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Within crystalquasichemica formalism models of point defects of crystals in the Pb-Sh-Te system were
specified. Based on proposed crystalquasichemical formulae of antimony doped crystals PbTe:Sb amphoteric
dopant effect was explained. Mechanisms of solid solution formation for PbTe-Sb,Tes: replacement of antimony
ions |lead sites Sb;, with the formation of cation vacancies V2 (1) or neutra interdtitial tellurium atoms Te” (11)

were examined. Dominant point defects in doped crystals PbTe:Sb and PbTe-Sb,Te; solid solutions based on p-
PbTe were defined. Dependences of concentration of dominant point defects, current carriers and Hall
concentration on content of dopant compound and the initial deviation from stoichiometry in the basic matrix

were calculated.
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I ntr oduction

IV-VI compounds and solid solutions on basis of
them are basic materias for making thermoelectric
energy converters in high temperature region (500-
750) K, aswell photodetectors and radiating structures of
infrared optical spectrum [1].

Among them, lead telluride has an important place
due to its properties. multivalley nature of its energy
spectrum (N =4), low lattice thermal conductivity
(x=2,09 10 W-K* em™), relatively high current carrier
mobility (u~ 10°cm? Vs, the largest value of py™,
which causes a significant thermoelectric figure of merit
(Zmax) Z = ooy, where o — coefficient of thermo-emf, o
— éelectrical conductivity , y — coefficient of therma
conductivity. Clearly, large Z (which determined
commercial use of thermoelectric material) depends on o
and o, which are sengitive to the nature of eectronic
states. Thermal conductivity is defined by phonon
spectrum of the crystal (y) and the concentration of
current carriers (ye). Decrease of thermal conductivity
components (¢ =c, +c,) is one of the effective ways of

increase of the thermodectric figure of merit. In this
regard, the search for new compounds with complex
crystal structures, which have low thermal conductivity
is an urgent problem. Among them are quasi-binary
systems (A" —Ge, Sn, Pb; C¥ —Bi, Sb; BY' - Te) [2].
Lead telluride crystallizes in NaCl structure, which is
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a characterigtic of ionic crystals. Chemica bond is
complex and close to the ion-covalent-metallic. PbTe is
characterized by dignificant deviations from the
stoichiometric composition and bilateral homogeneity
region and can have both n-type (with excess metal) and
p-type (with excess chalcogen) conduction, causing
significant concentration (10™-10°cm™®) of dectrically
activeintrinsic defects[3].

The type of PbTe-Sb diagram is eutectic. The
solubility of Sh in PbTe at 820K is 1.5a. % [4].
Antimony, acting as a donor, moves homogeneity region
limits toward higher equilibrium concentrations [5].
Soluhility of Sh,Te; in PbTe for PbTe-Sh,Te; is defined
in [6-8]. At lower temperatures (573-823) K solubility is
about (2-4) at. % of Sb [7, 8]. The maximum solubility
(~6 at. % Sh) obtained in the research of crystallization
of PbTe-Sh,Te; [9] is higher than the solubility at lower
temperatures. According to [10], the boundary region of
Sb,Te; solubility in PbTe is approximately 2 mole %,
andin[7, 11] — (4.5-5) mole %.

Performance device structures are largely determined
by defect subsystem of used crystals, which depends on
the homogeneity region of compounds, the chemical
composition of solid solutions based on them, and
technological factors of their synthesis and subsequent
treatments of the material. Analyzing the current state of
the problem, it should be noted that the ambiguity of the
experimental data and theoretical interpretation of the
nature and type of point defects and their charge states
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and energy parameters in crystals based on lead telluride g™ ® ShY,. The fact that the dopant can occupy lead
grestly complicates the interpretation of their physical and telurium sites in PbTe crystal structure and

and chemical properties. Therefore, further development : : : fits ch :
of theoretical approaches to the study of the defect ?Azgfgxilr?g?;gi%nl:tsc arge state can be described by

subsystem and explanation of existing as well as new

0 3+ 3- _ +
experimental data obtained from one standpoint remains D' ® S, +30; +3(1- Z)e +3". (1)
an urgent problem. Here z:—lESblTe] - the value of
[So,] +[Sore]
I. Crystal-Quasichemical Modeling disproportionation of dopant charge state (0£z£1),
e —dectrons, h* —holes.
1.1. Doped Crystals p-PbTe:Sb The relation between [Sb™] and [Sb*] determine
1.1.1. Analysis of Dopant Behavior. Taking into  donor or acceptor dopant effect.
account that the valence shell of atoms of V group 1.1.2. Crystalquasichemical Formulae. For the

elements has s’p? configuration, Sb atoms can give ($p°  analysis of the defect subsystem in investigated crystals
configuration, valence +3) or accept (s°p° configuration,  Crystalquasichemica approach was used, It is based on
valence —3) 3 dectrons from p-state. So dopant in PbTe the concept of antigructure [13], which has the form of
can be in two charge states Sb* and Sb*. In doped V7V for lead telluride, where V7, and V& — double-
crystals PbTe:Sb fraction of eectrically active impurity charged lead and tellurium vacancies, respectively; "/"
atoms is ngﬂcantly less than 1, and it evidences that and "e" — negative and pognve Charge& req:)a:n\/dy
impurity atoms are distributed between the cationic and  Crygtalquasichemical  formula is  written as  a
anionic sublattices [12]. Thus, in doped crystals PbTe:Sb gyperposition of alloying cluster formed on the basis of
dopant, replacing lead in its sublattice, ionizes from state  gntistructure of basic matrix and crystal formula of basic
S0P in the state Sb* (s°p°)+3¢  and relatively  compound.
Pb** sublatticeit is in a state Sb* ® Sbl; (whereitisa Teking into account the amphoteric effect of Sb
dopant in lead telluride crystals (1), alloying cluster can

donor). In telurium sublattice dopant ionizes be written as follows:

D°(s’p®) ® Sb* (s°p°) + 3h"  and is an acceptor,
while rdatively Te* sublattice dopant is in state

VepVr, +S0° ® @V,Sb; g 8V, ,Sbif +3(L- 2)e’ +3zh". 2

Crystalquasichemical formula of p-PbTe with isrepresented as [14]:
the complex range of point defects in the cation
sublattice (single and double-charged Pb vacancies)

gPb;. beﬂ(l- d)Vb/d Hpb ET€ bgVig HTe (Te;g)i +b(2- 2g- d)h*. ©)

Superposition of crystalquasichemical formula of p-PbTe quasichemica formulaof p-PbTe: Sh:
(3) and the aloying cluster (2) presents the crystal-

ADIRX o n / N AT X / oo N X
gjb(l- b)(1- X)S:)(l- z)xVb(l- d)(1- x)+szbd(1- X) H:’O gTe(l- bg)(1- x)szx ng(l— X)+(1- z)x HTe (Tebg(l- X) )i +

4
+(b(2- 2g- d)(1- x) +32x)h* +3(1- 2)xe “

where x — atomic fraction of dopant (Sb), b— the value of solution formation are substitution of Sb ions Pb sites
theinitial deviation from stoichiometry on the side of Te, with the formation of cation vacancies (mechanism I) or

8 — coefficient of disproportionation of cationic the substitution of Sb ions Pb site with the formation of

vacancies charge date, vy —fraction of interdtitia interstitial tellurium (mechanism I1).

tellurium, Te — interstitial tellurium, Pb,,, Te,, —lead 121 Me_chanism l. At calculation3+per 1 tellzyr_ium

and tellurium atoms in lattice sites. atom_and subject to charg_e dtate of Sb _and Te” ions
1.2. Solid Solutions p-PbTe-Sb,Te; chemical formula for alloying component is: Sbj,,Te* .

The possible mechanisms of PbTe-Sh,Te; solid Alloying cluster inthiscaseis:
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é
VF/,{JVT"e +Sb‘2“Te” ® éSbZV”u Tel,.. (5)
3 €& 3 30

Then crystalquasichemical formula of p-PbTe-

Sh,Tesis:
u “ N X +
ePb(l b)(1- x) —xVbﬂ(l- d- x)+}xvéd(1' X) l;' gTe(l- bg)(1- x)+xng(1- X) HTe (Tebg(l- X) )i + b(2 - zg' d) (1' X)h ’ (6)
3 3 Upp
where x —molar fraction of Sb,Tes. SH*Te;;,, anditsclugter is:

1.2.2. Mechanism II. At calculation per 1 Sb atom
and subject to charge state of Sb*" and Te? ions chemical
formula for aloying components is written as

VIV +Sb” Te/’ ® prbTeTeaere 2ie. @)
e 249

Then crystalquasichemical formula of p-PbTe-

Sh,Tesis:
@Db(l b)(- x) b(l d)(- x)Vbd(l X) Hpb STe(l bg)(1- x)+xng(1 x) HT g%- ;g(l X)+ « ; +b(2' 2g- d)1- x)h" +xe". 8
2.3. Electric Balance Equation compound (a, b) and dopant content (x).
Proposed mechanisms of doping and crysta In particular for p-PbTeSb according to

formulae (4), (6), (8) make it possible to find analytical crystalquasichemica formula (4), total eectroneutrality
expressions of the concentration of individual point equation is written as follows:

defects and current carriers on the magnitude of

deviation from goichiometric composition in the base

N+l [ [V + [0 (V1 +]dg |[S00] = P+ a. | [Vr] +|ag,, 1031, (©)
where p=A(b(2- 2g- d)(1- x) +32x),
n=3A(1- z)x, [Sby]l=Azx, [V$]=Abd(l-x), Here A :2—5, Z — number of structura units per unit
VEI=ABA- O x)+2),  [SRI=AQ- )X, cal (2=4) a-lattice prameter
[V:] :A(bg(l- X)+(1- z)x), iSd;:?]I‘Iadcggcmtration of current carriers ny in this case
g | = |0, | = |0 | =2 [ovs| = o | = 2-
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n, =A[3(1- z)x- b(2- 2g- d)(1- x)- 3zx].

Similar analysis was done for PbTe-Sh,Te; solid
sol ution.

Il. Resultsand Discussion

2.1. Doped Crystals p-PbTe Sb

In doped PbTeSb crystals when the value of
z < 0.5 admixture does donor action ([Sby; ] >[SbY.]):
decrease of hole concentration, thermodynamic p-n-
conversion and the subsequent increase of the el ectron
concentration. With the predominance of impurity ions
in tellurium sites z> 0.5 ([Sby,] <[Sb%.]) there is the
opposite dependence: significant increase of the
concentration of majority carriers. If z=0.5 there is
complete self-compensation of dopant
([Sbi,] =[Sb.]), and Hall concentration in both cases
decreases dightly. Above-mentioned specific behavior
of Hall concentration depending on the content of
dopant and its charge state is well illustrated on 3d-
diagram ny-x-z (Fig. 1).

lg(n,,, cm™)

20r

n-tvpe

- . 1}
\\.r \-"EI-T-].4 [
_ o2 E
T |
Fig. 1. Dependence of Hall concentration (ny) in p-
PbTe:Sb crystals on dopant content and the value of
disproportionation of its charge state (z).

Change of Hall concentration is associated with
redistribution of dominant point defects concentration.
Thus, dominant defects are antimony ions rooted in

lead sublattice Sby;, and tellurium sublattice Sbt, of

lead telluride crystal lattice, which concentration
increases with dopant content increase (Fig. 2 — curves
2, 3). Doubly ionized vacancies of lead [V} ] and
doubly charged vacancies of tellurium [ V2] also give
significant  contribution to  the  conductivity.
Concentrations of V2 and V7 increases with dopant
content increase (Fig. 2— curves4, 6). It should be
noted that the concentration of V,, Te’ vary dightly

with antimony content increase (Fig. 2 —curves 5, 7).
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Fig. 2. Dependence of Hall concentration (1— ny) and
the concentration of point defects (2-7— N;) in
p-PbTe:Sb crystals on dopant content.
Ni: 2— Sbpy; 3— Sbb,; 4— V5 5— Vo 6— V2
7-Te’ (z=0.45).

The proposed mechanism of doping satisfactorily
explains the experimentally observed behavior of
thermoelectric parameters on dopant content. Thus,
based on the data of [15-17] we can conclude that, in
practice, thereisredlization of condition: z< 0.5, iethe
concentration of impurity ions [Sbi;,] overrides
[ Sb%.]. Specifically, comparing the experimental data
[15] on the active donor action of antimony (Fig. 3)
with the calculation for p-PoTeSb (Fig. 1), it was
found the value of disproportionation of dopant charge
state: z=~0.45 at the maximum vaue of the initial
deviation from stoichiometry on the side of tellurium.
The observed decrease of the concentration of current
carriersin PoTe:Sb (Fig. 3 — curve 2) in the content of
Sb over ~0,3a.% can be explaned by certain
predominance of concentrations of impurity ions in
tellurium sites ([Sb, ] <[Sbi.] ).

2.2. Solid Solutions p-PbTe-Sh,Te;

Thermoelectric parameters of PbTe-Sh,Te; were
studied in several papers|[2, 6, 7, 11, and 18]. In [7] it
was found that the increase of Sh,Te; content in solid
solution leads to donor effect with microhardness
increase (H) (Fig. 4— curvel) and decrease of the
coefficient of thermo-emf (a) (Fig. 4— curve3). In
alloys containing Sb,Te; more (1.5-2) mole % Hall
concentration ny (Fig. 4— curve 2) and thermo-emf o
(Fig. 4— curve3) practically do not change. Issues
associated with the decrease of the value of thermal
conductivity of PbTe-Sh,Te; solid solutions with
Sh,Te; content increase were studied in [5, 18]. The
value of x for alloy of PbTe with 1.02 mole % Sb,Te;
is 1.25:102 WK *em™ at 500 K, which confirms the
idea of the good thermodectric efficiency of these
solid solutions. The observed phenomenon associated
with relation between lattice () and dectron (ye)
components of thermal conductivity [2].
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Fig. 3. Dependence of thermoel ectric parameters of PbTe:Sb crystals: coefficient of thermo-emf (1 —a), current carrier
concentration (2 —n), eectrical conductivity (3 —s) and therma conductivity (4 — «) on antimony content [15].

Consider in detail the mechanisms of defect H. MPa a, uV/K n,, 10" em’
formation in PbTe-Sh,Te; solid solutions. When 1200
redization of mechanism| (stoichiometry for =
chalcogen) there is dight decrease of concentration of 41.5
major current carriers with Sh,Te; fraction increase 1000 220
(Fig. 5, a— curve 1). With realization of mechanism Il <00 410
(stoichiometry for antimony) in p-PbTe-Sh,Te; BV
(Fig. 5, b —curve 1) with Sh,Te; fraction increase there 00
is decrease of the concentration of current carriers, b 140405
change of the conductivity type with low dopant

100

content and further increase of electron concentration. 400 L
Comparing the results of calculations with i 3 <
experimental data on the active donor effect of Sb,Te;
(Fig. 4— curve2), we can conclude that when the
dopant content to 2 mole % of Sh,Te; mechanism Il is
dominant, and with more of its contents (up to the limit
of solubility) mechanism | is dominant.

Sh.Te,, mole %
Fig. 4. Dependence of microhardness (1— H), Hal
concentration (2— ny) and coefficient of thermo-emf
(3— a) of PbTe-Sh,Te; solid solutions on Sh,Te;

content [7].
lg(n,, N, em’) ” lg(n,. N, em’)
19
1%
p-type f, n-type
7k 17} 1
4 3
5,6 e y
004 012 .20 0.0z 006 .10
Sk Te, mole % Sh Te,, mole %4
2 b 6)

Fig. 5. Dependence of Hall concentration (1 — ny) and the concentrations of point defects (2-6 — N;) in p-
PbTe-Sh,Te; solid solutions on Sh,Te; content at mechanism | (a) and mechanism Il (b) realization.

Ni:2-Sby;3—-Vi;4-Ve;5- V26— T€.

Features observed in the change of current crystals with Sh,Te; content increase there is
carrier concentration are associated with typical significant increase of the concentration of ionized
correlations between individual point defects antimony in lead sites Sbf; (Fig. 5, a— curve2) and

(Fig. 5). Thus, for the mechanism| in p-PbTe-Sh,Te;
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between them determines the type of conductivity of
. he material.

curve 3). Concentrations of Ve, Vi, T€ decrease 3_t|te r?tag alb%n determined that the value of

dightly (Fig. 5, a—curves4, 5, 7). For mechanism Il in disproportionation of charge state of dopant in

p-PbTe-Sb,Te; crystals the dominant defects are Sby; , PbTeSbisz~0,45.

0 2 s : 1+ 4. It has been shown that with increasing content of
Tao, _VP" (Flg'_ 5 D). Concentran-ons [pr"l and aloying compound in PbTe-Sb,Te; solid solutions to
[Te] increase with dopant content increase (Fig. 5, b 2 mole % of Sb,Te; substitutions of cation sites and
the formation of intergitial tellurium predominant.
With more dopant content (up to the limit of
solubility) there is a replacement of Pb sites and
formation of cation vacancies. In the first case there
is thermodynamic p-n-conversion in crystals with
the initial p-type conductivity. For the second case
there is decrease of Hall concentration in p-PbTe-

doubly charged cation vacancies Vj; (Fig.5,a—

—curves 2, 7), and [ V5, ] decreases dightly (Fig. 5, b—
curve3). Point defects V5 and V7 do not
significantly affect the conductivity. Concentration of
Vg, and V7 does not change with Sb,Te; content
increase (Fig. 5, b— curves 4, 5). Thus, the contribution
to the conductivity of substitution defects Sby,

_ . _ Sb,Tes.
increases, and V, decreases with dopant content 5. It has been shown that new crystal approaches
increase. deepen the possibility of a scientific analysis of the

defect subsystem in semiconductor crystals, and

. determine the technological ects of the propert
Conclusions control. oo e propery

1. Based on first proposed crystalquasichemical
formulae that take into account the amphoteric
behavior of Sb in PbTe crydtals, it has been found
that with prevalence of antimony in cation sites

[Sby ] >[Sbi,], dopant is the donor, and with

Work isimplemented within the framework of state
budget /e 0107U006768 of Ministry of Education and
Science of Ukraine.

prevalence of Sb in anion sites ([Sby,]<[Sb:.])
dopant is the acceptor, and when [Sby;]=[Sb:,]
thereis a compl ete self-compensation of influence of
dopant.

2. It has been shown that in doped crystals PbTe:Sb
experimental results are explained satisfactorily
provided [Sby; ] >[SbY.] . Thus the dominant defects
are impurity defects Sby;, Sbl, and vacancies of
lead V7 and tellurium V7', which concentration

increases with dopant content increase, and the ratio
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Toukogi nedexTn i pizuko-ximiuni BaacTuBocTi kpucrajiis y cucremi Pb-Sb-Te

DizuKo-XiMiuHUll IHCMUmMym,
Kageopa Qizuxu i ximii meepdoeo mina
Tpuxapnamcorozo nayionanvhozo ynisepcumemy imeni Bacuns Cmegpanuka,
eyn. llesuenka, 57, m. leano-Dpankiscek, Yrpaina, 76018, e-mail: frelk@pu.if.ua

VY pamKax KpHUCTaJIOKBa3iXiMi4HOro (opMalli3My yTOUHEHO MOZEIi TOUKOBUX JIE(EKTIB y KpHCTaNaX CUCTEMH
Pb-Sb-Te. Ha ocHOBi 3anpoNOHOBaHMX KPHUCTAIOKBA3iXiMiYHHX (GOpMyNn HOSICHEHO aMdoTepHy Ail0 IOMIIIKH Yy
JIeroBaHUX CypMoro kpucranax PhTe:Sh. JlocmimkeHo MexaHi3MH YTBOPEHHs TBepaoro posumay PbTe-Sb,Tes:
3aMillieHHs Honamu cTuGito nosuuiil tom6ymy Sbiy 3 yreopeHHsM kaTionnux Bakauciit V7 (1) a6o HelTpanbHux

aTomiB Tenypy B MixkBy31i (I1). BusHaueHi nomiHyroui To4koBi neekTH y neropaHnx kprcranax PbTe:Sb i tBepaux
posurHax PbTe-Sh,Te; Ha ocHOBi p-PbTe. Po3paxoBaHo 3aeKHOCTI KOHIICHTPALIT JOMIHYOUHX TOYKOBHX JC(EKTIB,
HOCI{B 3apsiy i XOJUTIBChKOI KOHLIEHTPALIT BiJl BMICTY JIETYIOUOi CIIONYKH Ta BEIWYMHU II0YaTKOBOT'O BiIXMJICHHS BiJl
crexioMeTpii B OCHOBHMIT MaTpHILi.
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