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Ha oCHOBI MOzeIl yTBOPEHHS TOUKOBHX OJHO3apsiaHuX aedexris Dpenkens y karionniit nigrparui Pb] -V,

MOHOXaNIBKOTeHiAiB cBUHIIO PbX (X — S, Se, Te) npu nBoTeMmnepaTypHOMY Bimaji B Mapax XalbKOTEHY OACPKaHO
aHANITHYHI BUPA3H U1 3aJ€KHOCTI KOHLEHTpalii (n) Hociis cTpyMy Ta Temneparypu (T,.,) TepMOAMHAMIYHOTO N-p-

TepeXo/1y BiJ TEXHOJOTIYHHX (aKkTopiB: TemrepaTypu Bixnamy (T)) Ta mapuialbHOTO THCKY MapiB XaJbKOTCHY PXZ .

IloOGynoBani (a30Bi miarpamu piBHOBarwW, BU3HAYEHHI YMOBH (POpPMyBaHHS MaTepially n- i p-TUIy NPOBIAHOCTI i3

3aJaHOI0 KOHIIEHTpAIi€l0 HOCIiB CcTpyMy. Pe3ynbraté po3paxyHKy [oOpe y3romKyIOTHCS

CKCIICPUMCHTAJIbHUMU NaHUMU.

13 HasBHUMU

Konio4oBi c;10Ba: XaIbKOreHIAN CBUHITIO, TOUKOBI Ae(EKTH, KPUCTAJIOXIMIs, JBOTEMIIEPAaTypHHH BiJIIall.

Cmamms nocmynuna oo pedakyii 10.10.2005; npuiinama 0o opyky 16.12.2005.

Beryn

XaapKOTCHIU CBHHIMIO — IEPCIICKTUBHI MaTepiaan
SK JUISL CTBOPEHHSI TEPMOENICKTPUYHHX IIEPETBOPIOBAYIB
edeprii [1-3], Tak i AN TPUIALOBUX CTPYKTYp, IO
(HyHKIIOHYIOTH B iHppadepBOHOMY  Jiama3oHi
ontuyHoro crekrpa [4-5]. CrymiHb OPaKTHYHOTO
BUKOPHCTAaHHS KPHCTAiB 1 IUIBOK BH3HAYAETHCS
MOXJIMBOCTSIMH 1X OZEpKaHHS 13 Hamepe] 3aJaHuMH
BJIACTHBOCTSIMHU.

OO0JIacTb TOMOTE€HHOCTI XaJIbKOTEHIJIB CBUHIIIO
3Mill[eHa K Ha OOl MeTary, Tak 1 Ha OOIll XaJbKOTeHY.
3MiHIOIOYM BEJIMYHMHY 1 XapakTep HeCTeXiOMETPHYHOCTI,
MOKHA 3aJaBaTh SIK THI HPOBIAHOCTI, TaK i 3HAYCHHS
KOHIIeHTpanii HOCIiB cTpymy. BcraHoBieno, 1o
HajacTexXioMeTpuyHi aromMu Pb  posMimgyroTecs B
OCHOBHOMY B MiKBY3mix (Pb;) 1 mpuBomars 1o
€JIEKTPOHHOT mpoBiaHOCTI. HancrexioMeTpuuHi aTomu
XaJIbKOTeHY BINNOBIZaJbHI 32 YTBOPEHHsS BakKaHCIH y

miarpati  mMerany (Vp,) 1 OOyMOBIIOIOTH JIipKOBY
npoBigHicte.  OgHMM i3 METOAIB  KepyBaHHs
HECTeXIOMETPUYHICTIO € BiANnan Kpucraja B Mapi
XaJIbKOTEHY.

Po3paxyHOK yMOB BHpOIIYBaHHS KPUCTANIB i3
3aJaHUMH BIIACTUBOCTSAMH 0a3yeTbCs Ha KOHCTaHTaX
piBHOBar# KBa3iXiMiUHHMX peakiii yTBOPEHHS BIACHHUX
TOYKOBHUX JedekTiB [6]. Y pobortax [11-17] mpoBenero
JIeTagbHe MOCHIKEeHHS Kpuctaimie PbX 1 BH3HAYeHO
3HAYEHHS KOHCTAHT DPIBHOBarW KBa3iXiMIUHHMX peakiiit
yTBOpeHHs1 NedeKTiB. Aje Tak i He OyJio 3HaiaeHo
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3araJIbHOr0 aHAJIITUYHOTO BHpa3y, SKUH OM ONHCYBaB
3aJIOKHICTh KOHIEHTpauii AedeKkTiB 1, BIAMOBIIHO,
HOCITB €NEeKTPUYHOrO CTPYMY BiJl YMOB BiAmNany B YcCiii
obuacri ix 3minn. [To3a yBarorw JOCiTHUKIB 3aTHITHBCS
TaKOX aHajlli3 yYMOB, TIPH SKUX  BiJIOYBaeThCs
TEepMOAMHAMIYHUI p-n-niepexia y kpucranax PbX.

Y nanHii poOOTi Ha OCHOBI KPHCTAJIOXIMIYHHX
MiIXOMIB OJCpPKAHO aAHANITHYHI BHpa3W, IO J00pe
OIKICYIOTh CKCIIEPUMEHTANBHI 3aJIeKHOCTI KOHIICHTpALii
HOCIi{B CTpyMy Ta TeMIIEpaTypu TEPMOAWHAMIYHOTO N-p-
mepexoqy npw Biamam Kpucramie PbX y  mapax
XalpKkoreHy.  BcraHoBmeHo — ymMoBH  ()OpMyBaHHS
KpHCTANB 13 3a3Jayierib 3aJaHUMH eNeKTPHYHUMHU
napaMeTpamH.

I. Mertoanka eKCriepuMeHTYy i
pe3yabTaTu

TepMiuHMi BiImas CHHTE30BaHUX, 3TigHO 3 [16],
KPHCTAIIB y TIapax XaJbKOTeHy NPOBOJMBCS 3a
METOJMKOI0 IBOTEMIIepaTypHoro Bimmamy (puc.l). B
OIINH KIHEIb KBapIi0BO1 aMITyJIH TTOMIIIIATH
pO3IUIaBJICHHI XaJbKOreH, a B iHmMi — kpuctamu PbX.
[Micns momepeaHbOro MporpiBy y Bakyymi mpu 423-
473 K 1 3al0BHEHHSI CHIEKTPaJIbHO-YUCTHM aproHoM (10
6.6-10° +1.3-10* Ila) ammyny 3anaroBany i HOMIIAH Yy
JIBO3OHHY MiuKy. [lapiianbHi THCKH NapiB XalbKOTEHY
3ajaBanucsi Temmeparyporo T, ix HarpiBy (puc.l).
Temneparypy T, Bianamy KpucCTajiiB 3aJaBaju APYToiO
30HO0 (puc.l). Boma ckmamama 900-1270 K. ITicis
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6)
Puc. 1. Cxema nBoTemmepaTypHOro Bimmaiy (a) i
npodine temmneparypu (0): 1 — kpucran PbX; 2 —
XanbpKoreH [2].

BiAMaly aMIyny i3 3pa3KaMy IIBUJIKO 3arapTOBYBAIH y
KprkaHiii Bogi. KoHueHTpanito HOCITB CTpyMy B Takux
3pa3kax BU3HAYaJM Ha OCHOBI XOJUTIBCBKUX BHMipIOBaHb
mpu 300 K.

ExcrniepumenTainbHi pe3ynbTaTtu 3aJIEKHOCTI
KOHIIEHTpalii HOCIIB CTpyMy Yy BiJNaJ€HHX KpHCTajax
PbX Big mapriambHOTO THCKY TIPH Pi3HUX TEMIIEpaTypax
Bimmamy 300paxkeHO Ha puc.2. Bumno, mo B obmacti
HU3BKMAX TApIIiaJbHUX THCKIB TAapH  XaJIbKOTCHY
KPHCTAJIH BOJIOZIIOTh N-TUIIOM MPOBITHOCTI.
[TinBuIEHHST MapUiaIbHOIO THUCKY Mapu XallbKOTeHY
CIPUYHMHIOE JI0 KOHBEPCIi THITy MPOBIJHOCTI 3 n- Ha p-
TN (TEPMOIUHAMIYHMNA N-p-TIepexin) 1 MoJaIbIIoro
3pOCTaHHS KOHIEHTpauii Aipok (puc.2, mpaBi BITKH
KPHBHX). 3ayBaXMMO, IO 3HA4YCHHS IapIiajJbHOTO
THCKY TMapd XalbKOTeHY, IpPH SKOMY BiIOyBa€ThCS
TEPMOJMHAMIYHHAN N-p-TIEpeXiJ,, CyTTEBO 3AJICKUTH BiJ
TemriepaTypu Bignany (puc. 2). [Ipn npoMy xapakrepHa
Taka 3aKOHOMIPHICTB: TIIBUIICHHS TEMIIEpaTypu
BiJIIally 3YMOBIIIO€ 30UTBIICHHS MAapLiaTbHOTO THCKY
Mapy XaJbKOTeHy, PH SIKOMY HACTyIae KOHBEPCIs TUITY
MPOBITHOCTI.

II. KpucrajoxiMmiuHi piBHSIHHA
TOYKOBHX JedeKTiB

PiBHOBakHUI1 CTaH BIIACHUX TOYKOBUX Je(EKTiB
kpuctanie PbX mpm iX TepMomuHamiuHOMY Bimmaii y
mapi  XaJbKOTeHy  MOJXKHa  ONHUCAaTH  CHCTEMOIO
KpuCTanoximMiyHux piBHsMHE (Tabn.l). Tyr: S — TBepma
tdaza; V — mapa; Pbp,, Xx, aromu y Bys3mi; Pb;, X; —
MDKBY3JIOBI aTroMu; Vp, — BaKaHCIl; € — eNeKTpoH, h —
nipka; +, - — 3HaK 3apsy.

Y 3ampornoHoBaHi Moneni peakmis | omucye
nepexij XalbKOreHy 3 Tapu B Kpucran; peakuis II —
yTBOpeHHs1 mapu @DpeHkens y MeraneBid miArparii;
peakuii III 1 IV — ioHi3amit0o MIXBY3JIOBHX aTOMIB
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Puc. 2. ExciepuMeHTanbHi 130Te€pMU KOHIIEHTpaIii
HOCIiB CTPyMY BiJ mapIiialkHOTO THCKY Hapu
XaJBKOT'eHY JUISl KPHCTANIB!
a—PbS, T, K: 1-1000,2 - 1100, 3 — 1200, 4 —
1223 [14]; 6 — PbSe, Ty, K: 1 —900, 2 —990, 3 —
1100,4 —1210,5-1270 [11]; 8—PbTe, T, K: 1 —
918,2-973,3-1053,4—-1100, 5 - 1123 [16].

CBHHIIIO Ta BaKaHCIi CBHHIIO BiAMOBINHO; peakmis V —
BUHHMKHEHHSI BJAaCHOI IpoBimHOCTI Ta VI — piBHAHHS
EJIEKTPOHEHTPABHOCTI.

3ayBakuMo, 110 mporecu [-V 3miiCHIOIOTECS MpH
TeMIiepaTypi Binnaiy kpucrany Ty, a mapuiaJbHUNA THCK
XaJbKOTEeHY Py BU3HAYAETHCA HePEBAXHO

temneparyporo T, mpyroi 30uu miuku (puc.l).
CymicHu#l po3B’s130K cucTteMu piBHSIHD [-V  mae
MOJIMBICTh BU3HAUWTH KOHIICHTPALIi0 BakaHCi Ta
MDKBY3JIOBUX ~aTOMIB CBUHIIIO 4Yepe3 KOHCTaHTH
pirosaru K Ta mapuiansHuit Tk Py
-9 /27 -1
[Vi 1=K, Ky P K, 1)
+7 -1y -1 -1/2
[Pb/]=K,K;n K (P " 2)
3 BpaxyBaHHSIM yMOBH eJNeKTpoHeHTpamsHOCTI VI,
OJICPIKHMO, IIO:
2 _ -1 -1/2 1/277-1\-1
n _(Ki+KaKFKX2,VPX2 )(1+Kbez,va2 K7 3
OcraHHE pIBHSHHS Ja€ MOXIIUBICTh BHU3HAYUTH
KOHILIEHTPAI[II0 €JIeKTPOHIB YU JIPOK B 3aJIEKHOCTI Bij
TeMrepatypu Bimnany T; Ta mapuialbHOTO THCKY MapH
ceneny P, (T,).
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Ta6auusa 1

KBaziximivHi peaxmii Ta KOHCTaHTH PiBHOBAaru yTBOpeHHs AedekTi mpu Bixnaii kpucraniB PbX (X =S, Se, Te)

No .. PiBHsAHHS Koncranra
I 31X, O X +V, Ky, v (T,) =[V,, IPL*(T,)
1l Pb,, <> Pb, +V,, K, (T,) =[Pb, ][V, ]
I Pb, <> Pb’ +e” K, (T)=[Pb’]-n-[Pb,]"
VoV, oV +h? K, (T) =[Vy 1-p-[Vy, 1"
v 0<>e +h" Ki(T,)=n-p
VI n+[V, ]=p+[Pb/]

Taoauns 2

3HaueHHs nepeaekcrnoneHianpaux koedinientis K i1 enramsmiiit AH K =K, exp(-~AH /k / T) k kBa3ixiMiuHuX

peakuiii st kpuctaniB PbX (X =S, Se, Te)

No PbS PbSe PbTe
peaxitiit Ko, oM’ , Ia AH, eB Ko, em” ,I1a AH, eB Ko, CM'3, Ila AH, eB

I 1,5-10"° 0.5 4.05-10" 0.21 1.8-10" 0.11

I 2,1.10% 2.5 6.71-10% 2.11 2.22.10% 2.47

I 1.42-10* 0.14 2.12-10% 0.14 6.49.10% 0.14

v 1.42-10% 0.14 2.12-10% 0.14 6.49-10% 0.14

Vv 4.8-10" 1.0 1.13-10% 0.59 1.06-10" 0.58
XomiBchbka KOHIICHTpAIisS HOCIIB CTPyMy Ny, SKY n, =n—-Kn™. 4)

BU3HAYAIOTh EKCIEePHMEHTAILHO, TOB’s3aHa 13 1N
CHIBBiHOIIEHHSAM n, =n—p. Maioun Ha yBasi, IO

p=K,n"' (tabn.1), y KiHIEBOMY MiICYMKY MaTUMEMO

Temmnepartypy T

(n-p) TCPMOAMHAMIYHOTO N-p-

Hepexo/ly JIErKo 3HalTH 32 yMOBH, 1110 n=p. Toi, 3riiHO
3 KBa3iXIMIYHUMH PIiBHSHHSMH (TaOJIHILIs), MAEMO:

T, =(2-AH, , —AH) (k- In((KY, )" Py, /K})). (6]

I11. Po3paxyHoK piBHOBasKHON KpuBHX). BpaxoByrouum 3apsAg0BMH CTaH  BIACHUX

. . TOYKOBHX AedekTiB (Tabum. 1), MOKHA CTBEPKYBATH, III0

KOHIeHTpauii nedeKTiB i HOCIIB ) X ) :

Majl [apuiaibHi THCKH XalbKOTeHy YH  BHCOKI

CTpyMy TEMIIEPATypX  BiANAly  COPUSIOTH  YTBOPEHHIO

(reHepyBaHHIO) MepeBaKAIOUYKX Je(EKTiB, OB’ sI3aHUX 13

Pesynbratn PO3paxyHKIB, TIPOBECH1 13 MDKBY3JIOBUMH aTOMaMu CBHHIIO Pb/i BimbHMMH
BUKOPHUCTAaHHAM BiIOMHX KOHCTaHT piBHOBaru (tadm. 2), _ .

enekTpoHamMu e . lle W 3yMOBIIOE E€NEKTPOHHY

BKa3ylOTh Ha Te, 10 30UIbIIEHHS MaplialbHOTO THUCKY
xaJbpKkoreHy (puc.3), sSK 1 3HIWKEHHS TeMIeparypH
Bianany (puc. 4), 3yMOBIIOIOTh TOIIOJIOTIYHO 1AEHTHYHI
3MiHM. JIns BUnanky 30UTbIICHHS NMapIiajbHOTO THCKY
XaJbKOreHy Ma€ Miclle 3MEHIIeHHS KOHIEHTpallii
€JIEKTPOHIB, KOHBEPCis MPOBIIHOCTI 3 N- Ha pP-THI
(TepMoaMHAMIYHHHN N-p-TIEpeXi) 1 MojaNIbIIe 3pOCTaHHS
KoHIeHTpanii  mipok  (puc. 3). Ilpm minBuIIeHHI
TEMIepaTypy BiAMaly CHOYATKY CHAaNa€e KOHIICHTPAIlis
IipOK, MOTIM HACTa€ p-n- MEpexill, a MaJIbIIe 3pOCTae
KOHIICHTpaLis enekTpoHiB (puc. 4). IIpm mpoMy sKIIO
IpH 3HAYHUX THUCKaX XapaKTepHe HaCHYEHHS Ul 3MiHH
KOHIEHTpalil Aipok (puc.3 — mpaBi BITKH KPUBHX), TO
IPU BUCOKUX TeMIeparypax BiAmany — Juis 3MiHH
KOHLEHTpalil eneKkTpoHiB (puc.4 — mpaBi BITKH
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NPOBIAHICTE MaTepiany (puc.5). 3HauHI MapIiagbHi
TUCKH XQJIKOT€HY Ta HHU3bKI TeMIIepaTypu BiAmany
MPU3BOIATh JIO IHTCHCH(QIKAIl MpoIeciB TeHeparil
BakaHciii y MeraneBiii mimrparmi V,, i agipok h'.
OcraHHe ¥ BH3HAYa€ P-THI TPOBIAHOCTI KPHUCTAIIB
(puc. 5).

3ayBaxxumo, 10 TeMIepaTypa T,, -
TEePMOJMHAMIYHOTO n-p-nepexony KpHCTaJliB
BH3HAYAETHCS  BEJIMYMHOIO  IIApHiaIbHOTO  THCKY

xanpkoreny P, . Boua 3pocrae i3 36i1biennsam Py . 3a

YMOB,
T

(n—p)

II0 BHU3HAYAIOTBCS KOOpAMHATAMU  KPUBOI
=T(Py), TEHEPYIOThCS B OJIMHAKOBHX

KOHIICHTPALISIX K MDXKBY3JIOBI aTOMH CBUHIIO [Pb! ],
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B)
Puc. 3. Po3paxyHKOBI i130TepMHy KOHIIEHTpAIIii HOCI{B CTPyMY BiJ MapIialbHOTO TUCKY Mapy XaIbKOTEeHY UL
kpuctaniB a — PbS, 6 — PbSe, B — PbTe npu temneparypi Bianany T;, K: 1 —900, 2 — 1000, 3 — 1100,
4 —1200.
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Puc. 4. Po3paxyHKoBi 1300apy KOHIEHTpaIlii HOCITB CTPyMYy Bijl TeMIlepaTypH BiJmany JUisi KPUCTAIIB
a—PbS, 6 — PbSe, B — PbTe npn napuiansromy tucky Py IMa: 1-10%,2-107,3-10".
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Puc. 5. 3anexHicTh PO3paXyHKOBUX 3HaYEeHb KOHIEHTpaLii HOCIiB cTpyMy (1), MiXKBYy3710BUX aTOMIB CBHHIIO [Pb, ]
(2) Ta BakaHciii cBunmo [V, ] (3) Bin napuiansHoro Tucky napu xanskoreny (I) (T, = 1000 K) i temnepatypu
signany (II) (P, = 107 Ila) nua xpuctanis PbS (a), PbSe (6), PbTe (8).
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TaK i BakaHcii cBuHIIO [V, ]. [lpu 3navennsax T>T,

Ipy  33/1aHUX P)‘ZZ =const TIepeBakac TeHEPyBaHHSI
BaKaHCii cBUHLIO V,, 1 GopMyBaHHS MaTepialy p-THUILY,
anpu T< T(nfp)
MaTepialry n-TUIy. TOIONIOTIYHO aHAJIOTIYHI 3MiHU
XapakTepHi ¥ mnpu 3MiHi HapuianbHoro tucky Py 3a

— MDKBY3JIOBHX aTOMiB CBHHIO Pb; i

crainoi Temreparypu Bianany (T;=const).
Hapemti HEOOXiZHO BiI3HAYUTH, IO BHUBEICHI
aHAJIITUYHI BUPA3y Ui KOHIIEHTpaIlii HOCIiB cTpyMy (3)

Ta Ttemneparypu T TEpPMOJMHAMIYHOTO N-p-

nepexoxy (5), a Takox mOOyIOBaHI Ha iX OCHOBI
nmBomipHi (pumc.3-5) Ta mpoctopoBi (pmc.6) miarpamu
noope SIKICHO Ta KIJIBKICHO MOSICHIOIOTh
eKCcriepuMeHTaNbHI  pesynbTatd  (puc.2). Kpim Toro,
ollepkaHl TEOPETHYHI BUPa3W BU3HAYAIOTH 3HAYCHHS
TEXHOJIOTIYHUX (DaKTOPIB TPOLECy Binmaly KpHUCTaJiB
PbX (tremneparypy Bigmany T, napuianbHHH TUCK HapH
xanpkoreHy Py ), mo 3abesnedyrorh (OpMyBaHHS

3a3qaneriib  3aJlaHUX  CIEKTPUYHHUX
KPHUCTaTiB MOHOXaJIbKOT€HIJ[IB CBHHIIIO.

mapameTpiB

Bucunoskn

1. 3ampomoHOBaHO KBa3iXiMiuHI pPIBHSHHS YTBOPEHHS

ToukoBUX HedekrtiB y kpucramax PbX (X =S, Se, Te)
MPH IBOTEMIIEPATYPHOMY BiANAIIl y Mapax XajibKOreHy.
2. 3HaiiileHO 3arayibHi  BHpa3W Uil PO3pPaxyHKy
0apUYHUX 1 TeMIIEpaTypHHUX 3aJIeKHOCTEH KOHIEHTpAIlil
nedextiB 1 HociiB  cTtpymy — Ta  peawmizamii
TEPMOJMHAMIYHOTO P-N-TIEPEXOY.

3. IloOynoBaHO HIBOBHMMIpHI Ta NPOCTOPOBI Jiarpamu
TUILY “KOHLICHTpALIis nedekriB (xommiBchKa
KOHLICHTpAIlisl) — TeMIlepaTypa Bignaly — HaplialbHUHA
TUCK TIapH XaJIbKOTEHY .

Poboma uacmxoso ¢inancyemvca Oenapmamenmom
HAayKo80-mexHon02iunozo  pozgumxy @@/ MOH

Yrpainu (npoexm Nel10.02/030, oeparcasHull
peecmpayitinuti nomep 0005U007494).

@Dpeik /[.M. — 3aciy)XeHHH M9 HAyKd 1 TEXHIKH
VYxpainu, pupektop Di3UKO-XIMIYHOTO IHCTUTYTY,

3aBigyBad Kadeapy (izuky 1 XiMii TBEpIOTO Tijia;
Pysincokuit M.A. — 10KTOp (Pi3MKO-MAaTEMaTHYHUX
HayK, mpodecop kadenpu ¢Gi3uku i Ximil TBEpAOTO TiNa;
Huxupyit JI.I. — xaaauaaT Gi3UKO-MaTeMaTHYHAX HAyK,
acucTeHT Kadenpy (i3uKH 1 XiMil TBEpIOTO TiNa;

Bopux B.B. — Monoanmmii HAyKOBHH CIIBPOOITHUK;
Txkauux O.B. — acuipant kadenpu kadenpu ¢izuku 1
XiMii TBEpIOTO Tija.
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Dominant Point Defects in A''B"' Crystals at the Two-Temperature Annealing
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On the basis of model of deriving of own atomic Fraenkel defects of monochalkogenide of lead PbX (X - S, Se,
Te) at two-temperature anneal is obtained analytical expressions for dependence of concentration (n) of carriers and
temperature (T,.,) thermodynamic n-p-transition from technology factors: temperatures of annealing (T;) and partial
pressure a vapour chalkogen. The phase diagrams of equilibrium are build, the requirements of forming of a material
n- and p-type conductance with by given concentration of carriers are spotted.
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