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IHoaBiiiHMHA TEPMOAUHAMIYHUN N-pP-NiepexiJ y KPUCTAJIAX TeJIy-
pUAYy KaaMilo, JIETOBAHOTO XJIOPOM

Dizuxo-ximiunutl incmumym npu Ilpuxapnamcokomy yHieepcumemi imeni Bacuna Cmeganuxa,
eyn. Lllesuenxa, 57, lIeano-@panxiscvk, 76000, Yrpaina

MeToI0M MOJICNIOBAaHHS KBa3iXiIMIYHMMHU PEaKLisiMH Ae(EKTOYTBOPEHHS y JITOBAaHUX XJIOPOM KpHCTalIax
TeNypuIy KaaMiro IpHu ix BECOKOTemmeparypHomy Biamami B mapi kommnonentis (Cd, Te) omucano yrBopenns
MOABIHHOTO TEPMOIHHAMIYHOTO N-p-miepexony. OmepkaHO aHATNITHYHUI BHpa3 Uil BH3HAYCHHS HapLiabHOTO

*
TUCKY TapH KaJIMiio PCd’ 10 BiANOBiZa€ TEPMOAMHAMIYHHMM n-p-miepexonaMm. HasBHICTH IBOX n-p-mepexoiiB

MOSICHEHO YTBOPEHHSM aHTHCTPYKTYpHUMH Aedekramu Te€cqy. 3HaiiIeHO KOHCTaHTH PIBHOBAarW yTBOPEHHS KOM-

mwiekciB (Cly, Viy) 1 atuctpykrypaux gedexris Tecq. Busnaueni ymosu (popMyBanHs Matepiany n- i p-Tuiy

TIPOBIIHOCTI 13 33JaHOI0 KOHIICHTPAIII€I0 HOCITB CTPyMYy.

Kurouosi ci1oBa: Temypun kaamito, 1edexTH, KBa3ixiMmist, KOHCTAaHTH PIBHOBArH, XJIOP.

Cmamms nocmynuna 0o peoaxyii: 10.11.2002; nputinama oo opyxy 12.12.2002.

I. Bceryn

Temypun kKaaMir0 € HaIiBIPOBITHUKOBHM MaTepia-
JIOM, NIEPCTIEKTUBHUM JUIl BUTOTOBJICHHS JIIYMIIBHUKIB Y-
KBaHTIB, MIEPETBOPIOBAYIB COHSAYHOI €HEPril B €NEeKTPHY-
Hy 1 iH. [1]. CeKkTp ONTHYHHX i ENEKTPUYHHUX ITapaMeT-
piB kpucranie CdTe MoxxHa 3MiHIOBaTH BBEACHHSIM Di3-
HHX JOMIIIOK. 3a YMOBH peaizalii n-p-nepexoay Kpuc-
TaJlM € HailOuTbII BHCOKOOMHI. ToMy BHMBYEHHS 3aiex-
HOCTI iHBepcii THIy HpPOBIIHOCTI BiJi THCKY JIETKOTO
KOMITOHEHTa € HEOOXiIHMM Il KepOBAaHOTO BHPOILY-
BaHHS BHCOKOOMHHX KPHCTaTiB OOUJBOX THIIIB MPOBiJI-
HOCTI.

VY po0oTi 3 MO3HUIiH KBa3iXiMiYHHUX ITIXOMIB MOSIC-
HEHO YTBOPEHHS TEPMOAWHAMIUHI N-P-TIEPEXOH Y KpHUC-
tanax CdTe:Cl. YTOUuHEHO TEXHOJIOTIYHI YMOBH, MpHU
AKHX IIi IEPEeXOaH BiOyBarOThCA.

II. ExcnepumeHTt

MOHOKpHCTATN TEIypHUIy KaaMil0 BUPOIIYBATH i3
posmnaBy MmetomoM bpimkmena. JleryBaHHS KpHCTaliB
NPOBOJMIM B HPOLECI POCTY LUIAXOM IOJaBaHHSA B aM-
nysy HaBaxku CdCl,. JlocmipKyBanucsi KpUCTaIIU Telly-
puay Kaamio 3 gomimkoro xinopy (N = 2:10" em™) npu
BiAasi Ml KOHTPOJbOBAaHUM THCKOM HapH TeNypy 4u
KaJMil0 B yMOBaX BHCOKOTEMIIEPATYpHOi piBHOBaru
KpHcTajia 3 ra3oBoio (azoro. Meroauka Bianaty nomisra-
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na B HactynHoMy. Ha mepruiii crazii Bigmany kpucranu
BUTPUMYBAJIM TpU BUCOKIH Temmepatypi> 1000 K s
BCTAaHOBJICHHSI TEPMOJIMHAMIYHOI piBHOBaru a3 Kpucrai
(CdTe) — ra3 (Cd, Te). [dpyra craxis Biamnamty — Iie MOBi-
JIbHE OXOJIOJUKEHHSI KpHCTajla 10 KIMHATHOI TeMIepary-
pH 1 KepyBaHHs THCKaMH Telypy 4 kaamito. CTBoproBa-
JIMCh TaKi YMOBH BiJlIaiy 3pa3kiB, PH SIKAX BUKIIOYaja-
sl HE TUTBKH He3HaUHA CyOJiMariis KpucTaia, aie i CKiaza
3pa3Kka BH3HAYaBCS 33JlaHUM THCKOM IIapu OIHOTO KOM-
HIOHEHTA, a He 3MIHIOBABCS 33 PaxXyHOK BUXOZY i3 HBOTO
y aMIIyJly iHIIOTO KOMIIOHEHTA.

Bigman mnpoBommimm mpum  temmeparypax 1000 i
1173 K. BepxHs rpanuus temmneparyp Bignary 1173 K —
e Ta TeMIeparypa, Ipu siKii 1e He BinOyBaeTbes nedo-
pMailis 3paska i3-3a cyOmimartii Tenypuay kaamiro. Hrok-
HS TpaHULS TEeMIlepaTyp Biimany BuOHMpanacs i3 Bpaxy-
BaHHSIM TPUBAJIOCTI AM(Y31HHUX MTPOLECIB, 1110 BU3HAYA-
1M ckiax kpuctana. Yac Binnany cknanas 24 roxu.[2, 3].

1. KpazixiMmiunuii anaJis

PiBHOBaXkHUIT cTaH NEPEKTHOI MiJICHCTEMH Y KPHUC-
TaNax TENypUAY KaaMilo, JISTOBAHOTO XJIOPOM, IPH iX
TEpMIYHOMY Bifnaji y mapi KaaMilo MOXKHa OITUCATH Ta-
KAMH KBa3iXiMiYHUMH PiBHAHHSAMH (AuB. Ta0.). 3 cucTe-
MU piBHSHD [-IX KOHIEHTpamii TOYKOBUX Ie(EeKTiB MO-
JKHa BHPA3UTH Yepe3 KOHCTAHTH PIBHOBArM KBa3iXiMid-
HUX peakilii, MapmialbHUH THUCK TapH KaJMil0, BMICT
XJIOPY Ta KOHIEHTPALIiI0 eJIEKTPOHIB!
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Taéaunsn

KBaziximiuni peakuii yrBopenHs BinacHux aroMHuX nedekriB y CdTe:Cl Ta iX KOHCTaHTH piBHOBaru

K=K° exp(—AH/KT)

» PiBHsHHS peakiii Koncranra piBHOBaru K> AH,
n/n peakt p (cm™, Ia) | eB
I |0=e +h' K, =np 510 | 1,50
I |CdY < CdY, + Vi +2e” K, =[V: P,n’ 3.10% | 1,47
Il | CdY < Cd +2e K, =[Cd’*n’P; 8-10” | 2,09
IV | CdY, +2e” <V +CdY K,, = [V P n” 1107 | 1,14
V. [Cdgg +e” e Vg +Cd” K, =[VegIPe,n™ 810" | 2,08
VI |CdTe+e < Te, +Cd" K,, =[Te; JP,n"' 410" | 1,19
VI | Cli + Ve < (Cli. V&) =Aq | Kz =[AglICl ' [VE T 2107 | 0,97
VIII | Te; +VE; < Tegh +5¢” K, =[TeZiIn’[Te; T'[VET" | 2,510 | 3,76
IX [Ag]+[Cl:]1=Cl,,
X | n+ [Ve] +2[VE] + [Tef] + [Ag] =p+2[Cd"] + 2[ Vi 1+ [Cli ]+ 2[Teg;]

[Veal =Ky -n/Pey; () [Ac]= K10K13Cltotn2 /(Pey + K10K13n2) ; (6)
[Véc;] =Ko -’ /Peqs 2 [Tecq]=K oK nK, 4 /Pédnz . (7
[Te; 1=K, -n/Pqy; 3) Bupasu mis xonnenrtpanii negextiB (1)-(7) 3 ypa-
21+ 12 ¢ 2’ XyBaHHSIM YMOB MaTepiaJbHOTO OaJaHCy i HOBHOI €NeKT-
[Cd{"]=K4 Py /n"; “) poneiitpansrocti (IX, X, Tabn.) #al0Th MOXKIIHBICTD 3a-
[VTZJ] =K -Pyy/ n2 : (5) HI/ICZ.lTl/I .piBHHHHﬂ JUIS BU3HAYCHHS KOHIIGHTpallii elxeKT-
POHIB n:
An® +Bn’ +Cn* +Fn’ ~Ln*~Mn-N=0. (8)

Tyt
A= 2K120K13Pc@1:
B=K;K3Pcq (K +Ky; +Pey),
C =K (Pl (K ;Clig +2),

F=P(Kyy + Ky +Pog =K KoK ), ©))
L = 2K, (K5 (PG (Kg + Kg) +

+K oK 5K ) + PeCliyy s

M =K,P;

4
N = (2Pcq(Kg + Ky) + 2K, (K, K4 Prg).

XoJUTiBChbKY KOHIIEHTpPALIIO HOCIiB CTpyMy Ny, IO
BU3HAYAIOTh HA €KCIICPUMEHTI, 3HAXOIITh 3 YMOBH, ILIO
Ny =N —p.Marwoun naysasi,mo p =K, /n, o

ny, =n-K./n. (10)
3a yMOBH, M0 TEPMOTUHAMIYHHNA N-p-TIepexiJ HacTae
Py N =P, 3 PIBHSAHHA €JIEKTPOHEUTpaNBbHOCTI (Tabi, X)

. . .
OJepKUMO BUpa3 [UIS HapLialbHOIO THCKY KaaMito P,
110 BiJIIOBi/Ia€ TEPMOANHAMIYHUM N-p-NIEPEXOAaM:

AP}, +BP., —CP}, —-FP., +L=0. (11)

Tyt
A=2(K; +K,);

B=2K K, K;K;+K,)+Cl_K,;
C:KIZKIO(CltOtKB +2)+K13/2(K11 +K,,); (12)
F= K15/2K10K13 Ky +Kpp) +

+2K10(K13K10K13 _K12K14)

L= 2K1K120K12K13K14

Yucinosi 3HAUEHHS KOHCTaHT piBHOBaru
KBazixiMigHUX peakiii [-VI B3sTi 3 [4], a eHTanbni0
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Puc. 1. Konuenrpauis BitbHHUX HOCITB 3apsiny B kpuctanax CdTe:Cl B 3a51e:xHOCTI Bil MapIiiabHOTO TUCKY HapH
KaaMmito Pcy mpu Temneparypi Bignany T = 1173 K. Exciepumenr [2, 3]: TeMHi TOUKH @ — n, CBITJIi TOYKH O — P).
CyrinbHa minis — po3paxyrok 3rigso (8)-(10). Konnentpauis x10py Clig = 2-10"cm™.

644



J.M. ®peik, B.B. Ilpokomis, Y.M.ITuckiuuens, A.M. JIMATpiB

YTBOPEHHSI aHTUCTPYKTYPHOTO JedeKrTa Teéf1 -3 [2],
xommexcy (VégCly,)” — 3 [S]. Hepenexcronenniiini

MHOXHUKH K?3 i K& 3HAUILIN K MiATOHOYHI MMapame-

TPU TIPH anpoKcHMaliii piBHSIHHAM (8) eKCliepUMEHTab-
HUX TOYOK (puc. 1).

IV. O0roBopeHHs pe3yJibTaTiB

PesynbraTi po3paxyHKy, OTpHEMaHi Ha OCHOBI Teope-
THUYHHUX MOJIeJIed 1 eKCIIepUMEHTAIbHI JIaHi, HaBeleHi Ha
puc. 1, 2. I3 rpadikiB BHIHO, 10 P BiAMaii KpUCTaTiB
CdTe:Cl 3MiHIOIOTECS HE TUTHKH XOJUTIBCbKA KOHIICHTpa-
LSl BUIBHUX HOCI{B 3apsidy, aye i THI mpoBigHOCTI. Sk
BHIHO 3 pHC. | MpW HU3BKOMY 3HAYCHHI MapIHiaTbHOTO
THCKY TapH KaaMmito (Pcg ~ 107 [1a) KpHCTamu MaioTh n-
TUN TPOBigHOCTI. [3 30imbrmeHHsSIM Py KOHIEHTpamis

. . *
eJICKTPOHIB N 3MEHINYEThCS 1 IPH TUCKY Py, HacTymae
TEepMOAMHAMIYHUI n-p-niepexiA. Biaman kpucraiiB mpu

. . . *
napuialbHOMY TUCKY Napy KaJMilo B Mexax Bin Py, 1o

PédZ Jla€ ipKOBY TMPOBiAHICTB. [Ipm THCKY PédZ THI
TIPOBITHOCTI MIHSETHCS 3HOBY Ha €JIEKTPOHHUI 1 KOHIIE-
HTpalisl eIEeKTPOHIB PIi3KO 3pOCTaE. 3a3HAYNMO, IO YIS
OJIep)KaHHS HU3BKHUX 3Ha4YeHb MapLiaJbHOTO THCKY Iaph
KaJIMiI0 BiATIax MPOBOMATE B MApi TEIYpPy.

EnexkTpoHHMIA THIT TPOBIAHOCTI MPU HU3BKHUX 3HA-
YEeHHSX MapIiajbHOTO TUCKY Mapy KaJMil0 MOXKHA T0siC-
HHTH 32 paXyHOK YTBOPEHHS aHTUCTPYKTYPHOTO JedexTa

Teg, 3a peaxuiero VIII (puc. 2, kpusa 1). Bizomo, mo
NPU BHCOKUX TEMIIEpAaTypax KOHIEHTpamis Te; TpH-

fiMae Benuki 3mauenns > 10" em™. Baitmaroun TeTpaea-
pudHE MDKBY31Is, Te; Ma€ BUCOKY 30BHIIIHIO PETIAKCAIIIIO
i Oy/ie npuTATYBaTUCS 10 00JacTel, Ie HAPYTU KPUCTa-
JIYHOI TPATKU MOXYTh OyTH YCyHeHi, TOOTO B oOsacti
BUCOKOT KOHIIEHTpAIll Vg, B AKUX BiIOYBAEThCS peiaK-
camist 1 3cyB cycigHix artomiB. lle crpusie yTBOpeHHIO
AHTUCTPYKTypHOTO nedexra Tecy [2].

30ibIIeHHS MapIiabHOTO THCKY Mapy KaJMilo pH-
3BOJUTH J0 3MEHIIeHHS KoHIeHTpamii [Te;], mo 3mimrye
BiiBO piBHOBary peakuii VIII i B pe3ynpraTi yoro KoH-

LEHTpallis aHTHCTPYKTypHOro nedekta [Teg; | manae,
prYOoMy OiTIBII CTPIMKO HIK 3MEHIIYETHCS KOHIICHTpA-

st [Vé; ]. ToMy KOHLIEHTpAI[isl €IEKTPOHIB N 3MEHIIIY-

. * . .
€TbCA 1 IPU TUCKY Py HacTynae p-TUI IPOBIAHOCTI,

SIKHM BH3HAYAETHCA B OCHOBHOMY BaKaHCISIMH y

KaTionHiit miarpari V¢, . BinHocHa cranicTs KoHIEHT-

pauii BUIbHUX HOCI{B 3apsiy IIpU MOJAIIBIIOMY 3pOCTaH-
Hi MapLiaJIbHOTO THCKY Mapyu KaJMilo OB’ si3aHa i3 caMo-

xommnencaniero Cly, Bakancismu Vg . [opanmbie 3Me-

HIIEHHS KOHIIEHTpAIii BaKaHCIH KaJMito [Vég ], obymo-
BJIEHE POCTOM MNapliajlbHOIO THCKY IapH KaJIMmiro, NpH-
3BOJUTH JI0 P-N-TIEPEXOAy 1 POCTY KOHIEHTpAIii eNeKT-
POHIB n.

V. BucHoBku

Ha ocHOBi KBa3iXiMiYHOTO MOJICITIOBAHHS BHCOKOTE-
MIepaTypHOI piBHOBATH Je(EKTiB MPH Bignali KPUCTAIiB
CdTe:Cl ommcano yTBOpEHHS MOJBIHHOTO TEPMOAWHAMI-
YHOTO N-P-MIEPEX0y 3 BpaXyBaHHIM aHTUCTPYKTYPHOTO
nedexry Tecy. 3HaiiEeHO KOHCTAHTH PIBHOBAarW YTBO-
penns xkomiiekciB (Cly, Vi) 1 aHTHCTPYKTYypHUX nede-

KTiB Tecy. OnepikaHo aHANITUYHUHN BUpPa3 IJIsl BU3HAYCH-
. . * . .
HSl TapILiaIbHOTO THCKY Mapu Kagmio Py, 1Mo Biamosi-

Ja€ TePMOAMHAMIYHOMY N-pP-TIEPEXOdy, a TAaKOX BHUPa3H
IUIsl BU3HAUCHHS KOHLEHTpALIN aKIENTOPHUX KOMILICK-
ciB [(C15,VZ;) ] i antuctpykrypuux nedexris [Teg].

PospaxoBani OapuyHa 3aJeKHICTh KOHIICHTpAIlii
HOCIIB CTpyMYy 1 IIepeBaXkalounx aTOMHUX JAE(EKTiB.

Busnaueni ymoBu QopmyBaHHsS MaTepiaidy n- i p-
TUIY TMPOBITHOCTI i3 3aJaHOI0 KOHIICHTPAIIEI0 HOCIiB
CTpyMY.

AM. @peik — 0.x.n., npogpecop, oupexmop Dizuxo-
XiMiyHO20 THCMuUmymy, 3a6i0yeay Kagedpow @izuxu
meepoo2o mina;

B.B. Ilpokonie — k.¢h.-m.H, Ooyenm ragedpu @izuxu
meepoo2o mina;

Y.M. ITucknuneus — acnipanm ragheopu pizuxu meep-
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Double Thermodynamics n-p-Junction on Cadmium Telluride Crystals,
Doped by Chlorine

Physical-Chemical Institute at the Vasyl Stefanyk Prekarpathian University,
57, Shevchenko Str., Ivano-Frankivsk, 76000, Ukraine

By methods of modeling quasichemical reactions of defect formation on cadmium telluride crystals, doped
by chlorine at their high-temperature annealing on pair of components (Cd, Te) the formation of double

thermodynamics n-p-junction is describe. Analytics expression for calculated partial pressure of cadmium pair Péd ,
which correspond to thermodynamics n-p-junction is receive. The formation of two junction is explain by formation
of antistructural defect Te., . Equilibrium constants of (Cl; V) complexes formation and antistructural defects
Te.y were define. It is determine the condition of formation material of the n- and p-types of conductivity with
known carriers concentration.
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