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The process of crystallization of the PbSe liquidus surface in the Cu — Pb — Se system was
investigated. Equations were obtained to calculate the partial excess energy functions of mixing
lead and selenium for Cu — Pb — Se alloys saturated with lead selenide. The obtained analytical
dependences T —x —y and p (Se,) —T — x were visualized. It found that when describing the effect of
selenium partial pressure on Gibbs partial molar free energy at high pressure, it is necessary to
take into account the contribution of the volumetric member. Changes in the energy of defect
formation from the electronic chemical potential function in samples based on PbSe in Cu — Pb —
Se were studied. Proceeding from the constructed Cu — Pb — Se phase diagram of the isothermal
section, a single phase region was determined based on PbSe and two phase regions between PbSe
and copper selenides.

Keywords: thermodynamics, phase equilibrium in Cu — Pb — Se, defect formation energy, doped

samples.
Doi.org/10.32737/2221-8688-2019-1-16-25

INTRODUCTION

Materials based on lead and copper
chalcogenides are of interest for the production
of  semiconductor, photovoltaic  and
thermoelectric elements [1-3]. The following
compounds are present in the Pb — Se and Cu —
Se systems, respectively: PbSe and Cu,Se,
CusSe;, CuSe, CuSe, [4,5]. Their use in
electronics imposes special requirements on
properties and quality of structure of the
obtained materials. The above stated is
confirmed by advances in the synthesis of
materials with controlled properties based on
PbS [6], PbSe [7] and Cu,Se [8].

Dopants are a key factor to control
properties of semiconductors under various
applications. Impurities, for example, make it
possible to control the carrier sign and the
density of the charge state. In a semiconductor
with an ideal doping impurity, an excess
charge is directly related to the concentration
of the doping impurity. In PbSe, the
should be noted that lead chalcogenides with a

replacement metal atom, for example, Na, for
the Pb atom is an ideal p-type dopant, since
each Na atom brings one additional hole.
However, the use of PbSe:Na material is
limited which is due to the precipitation of the
dopant Na and the formation of the secondary
phase of the impurity [9]. This sort of
formation and evolution of undesirable
secondary phases damage the stability and
purity of the PbSe:Na material. The phase
diagram of multicomponent systems provides
important information about design of the
material active in solving the problems above.
However, experimental phase diagrams of
ternary and complex systems at high pressures
or involving non-stoichiometric phases are not
always available or available without
sufficient details in the area of interest. Such
being the case, phase diagrams are calculated
to provide alternative recommendations and
assist in developing new materials [10]. It
rock salt structure are of photoelectric [11] and
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thermoelectric materials [12] to be used within
the range of 600-900 K [13] where their zT
exceeds 1 for p-type materials [14]. Given this,
metallic impurities in PbSe can exert control
over the concentration of hole carriers [12].
This leads to zT close to 1 at 850 K in PbSe
[14]. For Cu—Pb-Se ternary alloys, data on the
crystallization surface and thermodynamic
characteristics associated with high pressure
conditions, as well as characteristics of defect

formation based on binary compounds, are
difficult to obtain experimentally and are
absent for Cu—Pb-Se alloys [15]. In this study,
a thermodynamic approximation of the
liquidus surface of phase diagram of the Cu —
Pb — Se system at high pressure was
performed. The thermodynamics of defects of
ideal dopants in a PbSe semiconductor with a
narrow band gap (~ 0.3 eV) was analyzed.

EXPERIMENTAL PART

To construct the liquidus surface of the
Cu — Pb — Se phase diagram, we studied
ternary alloys. The initial compounds Cu,Se,
CuSe and PbSe were synthesized by fusing
elementary components of high purity in
stoichiometric ratios in the evacuated ~ 10 Pa
and sealed quartz ampoules. To obtain a
stoichiometric  Cu,Se  composition, after
guenching, a hardening was performed at 1300
K in cold water. Following the synthesis, an
incongruently melting CuSe compound was
annealed at 600 K for 500 h. The individuality

of the synthesized compounds was controlled
by means of differential thermal analysis
(DTA) (a device for thermal analysis
NETZSCH-404 F1 Pegasus system) and X-ray
phase analysis (XRD) (D8 ADVANCE
diffractometer Bruker, CuK,-radiation). Alloys
of the Cu — Pb — Se system along with Cu,Se —
PbSe, CuySe — Pb, Cu — PbSe, CuSe — PbSe
sections were prepared by fusing the initial
binary compounds and Cu (Pb) elements in

THEORETICAL PART

The calculation of the energy of defect
formation Cu — Pb — Se was carried out on the
basis of the density functional theory (DFT)
[19, 20] which provides information on the
properties of weakly doped semiconductors
[21]. The limits of the solubility of the Cu
dopant in the PbSe phase in the Cu — Pb — Se
system were determined using DFT through
the calculation of formation energies of
internal and external defects consisting of

evacuated quartz ampoules using the
procedure [16-18].
vacancies (Vpp, Vse), substitution defects

(Sepp, Pbse) and interstitial defects (Se;j, Pb;).
Defects consisting of Cu substitution defects
on Pb or Se (Cupp, Cuse), as well as interstitial
defects Cu (Cu;), all in neutral and charged
states from -2 to +2, were taken into account.
The equation for calculating the energy of
formation of the defect 4 and the charge 4 has
the form [22]

ﬂ'Ed,q = [En!,q - EH] +En: “i (Frg + ﬂ.“frxj + q{Ev gm T AVpy + Fraj + AE;, (1)

where E;, and Ey —the total energy of the
DFT of the PbSe sublattice containing the
PbSe sublattice, and the pure PbSe sublattice,
respectively, nZ—amount added (n% = -1) or
removed (n¢ = +1) atoms from the pure
sublattice for defect formation, u2 is the
chemical potential of element a in its standard
state, Ap_a is the change in chemical potential
a corresponding to a specific phase
equilibrium  between PbSe and other
components in the Cu — Pb — Se system. Ey gm
is the energy of the maximum of valence band

(VBM) and corresponds to the energy of the
highest occupied level.AVp,is the potential
equalization correction factor (PA) used to re-
level the energy rates of defects with the
energy levels of the host sublattice and is
calculated using AVy, = (V7 — Vi) [23],
where V7 and Vy— spherically-averaged
electrostatic potentials of supercomplexes of
defects and hosts, respectively, far from the
place of defect, in order to avoid any side
chemical interactions with it. The correction
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potential equalization coefficient ranges from
+0.08 eV to -0.13 eV for various charged
defects. AE ¢ is the energy term of the image
correction of the charge that is added to the
energy of defect formation in order to simulate
the charge of an isolated defect in a sublattice
of limited size under non-degenerate
conditions and is calculated using [24]. Owing
to the relatively high dielectric constant of
PbSe, the value of AE,c has a maximum value
of ~ 7 meV at q = 2 charges and, thus, has a
minimal effect on the value of the formation
energy of defects in the calculations. Finally,
the value of e in equation (1) is an electronic
chemical potential which is the additional
energy of electrons in our system. As for
graphs showing changes in the energy of
defect formation as a function of electronic
chemical potential, the value of pe was set in
the range of the VBM energy values and the
minimum of the conduction band. The value of
1e Was calculated as a function of temperature

T and sets of chemical potentials by solving
the charge neutrality condition [9]. DFT
calculations of energy of defects and sub-
lattices of host atoms were performed using
density perturbation theory [25].lon-electron
interactions were described using self-
consistent wave potential method [26].
Electrons Pb: 5d*°6s%6p?®, Se: 4s?4p* and Cu:
3d'%4s" taken as valence states in the potentials
of self-consistent field. All calculations for the
sub-lattices were performed on the selected
5x5x5 sub-lattice of the primitive cell, which
contained 250 atoms. The cutoff energy of the
flat wave base was set to 400 eV; for electron
smearing, a Gaussian spreading width of 0.1
eV was used [27]. The thermodynamic
properties of phases in the p — T — x phase
diagram [2, 3] of the Cu — Pb — Se system
were described within the model of non-
molecular solutions of semiconductors [28, 29]
using reference data [30].

RESULTS AND DISCUSSION

Cu,Se — PbSe is a quasi-binary cross
section of the Cu — Pb — Se system. The
system is of the eutectic type. The solubility of
Cu,Se in PbSe and PbSe in Cu,Se is less than
2 mol. %. Eutectic composition is 13.5 mol. %
Pb, 38 mol.% Se to get crystallized at 873K
(Fig. 1). It was established that the Cu — Pb —
Se liquidus surface consists of fields
corresponding to the primary crystallization of
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Fig. 1. Projection of the liquidus surface of the Cu — Pb — Se system.

First, we analyze the surface of PbSe

crystallization in the Cu — Pb — Se ternary
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system. PbSe crystallization surface in the Cu
— Pb — Se system within the framework of the

AGE*** (PbSe) =

Where &G;.xsi- — &Ea.x:si- + ﬁgaxs,.&-_

MGt AGE**and gy, x5, — partial excess
free energies and molar fractions of Pb and Se
components in a liquid solution, saturated with
PbSe compound; AHZ, AS2.; — enthalpy and
entropy of the formation of PbSe compounds

gxg.L
AG?

To change the temperature of PbSe
crystallization surface on the composition of

110693 +(1—xcy )25 A6 g (2L, )

model of non-molecular solutions [28, 29] is
approximated by the equation

AHY..(PbSe) — AS2..(PbSe) —

~AGpasT [ln( 93) + {2

3-8}] — RTInxp,xg, (2)

from liquid components; T is the liquidus
temperature, R is the universal gas constant.
The calculation of AGZ*** in the liquidus line
of the PbSe compound in the Pb — Se binary
system is determined by the expression:

= —110693 + 25.695T — RTInx x, 3)

the components in the Cu — Pb — Se ternary
system with due regard for (3), we obtain

T =

25.693-2.31lnxg.(1—xg:)

Where AGEEZ (xL) — the sum of the partial
excess molar free energies of lead and
selenium is calculated by equation (3) based
on the coordinates of the PbSe liquidus curve.
As for the asymmetric dependence (4), the
value of the degree 0.35 takes into account
changes in the crystallization temperature of
PbSe as a function of the copper concentration
in the Cu — Pb — Se melts which is determined

lgps._ . (Pa)

lgpse_, (Pa) =

The constructed PbSe crystallization
surface in Cu — Pb — Se at high pressure,

(4)

on the basis of DTA samples from the Cu —
PbSe section.

Using dependences of the partial
pressure of saturated selenium vapor [2, 3] and
copper concentration on the temperature on the
liquidus surface of Cu — Pb — Se for the PbSe —
Se (1) and PbSe — Pb (II) regions, we obtain
(5) and (6) respectively

~1281 + 5624 (*22) — 9190(”’””) + -
+ 5545(”’“”] _ 1?9?[”:“] ~10.35 %2,

2026 — 8778 (22) + 14247 [”’““] | e
- 10259(1”;”) + 2759 (”’f“) —836 %2, |

taking into account equations (5) and (6), is
shown in Fig. 2.
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Fig. 2. Projections of the p — T — x phase diagram for the partial pressure of the saturated vapor
Se, over the PbSe liquidus surface in the Cu — Pb — Se ternary system. | is the PbSe — Se region
(by equation 5), 11 is the PbSe — Pb region (by equation 6).

From the T — x phase diagram of Pb — Se [2,
3], it follows that the melting point of PbSe
(1352 K) corresponds to the non-
stoichiometric composition of PbSe;.x while

.I-C:'L{Trpr xiL:J =

where u;, w;s—chemical potentials of
component i in phases L and S, respectively.

As a standard state, we choose the pure solid
or liquid state of component i. Then the

lead selenide has a narrow homogeneity range.
In considering that the liquid phase L and the
PbSe-based solid solution phaseS are in
equilibrium, we obtain

Hiz (T.p. x:‘s:] (7)

chemical potential (Gibbs partial molar free
energy) of component i in the liquid phase
i, (T,p, . )or solid solution w(T.p, x:5) is
determined by the ratio

-”:‘L{Trprxw] = H?L{T:Pu] + RTLMELTEL{TJPD!:IEL} + f:n I?:'L{T:P:xu,] dp (8)

where (i = 1,2).

From equation (8), it follows that in
terms of high partial pressure of vapors of the
components, it is also necessary to take into
account the influence of the volume term ¥,
on the Gibbs partial molar free energy of
component i.

If we consider that PbSe-based surface
crystallization in Cu — Pb — Se is characterized
by asymmetric appearance, the excess molar
volume is determined by the Hillert method, as
follows

E _ %3 yE X5 1/E X3¥s 1 E
Vim = 1_11 Viz (1 —xy) + 1_;1 Vig (2,1 —xy) + mz:m; Va3 (a3, 3;) (9)
14y — 1+xg—
a3 :%i W3z = x; = Wy + gy =1 (10)

where V5, V.3 and Vjare excess molar
volumes for three components of the system,
Since

Vi is excess molar volume for the ternary
system.
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Fl
7=V + 7

then the partial molar volume V;(T,p,.x;) for
component ion the surface of crystallization in
the Cu — Pb — Se system is determined by the
values of V;; for three components (i= 1
(PbSe), 2(Cu,Se), 3(Cu)).

xir¥i o Toexir)
e = exp| —
xnsz}fc_sz'._frpnsxl;szj RT

Below, we consider the results of
calculating the energy of defect formation in
Cu — Pb — Se. It has been established that the
energy of formation of cuj, defects is
negative (-0.152 eV) in three of four areas of
three-phase equilibria: PbSe — Cu,Se — CuSe,
PbSe — CuSe — CuSe; and Se — PbSe — CuSe..
The calculated negative energies of formation
of neutral defects, which are independent on,,
indicate a zero doping efficiency and do not
represent the supposed defect.

Fig. 3 shows the typical dependence of

avE
— 1 ax}
i=123), (11)

Finally, at high pressure, when adjusted for the
activity coefficient y; of a component, the
equation of phase equilibrium at the liquid /
PbSe (S;)- based solid solution interface is
determined by the following expression

X exp {ﬁ f:n[?fﬁz (T.p.x:5,) — Vin(To 0 2] dF‘} (12)

the energy of defect formation with the lowest
energies of intrinsic and unrealistic defects in
PbSe as functions of the Fermi level in the Pb
— PbSe — Cu equilibrium regions of the Cu —
Pb — Se phase diagram. Solid lines indicate
defects included in the calculation of the Cu —
Pb — Se phase diagram, while dashed lines
indicate unrealistic defects. Considering this,
when calculating phase diagrams and doping
efficiency in line with the experiment, it is
necessary to use only the expected charge
states for each defect.
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Fig.3. Energy of formation of intrinsic defects AE, , and unrealistic defects in PbSe depending

on the Fermi level, pe (relative to the energy of the maximum of the valence band-VBM) in the
three-phase equilibrium region Pb — PbSe — Cu phase diagram Cu — Pb — Se. Solid lines indicate
defects included in the calculation of the Cu — Pb — Se phase diagram, while dashed lines
indicate unrealistic defects.

of the energy of defect formation in PbSe with an

CHEMICAL PROBLEMS 2019 no. 1 (17)

Thus, standard calculations




22

THERMODYNAMIC ANALYSIS AND DEFECTION

admixture of Cu p-type show that defects with
unexpected charge states lead to low energy of
defect formation, which do not agree with the
experimentally  observed PbSe  doping
efficiency [11]. This can be traced to the
charge delocalization, which changes the
charge state of the calculated defect.

Excluding unrealistic  defects, in
particular, marked with dotted lines in Fig. 3,
an isothermal section was constructed

characterizing the boundaries of the PbSe-
based solid phase at 573 K on the Cu-Pb-Se
diagram(Fig.4).

0.010—
T=573K Cu
0.008f (a) b)
0.006} Cu;Se
o CusSe
XOJ qcC CU882
0.004F 3] d
CuSe,
0.002F
[l . : . b
0.500 0.502 0.504 0.506 0.508 0.510 £b PbSe Se

Xse

Fig. 4. An isothermal section of the Cu — Pb — Se phase diagram, built at 573 K, shows PbSe-
based single-phase region, as well as connection lines representing two-phase regions between
PbSe and other binary Cu — Se compounds which are shown in the full isothermal section (b).

In Fig. 4a, the dotted line represents the
path between PbSe and Cu for a one-to-one
substitution of Pb with Cu, that is Pb;.xCu,Se.
Point B denotes the coordinate of the
maximum solubility of Cu in the three-phase
Pb — PbSe — Cu region where it is admitted
that the sample demonstrates n-type
conductivity. Point D indicates the solubility
coordinate of Cu in the three-phase Pb — PbSe
— Cu region where it is obvious that the sample
exhibits p-type conductivity.

The isothermal section of the Cu — Pb —
Se phase diagram, calculated at T = 573 K,
also shows PbSe-based single-phase region in
A — B — C — D region (Fig. 4a). Straight lines
inthe A—a—-c—-BandB-D-d- b regions
are two-phase regions between PbSe and other
Cu — Se compounds which are shown in the
full isothermal region (b). Thus, equations for
calculating the partial excess energy functions
of the mixing of lead and selenium for Cu — Pb
— Se alloys saturated with lead selenide were
obtained. Taking into account the constructed

surface of crystallization of the components in
the Cu — Pb — Se system and the obtained T — x
—y and p (Se;) —-T — x dependences, the
visualization and thermodynamic analysis of

these dependences were performed. In
describing the effect of pressure on the Gibbs
partial molar free energy and phase

equilibrium at high pressures of the Cu — Pb —
Se system, it is necessary to take into account
the asymmetric appearance of the volume
term. The dependence of the formation
energy of intrinsic and unrealistic defects in
PbSe-based samples as a function of the Fermi
level in Cu — Pb — Se was constructed. The
constructed isothermal section of the Cu — Pb
— Se phase diagram enables to determine,
PbSe-based single-phase region and two-phase
regions between PbSe and other Cu — Se
compounds. In particular, in case of one-to-
one substitution of Pb for Cu, the points of
maximum solubility of Cu in the three-phase
Pb — PbSe — Cu region where the types of
conductivity of the samples were determined.
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Hccnedosan npoyecc kpucmannuzayuu nogepxnocmu auxeuoyca PbSe 6 cucmeme Cu—Pb—Se. Ilonyuens
VpaeHeHusl 0I5l pacuema NApYUaIbHbIX U30OIMOUYHBIX QYHKYUL SHepeUU CMeueHUs C8UHYA U celeHa Ois
cnaasoe Cu—Pb-Se, nacvuyennvix cenenuoom ceunya. Ilpoeedena BUZYANU3AYUA  NOTYUEHHBIX
ananumuyeckux sagucumocmeii T—X—y u p(Se;)—T—x. Ilokazano, ymo 6 onucanuu GIUAHUA NAPYUATLHOLO
0asleHUsl celeHd HA NapYUATIbHYI0 MOJAPHYI0 c80000HYI0 3Hepeuio Tubbca npu evicoxom Oasienuu
HeobX00umMo yuecms 8K1A0 00beMHO20 unend. M3yueHo usmenenue snHepeuu 0opazoeanus deghekmos om
GYHKYUU INEKMPOHHO2O XUMUYECK020 homenyuana 6 oopasyax na ocnose PbSe 6 Cu—Pb—Se. Ha ocnose
NOCMPOEHHO20 u3omepmuiecko2o paspesa gazoeoii ouazpammvl Cu—Pb—Se onpedenenvi oonogasnas
obaacmo Ha ocHose PbSe u 08yxghasznvie obracmu mesxcdy PbSe u cenenuoamu meou.

Knioueevte cnosa: mepmoounamuxa, pasosvie pasnosecuss ¢ CU-Pb-Se, osuepeus obpazosanus
Oeghexmos, necuposanivie 006pasybl.

TORKIBINDO MIS OLAN QURGUSUN SELENID OSASLI XOLITOLORIN
TERMODINAMIKI ANALIZI VO ONLARDA DEFEKT OMOLOGOLMO

A.N. Mammadovl‘z, N.Y. Ghmadovaz, S.M. Bsadovl,
N.B. Babanlt3, E.I. Moammoadov*
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Cu-Pb-Se sistemindo PbSe-in likvidus sathi iizra kristallagsma prosesi tadqiq edilmigdir. Cu-Pb-Se
sisteminin qurgusun sulfidlo doymus xalitalorinds qurgusun va selenin parsial izafi sorbast enerjisini
hesablamaq iiciin tonliklor cixarilmis, T-X-Yy va p(Sex)-T—X asililiglarimin analitik ifadalorinin 3D
gortintiilari alinmugsdir. Miiayyan edilmigdir ki, selenin parsial tazyiginin Gibbs sorbast enerjisino tasirini
miiayyan etmak tigun bark fazanin hacm dayigmasinin payini nazora almaq lazimdir. Cu-Pb-Se sistemindo
PbSe asasli xalito niimunalorinda defektlorin amoalogalma enerjisinin elektron potensialindan asililiq
funksiyasi oyronilmigdir. Cu-Pb-Se sisteminin faza diagraminin izotermik kasiyinda PbSe-in homogenlik
sahasi vo onun mis sulfidlori ilo amala gatirdiyi iki fazali sahalar tayin edilmisdir.

Agar sozlar: termodinamika, faza tarziigi, Cu—Pb-Se sistemi, parsial tozyiq,defekt amalo galmasi
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