM pI3HUX 3apsIOBHX CTaHIB
BJIACHUX TOYKOBUX Je(eKTiB Yy KaTiOHHIM miarparui

wiiBok PbX: MIDKBY3IOBHHHHX aTOMIiB 1 BakaHCiit
+ 2+ 0 - 2— 0

ceurmro  (Pby, Pb:™, Pb;, Vu, Vi, Vp).

[Ipunyckastecs, 1mo  CcKkiaa  3pa3kiB  y  30HI

BUIIAPOBYBAHHS BiANOBiJa€ MIHIMYMY 3arajbHOTO THCKY.
Toni npu omepxkanni miiBok PbX 3 mapoBoi ¢aszu B
TEXHOJIOTi1 Taps90i CTIHKK PIBHOBAry CHUCTEM ,,HaBa)KKa-
mapa” 1 ,mapa-KOHAEHCAaT’ MOXKHa OIKCAaTH 3TiTHO
3akoHy Jirounx Mac [15] cucremMor0 KBa3iXiMi4HUX
peaKIii:

Q.1
2.2)
2.3)
(2.4)
(2.5)

piBHOBaru. PiBusaHH: (2.1) BU3HA4Yae pIBHOBAr'Y CUCTEMH
»HaBaXKa-mapa” mpu po3kiaai TBepporo PbX y

T

BUIAPHMKY [IpU TeMmIlepaTypl BuIapoByBaHHsa 1.

Peaxuii (2.2)-(2.5) xapakTepu3ylTh piBHOBary ,mnapa-
KOHJICHCAT”, BIANOBIAAJIbHY 3a YTBOPEHHS BJIACHHX
aTOMHUX JedeKkTiB Mpu TemrepaTypi  OCaKeHHS
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(mipxnanox) T, . TIposiBu BnacHoi mpoBinHOCTI i pi3HHX

mporieciB  ioHizamii Ta  pekoMmOiHaiii  gedekTiB

OIMUCYIOTHCA piBHHHHﬂMl/I:
"0"=e +h", K,=n-p; (2.6)
Pbp, = Vp, +Pb{, Kp(T)=[VpI[Pb{]:  (27)
Pbp, = Vp, +Pb{", Ky(T,)=[V, I[Pb{"];  (28)
Pb) <> Pb +e”, K,(T,)=[Pb;In/[Pb}]; (2.9)
Vi, > Vg, +h", Ky (T) =[Vi Ip/[Vil: (2.10)
Pb! <> Pb’" +2¢”, K,(T,)=[Pb}"In’/[Pb]];
(2.11)
Vi, > Vi +2h%, K (T) =[ Ve, Ip” [V 2.12)
3aranbHa yMOBa eNCKTPOHEHTPATbHOCTI MA€ BUIIISL
p+[Pb 1+ 2[Pb/ J=n+[Vy ]+ 2[ Vs I.  (2.13)
3 (2.1)-(2.13) onep>xuMo piBHSHHS A1 BU3HAUCHHS
KOHLICHTpALlil HOCIiB (n) 4Yepe3 KOHCTAHTH piBHOBaru
KBa3ixXiMigHUX peakniii K i mapmianbHuii THCK mapw
xanpkoreny Py :

An* +Bn’-Cn-D=0, (2.14)
e
A= 2K;<2,VKF 'P>l</22 '(KPbXK;’b,VK;(Z,VKi)_I;
B=1+ KF : P>1</22 : (KPbXKVPb,V )
C=K; +KpyKpyy - Px'?; (2.15)

" -1/2
D= 2KPbXKPb,V 'sz .

ExcnepumeHTanpbHO BH3HAUeHa 3 edekTy Xoiuia
KOHIICHTpAIlisl HOCIiIB CTpyMy

' ~1/2 " -1
# KoppxKpp vKi 7+ 2Kppx Ky v K

-1
ny=n-p=n-K,-n . (2.16)
PiBHOBaXxHI KOHIICHTpaIii 3apSIHKCHAX i
eJIeKTPOHEHTPATbHUX Ae(DEKTIB JOPIBHIOIOTD:

[Pb;]= KPbXK'Pb,Vn_lP)zZl/Z;
[Pbiz+] = KPbXK'l‘)b,VnQP)E;/z;
[Vpy]= KF ‘n- P>1</22 (KPbXK'Pb,V )
[Vsz_] = KXVKF -n’ 'P>l</22 (KPbXKVPb,VK'XZ,VKi )
2.17)
[Pb;]= KPbXK'Pb,VKa_IP)Ezl/Z;

[Vlg)b 1= K;?KiP)l(/zz (KPbXK;’b,VKb )_l .

Otpumani 3aranbhi Gopmymu (2.14), (2.15) 1 (2.17)
JIAF0Th MOXIIMBICTh PO3pPaxyBaTH KOHIGHTpallii HOCIiB
cTpyMy 1 JHe(eKTiB y 3aJeKHOCTI BiJi TEXHOJOTIYHUX

(hakTOpiB (MAPLiATEHOTO THCKY IMapH XaIbKOTCHY PXZ B

30HI OCA/KEHHSI 1 TEMIIEPATYPHUX YMOB BUPOILIYBaHHS),
SKIIO TUTbKA BIOMI KOHCTaHTH piBHOBarum K,
BpPaxOBaHMWX y MOJeNi KBa3iXiMiuHMX peakuiii. Hmxue
BUKOPHCTOBYIOTBCSI ~ KOHCTaHTHM,  BHM3HAueHI s
kpuctaniB PbSe (Ta6mn. 2.1). TTopiBHSIHHS TEOPETUYHHUX
pe3ynbTaTiB 3  EKCIIEPUMEHTOM Ja€  MOXKIUBICTP
YTOYHEHHS IUX KOHCTAHT JUIS ILTiBOK.

*
Tuck mapu xanpkorena Py Ipu  SKOMY

2 9
BiIOyBa€TbCA Tepexiq Bi n- 0 P-THIYy IMPOBITHOCTI,
3HAWJIEHO 3 YMOBH N = P:

Py,

2.3. PiBHOBakHAa KOHUEHTpAauUist

ny(Py )
MIEBHIMH 3MiHAMH PiBHOBaXHHUX KOHICHTpaLill 1eeKTiB

pisHux 3apsgoBux craHiB (puc. 2.3). XapakTepHOO
pucoro miBok PbSe € mocTaTHRO BeIMKa KOHIICHTPALIiS

nedekris.

bapuuni  3anexxHOCTI CYIIPOBOJIKYIOTBCS

T w12 T - " ' ' NI
KKy (KppxKpp o) 1+2KX2,VKF(KPbXKPb,VKX2,V)

(2.18)

. . 2 . .
MikBy3noBuHHUX aTomiB [Pb; "] ceummo, siKi Ha Kinbka
MOPSAKIB TIEPEBUIIYIOTh KOHIICHTpaLii Je(eKTiB iHIIIX
0 + 0 2-
(Pb;, Pb’, V,, Vi)

KOHIICHTpAITis HEHTpaTEHIX

3apsIOBUX  CTaHIB
Haiiamxkdoro €

. . 0 .
MDKBY3TOBHHHHX aTOMiB cBHHIO Pb; , a KoHumeHTpawis

omHO3apsimHUX  BakaHcii  [Vp,] 1 ;mBosapsmHMX
Taoauus 2.1.
Koncranrtu piBHOBaru kBasiximiunux peakuii K = K, exp(-AH/kT) nms PbSe [3].

Koncranra K, AH,eB
Kppse» a2 1,61-10" 3,86
Kipys oM ‘I 1,72-10" . T%? -1,19
K'SCZ’V,CM76H371/2 7,07-10% -T2 0,13
Ky ysom Tla™ 3,37-10" -1,68
K¢, y,em Ta™? 1,57-10* 0,49
K,,K,,cm™ 1,75-10* 0,14
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(Pb], Ver 1, [PB ], Ver D), oM (IPb ], [Vey 1), 10° cm”
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Puc. 2.3. 3anexxHicts KoHIEHTpauii AedekTiB y miiBkax PbSe Bij Tucky napu ceneny. TemnepaTypa BUIIapOBYBaHHS
T. = 800 K, temneparypa ocamkenns Ty = 653 K. CyuinbHi niHii BinnosinawTs ogHo3apsaauM aedekram [Pb; ] (1)

1a [V,,] (3), myHKTHpHi miHii — 1B03apsmEMM gedextam [Pb’] (2) Ta [Ve ] (4),

UITPUX-IyHKTUPHI — HelfTpanshuum aedextam [Pb!] (5), [Ve,] (2.6) [18].

v i
pb € CyMIpHOIO 3

2—
Vo - Huas
MOSICHeHHsI 1HBepcii THIy NOpPOBITHOCTI Ha pwuc. 2.4
moOyZ0BaHO OapuuHI 3aJIeKHOCTI anredpaidHol cymu

3apsiny (B OJMHUIISAX €IEMEHTapHOro 3apsjy), MOBsI3aHi
i3 CyMIpHUMH 3a MOPSIKOM BEJIMYMHU KOHUEHTPALSIMU

2APb 1-[Vp] i

B posrisiHyTOMY [iama3oHi THCKiB

HEUTpPaJIbHUX  BaKaHCIH

KOHIICHTPALIIEID IBO3APSAAHAX BaKaHCIH

3apAIKEHUX JeeKTiB:
2—
[Pb;1-2[Vp, 1.
P [Pb:]—2[V§g]<O (puc. 2.4 — xpuBa 2), 1O
CHpusi€ BHHUKHEHHIO P-THUITY IPOBiTHOCTI, aje 3 pOCTOM

[Pb; 1-2[Vpy ] B

€,

THCKY CYTTE€BO 3MEHIIYETHCS.

001acTi HU3BKUX THCKIB Z[be "1-[Vp, 1>0, o cripusie
NPOBIHOCTI N-TUITY; HPU 30UIBIIEHHI TUCKY Lieil BHpa3
3MIHIOE CBIH 3HAaK Ha TPOTHJIEKHUH, 3pOCTAlOuM 3a
aOCOJIOTHOIO BETMYMHOIO 1 JIIOYM BXKE B HANPSAMKY p-
THITy TIpoBinHOCTI (puc. 2.4 — xpuBa 1). OTxe, ToUKa n-

p - iHBepcii  BiamoBimae

2[Pb 1~ [V 1= =([Pb; 1= 2[Viy 1)

TiHis Ha puc. 2.4).
[lepeBaxanus B PbSe koHIEHTpaIlil ogHO3aPITHIX

.
mucky  Pg. , mpum  sixomy

(BepTuKabHA

. _ 2 .
BakaHCii Vp, HajJ ABO3ApANHUMH Vp, € HaCcIiIKOM

menmoi entanbnii AH yrBopennst Vp, nopiBHsHO 3

2— . .
Vp, , 1O BinoOpaKeHO B YTOYHEHOMY 3HAYCHHI
KOHCTaHTH piBHOBaru K,  (tabm. 2.1).

2
Po3paxoBani 3aJI€)KHOCTL KOHIICHTpAITiit

piBHOBaXKHMX Je(eKTiB BiJ Temieparypu minknaiku T

MOKA3aHO Ha pHC. 2.5, HA OCHOBI SKHX MOYHA TaKOX
MOSICHUTH BHHUKHEHHs 1HBepCii THIy IPOBIAHOCTI B
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wiiBgi  PbSe. I3 30imblueHHsSM —TemiepaTypu

KOHLIGHTpallisl HefTpalbHUX BaKaHCIH ng 3pocrae
(puc. 2.5 — kpuBa 6), a KOHUEHTpalii iHIKX JedeKTiB
CIaJIaloTh.

Jus mniBok PbTe i3 30iMbIICHHSIM HOMIHATBHOTO
THCKY P, (THCKYy, SIKMi BU3HAYAE€ThCS T KOHTPOIKOETHCS
He3aJleXKHUM Bix HaBaxku PbTe mnpu  dikcosaniit
TemnepaTtypi T, KepenoM YHCTOTO TeIypy) 3pOCTae
KOHIICHTpAIisl OJJHO3aPSIIHUX BaKaHCIH CBUHIIO (prc. 2.6
— kpuBa 1) i 3MEHITY€ThCS KOHIICHTPAIIS OTHO3APSIHIX
MDKBY3JIOBUHHHUX aTOMIB CBHHIO (puC. 2.6 — KpuBi 2).
JIBokpaTHO 3apsikeHi Ne(eKTH BHUSBISIOTHCS CHIBHO
KOMIIEHCOBaHUMH. 3a po3paxyHkamu (puc. 2.6 — KpuBi

2[Pb,” HVpy ], [P, 1-2[Vpy 1, oM

210"

110"

'2'1019 TR T A TN TR TR N A

0

Ig Pg,,.Ma

Puc. 2.4. 3anexHicTh KOHIIEHTpAIi JeQEKTiB y
riiBkax PbSe Bin tucky napu ceneny. T, = 800K,

T, = 653K. Jlinist (1) Bianosimae 2[Pb’"]—[V,, ], ninis
(2) - [Pb/1-2[Vy, ] [18].
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Puc. 2.5. 3anexHicTh KOHIEHTpaLii 1epeKTiB y
rtiBkax PbSe Bin remneparypu ocampkenss Ti.
T.= 800K, Py, =107 Ila. Cyuinbhi ninii

BiamoBinaroTh oxHo3apsianuM edexkram [Pb ] (1) Ta
[Viy] (3), myHKTHpHI TiHIT — ABO3apsAAHIM AedeKTam
[Pb7*] (2) Ta [Vp ] (4), WITPUX-TyHKTHPHI —
Heiitpanshuum nepexram [Pb!] (2.5), [Vp,]1 (2.6)
[18].

3,4), iX KOHIEHTpAllis € JOCUTh BEIIMKOK 1 CKJIaJae
~(1-6)-10" e,
TIEPEBUIIYE KOHIICHTPAIID OTHO3APSIIHUX NeEKTIB, AKa
B CBOIO qyepry nepeBaXkae KOHLIEHTpAIiI0
eJIeKTpoHeHTpanbHuX nedekriB (puc. 2.6 — kpusi 5, 6).
Ile y3romkyerbcsi 3 TPUIYIIEHHSIM MPO TEHACHIIIO
NEepeBaXKaHHS Gararo3apsiTHIX BaKaHCii i
MDKBY3JIOBUHHHX aTOMIB, 3IaTHHX IO 1OHi3amii pi3HOI
KpaTHOCTI TIpW HasBHOCTI JOCUTH MIKAX aKIENTOPHUX i
IoHOpHUX piBHIB [17]. BHacmimok cumpHOI, ame He
TTOBHOI KOMIIEHCAIil BO3apsaHUX nedekriB (puc. 2.6 —
KpuBi 3, 4) CyTT€BY Ta CyMIpHY 3 HHMH pOJIb y 3MiHI
KOHLIEHTpAIil HOCI{B CTpyMy B IUIIBKaX BIIIrpaloTh
TakoX ojnHo3apsaHi nedextn. HaBenmeni pesynbratu
OTPUMaHO 3 YypaxyBaHHAM BIUIMBY JedopMamiiHux
e(eKTiB, sSKi BUHHKAIOTh IPH BHUPOIIYBaHHI IUIIBOK Ha
pizaux minknagkax NaCl i BaF,. 3 puc. 2.1 BumgHO, 1mo
Y3rOJUKEHHS 3 EKCIIEPUMEHTAIBHUMH 3aJICKHOCTSIMA
[17] xoHmeHTpamii HOCIIB CTpyMy BiJ HOMIHAJIBHOTO

1o Ha OJJUH-ABa opAAKHN

THCKy mapiB Tenypy P, mpu ocamxenni miiBok PbTe Ha

migkaagkax NaCl i BaF, e moxmuBuM nuiie npu
BpaxyBaHHI BHYTPIIIHIX HarpyXeHb TLTiBOK.

[Vio 1+ 2[Vay 1+ 0 =[Pb; ]+ 2[Pb* ]+ p +[ V5 ]+ 2[Vx']

1 BIZIOMUX 3HAYEHHSIX KOHCTAHT PiBHOBAar# [3] mpuBOIATH
JIUIIE O HE3HAYHUX 3MiH XOJUIIBCHKOI KOHIICHTpAIlii
HOCIIB cTpyMy. Y HaBeleHid Hiwkde TaOmumi. 2.2
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Puc. 2.6. 3ajexHOCTI  pO3paxOBaHMX  3HA4YEHb

KOHLeHTpaliil nedektis y miiBkax PbTe, Bupomennx Ha
ninknagkax BaF, (a) i NaCl (6) Big HOMIHaJIBHOTO THCKY
napu tenypy (T, = 653K, T, =833K);

112 — oxnozapsnni nedextn [V, ] 1 [Pb; ],

3 i 4 — nBokpatHO 3apskeni nepextu Vo 11 [Pb*], 5
i 6 — enexrponeiitpanshi aepextn [Ve] i [Pb!]
BigmnoBigHo [17].

Hedopmantist po3tsiry rumiBku, BupouieHoi Ha NaCl,
MPU3BOJUTH 10 3MEHIICHHS PIBHOBAYKHOT KOHLIEHTpALT
HociiB ctpymy. Cruck rmuiBku Ha BaF, 36inbuiye
KOHIICHTPAIIIF0 HOCITB CTPyMYy.

OTpyMaHi eKcreprUMeHTalbHI JaHl 1 TeopeTHuuHi
PO3paxyHKH KOHIIEHTpAIIiT HOCIiB CTpyMy
HIITBEPDKYIOTh MOJENb PO3YMOPSIKYBaHHS KaTiOHHOT
miarpatkn  PbX 3a  wmexanisMom @penkens. Tak,
HANpUKIIAL, 3aly4eHHs [0 pO3MIAY JOJaTKOBHUX
KBa3iXIMIYHAX peakliif, TOB'A3aHUX 3 JePEKTaMH B
aHIOHHIM miArparmi (3apsmKeHi BaKaHCIl XalbKOTEHY

Vi, Vi 1a enextpomeiitpanbhi Bakamcii Vy i
MixBy310BHHHI atoMu X, )
Pb* < Pb), + VY,
Vy > Vx +e,
Vy > Vi© +2¢7,
1
Exg o X)X+ Ve o XS (2.19)

TIPY 3arajibHid YMOBI €JIeKTPOHEUTPAIILHOCTI

(2.20)

OTPUMaHO BCI MOXJIMBI THIU OapuyYHMX 3aJIeKHOCTEH
PIBHOB&)KHHMX KOHIIEHTpamii Ae(eKTiB 1 HOCIiB CTpyMy
NIPU TIEBHUX ,,MIapIiaJIbHAX”’ YMOBaX HEWTPAILHOCTI, SIKi
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Taoauns 2.2.

3ajexHOCTI KOHIIEHTpallii HOCIiB CTpyMY 1 IeeKTiB Bil THCKY XalIbKOTEHY IPH PI3HUX MapLialIbHUX yMOBax
eNIeKTpOHeHTpanbHOCTI [16].

VMOBa [Toxa3HuK CTerneHs mapuiaJbHOTO THCKY XalbKoreHa ( PXZ )

pefitpatbrocti | [pbf] | [PbI*] | n | P | [V ] | [Va ] | [XP] | [V5] | V']
[Vy, 1=[Pb; ] 0 +1/2 -12 | +172 0 -1/2 +1/2 0 +1/2
2[V,, 1=[Pb] -1/6 +1/6 | <13 | +1/3 | +1/6 | -1/6 | +12 | -1/6 | +1/6
n=[Pb;] -1/4 0 1/4 | +1/4 | +1/4 0 +1/2 | -1/4 0
[V, 1=2[Pb2*] | -1/6 +1/6 | <13 | +1/3 | +1/6 | -1/6 | +12 | -1/6 | +l1/6
[Vie1=[Pb’*] -1/4 0 -1/4 | +1/4 | +1/4 0 +12 | -1/4 0
n=2[Pb’*] -1/3 16 | <16 | ¥l6 | 13 | 16 | +12 | -1/3 | -1/6
[Ve]=D -1/4 0 14 | 14 | +1/4 0 +1/2 | -1/4 0
2[Va 1=p -1/3 6 | <16 | 116 | +13 | +l6 | 412 | 13 | -1/6
n=p -1/2 -1/2 0 0 +1/2 | 12 | 12 | 12 | -1
[Vo1=[Vi] 0 +1/2 | -1/2 | +12 0 12 | +12 0 +1/2
[V 1=V -1/6 +1/6 | <13 | +1/3 | +1/6 | -1/6 | +12 | -1/6 | +l/6
n=[Vy] -1/4 0 -1/4 | +1/4 | +1/4 0 +1/2 | -1/4 0
Vo, 1=2[VS] | -6 +1/6 | <13 | +1/3 | +1/6 | -1/6 | +12 | -1/6 | +1/6
[Vor1=[Vs'] -1/4 0 /4 | +1/4 | +1/4 0 +172 | -1/4 0
n=2[Vy] -1/3 16 | <16 | ¥l6 | 13 | +l6 | +12 | -1/3 | -1/6

— I11. HanpsimyieHi HeoqHOpiaHOCTI Yy
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Puc. 2.7. 3anexHIiCTh TUCKY PS*ez , IO BIATIOBiAA€ n-p
— iHBepcii MPOBITHOCTI, Bl TEMIEpATyp OCAIHKEHHS
T, 1sunapoByBanns T, [18].

Y3TOIDKYIOTHCS 13 3arajibHOI0 YMOBOHO (2.20).

. * .
3aJeKHICTh TUCKY PSez B1J TEMIICpaTypH OCAKCHHSA

* .
Ty 1 BumapoByBanHI T, IOKa3aHO Ha IPOCTOPOBOMY

BaxnmmBuMm  ¢akTopoMm, 1m0 Bu3Ha4Yae pobodi
XapaKTePUCTUKH HPUIaJOBUX CTPYKTYP, €
HEOJHOPIMHOCTI €NeKTPUYHHUX BIIACTHBOCTEH y TOHKHX
TUTIBKaX MO TOBIIWHI, SIKi y OUTBIIOCT] BUMAJIKIB, BOHH HE
BpPaxoOBYIOTbCS ~ IpHU  IHTepHperamii  pe3yJbTaTiB
excriepuMeHTanbHuX poOiT [20]. PazoM 3 THM BHaCIiTOK
BUCOKOI PYXJIMBOCTI BJAaCHHX  HECTEXIOMETPHUYHHX
nedekTiB BKe TMpH BIAHOCHO HHM3BKHX TeMIlepaTypax
IMOBIPHICTD YTBOPEHHS HaNPsIMJICHUX HEOAHOPITHOCTEH
nmoctaTHbO BHCOKa [1]. Kpim Toro, enexTpoHHI mporecH,
Mo BiIOYBalOTHCS HA BUTBHIA TTOBEPXHi, BUSBISIIOTH
CYTTEBHH BIUIMB Ha KOHIICHTPAILIIO i PYXJIUBICTh HOCIIB
3apady y TPUIOBEPXHEBOMY Iapi, IO 3YMOBIIOE
BIZIMIHHOCTI B €JIEKTPUYHUX BIIACTUBOCTSAX ILTIBOK BiJ
00’€eMHHX 3pa3KiB, OCKIJIbKHM BiJHOIIEHHS  IUIOLI
MOBEpXHI /10 00’€My Yy TOHKMX IUTIBKAaX Ma€ BeIUKe
3HAYEHHS.

Posrnsremo HEO/IHOPITHOCTI €JIeKTPUYHHIX
nmapaMeTpiB 3a TOBHIMHOKO (iX mpodinmi) y TOHKHX
TUTIBKaX XaJBKOTEHIIIB CBHHITIO MPH iX BHPOIIYBaHHI 3

300paxeHHi Ha puc. 2.7. mapoBoi  ¢asm, AKi TOB’sA3aHI i3 Mpolecamu
OTprMaHi 3aKOHOMIPHOCTI JAalOTb MOJKIJIHMBICTH (ppaKItifoBaHHS HaBaXKKH.

BU3HAYUTU TEXHOJOTiIYHI YMOBM [uisi  (hopMyBaHHS 31 Excnepumenr i Moro  pesyJbTaTu. st

IUBKA 13 Hamepel — 3aaHUMU  EJIEKTPUYHHUMHU AOCIIDKEHHs.  BIUIMBY — (DpakuiiHOi  3MiHM  CKIaxy

BJIACTUBOCTSIMH. KOHJICHCATy Yy TIpOlLleCi BHIIAPOBYBaHHS HABAKKU
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Puc.3.1. Cxema  oJepxaHHsS  IUTIBOK

JOCTIIKeHH] (hpaKIiiHOT 3MiHU CKIIAY:

1 — BumapHuK; 2 — cUCTEMa DPYXOMHX 3aciiHOK;
3 — BakyyMHa MiuKka 3 Miakiaakamu; 4 — KOHAEHCaT;

5 — ¢irypHa macka [21].

po3po0iieHa cremiadbHa METOIMKA OCAIPKEHHS IUTIBOK 3
cUCTeMOI0 pyxoMux 3aciiHok (puc.3.1) [21]. 3 omHoi
HAaB)XKH OTPUMYBAJIM YOTHPH 3pa3Kd Ha PI3HUX eTarax
BunapoByBaHHs (I — Bech mporuec; II—6e3 mouaTky
BunapoByBaHHs; III — i IV — TinmbKHM KiHenpb 1 1MOYaTOK
BUIIAPOBYBaHHSA,  BIANMOBIAHO)  mpu  (DiKCOBaHHX
Temreparypax KoHneHcauii. IlomapoBe TpaBieHHS
IUNIBOK 3IIMCHIOBAIM XIMIYHMMH METOJAaMHU 3TiIHO
Metoauku [20].

TunoBi pe3yiabpTaTd BUMIPIOBAaHb  CJICKTPUYHUX
mapaMeTpiB IDTIBOK momaHi B Tabmwmi 3.1. AHami3 mux
JaHUX ITOKa3ye, [0 BIACTHBOCTI KOHICHCATY CKIaIHHM
YUHOM 3aJIeKaTh BiJl €Tally BHUIAPYBAHHS HAaBaXKKH.
[MniBkn Tumy IV, oTpuMaHi Ha MOYATKOBUX CTaIisixX
BUIIAPYBaHHS HABAXOK, XapaKTEPU3YIOThCS, B OLIBIIOCTI
BUIIAJIKIB, P-TUIIOM IIPOBITHOCTI i OUIBIIOI0 €PEKTUBHOIO
KOHIICHTPAITIEI0 HOCITB 3apsmy. s 3pa3kiB, OTpUMaHUX
NPU HACTYITHOMY BUNAapoByBaHHI HaBaxku (ertamm II i
III), xapaxkTepHe 3MEHIIEHHS KOHLEHTpaIil IIpoK, a B
psni BHIAIKIB 1 iHBEpCis THIy NPOBIIHOCTI 3 p Ha n
(mmiBok, mo MatoTh Ha IV erami p-tum) abo x
30UTBIIICHAST KOHIIEHTpPAIlii eJeKTPOHIB (IJIs IDTIBOK, IO
Manu Ha [V erami n-tum). [lpu mpoMy crnocTepiraeTbes
3HaYHE 301TBIICHHS 3HAYCHb MTUTOMOT
EJIEKTPOIIPOBIIHOCTI 1 XOJUTIBCHKOI PYXJIMBOCTI HOCITB
3apamy.

Taoauna 3.1.
3aJIeXHICTh EJIEKTPUYHKX MapaMeTpiB IUIIBOK Bifl €TAIliB BUIIAPOBYBAaHHS HaBaXOK [21].
Etamn
BunapoByBaH- | I (Bech mpoirec) II (6e3 mouatky)
HA HABA>XOK
o, K, -3 h, o, K, -3
Cronyxa h, M Om'em! | eM®Blc! D, M MM | Om”em! | eM®Bc! n, M
PbTe (p) 2,5 165,1 373,9 | 2,76:10" (p) 2 218 724,7 1,88:10" (p)
PbTe (p) 1,3 146,9 270 3,4-10" (p) 1,1 196 528 2,32:10" (p)
PbTe (p) 2,8 168 468,75 | 2,2410% (p) | 23 224 933,3 1,5:10" (p)
PbTe (p) 2 160 361 2,810%(p) | 1,71 213 398 1,9-10" (p)
PbTe (n) 0,9 130 1530 | 5,32:10" (n) | 0,51 167 1890 5,4:10" (n)
Etamn
BUIIAPOBYBaHH III (TineKy KiHEIb) IV (mouarox)
S HAaBA>XOK

PbTe (p) 0,81 102 413,96 | 1,54-10" (p) | 0,32 380 300 7,92:10" (p)
PbTe (p) 0,4 91,7 304,85 | 1,88:10" (p) | 02 342 220,8 | 9,6810"(p)
PbTe (p) 0,9 104,3 530 1,23:-10% (p) | 0,43 391 381,8 6,4:10" (p)
PbTe (p) 0,7 99,6 402 1,55-10"% (p) | 0,29 371 292 8-10" (p)
PbTe (n) 0,29 196 1830 6,7-10" (n) | 0,31 115 876 8,2:10"7 (p)
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Busnaueni edexTuBHI (iHTerpampHi) 3HAYECHHS
EJIEKTPUYHKUX MapaMeTpiB IUIBOK n- 1 p-PbTe pisuol
toBumHU d mpencrasieHi Ha puc. 3.2 [22]. 3ayBaxumo,
10 JUIsl IUTIBOK N-TUIY OIS MiZKJIQJKKA BHSBJICHO Iap 3
nepeBaKaloyuM P-TUIOM MpoBiaHOCTI (puc. 3.2, a). s
IUTIBOK N-TUMY i3 TOBIIMHOI Ma€ Miclle TUIBKH JAesKe
3MEHIIICHHS KOHIIEHTpaIlii eJIeKTpoHiB (puc. 3.2, 0).

3.2. IIpodini erekTpUUHUX MapaMeTpiB.

BumipsHi  edexTHBHI  KiHETHYHI  IMapameTpu
(puc. 3.2) € pesKUMH IHTETpaIbHUMH BEJIMYMHAMH 1
3aJekaTh BiJl MO0 PO3MOALTY KOHIIEHTpAIl HOCIiB
3apsgy 1 MUTOMOI eNeKTPONIPOBINHOCTI — JIOKAITBHUX
3HaueHb. E(eKTHBHI eJeKTpUYHI mMapamMerpu IUIiBOK
NOB’sA3aHl 3 BIANOBIZHMMHU [OiCHMMU 3HAYECHHAMH
CITiIBBIJHOIIIEHHIMU:

TRH (z) 6*(z) &z

0

2 >

o(d)=[o(2)52/d; Ry (d)= -
0 (¢}

u(d) =R, (d) o(d). (3.1)

Tyt 6(z), Ry(z), W(z) — nokanbHi 3HAYESHHS] TUTOMOT
eJIEKTPOIPOBIAHOCTI, KoedimieHTa X0J1a Ta XOJUTIBChKOT
PYXJIMBOCTI Ha TOBINWHI z; d — TOBIIWHA IUTIBKH, Z —
KOOp/IMHATA Y HANpPSIMKY HOpMali IO TOBEPXHI ILTiBKA
(0<z<d, z=0 BimnoBizae rpaHMIi PO3IUTY TiIKIaaKa-
wiiBka). EnemenTapHi mapu 8z Bk, K BUIHO 3 (3.1),
BHOCATh BKIaJ B IHTErpalibHe 3HA4YeHHI Ry,
nporopuiHui X koedimieHTy Xoima Ta KBagpaTy
MUTOMOI EeNIeKTPOTPOBITHOCTI, TIPH IIHOMY I BHECOK
Moyke OyTH pi3HHM Y 3aJI€KHOCTI Bix 3HaKY Ry(z).

Ha ocHosi popmyit (3.1), Ta 6Gepyun 10 yBaru Te, o
JIOKaJIbHI KIHETHYHI TapaMeTpH eJIeMeHTApHUX IlapiB
TOBLIMHOI Ad € B HUX PIBHO3MIHHHMH II0 Z, OTPUMAEMO:

M 107 eM? B ¢! n, p, cM™
1,8 10%°
1,2 | = 10"
0,6 7 410"
0 10"
0 0,3 0,6 0,9
d, Mkm
a
, Om" em™ Ry, e’ Kot - 10%°
s00 H 3 400 ¢ 0
N i 300 r
400 r 12 i
I 200 4107
-4 7
200 + 2 -1 100 - ]
I i | 18
0 o O 10
, d, MKM ’ d, MKkM
0

Puc. 3.2. Po3nozin epekTHBHIX 3HAYEHb €IeKTPUIHUX mapameTpis (6 — 1, Ry — 2, 1 — 3, n - 4) cBIKOBUPOIIEHNX
wiiBok n-PbTe (a) i p-PbTe (0) [22].
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nfo 5o e s

2
R,(2)= : ;
Ad Ad Ad Ad
old +—||d+—|0oc|d —||d —
2 2 2 2
(3.2)
Ad Ad Ad Ad
oSN ool e )
c (2= s L@ =Ry@)c @
Ad
Tyt d; £ Ad/2 — TOBIIUHM TITIBOK, SIKi BiAPI3HAIOTHCS Marepialny p-THIy, 32 33JaHHX YMOB BHPOIyBaHHS,
BHECKOM HACTYIIHOTO €JIEMEHTapHOTo WIapy; Z — ckimamae ~0,3 Mmxm (puc. 3.2,a - kpuBa4), IO JEIIO0
KOOpJMHATa 1bOro miapy. PospaxoBani mpodiui Oinbine 3a ii nmificne 3HaveHHs — 0,22 mxm (puc. 3.3,a -
posmoxaity  mpoBimHOCTI 1 Koedimienta — XoJuia, kpuBa 4).  3ayBakumo, 1[I0 TOBIIMHA  p-LIapy
PYXJIMBOCTI 1 KOHUEHTpAIii HOCIIB CTPyMy 1O TOBILIHMHI BU3HAYAEThCSA  CKJIAJOM  HaBaXKH, a  TaKOXK
wiiBok PbTe npuBeneHi Ha puc. 3.3. TEMIIepaTypaMH  BHIIAPOBYBaHHS  Ta  OCA/DKCHHS.
Otpumani pesymeratu (puc. 3.2, 3.3) OJHO3HAYHO BcranosieHo, o miABUIECHAS TEMIICPATYPH TiAKIAIKH,
BKa3ylOTh Ha Te, IO /s BHUPOUIEHUX OIHCaHUM npu 30epekeHHI CTaJMMK TEpHIMX JABOX (DaKTOPiB,
METOJIOM IUTIBOK MAlOTh MiCIle CYTTEBI HEOIHOPIAHOCTI 00yMOBIIFOE 3MEHIICHHS TOBIIMHHU IIapy i3 HiPKOBOIO
SNeKTPUYHNX TapaMeTpiB MO TOBIIMHI. Tak, 30Kpema, TIPOBIIHICTIO.
IUIA TUTiBOK n-Tumy edektuBHi (puc. 3.2,a) i JOKambHI XapaKkTepHOI0 OCOOJHBICTIO CHIBBIOHOIIEHB MiX
(puc. 3.3,a) 3HAueHHs  ENEKTPUYHUX  MapaMeTpiB epextuBHUMHU (puc. 3.2,a) Ta nokanbHUMHU (puc. 3.3,a)
BUSIBISIIOTH  OUISL  MIAKIAAKKM 00JacTh 13  JIPKOBOIO 3HAYCHHSIMH €JICKTPUYHUX MapaMeTpiB TUIIBOK € Te, 1110 B
nposigHicTio. [Ipu 1boMy ToBIIMHA eeKTHBHOI 00acTi obnacTi peaizaiii p-n-niepexony BOHU BeAyTh cebe 1o
y, 102 Om"' e’ Ry, ov® Kir'! M 107 e’ Blc! n, p, cM>
- - 100 45 ~ 4101
3 4 4
50 iy
2 3r i
0 L 3 4 1 017
1 1,5 ]
-50 -3 ]
16
0 -100 0 10
0 0,3 0,6 0,9 0 0,3 0,6 0,9
Z, MKM Z, MKM
a
a4 - R 2 -l - -3
y, Om ! em! Ry, oM’ Kir! M, cm’Bc’! n, p, cM
600 - 4 45 450 ¢ 3 10%
N1 2 ] ] . E
400 - 13 300 ¢ = 107
i | : 4 ]
200 r - 1,5 150 ¢ g 10'8
0 0 0 10"
0 0,5 1 1,5 2 0 0,5 1 1,5 2
Z, MKM Z, MKM
0

Puc. 3.3. [Ipodini po3noiny JoKaTbHUX 3HAUEHD eNIeKTpUUHKUX napamerpiB (6 — 1, Ry—2, u—3,n-4)
cBKOBHpOILEHHX TiBOK n-PbTe (a) i p-PbTe (0) [22].
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pizHoMy. EdexTnBHI 3Ha4eHHS KOHIEHTpAIi HOCIiB
3apsly MarmTh MakKcHMalbHi 3HaueHHs (puc. 3.3,
-kpuBa4), a iX JIOKalbHI BEIWYMHH — MiHIMaNbHI
(puc. 3.3,a - xpuBa 4). B Toii yac sik 3MiHa XOJUTIBCHKHX
PYXJIMBOCTEHl BiZIOYBA€THCSA Y POTHICKHOMY HATIPSIMKY:
e(peKTUBHI 3HA4YCHHS 3MEHIIyIThes  (pHc. 3.2,a
KpHBa 3), a JIOKaJIbHI — 3pOCTaloTh (puc. 3.3,a - kpusa 3).
[HImI010 OCO6MMBICTIO TPOdIIIIB ENEKTPUYHNX TapaMeTpiB
IUTIBOK  e(EeKTHBHOTO N-THIy € Te, OO0 B Mipy
HaOMMKEHHS 1O  TOBEpXHI  JIOKAJIbHI  3HAYCHHS
KOHIICHTpaLii eJIeKTPOHIB 3pocTaroTh (puc. 3.3,a
KpuBa 4).

EdextuBHi 1 JOKambHI €JIEKTPUYHI MapamMeTpu
IUTIBOK P-THITy TPOBIAHOCTI MmojaHi Ha puc. 3.2,0, 3.3,0
BiamoBigHo. JIms IMX IDIIBOK Ma€ MiClleé 3MEHIICHHS
e(pEeKTUBHUX 3HAa4€Hb IUTOMOI EJIEKTPONPOBIIHOCTI
(puc. 3.2,6 KpuBa 1), KOHIEHTpauii HOCIiB cTpymy
(puc.3.2,6 - xpuBa4) 1 3pOCTaHHS XOJUIIBCBHKOI
pyxmuBocti  (puc. 3.2,6 - kpuBa3) i3 30iUIBLICHHIM
TOBIIMHY IUTIBOK. JIOKanbHI eneKTpudHi mapamerpu, B
Mipy  BiIFaNCHHS  Bil  MIAKIAIKH,  ITOBOIATHCS
aHanmoriyHUM drHOM (puc. 3.3,0). HaiOinemmi 3HaueHHS
KOHIICHTpaLii IIpOK MAarTh CyMDKHI 13 MiAKIaAKaMA
mapu IUTiBKH, TOOTO Ti M0 chopMyBamucs Ha TIEPIITUX
eTamnax ocajpkeHHs (puc. 3.2,0, 3.3,0 — kpuBi 4).

ExcniepumenTanbHi (tabn. 3.1; puc. 3.2) i
po3paxyHkoBi  (puc.3.3)  pe3ynbTaTd  JOCHIKEHb
npodineli KoHIEeHTpanii HOCI{B CTpyMy y IUTIBKax SK n-,
TaK 1 P-THITy TPOBIJHOCTI OJHO3HAYHO BKa3zylOTh Ha
peatizallito OJHOTO i TOro * (hi3UKO-XIMIYHOTO MPOIIECY.
Bin mnoB’s3aHuil i3 30iMHEHHSIM KOHICHCATy Ha OUIBII
JICTKUA KOMIIOHEHT — XalbKOT€H Yy HAampsMKy Bij
MIKITAKA 10 TTOBEPXHI TUTiBKH.

Tak, SKIIO NPUHHATH OO yBaru, IIO UIsl CHOJYK
AVBY! aKIenToOpaMU € BaKaHCii B MiArpaTIi Meramy, a
JIOHOpaMH — BakaHcii xanpkoreny [3], To ciinye, mo Ha
NOYaTKOBHX CTalifAX BHIAPOBYBAHHA HaBaXKH (B
HaIIOMy eKcnepuMeHTi ckianae 60-90 ¢) MonexynspHa
napa 30arayeHa Ha XaibkoreH. lle 1 mpu3BOIMTH 10
OCa/DKEHHSI 3pa3KiB 3 MEPeBAKAIOUNM JIIPKOBUM THIIOM
npoBigHOCcTI (Tadbm. 3.1; puc. 3.2). 30araueHHS mNapu
XaJIbKOTCHOM Ha MOYaTKOBHX €Tamax BHUIIapOBYBaHHS
HABa)XKH MOXJIMBE, TaK SK THCK IX HACHYCHUX IapiB
CHJIBHO IEpPEeBHUINYE THCK CIONYKH, a THM Oulblle
MetaniB. [lpr HacCTymHOMY BWIIAPOBYBAaHHI HaBaKKH
(tabm.. 3.1 — eramu II i III) moToKM mapu CTarOTH BCE
Oimpmn 30iTHEHMMH Ha XalbKOTEH, M0 i O0OYMOBIIOE
YTBOPEHHSI IUIIBOK N-TUIY MOPOBITHOCTI 1  picT
e(eKTUBHOT KOHIIeHTpalil enekTpoHiB (puc. 3.2,a, 3.3,a).
VY BHNaAKy, KOJM MaTepiall HABaKKH XapaKTepH3yeThCs
CHJIbHO HECKOMIIEHCOBaHUM XaJlbKOreHoM (Tabum. 3.1;
puc. 3.2,6; 3.3,0) Ha TpoOTA3L BCHOTO  MpOIECY
BUIIAPOBYBAaHHS HABOKKH KOHACHCAT HE 3MIHIOE THII
MIPOBITHOCTI. AJle i IpH OMY CHOCTEPIraeThes MOMITHE
3MeHIIeHHs eeKTHBHOI KOHIEeHTpawiil nipok (etanu IV,
II, TII). 3pa3ku, oTpuMaHi Ha MPOTA3iI BCHOTO IPOILECY
BHIIAPOBYBAaHHS HaBaxkKku (eTar [), cHHTE3yl0Th B COO0i
BECh CKIQJHHUI Tporec. 3a CBOIMH XapaKTEPHUCTHKAMH
BOHH 1JJCHTHYHI TUIIBKaM, OTPUMAaHUM Ha MOYaTKOBOMY
eTari BUIIAPOBYBaHHS HaBAXKKH. HasiBHicTh
CIPSIMOBAHMX HEOJHOPITHOCTEH KOHIEHTpallii BIaCHUX
nedekTiB HeoOXiTHO TaKo)X BPaxOBYBaTH IPH PO3pOOLi

202

MPUJIaliB Ha OCHOBI €MiTaKCIHHIUX IUIIBOK XaJbKOTSHI/IIB
CBHHIIIO. Sk  BIiIOMO, Tpaji€eHTH  KOHLEHTpAIil
EJIEKTPUYHO AKTUBHUX JIOMIIIOK Je(eKTiB TreHepyITh
enexkTpuuHe moje. lle mome Moke BIIXWIATH HOCIT
3apsy, MO PYXarThCs, 0 TIOBEPXHI IUTIBKU a00 rpaHHMIIi
PO3IUTY TUTIBKA-MIKIaIKa, 3MIHIOIOYH B TaKUi CHOCIO
YMOBH MOBEpXHEBOI pekoMOiHarii [23].

KpiMm Toro, y mmiBKax 3 p-n-IepexooM BapTo
BpPaxOBYBaTH MOJMJIMBICTh TIPOSIBY TaKHX (Di3UUHHX
SBWI, sIK IMKEKIiS W eKCTPakKIlsd HOCiiB 3apsuy,
(hoToBONMBTATYHMIA 1 1HII €PEKTH.

IV. Tepmiunmii Bignaa y Bakyymi

OmuuM 13 mpocTuX 1 e(heKTHBHUX TEXHOJOTIUHUX
BapiaHTIB CTBOPEHHS P-N MEPEXOAY Y TOHKOILTIBKOBOMY
MaTepiani € i3oTepMiuHME Bigman y Bakyymi [24]. VY
jmiTeparypi ~ BIOCYTHI  BiJOMOCTI  TpO  JeTaibHi
OCTIKCHHS 3 IhOTO MHUTaHHA. ABTopamm [25, 26]
3pobnieHa crpoba TEOPETHYHOrO TOSICHEHHS MPOIECiB
BaKyyMHOTO Bi/lay IUTiBOK.

4.1. ExcmepumeHT i HOro  pe3yJjbTaTH.
3ynuHUMOCS ~ Ha  aHa}i3l  3MIHM  IHTETpaIbHUX
eseKTpodi3nIHUX napameTpiB HEJIErOBaHUX

TeTEePOEITAKCIHHNX IUIIBOK TEJUTypHIy CBHHIIO Ha
migKIaaKax i3 ¢propuay Oapiro y mpotieci i30TepMigHOTO
Binmany y Bakyymi 6,5-10 ITa npu Temneparypax 550-
700°K [27].

Y sKoCTI BHXITHMX 3pa3KiB BHUKOPHCTOBYBaJIN
emirakciiini miBku PbTe emexTpoHHOro i nipkoBoro
TUMIIB TPOBIAHOCTI 3 KOHICHTPAI€I0 HOCIIB 3apsmy
5%10'%-5x10"%cm, [T1iBKHM, BUpOMIyBAIM HA MAKIAAKAX
i3 kpuctamiB ¢ropucroro Oapiro opientamii (111) i3
mapoBoi Qasm. Jms 3abe3medeHHs — OJHOPIAHOCTI
pO3MOmiNy KOHIEHTpAIii HOCIiB 3apsgy IO TOBIIKHI
IUTIBKK, MIO POCTE, BUPOLIYBAaHHS 3IIHCHIOBAIM NpHU
MOCTIMHUX TEMIIepaTypi 1 IMIBUAKOCTI POCTY, a TaKOX
(hikcoBaHIi I KOXXHOTO TEXHOJOTIYHOTO TPOLECY
IHTCHCUBHOCTI JDKepena XajibkoreHy. IlicisipocToBe
OXOJIOJDKEHHsI 3pa3KiB [uisi 30epekeHHS OJHOPIAHOCTI
eMITAKCHHOrO IIapy IO TOBIIMHI MNPOBOJWIA B
PEryJIbOBaHOMY TOTOL MAPH XAIBKOTCHY.

Binman 3paskiB n-THITy HE MPU3BOIUB A0 ICTOTHOI
3MIHH  IHTETpaJbHHX  BIacTHBOCTe  (puc. 4.1, a).
Crocrepiranocs JIe HE3HAYHE 301TBIIICHAS
KOHIIEHTpaLii eNeKTPOHiB, mo He mepesuirysaio 20 %
BiZl BuXifgHOro 3HaueHHs (puc.4.1,a - kpuBa 4). Jleske
3pOCTaHHS XOJUTIBCBKOT PYXJIMBOCTI HOCIIB CTpyMy Ha
MOYaTKOBUX eranax Bigmamy (puc.4.1,a - kpusa 3)
00yMOBJIEHE TOKpALICHHSIM CTPYKTYPH eIMiTaKCIHHUX
TUTIBOK.

[linkoM iHaKIIE MOBOIATHCS IUTIBKH p-TUmy. Sk
BunHO (puc.4.1,0, - kxpuBa4), y mporeci Bigmaity
KOHLICHTpAIlisl  IUBUAKO  3pOCTae, NPSAMYIOYd 10
HECKIHYEHHOCTI, & MOTIM TaKOX LIBHAKO 3MEHILIYETHCS.
Y rToumi po3pUBY BiIOYBa€ThCA KOHBEPCIA THITY
MPOBITHOCTI (3HaKy KoedimienTa Xomma (puc. 4.1,06, -
KpuBa 4)), a XOJUTIBChbKa PyXJIUBICTh 00EPTAETHCS B HYJIb
(puc. 4.1,6 KpuBa 3). 3ajexHocCTi, 110
CrocTepiraloTbcss  crenu@iuni  Aas  CTPYKTyp, IO
CKJIQJalOThCsl 3 JIBOX MPOILIAPKIB MPOTHIIEKHOTO THUITY
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Puc. 4.1. Kinernka 3MiHM e)eKTUBHHX 3HAUCHD EJIEKTPUYHMX mapameTpiB (o - 1, Ry - 2, u - 3, n(p) — 4) emitakciiiHux
wtiBok n-PbTe (a) i p-PbTe (6, B) y nporueci BakyymHuoro Bixnamy mpu 600 K [27].

npoBigHocti [23]. Cnig 3ayBakuTH, IO XapakTep
KIHETHYHUX KPUBHX CYTTEBO 3IKHUTH BiJ TeMIepaTypu
Bigmanmy. [ligBUINEHHS TeMIlepaTypd BiAmady, sK
NpPaBWIO, MPU3BOJIUTH JIO 3MEHIICHHS 4Yacy, MPOTATOM
SAKOTO IUNBKM 13 e(QEeKTUBHOTO p-TUIy CTaroOTh
e(pEeKTUBHUMH  E€JIEKTPOHHOTO  THUIly.  AHaJIOTIuHI
pe3yibTaTd XapakTepHi 1 A Bigmany IutiBok p-PbS
(puc. 4.2) [24]. MoxnuBictb (GOpPMYBaHHI  TaKol
CTPYKTYpPH y TIpoIeci BaKyyMHOTO BiAMaly TIPsSMO
ButumBae 3 (azoBoi p-T-x-miarpamMu  XambKOTEHIIB
CBUHIIFO TIpH TPSAMYBaHHI  MapLialbHOTO  THCKY
xanbKkoreHiny no Hyns [3]. Di3uuHO NpUYMHOKO i
YTBOPEHHSI € 30iHIHHS MPHUIIOBEPXHEBOTO MPOILIAPKY
TUTIBOK XaJIbKOI€HOM, BakaHCii SKOi B KpUCTaJIi4Hi
rparii € eNeKTPUIHO aKTUBHUMH JOHOPAaMH 1 TE€HEPYIOTh
eJIEKTPOHU. TakuM YMHOM i3 MIIBUILIEHHSIM TeMIIEpaTypu
Ta 30UIBLICHHSIM Yacy BiJnaiy, IMOBEPXHs IUIBKH CTae
Bce Oinpmie 30araueHa Ha BakaHCIi XaJbKOTeHY 1
KOHIICHTPAI[II0 eJeKTPOHiB. Lle i 00yMOBITIOE TIOYATKOBY
KOMIICHCAIlIF0 JIpKOBOi IPOBITHOCTI Marepiamy, a
ToIaNbIle iHBEPCil0 THITY MPOBITHOCTI 3 pP- HA N-THN i
3pOCTaHHs KOHIIEHTpAIIil eIeKTPOHIB, IO i Ma€e MicIle Ha
excriepuMenTi (puc. 4.1, 6, 4.2).

4.2. Teopis BakyymHoro Binmanay maiBok. Jlns
TEOPETUYHOTO ONUCY BIANaldy IUTIBOK Y BakKyyMi
BBa)XKaTHMEMO, III0 BOHA CKJIQIAETHCS 3 ABOX MPOIIAPKIB:
p-tury B npoMikky vacy 0 <t<1 i n-Tumy npu t>T,.
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[Tpu TOpIBHSHHO HEBHCOKHX TEMIIEPATypax Biamaity
(643 K) HasBHI Tijbku OJHO3apsAHI AeeKTH: BakaHCIl

CBUHIIIO V,, Ta XalbKOTeHY V: 3 KOHIICHTPAIISAMHI N 1
n, BIAMOBITHO, MIXKBY3JIOBI aTOMH CBHHITIO Pbi+ Ta

0 . .
XaJIbKOTeHy Xi 3 KoHUeHTpauisMu N; 1 N,. YmMoBa

10 Ko K, VS
_<_LI L}
[ [

10

25 5,0 75

10 t, rox

Puc. 4.2. 3anmexHicTh e(pEKTUBHOI KOHICHTpALii
HOCIiB 3apsimy B emiTakcianpHiM moriBmi PbS p-tumy
Bil dYacy i30T€PMIYHOTO BAaKyyMHOTO BiIImamy
(T =643K) [24].



A Jl. Dpeik

eIeKTPOHEHTPabHOCTI Al e(eKTUBHUX  3HAYCHb
KOHIIEHTpaLliii Oye MaTh BUTIIS
n+n =p+n,+N,. 4.1)

. . L. 0 0
Skmo Mmarepian HecTeXioMeTpUyHMHA i n;, 1,
e(eKTUBHI KOHIICHTpaIii HECTeXiOMETPHUYHHUX BaKaHCIH

e

Vi 1V, 10
n,—n,=N,-N,+C, 4.2)
_ 0 0 . .
ae C=n/-n, XxapakTepusye BiIXWUJIEHHs  BiJ
crexiomerpii. J{ns 3paskiB p-tuny p-n>0, a n-tuny — p-

n=-(n-p)<0.

[Tpouecu KiHETHKH BiAaly B TaKMX 3pa3Kax MOXKHA

OIMCATH PIBHSHHAMH, SIKI BpaxoOBYIOTh IPOIECH
TEIJIOBOTO YTBOPEHHS Ae(eKTiB (A;) Ta iX pekomOiHaIio
(B:
dn, dN,
—=A, —Bn.N,, — =X, —Bn,N,, (i=1,2). (43)
dt dt
3 piBagap  (4.3) MOXHA ~ OTpUMATH  Take
CITiBBIHOIIIECHHS:
d
a(nl —-n, -N;)=-4, +f,0,N,. (4.4)

Ha ocHnosgi (4.1), (4.2) onepxyemo, 1mo N,=C-(p-n),
TOMII

d
a(p—n)=—k—0t(p—n)+l32(p—n)2,
(4.5)
e
h=L,—PB,n'C, a=B,n’+C), & a>0.

HaOnmxenuii po3B’si30K  CKJIQAHOTO HENHIWHOTO
piBHsIHHS (4.5) MOKHA OTPUMATH, SIKIIO BBAXKATH A, oL 1 B,

IUISHKAaX KIHETWKH, I€ BIAXWICHHA BiI CTeXioMeTpii
3MIHIOETHCSI TIOBUIBHIIIE 332 3MiHY KOHIEHTpAIlii HOCITB.
Jnst 3pa3kiB p-TUIY 1€ BHSBIAETHCS MOXIMBHM B
inTepBayi wacy 0<t<t;, Ze T; - MOMEHT 4acy, KOJI1
BiIOyBa€eThCs 1HBEpCis TUIY NPOBITHOCTI. Y IOMY
BHUIIAJKYy e(QeKTMBHa KOHIeHTpauis mipok K, =p-n
3rigHo 3 (4.5) Oyne mopiBHIOBATH

— y(t—t) y(T-t) -1
K,(O)=[(y+a) e™ 7 +y—a]{2B,[e"" 7 -1]} 7,

2pB,K -
me Y=o’ +4B,1 , rlzlln 2B,Ky Ty -a ,

Y 2B,K-v—a
Y+a
2B,

KOHILIEHTpAIlisl Aipok o Bimmany. Ky— oo mpu t -1,y
BignoBigHOCTI 3 €KCTIEPUMEHTALHOIO KPHBOIO
(puc. 4.1). Jlna epekTuBHOT KOHLIEHTpALlii HOCIiB 3apsay
B 3pa3Ky n-tumy (t > 1,) OyeMo MaTH

dm=P) ) _am—p)-B,(—p).

— II04YaTKoOBa C(I)GKTI/IBHEI

Ky =(@-n), >

dt
[Momampmry  eBONIONiF0  KOHICHTpAIii  MOXKHA
MOMUINTH Ha JIBI YacoBi CTaii: IIBUAKO3MIHHY —
NpOTATOM  CKIHYEHHOTO  NPOMDKKY T <t<T1, 1

MOBUTFHO3MIHHY — TIPH t > T,. J{71s IIBUAKO3MIHHOI cTaii
CYTTEBUM € MEXaHi3M OIMOJEKyIsIpHOI pexoMOiHarii, 3a
JIOTIOMOTOI0  SIKOi  BiOyBaeThCsl pi3ke 3MECHIICHHS
epekTuBHOI KoOHIEHTpauii enekTpoHiB (K=n-p). VY
HaONW)KeHHI cTanuX y 4Yaci A, o, 1 B, MaeMo TO4YHHUI
PO3B’s130K piBHsHHSA (4.7):

cramumu. Lle TpuIyIIeHHS 3aCTOCOBHE Yy MEBHHUX
K () =[y+a+(y—o) e ]2p,[e" " ~11} 48)
[pn  t—1 K —o, a 1pu t=m, 1=1,5ron, (K¢)s=5-10"7cm™). Ha ocHOBi onepiannx
Y+o TEOPEeTHYHHX cHiBBiHOMIEHb (4.6), (4.8), (4.9), (3.11),
Ko (1) = (K)o = 2B , (3.12) 3po0iieHO OLIHKY 3HAU€Hb BKIMBUX KIHETHYHHUX
2 napameTpis: 0=5-10"¢c", B,=6-10* cm’c™,
=1 +lln(l+l) 4.9) A=1,410"c"em™, (mpm 0<1<1) i ,=3:10°c" (mpu
2 1 y o ) t>1,). Cmig wMath Ha YyBa3i, MmO I 3HAYCHHA
XapaKTepu3ylTh JIUIIE TOJOBHI  AUISIHKA — KPUBOI

[Tpu t > 1, nepeBarkac MOHOMOJIEKYJISIPHUN MEXaHi3M
pexom0OiHamii (o), SIKMHA 1 CIIPUYHMHIOE MOBIIBHO3MIHHE
3pocTaHHs e(eKTHBHOI KOHIEHTpamii eJIeKTPOHIB, sKe
MOYKHA OTHCATH PIBHSHHAM

) ) g, (n-p).

(4.10)
dt
Toni
A A o (te
K="= == (K)y, €7 @1
aﬂ aﬂ
I[Iput>>1,
A
K, (t)=—=(K,)s = const. (4.12)
al’l
BukopucroByroun €KCTIePUMEHTAJIbHI JlaHi

(puc. 4.1) (Kino=3-10" cm™, (Ko)min=2:10"" cm™,

KiHETUKHU e(DeKTHUBHOT KOHIIEHTpAIL1.

V. BIjiuB KHCHIO HA NIPOLECH
ne¢eKTOyTBOPEHHH i BJIaCTHBOCTI
ITiBOK

B3aemonis mIiBoK XaJIbKOI€HIIiB CBUHIIO 13 KUCHEM
MOXKE TPHU3BOAWUTH JO ICTOTHOTO MEPEpPO3MONiTy SK
€JIEMEHTHOTO CKIIQAy, TaK 1 3MIHH MIIOTO KOMILICKCY
(hisuKo-XiMiYHUX BiacTuBocTe [28-30].

5.1. XimMiuynni CKJIax ILTIBOK. Amnanis
0COOIMBOCTEH, MOB’A3aHUX 13 30UIBIIEHHIM EKCITO3HIIT
JTO3BOJIMB BHIIUIMTH JIBi cTamii mporeciB agcopOmii [31].
Ha mepmiit crazgii mpu Mammx n03ax €KCIO3HUIl] KHCEHb
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ancopOyeThbcs Ha TIOBEPXHI IUTIBOK TMEPEBAXHO HAa
nedekrax. EnexTponu 3 30H ab0 3 JOMIIIKOBHX PiBHIB
3aXOILTIOIOTHCSI XeMOCOPOOBAaHUM KHCHEM, 1 Ha TIOBEPXHI
YTBOPIOETHCSL  BiJ’€MHUU  3apspKeHHH 1map, a B
MPUIIOBEPXHEBOMY IlIapi HAIIBIPOBIIHUKA — 00JacTh 3
MO3UTHUBHUM 3apsmoM. IIpu 1bOMy MOBEpXHEBHH Iap
3aBxau Oyne Matu p-THn nposigHocti. Ilpw 3HayHil
excriosunii (~ 13 Ila:c mns PbTe) kinmbkicTh aToMiB
KUCHIO Ha TMOBEPXHI JocsArac JesKkol KPUTHYHOI
BEJIMYMHM, 1 HACTYIAE PO3PUB XIMIYHUX 3B’s3KiB Pb-X,
IO TIPU3BOIUTH 0 MEepeOyIOBH MMOBEPXHi, aHAIOTIUHIN
(azoBomy mepexomy. Po3mopsakoBaHICTE TOBEpXHI
30LIbIIy€EThCS,  XeMocopOllis — pi3ko  3pocrae, i
YTBOPIOIOTHCSI OKCHJTU CBUHIIIO 1 Xanbkoreny [14].

YTBopeHHs HoBuX 3B’s13kiB Pb-O i1 X-O npussoauth
JI0 BUHUKHEHHSI aKIENITOPHUX MOBEPXHEBUX PiBHIB, IO
JeXaTh BUIE PIBHS BaJIEHTHOI 30HU, 1 piBeHb Depmi B
HariBIPOBITHUKY JIEIO MiTHIMa€eTHCS. Ie
MiATBEP/KYETHCSI  TAJIbBAHOMArHITHUMH — BHMipamH,
BUKOHAHMMHM Ha IUX X IUIBKax IICIA €KCIO3UIil Ha
moBiTpi [28].

Ha P®E cnexTpax iHTEHCHBHICTH IiKiB, TIOB’s13aHa 3
OKHCIIAMH SIK METaly, TaK 1 XaJbKOTeHY 3MEHIIYEThCS
mpu mepexoni Bim PbTe mo PbSe i PbS, piBHO, 5K
3aranbHa  inTeHcmBHiCTH mikiB  OI°  (pume. 5.1) mo
XapaKkTepu3ye pIiBeHb MOKPHUTTS IIOBEPXHI KHUCHEM.
BingsocHo Bemnka inTeHcmBHicTh miky OI° B PbS mpu
MallMX eKCIO3MWINAX 3B’s3aHa, IIBUALIE 3a BCE, 3
(dhisuyHOIO aacopOIliero KHUCHIO. B mijloMy oTpumasi
pe3yabTaTH IMOKAa3ykTh, MO 3 30UIBIICHHSIM 10HHOL
CKJIaJIOBOI XiMi4HOTO 3B’s13Ky B psini PbTe—PbSe—PbS
MIOBEPXHS CTAE OUIBII IHEPTHOIO J10 OKHCIICHHS [14].

OKe-CIeKTpH  BHXIHUX IUTBOK 1  TATaHUX
TepMooOpoOIi Ha TOBITPI TmmojmaHi Ha pwuc. 5.2.
3araipHOI0 3aKOHOMIpPHICTIO AJIST BCIX JOCIiIKYBaHUX
TUTIBOK € Te, 10 BUXigHA iX MOBEPXHS 3aBKIW HaCHYICHA
kucHeM. [lingBUIEHHS TeMIIepaTypH BiMally IUTIBOK, IS
BCIX BHIaJKIB, OOYMOBIIOE 3POCTaHHS IHTEHCHBHOCTI
MiKiB KUCHIO B Oxe-criektpax (puc. 5.2) lle € npsimum
JIOKa30M POCTY KUIBKOCTI KHUCHIO Ha TIOBEPXHI IUIIBOK.

[lpn 1BpOMY IHTEHCHUBHICTH TIKIB CBHHIIO B OXe-
cnektpax 1iiBok PbTe 1 PbSe 30imburyerscs.
Konuenrpauist temypy Ha moBepxHi mmiBok PbTe mpnm
~ N(E), ym. ox.
PbTe
5 —
4 -
3 =
2k
PbSe
1= PbS
0 1 1 L

10 10* 106 10° dc

Puc. 5.1. 3anexnicth inTeHCHBHOCTI criekTpy Ols
xanpKoreHimiB cBuHItO PbS, PbSe i PbTe Big uacy
€KCITO3HIIii B KHCHI [14].
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BimaJli CYTTEBO HE 3MIHIOETHCS 1 MOXHA IPHUITYCTUTH,
II0 KHCEHb B3aEMOJI€ TIEPEBAXXHO 3  CBHUHILEM,
KOHLICHTpAI[iSl SIKOTO Ha TIOBEpXHI 30UIbIIYETHCS 32
paxyHok ioro amdysii 3 00’eMy IUTiBKH. Y IUTIBKax
CeNIeHiZly  CBHHIIO  OKHCIIOBaJIBHI  IpolecHd 3
TEMIIEPaTypOr0 Bimalxy BiIOYyBarOThCS SIK 3a PaxyHOK
B3a€MO/Iii KHCHIO 3 CBUHIIEM, TaK i CEJICHOM.

5.2. KineTuka eJIeKTPOHIiB i KOMIJIEKCH BJIACHUX
nedexrtiB 3 kncHeMm. [LniBku PbTe toBmmHOMO 50 HM
BupomtyBann y Bakyymi 2,7-107°TIa ma cmomsaux
migknagkax [31]. Tlpu mBuakocti pocty Oimbiry 3a
0,1 HM/c TUTIBKY Maji KOHIIEHTPALIiI0 HOCITB, OJIU3bKY 10
BJIacHOI. BHacHimoK 3MEHIIEHHS IIBHIKOCTI POCTY
mmwkye 0,1 HM/c  OTpUMyBadM  IUTBKA  N-THIY
MPOBITHOCTI. Perynroroud IIBUAKICTH POCTY, MOXHA
OTpUMaTdl IUIIBKM (3 KOHIICHTPAII€I0 EJNEKTPOHIB

1-10' —3'10180M’3) JUTSl BAKOPUCTAaHHS B MOCIimax 3
ancop6uii kuchroo. Kinetuky aacopOuii Bu3Hauyamm 3a
3MIHOIO KOHLIEHTpalii HOCIiB y IUIBKax Mg dYac
eKCIo3ulii B KUCHI NMpH KIMHATHIA Temrepatypi. [Ipu

ampiux tuckax (107 —107I1a ) B cucreMy Hamyckamu
CIeIiabHO OYHINCHWH KHCeHb. JleryBadbHHU BIUIHAB
KHCHIO B [bOMYy J[iama3oHi THCKiB aBtopu [31]
ONMHUCYBald 32  JONOMOTOK  MoOJeli  ,,MOOLIbHHX
nedeKkTiB”, 3riTHO SIKOi MDKBY3JIOBHHHI aTOMH CBUHIIIO
(monopu) nuyHAYIOTH (TIpU HASIBHOCTI KHCHIO) 3 00 €My
TUTIBKU JI0 TIOBEPXHi, i€ BOHHM B3aEMOJIIOTH 3 aTOMaMH
KUCHIO. [IpH 1IbOMY IJIS BUMAAKY KIMHATHHX TEMIIEpaTyp
MPUIYCKaJIOCh JOCTATHHO BEJIMKE 3HAUEHHS KoedilieHTa
nudy3ii MDKBY3JIOBUHHHAX aTOMIB CBHHIIIO, SIKE CYTTEBO
TIepeBHIIy€E TiCHI 3Ha4YeHHs KoedimieHTta camomudysii
cBuHIto B PbTe [1-3].

PosrmsiHeMO KiHETHKY EJEeKTPOHIB 3 ypaxXyBaHHSIM
CKJIQTHOT'O CIIEKTpA 3apsIOBUX CTaHIB BIACHUX aTOMHHUX
nedekriB y mriBkax PbTe i1 cydacHuxX ysBI€Hb TpO

dN(E)/dE
1
2
3
4
Pb Te
Te
Pb
0]
50 450 E. B
Puc. 5.2. Oxe-ciektpu Buxigaux (1) 1, migmaAmx

i30XpoHHOMY Binnaiy Ha noBiTpi npu 470 K (2), 640 K
(3), 840 K (4) enirakciiinux miBok PbTe [14].
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KOMIUTIEKCOYTBOPEHHSI y HamiBIpoBigHWKax [32, 33].
[epeBakaroui geexTH B IUTIBLI — JABO3APsIHI BakaHCIT 1

. . 2— 2 .
MDKBY3IOBUHHI aToMH cBHHIEO ( Vi, , Pbi+), ix
KOHIIEHTPALT CATAIOThH ~10% cm™. B anionniit miarparii

.. 2
Ba)XJIMBY POJIb BiJirpalOTh BaKaHCIi TEaypy VTJ . Ipu

JIETYBaHHI JOMIIIKOI0 KHCHIO B IMX YMOBax JOCHUTbH
IMOBIPHUM € YTBOPEHHS 1 pO3Maj KOMIUICKCIB BIaCHHX
aTOMHUX Je(eKTiB 3 KHUCHEM, II0 MOXKE NPHU3BECTH 0
MPOLECiB 3  AHOMAJIbHO  BEIMKUM  E(QEKTUBHUM
koedimieaTom audysii. Jasd DOCHIIKEHHS KIHETHKH
eIeKTPOHIB 1 KOMIUIEKCiB, SKi OyZeMo BBaXKaTH
B3a€MOIIOB’ I3aHUMH, BHUKOPHCTOBYEMO METOoJ
KBa3ixiMiyHux  peakuiii. ILle mo3BonuTh  onmcaru
eKCIIepIMEHTAIbHI PEe3yJIbTaTH, HE 3BEPTAIOYHMCh J0
Mojeni  ,,MOOUTBHUX  JedekTiB” 3 HepealbHUM
koedinienTom nudysii. [Ipumycrimo, 1o npu B3aeMoIil
kucHeBoro razy O, 3 miiBkoro n-PbTe yTBOproroThest

HeﬁTpaIH:Hi KOMIIJICKCH NEpeBaAKAOIUX BJIACHHUX

. . 0
medexTiB  mmiBKM 3 Momekymoro kucHio O,y

d

dt [Vlfb_O(Z)iV"l%:] = klpo2 [Vsz_

o1
ne k; i Ty — koHCTaHTH peakuii. Bpaxyemo Ttakox

KBa31XIMIUHI peakllii, siki BiI0yBalOThCS B caMiil ILTiBII

"0"<¢> Vo + V7, "0"<>e +h", (5.4)
(Vo O3, Vi) <> 05, +h* +"0", (5.5)
(Vo 0%,V <5207 +2h* +"0" (5.6)

1 TIOB’sA3aH1 3 peKOMOIHAIIEI0 BUIBHUX BaKaHCIH 1 HOCITB
cTpymy (5.4), a TakoX 3 IpOLIECAMH PO3MaLy KOMILUIEKCIB
3a nBoMa kaHanmamu (5.5) u (5.6). Y npunymensi [53],
II0 MIBUJKICTh IIUX TMPOLECIB CYTTEBO Oinblna 3a
MIBUAKICTH peakiii (5.2), sika Onucye B3a€EMOIIIO Tazy 3

IUTIBKOIO,  MOKHAa  BB&KaTW, 10  KOHIEHTpamii
koMroHeHTiB B (5.4)-(5.6) B KOXHUH MOMEHT 4Yacy
JOPiBHIOIOTH ix CTaIliOHApHUM abo HaBiTh

TEPMOJWHAMIYHO PIBHOBR)XHUM 3HAYEHHIM TIPH JaHIH
TeMIIepaTypi:

[Veo Vi 1=K (n, —An)(p, +Ap) =K;5  (5.7)

Vi 1-[Ve O% Vi In

wmixsymosuri (Pb>"0%. Vo )’ i (Va, O5.Vi)" — srigno
peakuism [33]:

O} +Pb;" + Vp, <> (Pb] 05, Vy, )’
2 i Pb i 2i 'Pb ’

v 2- 2+ 2-0 {72410
03+ Vpy + Vi € (Vp, O3 Vo) (5.2)
Ilpn 3icTaBneHHI y TMOJANBIIOMY pE3YJbTATIB
pO3paxyHKy KIHETHKH €JIeKTPOHIB 3 €KCIepHMEHTOM
BUSIBIISIETHCS, 10 peakmii (5.2) 3 yTBOPEHHSIM KHCHEBHX

KOMITJIEKCIB, IO MICTATh MBI BakaHCii (IO OXHIN Bif
KOXHOI TIATPaTKH), XapakTepHi aius oO0IacTi caMux

(5.1)

. -4
HU3BKUX THCKiB KucHIO P, <<107'Ila, a mpu trckax
—4 -2 .
10 Ha.PO2 107 IIa  pgomimyrots peakuii  (5.1) 3
YTBOPEHHSAM KOMIUIEKCIB, 10 MICTATEH mapy DpeHKens y
KaTIOHHIN MiArpaTii.
Po3risiHEMO CIIOYATKY BHIAM0K CaMHX HH3BKHX

THUCKIB KHCHIO, IO BiamoBimae peakuii (5.2). Kinetuka
i€l peakii BU3HAYAETHCS PIBHIHHAIM

(5.3)

[0:](Py +4p) _ [0 T (P +Ap)" _
[V O3Viel "7 [Va O3 Vi

ne K, =ngp,, K,, K, i K, — rxoHcrauru peakuiit

(5.8)

v

(5.4)-(5.6); ng u py — 3HAYCHHA KOHIICHTpALili HOCIiB
CTpyMy IO B3a€MOJii IUTIBKA 3 KHCHEM. BHacmimok
akentopHoi nmii (5.5), (5.6) KHUCHEBHX KOMIUICKCIB
KOHLIEHTpAI[iSl €JEKTPOHIB Yy IUTBLI 3MEHIIYEThCS Ha
Benauunay An >0, a KOHIEHTpALIis AiPOK 30LIBIIYETHCS
Ha Ap.

BpaxoByroun yMOBY €IeKTPOHEHTPAIBHOCTI, MAEMO:

[01+[0;]1=An+Ap. (5.9
I3 (5.7) BunmBae, 1o
Ap =p,An/(n, —An). (5.10)

Miacrapmstoun 3 (5.8) 3Hawenns [O5;], [O7] i
(5.10) B (5.9), orpumaemo:

An(n, +p,—An) K, ~ N (K'V)W ) .
(no - Aon)z = TV O Vi 2= Vi, 05 Vi 1, (5.11)
0 i i
3BIIKM BHJHO, IO KIHETHKA eJEeKTPOHIB  An(t) [ sgogiVng]:E]POZTI (l—e_t”‘), (5.12)

BH3HAYAETHCS KIHETHKOIO KOMILICKCIB, TOOTO PIBHSHHIM
(5.3). Toknanarouu, mwo npu t =0 (movyaTok excro3umii
IUIBKK Yy  KHCHI),  KOHLEHTpalisi  KOMIUIEKCIB

2-0 2+ _ .
[Vi, O, Vi ] " 0, 3HaxogUMO:
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ne 121 =k,K,. Toxi 3 (5.11) i (5.12) BumnuBae, mwo npu

THCKaX KACHIO PO2 <<107*Ila
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An(t) = %[1 +E(O] {0 [1+ 2£(D)]+p, ~[(n, +p,)* +4n,p £(D] "}

e

£(t)=A Py 1, (1-e ")+ B, (P, 1) " (1-e )",

Av = I<i_11<v1;l > Bv = I<i_1(I<'vl;l)1/2 .

Ipu Ginbumx THckax kucuo 107 Ta . P, . 1071a,

(5.15)

KOJIM YTBOPIOKOTHCS KOMIUIEKCH 3 mapor dpeHkens y
KaTiOHHIHN miarparii 3rigao (5.1), J0CTaTHRO BpaxyBaTH,
3aMicTb (5.4)-(5.6), Taki KBa3iXiMiuHI peaklyy B TLTIBLI:

Pbl, & Pb +VZ:"0"<>e +h";  (5.16)
(Pb;"03,Vy, )’ <> O, +h" +Pby, (5.17)

d

[Pb; O3 V5 ], =0:

K:, K, ki ’tgl — koHcTaHTH peakmiid. 3 (5.18)-(5.20)
HEBAXXKO OTPHMATH, L0 y BKAa3aHOMY Jiala3oHi THCKIiB
KIHETUKa eJEKTPOHIB An(t) BU3HAYAa€ThCS  TaKOXK
¢dopmyoro (5.15) i3 3aminoro Tineku f(t)—>g(t), ne
g(t)=AP, t,(1-¢"'%), A=K['Kk,,

k, =k,K;.

Ha pwuc. 5.3 HaBeneHo ekcnepyMeHTaNbHI JaaHi 3
KIHCTUKH  3MCHIICHHS  TIOBEPXHEBOi  KOHIICHTpAIIii
enexTpoHiB AN(t)=An(t)-d npu B3aemonuii miiBok n-PbTe
3 KHCHEM, sIKi BITHOCSTBCS JIO 3pa3KiB 3 BHXIiJHOKO

(5.21)

Puc.5.3. 3MeHueHHS KOHLIEHTpAIi1

[IOBEPXHEBOI
eJIEKTPOHIB y miiBLi n-PbTe npu pi3HUX THCKaX KUCHIO:
1-1,333-10%,2 - 1,333-107,

3-1,333-10° 4 — 1,333-107 Ia;

0 — eKCIIepUMEHTANBHI pe3ynbTatd [32], cyminpHi JiHii —

po3paxyHkoBi kpuBi [33]. BuximHa KoOH-IEHTparis

eJeKTPOHIB ny=1,6-1 07 em?.

E[Pb?OgiVﬁJ 1=k,Po, [Pb ][V, 1= [Pb7 05 Vp, Iy

(5.13)

(5.14)

K1 BiIOyBaroThCs miBuamie, Hik peakuis (5.1). Toai mis
KOHLIEHTpaIiil yyacHUKiB peakuiii (5.16), (5.17) i (5.1)
MaeMo:

[Pbi2+ ][Vl’zt;] = KF > (1’10 - An)(po + Ap) =K;; (5.18)

O]t 20 g [0;]=an+ap;  (5.19)

[Pb; 0%, Vy |

(5.20)

KOHIeHTpalielo  enektponie N, =1,6-10"7cm™  mpu
temmnepatypi T=300K.
IIpn THCKax

P, <<10™Ila,  p,<<n,,

4p,f(t) <<n, dopmymna (5.15) CHIBHO CIIPOLLYETHCS:
AN(t) =N f(O[1+ ()], (5.22)
ze Ny=n,-d= 8-10"em2. Jlist 1OoCTaTHBO BETUKHX
JaciB penakcanii T, >>t 3(5.22) i (5.14) 3HaxoanMO:
AP, t+B P t"?
1+A P, t+B Py "
Po3paxynkoBi kpuBi 2, 3 1 4 puc.5.3 nobpe

(5.24)

AN(t) ~ N, -

1,0

AN(t)/AN ()
s o o
N [e)) oo

=3
[\
T

0’0 1 1 1 1
0

20 40 60 80 100

Puc.5.4. 3MeHmeHHS  TOpUBEACHOI  IOBEPXHEBOI
KOHIIEHTpalLlil el1eKTpoHiB B IiBkax n-PbTe no piBHs,
IO Bi/MOBia€ BIACHIA KOHIICHTPAIlT MPH TUCKY KHUCHIO
1,333-10™ Ila; KOHILIEHTPAIIiS €IEKTPOHIB Ny:

1-4-5-10"; 8:10'%; 9-10"7;

1,510% em™; A-1, -2, x-3, o-4. CyuinbHa niHIS —
po3paxyHkoBa kpusa [33].

207



A Jl. Dpeik

Y3TOIKYIOTHCS npu pi3HHX THCKaX 3
eKCIICpUMEHTATbHIME  JJaHUMH  IIpH  3HAYCHHSIX
KIHETUYIHHUX rapameTpiB A, =4432 Ma'c’,

B, =0.386 Ma*c"?, 1, =7-10" c.

Y piamasomi Tuckiz 107*Ila. Po, .107Tla  mpu
4p,g(t) <<n,
KOHIICHTPALii eIEKTPOHIB BI3HAYAETHCS (POPMYIIOI0

AN(t) = Nog(O)[1 +g(D)]" (5.24)
3 ypaxyBanHnsm (5.21). Kpusa 1 puc. 5.3, mo Biamnosigae
THUCKY KHCHIO POz =1,333-10" I1a, 3a710BiNBHO OMUCYE

Py <<1n,, KiHeTHKa IOBEpPXHEBOI

eKCIIEpUMEHTalIbHI ~ pe3yjbTaTh  I[pU  3HAYEHHAX
KiHeTHUHHX napameTpis A=4.432TIa"'c' i 1,=2408 c.
3MEHILIEHHS! KOHIIEHTpalii eNeKTPOHIB BiJOyBa€eThCs
JOTH, TIOKM BOHAa He cTae ONM3bKOIO [0 BJIACHOI,
HE3aJISKHO Bifl KOHIIEHTpamii €IEeKTPOHIB y BHXIJIHUX

spaskax  (puc. 5.4, P =1,333-10"Ta). Ile Takox

BUIUTMBAE 3 OTpUMaHUX Hamu Gopmyd (5.24) 1 (5.21):
AN(t) (A+g,)1- e ™)
AN(0)  [l+g, (1-e ™)’

ae g, = APOz T, . 3aBepIIyeThCsl MPOUEC Y PO3IIIAHYTIH

(5.25)

00J1acTi HU3LKMX THCKIB KHMCHIO JOCSATHEHHSM BJIacHOI

NPOBITHOCTI y 3pa3kax TpH 30epekeHHI 3Ha4YeHb
PYXJIMBOCTI  HOCIiB  CTpyMy, WO CBiIYHTH TPO
€JIEKTPOHEHTPANBHICTh ~ YTBOPEHHX  KOMIUIEKCIB 1

BIJICYTHICTh TIOMITHOI JIOKaJIi3aIlii eJIeKTPOHIB i TipOK Ha
TTOBEPXHi, 00YMOBIIIOIOYHX 3T'MH 30H.

OT)KG, npu  BCJIHMKHUX KOHHeHTpaIIiHX BJIAaCHUX

. 2- 2 2 :
atomunx gedektis Vo, , Vi, Pb;" y mmiskax
TEJypHUAY CBHHIIFO, B3a€MOIOYMX 3 KHCHEBHM T[a30M,
HPOLIECH YTBOPEHHS 1 pO3Majly HEHTPaJbHUX KOMIUIEKCIB
nedeKTiB 3 MOJIEKYJIO KHCHIO Y MDKBY3JIOBHHI MOXYTh

MIPUBECTU JIO CIIOCTEPEXKYBAaHOI KIHETUKU KOHIIEHTpALii
eneKTpoHiB B N-PbTe mpu HU3BKUX THCKAX KUCHIO.

VI. IIpouecu nedeKTOYTBOPEHHSA NPH
paaianiiiHOMy onpoMiHeHHi

Papnianiiine ompoMiHEHHS € OXHUM 3 e(EeKTHBHHX
METOJiB KepyBaHHsS ITapaMeTpaMy HAIBIPOBITHUKIB i
olep)KaHHs ~ MarepiayiB 3 Hamepen  3aJaHHMHU
BiiacTuBocTsIMU [34, 35]. HaykoBe BupimieHHs npodieMu
HEMOXUJIMBE 0€3 pO3yMiHHS MEXaHi3My B3a€MOJIi
ONPOMIHEHHSI 3 TBEpAMM TUIOM 1 (i3MKM pamiamiiHUX
nedektiB. Came 1i neeKTH y HEJIErOBaHHMX ILTIBKaX
XaJIbKOTCHI/IiB CBUHIIIO BiIMOBIIATBHI 32 BIACTHBOCTI.

ExcriepuMeHTaIbHO BUSIBIICHO, 10 alb(a-4aCTHHKU
y IDIBKaX XalbKOTCHINIB CBUHIKO CIPHYMHIOKOTH
JIOHOPHY Jif0 — 3pOCTaHHSA KOHIIEHTpaIlii HOCIiB Y
MaTepiami n-TUmy i iX 3MeHmIeHHS y p-tumy (puc. 6.1)
[34, 35].

3aneXHOCTI KOHIICHTpAIlii HOCIiB 3apsoy B TOHKHX
IUTIBKaX BiJl MOTOKY anb(a YacTHHOK 1 BHXIA IX Ha
HAaCHYEHHSI  MOSCHIOEThCS  JBOMa  KOHKYPYHOUHMH
Mpolecamu:

—reHeparis map PpeHkenast B 0OMIBOX MiArpaTKax
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n, 107cm’
1
6
4
5
4
2
3 | | | !
2 4 6 @, 10°cm”

Puc. 6.1. 3anexHicTh KOHIEHTpAIii HOCIIB 3apsay B
wiiBkax n-PbTe Bim mnoToky omnpomiHeHHs aib(da-
yacTWHKamu: 1,2 — JBO3apsiiHi BaKaHCil CBHHIO;
3,4 — omHO3apsHI; ° — eKCIEPHUMEHT;

—— — po3paxyHoK [34].

IpU OTIPOMiHEHHI ajb(a-yaCTHHKaMH MOTOKaMH Majol
TYCTHHU;

— TeII0Ba peKoMOiHaIis NeeKTiB sika BU3HAYAETHCS
ix mudysiero.

Tak, y Bumagky yTBopeHHA map ODpeHkens i3

. 2+ 0
JIBO3APSIIOBIMH  BaKaHCIAIMH MeTay [VX ]—[Xi],

[Vﬁg ]—[be] A7 HECKOMIIGHCOBAHOTO 3paska -

PbX 3 mouaTKOBOIO KOHIIEHTpAIi€l0  TIPOK Py
KOHILIEHTpALT Je(eKTiB BU3HAYAIOThCS:
2- _ + _
[ Vi ], =po/2[ P} ] =0,
2+ _ 0 _
(V3] =0[x!] =0, 6.1)
[pouecu reHepartii Ta pexomOiHaii
(peHKeniBCbKHX Map, 3MIHy y Yaci KOHLEHTparil
nedekTiB  MokHa ~— onmcatH  AMdepeHmianbHIMU
PIBHSHHSIMHU:
d[vpy |
—~ = =Go-uD,, | VZ || Pb] |,
at o—pu Pb|: Pb ][ 1] (6.2)

+ | _ 2- 2-
[Por J=[Ve J-[ Ve ],
JUIl  KOHIIGHTpalii BakaHCii 1 MIDKBY3JIOBUX aTOMIB
Mmetany BianosigHo. Tyr G — koedilieHT reHeparil

BJIACHHX JIe)eKTIB, (P — 'YCTUHA MOTOKY OL-4ACTUHOK, [l —
KoeimieHT pekomOiHalli, Dy — KkoedirienT audysii

MeTaiy.
AHanoriyHo sl KOHIEHTpamid  BakaHCid 1
MDKBY3JIOBHX aTOMIB XaJbKOTCHY:
2+
v

>l G-, [V ]

(X =we -,

Po3p’s3kamMu  audepeHnianbHux piBHSAHB (6.2) 1

(6.3)
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(6.3) € Bupasw, MmO BWU3HAYAIOTH 3AJIEKHOCTI 3apsiIoBOro cTaHy. st po3risimyBanux map OpeHkens
KoHIeHTpawii nedexriB Bix yacy. Ta OHIIEHTpALi{ — 2- 2 0
ueHTpaitii Aeqextis Bz yacy. Tax, Juis KOHUEHTpaN p=2[ Vpy J-2[ V&' J-1[Pb; [+0[ X! ] (6.6)
BaKaHCIH MeTaiy: o .
, Ir., 1— A Jnst 0JHOKpaTHO 10HI30BAaHMX BAaKaHCIH MeTany y
[Vpb_ ] = —[Vpb_ ]O +R——r, (6.4) (peHKETIBCHKUX I1apaxX, KOHIEHTpalis HOCIIB 3apsry
2 11 +A BU3HAYATUMETHCS
= - 2+ + 0
o[ Go +l{[vz-] }2 2 p:l[v,,b]-z[vx ]-1[Pbi ]+O[Xi]. (6.7)
ac uDy, o do ’ Cuin 3ayBa)kHTH, 10 aHAJIOTIYHI MipKYBaHHS BIpHI 1
At JUIsL HECKOMITCHCOBAaHMX 3pa3kiB n-tumy. Tak Juist 3paska
A=Ae™, 3 BHXIJHOIO KOHIICHTPAII€I0 €JIEKTPOHIB Ny IOYaTKOBI
R-1 [V%J 3HAYEHHS KOHIEHTpamii n1eeKTiB OyayTh:
ine A, =————"20 A, =—2RuD of vl +[ Mg ] =0, [VZ ] =0, [X°] =0
a I_R+L[V27:|’ 2= Uy X 0+ S w |, = 10_'(6'8)
2| Vpo . R
) o N Toni HpoIecu remepauii  Ta  pexoMOiHaIil
3MiHa ~ KOHIEHTpalii  BAKaHCIH  XaTbKOreHy (peHKeTiBCHKUX Map, 3MiHYy Yy dYaci KOHIEHTpalii
OIHCYETHCA aHATOITIHO: ne(EeKTiB ONUCYIOTH PIBHAHHAMU aHajorigaumu 1o (6.1,
[Vﬁ] = %[Vﬁ]o +R i — i , (6.5) 6.3). Tyt [Pb:] = [Vf,f:l + [bel} , a 3MiHa
KOHIIGHTpALil eNeKTPOHIB 4epe3 3MiHy KOHLEHTpamil
nedekTiB i3 BpaXyBaHHsM IX 3apsJOBOrO CTaHy Oyne
L BHU3HAYATHCS
G([) 1 24 212 2+ + 2- 0
ne R = +—{[VX ] } , n=2[ V3" [+1[Pb] [-2[ Vo [+0[X!].  (6.9)
uD, 4 0
X .\ .
" JUTSL IBO3apsITHUX BakaHCiil MeTany i
A=Ae™, n=2[ vy |+1[Pb; |-1[ v, ]+0[X!].  (6.10)
R-1| V2 -~
2l Vx|, JULsL OHO3aPSAHUX BaKaHCIH MeTay.
A =——=—=0C A, =-2RuD,. e . . —
R+1 [VH:I apaMeTpH TMpOIECiB TeHepalii i peKoMOiHaIlil
2L°X o pamianiiHux nedekTiB, sSKi BHKOPHCTOBYIOTHCS IIpH
3MiHa KOHIEHTpalii HOCIIB 3apsAmy BHU3HAYAETHCS po3paxyHKax € y TaOmumi6.l. Amnamiz 1030BHX
4epe3 3MiHy KOHIEHTpawii AeeKTiB i3 BpaxyBaHHAM iX  3aJeXHOCTEH KOHIEHTpallii HOCIiB 3apsmy B pamianiiiHo

Tabanus 6.1.
Enextpuuni BacTiBOCTI (po™* - MoYaTKOBa KOHIEHTPALSI HOCIIB 3apsiy) i mapaMeTpy reHepariifHo-peKoMOiHaIIHHOTO
MexaHi3My pafianiiinoro nedexroyrsopenns (G*— koedimieHT renepariii,
W — xoedimieHT pekoMOinanii, D — koedinieHT nudy3ii, KoedilieHT Mpu peKOMOIHAIIITHOMY OAaHKY
K=uD, Dy — nepenexcrnoneHniitHnii MHOKHHK KoedirienTta nudysii, Ep — eneprist qudysii nedexTiB) TOHKHUX MITiBOK p-
PbTe i p-PbSe npu onpominenHi anbpa-yactuHKamu [34].

3 G*, K, 2 -1 H,
Marepian p*o, cm ! ! Do, em™c Ep,eB oM
)
. . 7,9-10 5 5
PbTe 4-10 3,9-10 . 9,5-107 (V) 1,04 2,43-10
(Pb;- Vpy)
2,7-10°% , 5
3,2:10° (Ve 1,04 2,50-10°
(Tei- Vre)
Ci- VTe
26
19 8 8,0-10 2 D, -6
PbSe 8,510 8,3-10 b ) 6,64-10 (Pby) 1,02 4,8-10
Pb;- Vpy
4,410 , ]
3,25-10° (Vse) 1,04 4,0-100
(Sei- Vse)
Ci- VSe
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0 1 2 3 4

12 2
®-10, cm
Puc. 6.2. 3anexxHicTh KOHIIEHTpAIi HOCIiB 3apsay B IuriBKax n-(a) i p-(6) PbSe Bixg moToky ompomiHeHHS
anb(a-gacTHHKaMA: | — TBO3apsAHI BaKaHCII CBHHITIO; 2 — OHO3APSAHI; © — eKCIIEPUMEHT; —— — PO3PaxXyHOK
[34].

ONPOMiHEHHX alb(a-yacTuHKaMu IutiBkax PbTe n-tumy
(puc. 6.1) i n- i p- PbSe (puc. 6.2) Bka3zye Ha IOCTaTHHO
noOpe CHIBNaJaHHA pe3yJbTaTiB  EKCIEPUMEHTY 1
pO3paxyHKiB y BHIAAKy yTBOpeHHs map Dpenkens 3
JIBO3ApSIIOBMMH  BaKaHCISIMH ~ CBHUHIO. Pe3ymbraTu
MO/IEJTIOBAHHS panianiitHoro JeeKTOyTBOPEHHS
OJTHO3APSIOBUX BAaKaHCIH CBHUHIIO MICTSITh CYTTEBI
KIJIBKICHI BiJMIHHOCTI BiJ pe3yJbTaTiB EKCIIEPUMEHTY
(puc. 6.1, 6.2).

Bimpmr pyxmmBEMH B Tporecax —peKoMOiHarlii
(perkeniBchkuX map Vpy,-Pb; 1 Vx-X; B TOHKHX IDTiBKaxX
XaJIbKOT€HI/IIB CBUHIIIO € BaKaHCIT MeTaly i XaJbKOTeHy,
a He MDXKBY3J10Bi aroMu. [le BuIIIMBaE 3 TOrO, IO TUTLKU
koedimientH  audysii U1 BakaHCId  CBHHIO 1
xanpkoreny B n-PbTe i p- i n- PbSe, a He mis
MIKBY3JIOBUX aTOMiB, BH3HAYAIOTh Yy PO3YMHHX PaMKax
3HaueHHs KoedilieHTIB pekoMOiHamii p (tadbmuus 7.1) i
paniyciB pexoMOinamii r (i = 2mr). Paniyc pexomoOinamii
JIe(eKTiB y IUTIBKaX TEeIypHIy CBHHIIO ckiamae 30-60
ctanux rpatku a = 0,6452 Hm.

VII. BucHoBku

1. 3pobineHo orJIsizy pooir, NPUCBSYCHUX
KOMILIEKCHOMY TEOPETHUHOMY i
EKCIIEPHUMEHTATIBHOMY ~ JTOCHI/KEHHIO TPOIIECiB
nebeKTOyTBOpeHHsT Yy~ TOHKMX  IUTIBKax

XaJIbKOTEHI/IIB CBHHIIIO NpH iX BUPOIIYBaHHI i3
napoBoi (a3u, a TakoX HACTYIHHX TEPMiYHOMY
Biqmaymi y BakyyMi 1 aTmocdepi KHCHIO Ta
pamianifHOMy OIPOMiHEHHI.

2. Po3pobnena Mozens mporeciB 1eeKTOyTBOPEHHS
y KaTIOHHIA MiArpaTii IUTIBOK XaJbKOTeHiIiB
CBHMHIIO, $Ka BpaxOBY€ CKIaIHUH  CIEKTp
3apsIOBUX CTaHIB BIACHUX AaTOMHHX Je(eKTiB,
110 JI03BOJIMIIO TIOSICHUTH OTpUMaHi
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EKCIIEPUMEHTAIBHO ~ 3QJISKHOCTI  KOHLIEHTpAIiT
HOCITB CTpyMy, BKJIIOUAIOYM IHBEPCII0 THUILY
NPOBIMHOCTI  BIl  TEXHOJOTIYHUX  (PaKTOPIB
BUPOIIYBaHHs ILTIBOK i3 mapoBoi ¢a3u y meroni
rapsidoi CTIHKH (MapLialIbHOTO THCKY XalbKOTEHY
i TemmepaTyp B  30HI  OCQDKEHHS 1
BUIAPOBYBaHH).

Ha ocHOBI ocmipkeHHST PO3MOALTY HAIPSIMIICHHX
HEOJHOPUTHOCTEH M0 TOBIIMHI MOKA3aHO, IO IS
CBDKOBHPOIIEHNX 13 mapoBoi (asu MeTomoM
rapsigoi  crinku 1wmiBok PbTe, PbSe i PbS i3
e(heKTUBHOIO EJIEKTPOHHOIO TPOBIJHICTIO HA MEXI1
“ruTiBKa-MiKiIaaKka”, depe3 HasBHICTh MPOLECIB
(pakiitoBaHHS HABAXXKH, OCA/KYETHCS IIap p-
TUIy TpPOBIXHOCTI. bBins moBepxHi mIiBOK i3
e(eKTUBHOIO JIPKOBOIO MPOBIIHICTIO MOXKJIMBE
(hopmyBaHHS LIapy N-TUITY MPOBIIHOCTI.
Buxonsun i3 reHepauiifHO-peKOMOiHAIHHOTO
MexaHi3My 1 amoOinoisipHoi mudysii BakaHciit
XallbKOTEHY 1 eJNeKTpOHiB, c(hopMyIThOBaHO i
PO3paxOBaHO TEOPETUYHY MOJEIb JUIsl HOSICHEHHS
KIHeTHKH BaKyyMHOTO Bimmanmy, wmozampikamii
MIPUIIOBEPXHEBOTO IMapy IUTIBOK 1 YTBOPEHHS
JIBOIIAPOBOI P-N-CTPYKTYPH.

Kinetnky moBepxHeBoi KOHIIEHTpALlil eIeKTPOHIB
y mriBkax n-PbTe npu HU3bKMX THUCKAaX KHUCHIO 1
KIMHATHIM TeMIiepaTypi IIOSICHEHO Ha OCHOBI
VSIBJICHb PO YTBOPEHHs 1 po3Maj HEHTpaIbHUX
KOMIUIEKCIB BJIaCHHX Je(eKTiB 1 JeryBaJlbHOI
JIOMIIIKHA KHCHIO.

J1030Bi 3a7eXHOCTI KOHIEHTpalii HOCIiB CTpyMy
IUTIBOK ~ XalbKOTEHINIB CBUHINIO TIpH  aibda-
OTIPOMiHEHHI TTOSICHEHO TeHepaniiHo-
peKoMOiHAaIHHIM ~ MEXaHi3MOM  Ha  OCHOBI

yTBOpeHHs nedekTiB OpeHkens [szb_ ] —[be ] ,

[ ]-[x]
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