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KpucrasoxiMiyHa Moae/ib BJaCHUX ATOMHHUX Je(PeKTiB Npu
ABOTEMIIEPATYPHOMY BiINaji KPUCTAJIB
MOHOXAJILKOTeHiIiB CBUHIIIO

J.M.Dpeik, B.B.Ilpokonis, B.M.Knaniuka, O.B.Ko3uu, B.M.Hob6anrok

Dizuxo-ximiunutl incmumym npu [Ipuxapnamcoxkomy yrieepcumemi im.B.Cmeghanuxka,
leano-@panxiscok, 76000, Ykpaina

Ha ocHoBi Mopneni yTBOpeHHSI aTOMHHMX OAHO3apsAHUX AedekTiB DpeHkens B KaTiOHHIH

migrpatni  Pb =V,

MOHOXAaJILKOT€HI/IIB

ceuHmo PbX (X-S, Se, Te) mpm

JBOTEMIIEPaTypHOMY BiANali B TNapax XaJbKOTeHY OJIep)KaHO aHANITHYHI BHpa3u Ui
3aJIeKHOCTI KOHLEHTpalii (7) HOCIiB cTpyMy Ta Temnepatypu (7,.,) Te€pPMOAMHAMIYHOTO 71-p-
nepexony BiJl TEXHOJOTIYHUX (AKTOpiB: TemIiepaTypu Bimnany (7;) Ta mapLiallbHOTO THCKY

napiB  xaibkorery Py .

[NobynoBani ¢a3oBi miarpamMu piBHOBAard, BHU3HAYEHHI YMOBHU

(dopMmyBaHHs MaTepiany 7- 1 p-THITy TPOBITHOCTI i3 3aJJaHOI0 KOHIIEHTPAII€I HOCIiB CTPyMY.
Pesynbrati po3paxyHKy 100pe y3ro/pKYIOThCS 13 HASBHUMH €KCIIEPUMEHTAIbHUMU TaHUMH.

KiarouoBi cjoBa:  XalbKOreHign
JBOTEMIIEPATypHUH Bifma.

CBHHIIIO,

aToMHI  nmeeKTH, KpHUCTaJOXiMisd,

Cmammsa nocmynuna 0o pedakyii 11.11.1999; npusinama 0o opyky 25.11.1999

I. Beryn
XaJapbKOTEHITW  CBHHIIO —  TEPCIEKTHUBHI
MaTepiain SIK TS CTBOpPEHHS

TEPMOETICKTPUYHUX TE€PETBOPIOBAYIB €Hepril
[1-3], Tak 1 A7 TPWIATOBUX CTPYKTYp, IO
(GYHKLIOHYIOTh B iH(pauepBOHOMY Jiama3oHi

ONTHUYHOTO CIIEKTpa [4-5]. Cry1iHb
NPaKTUYHOTO BHKOPHCTAaHHS  KPUCTANiB 1
IUTIBOK ~ BU3HAYAETBCS  MOXKIUBOCTSAMHU  iX
OJlepKaHHs i3 Hamepen — 3aJaHUMH
BJIACTHBOCTSIMH.

O0nacTb TOMOIE€HHOCTI  XaJIbKOTE€HIJIIB

CBHHIIIO 3MIIIIEHA SIK Ha 0OIll MeTaly, Tak 1 Ha
001l XaJbKOTe€Hy. 3MIHIOIOYM BEIMYUHY 1
XapaxkTep HECTEX10METPUYHOCTI, MOXHa
3a/1aBaTy K TUI MPOBITHOCTI, TaK 1 3HAYCHHS
KOHIICHTpaIlii HOCiiB cTpymy. BcranosieHo,
1 (0) HAJCTEX1OMETPUYHI aToMH Pb

PO3MIILIYIOTECS. B OCHOBHOMY B MIKBY3JIAX

(Pb)) 1 [OpuBOmATH  JIO €JIEKTPOHHOI
MIPOBI1AHOCTI. HancrexiomeTpuuni aToOMH
XaJbKOTEHY BIAMOBINANbHI 32  YTBOPEHHS
BakaHCid y miarparui  wmetamy  (Vpp) 1

00yMOBIIIOIOTH TIPKOBY MPOBiHICT. OJHUM 13
METOMIB KEpPyBaHHS HECTEXIOMETPHUYHICTIO €
BiJIMaJl KPUCTAJIA B Mapi XaJIbKOTEHY.
Po3paxyHOK YMOB BUPOIIYBaHHS KPHUCTAIIIB
13 3aJaHUMH BIACTUBOCTSAMH 0a3yeThCs Ha
KOHCTaHTax PIBHOBAru KBa3iXIMIYHUX PEaKIlii
YTBOPEHHS BJIACHUX aTOMHHUX AedekTiB [6]. YV
poborax  [11-17] mpoBemeHo  JeTaibHE
JOCHTIJDKeHHsT KpHUcTainiB PbhX 1 BH3HAYCHO
3HAYCHHS KOHCTAHT PIBHOBAard KBa3iXiMiYHHX
peakiiiii yTBopeHHS NedekTiB. Ale Tak 1 He
OyJl0 3HANACHO 3araJibHOrO0 aHAJITUYHOTO
BUpa3y, SKUHA OM ONHCYBaB 3aJIeKHICTh
KOHIIEHTpallli nedeKTiB 1, BIAMOBIIHO, HOCIIB
CJIEKTPUYHOIO CTPyMY BiJl yMOB Bigmaiy B
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Puc.1. Cxema aBoTeMIiepaTypHoOro Bianamy (a) i
npo¢inas Temnepatypu (0): 1 - kpucran Ph.X; 2 —
XaJbKoreH [2].

ycii  obmacti ix 3miau. [lo3a yBaroro
JOCITITHUKIB 3QJIMIIMBCA TAaKOX aHalli3 yMOB,
MpU SIKUX BiAOYBAa€TbCS TEPMOIUHAMIYHUN p-
n-miepexin y kpucranax PbX.

Yy aHIf poboTi Ha OCHOBI
KPUCTATOXIMIYHHX IiAX0/IiB 0JIep>KaHO
AQHATITUYHI BHpa3W, WO J00pe OIHUCYIOTh

EKCIIePUMEHTAJIbHI 3aJIe)KHOCTI KOHIIEHTpAIii
HOCIiB CTPyMY Ta TeMIlepaTypu
TEPMOJIMHAMIYHOTO N-pP-TIEPEXOy MpHU Bifmaii
kpuctanis  PbX vy mapax XajJbKOTECHY.
BcranoBneno yMmoBH (popMyBaHHS KPUCTANTIB 13
3a3naneriap 3aJJaHUMU CIIEKTPHUYHUMHU
napameTpamH.

II. ExcniepumeHT

TepMiuHuil BiAman CHHTE30BAHUX, 3TITHO 3

[16], xpucramiB y mapax XaJbKOI'€HY
MIPOBOAMBCS 3a METOIUKOIO
IBOTEMITepaTypHoro Bignamy (puc.l). B ogun
KIHELb KBapLOBOi aMIyu oMiIIaIn

pO3IIaBICHUN XalbKOT€H, a B IHIIHHA —
kpuctanu PbX. Tlicns monepeaHboro mporpiBy
y Bakyymi mpu 423-473 K 1 3amoBHEHHS
CHEKTPAJIbHO-YHCTUM aproHoM (o
6.6-10° =1.3-10* ITa) ammyny 3amaroBamy i
noMilany y JABO30HHY miuky. IlapmiambHi
TUCKM  NapiB  XalbKOI€Hy  3aJaBaJIuCs
Temneparyporo 1 ix warpiBy (puc.l).
Temmneparypy 7, Bigmaimy KpHCTalliB 3a1aBajiid
npyroto 30Hot0 (puc.l). Bona ckmamana 900-
1270 K. Ilicast Bimmamy amiysu i3 3pa3kamu
LIBUJIKO 3arapToBYBaJld Yy KpH)KaHId BOII.
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Puc.2. ExcriepuMeHnTanbHi 130T€pMHU KOHIICHTpa-
1Tii HOCIiB CTPpyMy BiJl MapIliaIbHOTO THCKY TapH
XaJIbKOTeHY LISl KPUCTAIiB!
a-PbS, T, K:1-1000,2-1100,3 -1200, 4 -
1223 [14]; 6 - PbSe, T;, K: 1-900, 2 - 990, 3 -
1100, 4 - 1210, 5 - 1270 [11]; B - PbTe, T}, K: 1
-918,2-973,3-1053,4-1100, 5 - 1123 [16].

KoHneHTparito HOCIiB CTpyMy B TaKHX 3pa3kax
BU3HAYAIH Ha OCHOBI XOJUTIBCHKUX
BumiproBanb nipu 300 K.

ExcriepuMeHTanbHi pe3ynbTaTi 3aJIeKHOCTI
KOHIICHTpaLlli HOCIiB CTpyMy Y BiAlaJeHUX
Kpuctanax PbX Big mapuiadbHOTO THUCKY IMPH
pi3HUX TemIepaTypax BiAmaay 300pakeHO Ha
puc.2. BugHo, mo B 007acTi HHU3BKHX
nmapuialbHUX  THCKIB  TapH  XaJbKOTCHY
KPUCTAJIM BOJOMIIOTH A-TUIIOM TMPOBIAHOCTI.
[ligBumeHHsT TapUiadbHOTO  THUCKY  Iapu
XaJbKOT€HY CHPUYMHIOE 10 KOHBEpCil Tumy
MPOBIIHOCTI 3 71- HA p-THI (TEPMOAMHAMIYHUN

n-p-miepexii) 1 TMOJANbIIOTO0  3POCTAHHS
KOHIIEHTpalii Jipok (puc.2, TmpaBi BITKH
KPHUBHX). 3ayBaXuMo, 110  3HAYCHHS

MapuialbHOTO TUCKY TMapH XaJbKOTeHY, TPH
SIKOMY B1JI0yBa€TbCsS TEPMOJUHAMIYHUN 7n-p-
nepexi, CyTTEBO 3aJCKUTh BiJl TeMIIEpaTypu
Bignany (puc. 2). [Ipu nipomy xapaktepHa Taka
3aKOHOMIPHICTh: TIJBHUIICHHS TEMIIEPATypH
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Tabmuns 1
KBaziximiuHi peakilii Ta KOHCTaHTH PIBHOBArd Mpu Biamaii kpuctaiis PbX
No .. PiBHsIHHSA Koncranra

I %Xzy <_)XX+VPI7 KXZ,V(TZ):[VPb]P);;/Z(TZ)

I Pb,, <> Pb,+V,, K. (1) =[Pb][Vys]

III | Ph, <> Pb +e K, (T,)=[Pb/]-n-[Pb]"

v VPb ANd VP;: +h' Kb(Tl):[VPib]'p.[VPb]il

\4 O<>e +h' K(T)=n-p

VI n+[V, 1= p+[Pb/]
Ta0muus 2

3HaueHHs MepeJeKCIIOHEHIIaTbHNX KoedilieHTiB K1 eHeprii mupuHN 3a00pOHEHOI 30HU

AH KoHCTaHT piBHOBaru kBasixiMiuyHux peakuiit K = K, exp(—AH / k/T) nns xpuctanis PbX.

Ne PbS PbSe PbTe

peakuiii | Ko, em™,Ila | AH,eB| Ko, em™,Ila | AH,eB | Ko, cm™, Ila AH , eB
[ 1,5-10"° 0.5 4.05-10" 0.21 1.8-10"7 0.11
11 2,1~1042 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
0% 1.42-10* 0.14 2.12-10% 0.14 6.49-10% 0.14
\% 4,8-10" 1.0 1.13-10* 0.59 1.06-10* 0.58

BiJIMATy 3yMOBIIIO€ 30UIBbIIEHHS MapLiaTbHOTO
THCKY TapH XaJbKOTEHY, MPH SKOMY HACTyIae
KOHBEPCisl TUITY MTPOBIHOCTI.

I1I. Kpucrasoximisi aToMHuX e eKTiB

PiBHOBakHMII ~ cTaH  BJAaCHMUX  aTOMHHUX
nedexTiB Kpuctamie ~ PhX  mpm  iX
TEPMOJUHAMIYHOMY BiJmami y napi
XabKOTEHY  MOXHA  ONUCATH  CHUCTEMOIO

KpPUCTAIOXIMIYHUX PiBHSHb (Tabmn.1). Tyt: § —
TBepna dasza; V — mapa; Pbp,, Xy, aToMu y
By3mi; Pb, X; — MixkBy310Bi aromu; Ve, —
BaKaHCIi; e — eNeKTPOH, /1 — JipKa; +, - — 3HaK
3apsy.

VY 3anpomoHoBaHiii Mozmenmi peakiis |
OIUCYE TIEPEeXiJl XabKOTEHY 3 TIapu B KPUCTAT,
peakmiss Il — yrBopenHs mapu DpeHkens y
MeTaneBit miarpatmi; peakmii III 1 IV —

10HI3aI[iI0 MIXKBY3JIOBUX aTOMIB CBHUHIIO Ta
BAaKaHCI CBHHIIIO BIAMOBITHO; peakiis V —
BUHUKHEHHs BJacHOi mpoBimHOCcTI Ta VI —
PIBHSIHHS €JICKTPOHEUTPATBLHOCTI.

3ayBaxxumo, 110 IpoLecu I-V
3MIUCHIOIOTBCS TIPH  TEMIEparypi  Biamany
Kkpuctany 77, a mapiiaJbHUA TUCK XaJbKOT'CHY
Py BU3HAYAETHCS NEPEBAKHO TEMIIEPATYPOIO
T, npyroi 30Hu miuku (puc.l).

CymicHu#l po3B’S30K cucTeMHU piBHsHB [-V
Jla€ MOXJIMBICTh BHM3HAYUTH KOHIICHTPAIIO
BAaKaHCili Ta MIXKBY3JIOBHX aTOMIB CBHUHIIIO
yepe3 KOHCTAHTH piBHOBaru K Ta mapiiaJbHHUI
TUCK Py -

V1= KbKXZ,VP}(i K. 'n, (1)
[Pb']= KHKFn-‘K;;VP);Z‘“. (2)

3 BpaxyBaHHSAM YMOBH €JIEKTPOHEHTpasb-
HocTi VI, ogepxumo, 1mo:
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Puc.3. Po3paxyHKOBi i30TepMH KOHIIEHTpAIlil HOCIIB CTpyMy BiJ MapIlialbHOTO THUCKY IMMapy XalbKOTE€HY
JUISL KpuCcTalliB a - PbS, 6 - PbSe, B - PbTe npu Temneparypi Biamamy Ty, K: 1 - 900, 2 - 1000, 3 - 1100,
4 - 1200.
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Puc.4. Po3paxyHKoBi i300apu KOHIIEHTpAIlil HOCIIB CTPpyMy BiJ TEMIIEpaTypH Biady Uil KPUCTAJIB
a - PbS, 6 - PbSe, B - PbTe npu napuiaabHOMY THCKY PX2 Ma: 1-107,2-10%3-10".
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Puc.5. 3anexHicTh po3paxyHKOBHX 3HAa4eHb KOHLEHTpauii HOCIiB crpymy (1), MIXBY3/IOBHX aTOMiB
ceunmio [Ph] (2) ta Bakauciii ceuamo [V,,] (3) Bix mapuiansHoro tmeky mapu xanbkoreny (I)

(T;=1000 K) i TemmepaTypu Biamary (IT) (PX2 =107 Ila) wis xpucramis PbS (a), PbSe (6), PbTe ().
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B)
Te (B).
i PbSe (6), Pb
i taniB PbS (a),
)- ¢a30Bi JiarpamMu piBHOBaru Kpuc
koBi P-T-n(x)-
Puc.6. Po3paxyn
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n’ = (K, +KaKFK)_(i,VP);:/Z)(]-l_KbKXZ,VP);_,/ZKi_])_I' (3)

OcTtaHHe  pIBHSHHSA Ja€  MOXJIMBICTb
BU3HAYUTH KOHIICHTPALII0 EJIEKTPOHIB  YH
JIpOK B 3aJI€KHOCTI Biff TeMIepaTypH BiImary
T; Ta mapuialbHOTO THUCKY TMApu CeJeHY

Py (T5).
XoJuTiBChbKa KOHIIEHTpALisl HOCI{B CTpyMy
Ny, SKy BHU3HAYAIOTh  EKCIEPHUMEHTAIBHO,

NOB’SI3aHa 13 1 CHIBBIAHOLIEHHSM H, =N — p.

Matoun Ha yBaszi, mo p=Kn' (tabn.l), y
KIHLIEBOMY TiJICYMKY MaTUMEMO

n,=n-Kn" 4)

Temneparypy 7, ,, TEPMOAMHAMIYHOIO n-

p-TIepexoly JIeTKO 3HAaWTH 32 YMOBH, IO N=p.
Tomi, 3rigHO 3 KBa3iXiMIYHUMHU PIBHSAHHSIMH
(Tabmuris), MaeMo:

T py=Q2-AH, , —AH ) /(k-In(K} ,)* - Py / K})). (5)

IV. Pe3yabTaT po3paxyHKiB Ta ix
00roBOpeHHA

Pesynbratn  po3paxyHkiB, mpoBeleHI 13
BUKOPUCTAHHSM BiJJOMHX KOHCTAHT PIBHOBaru
(Tab6m.2), BKa3yloTh Ha Te, IO 30UTbIIECHHS
napuialbHOr0 THCKY XalbKoreHy (puc.3), sk i
3HIDKCHHS TeMmriepaTypu Bignamy (puc.4),
3YMOBJIIOIOTh TOTIOJIOTIYHO 1IEHTUYHI 3MIiHHU.
Jlnst BUTIaiKy 301UTBIIEHHS TapIiaIbHOTO THCKY
XalIbKOTeHY Mae Micue 3MEHIICHHS
KOHIIEHTpaIIii €JICKTPOHIB, KOHBEPCist
MPOBIAHOCTI 3 1- HA p-TUM (TEPMOAUHAMIUYHUI
n-p-nepexin) 1 TojmameIlie  3pPOCTaHHA
KoHIeHTpatii aipok (puc.3). Ilpu migBuieHHI
TEMIIEpaTypyu  BiAMaly CHOOYATKy CHA/ae
KOHIIGHTpallis JIpOK, IOTIM HAacTae p-n-
mepexij, a Jaiblie 3pOCTae KOHIICHTPAIIis
eslekTpoHiB (puc.4). Ilpum mpomy $KI0 Npu
3HaYHUX THCKAaX XapaKTepHEe HACUYCHHS IS
3MIHM KOHIEHTpauii Jipok (puc.3 — mpasi
BITKH KPUBHX), TO IIPH BHCOKUX TeMIIEpaTypax
BiJIMATY — U1 3MIHU KOHIIEHTpAIlii eIeKTPOHIB
(puc.4 — mpaBi BITKM KpuBHUX). BpaxoByroun
3apsAOBHI CTaH BIIACHUX TOYKOBHX Je()EKTiB
(Tabm.1), MOXHaA CTBEp/KyBaTH, IO Mai
napuianbHi THUCKM XaJbKOTEHY YM  BHCOKI
TEMIIEpaTypy BiIMaly CHPHUSIOTH YTBOPEHHIO
(reHepyBaHHIO)  TEpEBAXKAIOUUX  JE(EKTiB,
MOB’s3aHUX 13  MDKBY3JIOBUMH  aTOMaMH

CBUHIIO Pb; i BinbHMMHU enekTpoHamu e . Lle

H  3yMOBIIOE  €IEKTPOHHY  MPOBIIHICTH
Matepiany (puc.5). 3HauH1 NapuiajgbHI THUCKH
XaJIbKOTEHY Ta HU3bKI TEeMIlEpaTypH Biamary
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MpU3BOAATH 10 iHTEHCH(IKalmii MpoIeciB
reHepallii BakaHclii y MeTaneBiil miarparui V,,
i gipox h°. OcTaHHe # Bu3HAYae p-THII
MIPOBITHOCTI KpUCTATIB (pHUC.5).

3ayBaxumo, 1o Temmeparypa T, -

TEPMOJIMHAMIYHOTO 1-p-TIEPEX0/y KPHUCTAJIB
BU3HAYAETHCS BETMUMHOIO MApPIiaTbHOTO TUCKY

XaJIbKOTEHY Py . Bona  3pocrae i3
30UIBIIEHHSIM PXZ‘ 3a yMOB, WIO
BU3HAYAIOTHCS KOOpJIMHATAMHU KpHUBOT
I, =T (PXZ), TEHEPYIOThCS B OJIMHAKOBUX

KOHIIEHTPALIAX SK MIKBY3JIOBI aTOMU CBHHIIIO
. ) _
[Pb], Tak 1 BakaHcii cBuHLO [V, ]. Ilpn

sHaueHHsIx 1 >T,

nepeBakae reHepyBaHHs BaKaHCIH CBUHLIO V,,

0 _
) TIpH 3a/1aHUX PX2 = const

1 QopMmyBaHHS MaTepially p-TUIY, a IpH

T <7, ,) —MDKBY3JIOBHX aTOMIB CBUHIIIO Pb;’

1 MaTepiany n-tuiy. TOMOIOTIYHO aHAJIOTIvHI
3MIHM XapaKTepHi i TpHW 3MiHI MapuiaaIbHOro
TMCKY P, 3a cranoi TemmepaTrypu Bipmany

(T;=const).
Hapemri HeoOXigHO  BIA3HAYHMTH, IO
BHBEJICHI aHATITUYHI BUPA3U JUIsI KOHIIEHTpAIlil

HOCiiB cTpymy (3) ta temmeparypu T, ,

TEPMOJMHAMIYHOTO n-p-Tiepexoay (5), a Takox
moOy0BaHi Ha X OCHOBI JIBOMipHI (puc.3-5) Ta
pocTOpoBi (puc.6) miarpamu A00pe SKICHO Ta
KUTBKICHO ~ TIOSICHIOIOTh ~ €KCIIEPHMEHTAIbHI
pesynbratu  (puc.2). Kpim Toro, ogmepxani
TEOPETUYHI BHUPA3M BHU3HAYAIOTH 3HAYCHHS
TEXHOJIOTIYHUX (PAKTOPIB TMPOIECY BiAMATY
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kpuctanis PbX (temmeparypy Bimmamy 77, 3aJIaHUX EJICKTPUYHHUX IMapaMeTpiB KPHUCTAIIB
napuialbHUil THCK Tapy XalbKoreHy Py ), 1o MOHOXaJIbKOT'€H1/11B CBUHLIIO.
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Crystallo-chemical model of own atomic defects at
two-temperature annealing chalkogenide of lead

D.Freik, V.Prokopiv, V.Klanichka, O.Kozych, V.Chobanyuk
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 (7,.,) thermodynamic n-p-transition
from technology factors: temperatures of annealing (7)) 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.
Keywords: chalkogenide of lead, atomic defects, crystal chemistry, two-temperature
annealing.
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