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BukonaHO KBa3iXiMiYHMH pO3paxyHOK pPiBHOBaXKHOI KoHUeHTparii nedekriB y kpucramax PbSe Ta PbTe,
JeroBaHux TaiieM. IIpoaHanizoBaHO MeXaHI3MHU Ipolecy JieryBaHHs TaimieM kpucrtaniB PbSe ta PbTe. Ha ocHoBi

HOpiBHHHHﬂ CKCIICPUMECHTAJIBHUX JaHUX

i3 pesyJbTaTaMH pO3PaxyHKiB BH3HAYCHO KOHCTAHTH piBHOBAaru

KBa3iXiMIYHHX peaKiiil i eHTaJbIi] yTBOPEHHS TSl BaKaHCiH XaJbKOTeHY Ta MiXKBY3JIOBOTO TaJilo0.
Kurouosi ciioBa: nedextu, ceneniy CBUHIO, TEIYPU CBUHIIO, KBa3iXiMi4HI peaKiIii.
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Beryn

XambKOTEeHIIM CBUHITI0 — MEPCIEKTUBHI MaTepialy s
BUKOPHCTaHHS y TNPHUCTPOSIX iH(ppauepBOHOI TEXHIKU Ta
TEePMOENIEKTPUYHUX NepeTBoproBayax [1,2].

CeneHin 1 TeldypuJ CBHHIIO, SIK TOMOI'eHHa (hasa,
ICHYIOTb 13 HAQUIMIIKOM METaJly BiJIHOCHO CTexio-
METPUYHOTO  CKIQJy, a TakoX 13  HaJJIMIIKOM
XaJIbKOT€HY, 1110, BiJIIIOBiIHO, 0OYMOBITIOE iX €IEKTPOHHY
abo mipkoBy mpoBimHicTh [1,2]. Beranosmeno [3,4]. mo
HA/ICTEXIOMETPUYHUN CBUHEUH € MPUYMHOI YTBOPEHHS
BaKaHCiii B aHIOHHIA miArpartii i OOYMOBIIOE N-THII
MPOBIMHOCTI, a HAJACTEXIOMETPUYHUN XaJbKOTeH
BaKaHCIHl y KaTiOHHIHA MiATPaTI 1 p-TUM MPOBiTHOCTI.

ToukoBi nedektd Ta 11X KOMIUIEKCH CYTTEBO
BIUIMBAIOTh HA BJACTHBOCTI HamiBIpOBiAHUKIB. [lpu
BBEJICHHI y KPHCTaI EJICKTPUYHO AKTHBHHUX JOMIIIOK
3pOCTa€E PO3YUHHICTh BJIACHMX aTOMHHUX Ne(EKTiB, sKi
KOMIICHCYIOTb JIETYI0UY JIif0 IMX JOMILIOK [5,6].

[Ipn neryBaHHI TaJieM XaJdbKOTEHINIB CBUHITIO
3’ABNSAETECA BY3bKa CMyTa JIOMIIIKOBHX CTaHIB Yy
BaJICHTHIN 30Hi, SKa BIAMOBiNAE KOHICHTPAISM IipOK
5:10"-1-10% cm™ [5]. ToMy CTae MOXJIHBUM OTPUMAHHS
HaIiBIIPOBITHUKIB 3 MaJuMH XOJUTIBCHKUMU
konuenTparismu (10'%-10'° em™).

VY naniit poOOTI IS TOSICHEHHSI IIPOLIECiB JIETYBaHHS
tamieM  xanbkoreHimie cBuHmO (PbSe 1 PbTe)
BUKOPHCTAHO METO/]] KBa3iXIMIUYHKX peakiriii [7,8].
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I. Meroauka eKCiepUMEHTY

i Horo pe3yJabTaTu

3pasku PbSe mis mocmimkeHs TOTYBAIH METOAOM
raps90ro MPeCyBaHHS 3 HACTYIHHM TOMOTOHI30BaHHM
Bimmaiom mnpu 920 K nHa mporasi 100 rom. [5].
KonnenTpanis Tamito ckmagana go 0,8 at. %, mpu
MOCTYTIOBiM 3MiHI KOHILIEHTpAIii HaJCTEXiOMETPUIHOTO
CBHHIIIO ¥ Mexax 110 1,6 at. %.

Ha ocHOBI mpoBeieHHX XOJUTIBCBKHX BHMIPIOBaHb
BCTaHOBJICHO, IO JOMIIIKA TaJlil0 OOYMOBIIIOE P-THII
NPOBIIHOCTI 3pa3KiB. BBeneHHs HaJCTEXiIOMETPUYHOTO
cBuHL0 y Mexax 10 0,8 at. % Bexe 40 3MEHLICHHS
KOHIICHTpaIii ipok (puc. 1).

3pazkun PbTe mnsa mocmimkeHb TakoXX TOTYBall
METOZOM  Tapsuoro  TPECyBaHHI 3  HACTYIHHM
roMOrosizyrouuM BianasioMm [6]. Konuenrpaigist Tainito
ckaamana g0 2,0ar. %, mnpu 3MiHI  HAIIUIIKOBOTO
cBuHLo 10 4,0 at. %.

Ha ocHOBI mpoBeieHHX XOJUTIBCHKHX BHMIPIOBaHb
BCTAHOBJICHO, IO 3pa3Kd i3 HE3HAYHOI KIIBKICTIO
momimkd (o 0,05 at. %) MarTh N-TUO HPOBITHOCTI, a
mofaTbIIe 30UTBIICHHST KOHIICHTPAIIIT TaTiF0 00YMOBIIIOE
IHBEpCIIO THITy IPOBIHOCTI 3 N- HA P-THII 1 OYATKOBHUH
PICT KOHIIEHTpAIlil AipoK (puc. 2).

II. KBasiximisi 1edpexTHOI mizcucremMu
PbSe

PiBHOBakHHWIT cTaH jgedeKkTHOI mifcHUCTEMH Y
kpuctaigax PbSe, mo 30araucHi CBHHIEM 1 JICTOBaHi
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Puc. 1. 3anexHicTh KOHLEHTpalii HOCIiB cTpyMy y kpucramax PbSe:Tl Bin koHmeHTpamii HaJJTUIIKOBOTO CBHHIIIO
(G=Npy/N1)) st BMicTy Tamito Ny, at.%: 1 —0,4; 2 — 0,8 (0, + — eKCIIeprUMeHT; — — pO3paXyHOK).

TaJieM, MOXHA ONHMCATH HACTYIMHUMH KBa3iXiMidHUMH
CHIBBIAHOIIEHHIMM:

Pb® < Pb,, + VoS +2¢, K, =[Ve']-n* /[Pb°]; (1)
TP < Tl +h*, K, =[TL ]-p/[TI°]; )
"0"<e +h", K,=n-p. 3)

Peaxuis (1) ommcye mepexij CBUHLIO y KaTiOHHY
niarparky PbSe i yTBOpEeHHs MO3UTHBHHX JBO3apsIHUX
BakaHciii ceneny (V' ). Peakuis (2) ommcye mepexin
TaNifo 3 TBeproi a3y y MiXBY3IIS KPUCTANIYHOI TPATKH
PbSe 3 yrBOpenHsaM oxHozapsmuux akuentopiB (TL) i
nipok h' . Peakuis (3) onucye BiacHy NpOBiqHICTb.

PiBHSIHHSL ~ €JIEKTpOHEHTpanbHOCTI  JUIs
Je(PEKTHOT MiICHCTEMH MaTUME BUTJIS:

n+[T J=p+2[VZ]. @)
KonrnenTparis HaJJIUIIKOBOTO CBHHITIO V 3pa3Ky Npy,
YHCEThHO JOPIBHIOE CYMi KOHIIGHTpAIlil CBHHIIIO Yy

JaHOT

BinbHIH ¢a3i [Pb’] i KoHIeHTpauii aBO3apsIHHMX
BakaHciii ceneny [Vg' ]

N,, =[Pb*]+[V'], (5)

a KOHLEHTpaLlis Tajilo y 3pa3Ky N, 4HCENbHO JOPIBHIOE
cyMi KOHIeHTpamii Tamifo y BimbHi ¢azi [TI®] i
KOHLIEHTpAIil MDKBY3JIOBUX 10HI30BaHMX aTOMIB TaJlito
[T17]

Ny, =[TI ]+ [TIS] . (6)
OTxe, [UIA KOHIEHTpAIlii BakaHCIH cemeHy i
MIDXKBY3JIOBOTO TAJIO OEPKUMO:
[Vszc+] =Ny, /(1+ n’ /Kse)s (7
[TL]=N,/0A+K, /K n). (8)

Ha ocnoBi cniBBimHOomens (7) i (8) piBHSIHHA
eleKTpoHeiTpansHOCTI (4) HaOye BUTIIALY:

n+ N, /(1+K, /Ky -n)=2-N,, /(1+n° /K¢ )+K, /n. 9)
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Puc. 2. 3anexnicts KoHUEHTpawii HOciiB ctpymy PbTe: Tl Big BMicTy neryrouoi qomimku taiito Nrj.

Bupas (9) € piBHSHHSAM I’ITOTO CTENEHS BiJHOCHO N
1 BU3HA4Ya€ 3aJEXHICTh KOHIIEHTpamlii EeJIeKTPOHIB Yy
3pa3Ky BiJl KOHIIEHTpamii HaUIUIIKOBOTO CBUHIIO i
Tamio. XOJUTIBCbKAa KOHIGHTpPALis HOCIiB CTpyMy
MOB’s3aHa 13 KOHIICHTPAIIIMH EJIEKTPOHIB 1 JIpOK
CIIBBIIHOIIIEHHAM
n,=n-p,p=K,/n
abo ocraToyHO
n, =n(1-Kn7). (10)
OTXe, MOXHa 3HAWTH 3aJEKHOCTI KOHIICHTpAIil

Pb® < Pb,, + V]S +2e,
T < Tl +h*,

"0"<e e +h",

Peakuis (11) onmcye mepexii HaJIMIIKOBOTO
CBHMHIIIO y KaTioHHy minrparky PbTe, sk Hacmigok —
YTBOPIOIOTHCS ~ ITO3MTHBHI  JBO3apsiiHI  BakaHcil

tenypy (Vo). Peakuis (12) ommcye mnepexinm Taniro 3
TBepnoi Ga3u y kpucramiuHy rpatky PbTe 3 yrBopeHHs M
onHo3apsinaux akdenrtopis (T17) 1 mipokh™. Peakiis
(13) onmcye BIacHy MpOBIAHICTb.

PiBHSIHHSL ~ €NIEKTPOHEUTPaNbHOCTI  JUIs
Je(PEKTHOT MiICUCTEMH OyJIc MaTH BUTJISL;
n+[T1;]:p+2[VT2§]. (14)
KonrneHTpaltliss HaJTUIIKOBOTO CBHUHITIO Y 3pa3Ky Npy,
YHCETbHO JIOPIBHIOE CyMi KOHIIGHTpAIlii CBHHITIO Yy
[Pb°] i koHmeHTpamii ABO3ApPATHEX

JaHOT

BUTBHINA  (asi
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HOCIiB CTpyMy i KOHUEHTpawii aroMHux nedektis [Ve, |

ta [TI ] Big BinHOomenns G (G =N, /N, ) (puc. 1, 3).

I11. KBasiximist nepexTHOI migcucremMu

PbTe

PiBHOBaxkHWIT cTaH gAedekTHOI MmigCHCTEMH Y
kpuctanax PbTe, 30aradeHMX CBUHIEM 1 JIETOBaHHUX
TaIEM MOJKHA OIMCAaTH TaKHUMH  KBa3iXIMIYHAMH

CHIBBIHOIIEHHIMM:
K, =[Vir]-n*/[Pb°]; (11)
Ky, =[T]-p/[TP]; (12)
K, =np. (13)

BakaHciii Tenypy [V;! ]
Ny, =[Pb*]+[Vy, ], (15)
a KOHIIEHTpaLlisl Tajio y 3pa3sky N, 4HCEeIbHO JOPiBHIOE
cyMi KOHIeHTpaiii Taiito y ButbHil ¢azi [TI®] i
KOHLICHTpAIlil MIKBY3JIOBUX 10HI30BaHHX aTOMIB TaJIiio
[T17]
N, =[TI J+[TP].

Tomi ans KOHLEHTpAIiii BakaHCIH Temypy i
10HI30BaHOT'O TAJNIO JICTAHEMO:

[VTZJ]:NPb /(1+n2/KTe), (17)

[TL]=N,/A+K, /K n). (18)

Ha ocHoBi oxmepxanux cniBBinHommeHs (17) 1 (18)

(16
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piBusHHA (14) HaOyne BUTTIAMY:

2
n+N, /(1+K,/K;;-n)=2-N,, /1+n" /K )+K,/n. 19)
Bupa3s (19) € piBHSIHHAM II’ITOTO CTEICHS BiJHOCHO Jnsa miskBy3nosoro tanito (T1) Ky —
. . e . 1
N i BU3HAYAE 3ANICKHICTh KOHIIEHTpAIll ENeKTPOHIB ]
; P POTE ¥ K?,=5,7-10*" em”, A Hy=0,13 eB,
3pa3Ky BiJ KOHLEHTpamlii HaJJIHMIIKOBOTO CBHHIO Ta
Taio. a nnist Bakanciit ceneny (Vg') K —
’TaK SIK XOJUTIBChKA KOHIEHTPAIist HOCIiB cTpymy K’ =2,4'10" cM, A Hg=0,89 eB.
MOB’s3aHa 13 KOHIICHTPAIlISIMH EJIEKTPOHIB 1 JipoK Bimi .
o IIMITHM
CIiBBITHOIICHHAMHU . ou 0 mo leg. CTalll - KOHICHTPat
. MDKBY3JIOBOTO  Tallifo,  30UIBIICHHS  KOHLIEHTPAIT
n, =n-p, p=K,/n i (20) Y i HenTpart

-2
n, =n(l-Kn™),
TO MOJKHA 3HAWTH 3aJeKHOCTI KOHIICHTpALii HOCIIB
CTpyMy i KOHILeHTpaiii atoMuHux aedektis [V; ] Ta

CBHHII0O Ha MOYAaTKOBHX eTalax Bele IO 3POCTaHHS
KOHIICHTpalii BakaHcii cenmeHy (puc.3). Lle, B cBom
4yepry, 00yMOBJIIO€ 3MEHILICHHS! KOHLIEHTpALIT AipOK y p-
PbSe (puc. 1). IIpn 3HauHOMY 301IbIICHH] KOHIIEHTPALT

3
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Puc. 3. Teopernyni 3aleXHOCT! XOJUIIBCBKOl KOHIGHTpamil (1 — ny), KOHIIGHTpAIlil BakKaHCIH celeHy

(2 - [Ver]) ratanito (3 — [T1; ]) y PbSe:Tl sin Bmicty cBunitto (G=Npy/Nyy). Buict Tamito Ny = 0,4 at. %.

[T1] Bim BinHomenua G (G = N, /Ny, ) (puc. 4).

IV. AnaJji3 pe3yabTaTtiB J0CTiIKEHHA

Hocnimai gani mis PbSe: Tl nodpe y3romxyroThes 3
pe3yibpTaTaMy KBa3iXiMiuHOTO po3paxyHKy (puc. 1) mpu
HACTYIHHUX 3HAYCHHSIX KoHCTaHT piBHoBarn Kp 1 Kge

(K =K’ exp(~AH/kT))
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cBuHIIO y PbSe, sxka BUXOmUTH 3a MeXi PO3YMHHOCTI,
KOHIICHTpAIIisl BAKAHCI HE 3MIHIOEThCS (pHC. 2).
Excniepumenransai mani  PbTe:Tl  (puc. 2, 4)
Y3TOJUKYIOTECS 13 pe3ynbTaTaMH PO3paxyHKIB METOJIaMHU
KBa3iXiMii 3a HACTYIIHUX 3HAYE€Hb KOHCTAHT PiBHOBard
s temmeparypu T = 950 K:
s ionizosanoro Tamito (TI) —K,, =2,1-10" em™;
s Bakauciit enypy (Vir) —Kg, =3,2:107 oM.
3a yMOBHM CTaj0i KOHIEHTpaLii JIETYI04901 JOMIIIKH
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Puc 4. 3anexuicts XOmTiBCbKOI KOHIEHTpauil HociiB ctpymy (1 — ng) i konumentpamii medekris (2 — [Tl ],

3 - [VTZJ 1) y PbTe Bin Bmicty Hagmumkosoro cBuHumo G (G =Np/Ny). A — excnepumeHT (XoJUIiBChbKa

KOHIIEHTpaLis HociiB cTpymy). Ny =1 at. %, T =973 K.

Tail0, CIOYATKy 301IbIICHHS HAJTUIIKOBOTO CBHHIIIO
BEJ€ O 3POCTaHHS KOHLEHTpaLii BakaHCIH Telypy

[ViF] (puc.4 — xpusa3). Tlpu 36inbiuenHi BMmicTy

€

HamUIIKoBoro cBuHIO y PbTe 3a mexi po3dumHHOCTI,
KOHIIEHTpallis BakaHciii Tenypy [Vi'] BuUXoquTh Ha

HacuueHHs  (puc. 4 kpuBa 3). Ilpu  1pomy
HAJJTUIIKOBUI CBHHEIb HE BIUIMBAE€ Ha MPOIECH
YTBOPEHHS 1e(EKTiB.

OTXe, TpolecH JETyBaHHS TMPOXOJATh Maibke
OJTHAKOBO y CelleHini Ta Tenypuni cBuHmoo. Sk y PbSe,
Tak 1 y PbTe MikBy3710BUil Tamiii mposBIsSe aKIeNTOPHL
BJIACTHUBOCTI. 30imbIIyI0un KOHIICHTPALIi0
HA/UTAIIKOBOTO CBHHIIO, MOXXHA CYTTEBO 3MEHILIUTH
XOJUTIBCbKY KOHIEHTpAIlI0 1, TUM CaMHM, OTpPUMAaTu
Marepiai i3 BETUKHM TUTOMUM OTIOPOM.

TakuM YHHOM, OJiepXaHi Pe3yJbTaTH BU3HAYAIOTH
TEXHOJIOTIYHI yMOBH 1 aHAJTITUYHI 3aJISKHOCTI, IO
3a0e3MeuyroTh BUTOTOBJIEHHS KPHCTAIIYHHUX 3pasKiB i3
Hamepea 3aJaHUMH  CITiBBITHOIICHHSMH KOHIICHTPAIIiN
SJIEKTPUYHO aKTUBHUX BIIACHUX 1 IOMIIIIKOBUX JE(PEKTIB.
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This article has made a quasi-chemical calculation of defects balanced concentration in thallium-alloyed PdSe
and TbTe crystals and has analyzed the mechanism of Tl-doping PbSe and PbTe crystals. The experimental data and
the calculation data obtained has determined quasi-chemical reactions const and enthalpy balance for creating
chalcogen and inter-cluster thallium vacancies.
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