Powder Metallurgy and Metal Ceramics, Vol. 47, Nos. 3-4, 2008

THERMODYNAMIC PROPERTIES OF BISMUTH
SESQUISELENIDE AND SESQUITELLURIDE
AND THEIR SOLID SOLUTIONS

V. R. Sidorko, L. V. Goncharuk, and R. V. Antonenko
UDC 541.11

The Gibbs free energies, enthalpies and entropies of formation of bismuth selenide Bi,Se; between
308 and 408 K, bismuth telluride Bi,Te; between 308 and 413 K, and their solid solutions between
670 and 840 K are measured using the e.m.f. method. Positive deviations of the activities of

components in the solid solutions from the ideal behavior are found. The possibility of ordering
effects in the solid solutions at lower temperatures is assumed.

Keywords: Gibbs free energy, enthalpy, entropy, activity, solid solution, bismuth selenide, bismuth
telluride.

Metal chalcogenides and semiconductor materials on their basis hold much promise for optoelectronics and
sensor microdevices. They also include A;’B;’I -type compounds, such as Bi,Se; and Bi,Te;. They have been
successfully used in thermoelectric devices for over 50 years. Of great interest are solid solutions based on
individual semiconductor compounds because material properties vary widely in multicomponent systems [1-3]

thus extending their application. Band-gap energy and lattice parameters usually vary in such semiconductors.
The objective of this paper is to examine the thermodynamic properties of Bi,Se;—Bi,Te; solid solutions

and individual Bi,Se; and Bi,Te; compounds that bound the solid solution using the e.m.f. method.

The individual compounds are discussed in many papers which consider, in particular, their synthesis,
crystal structure, physical parameters, and applications. The thermodynamic properties of Bi,Se; and Bi,Te; have
been examined in detail while their Bi,(Se, Te,_,); solid solutions are poorly studied.

Bismuth Sesquiselenide Bi,Se;. Selenide Bi,Se; is a compound that is most reach in selenium in the binary
Bi—Se system and melts congruently at 979 K [4]. Bi,Se; has rhombohedric lattice of tetradymite type (Bi,Te,S)
with parameters a = 413.4 pm and ¢ = 2863 pm [5]. We used the e.m.f. method to measure Bi,Se; thermodynamic
properties between 308 and 408 K:

(-)Bi | Bi*? in electrolyte |[ Bi,Se; + Se] (+). (1)

The alloys containing 80 and 90 at.% Se were made by melting of bismuth (99.999%) and selenium
(99.999%) at 1000 K for 5 h in Pyrex glass capsules that were evacuated and filed with helium (99.985%). The
ingots were annealed at 773 K for 100 h, ground to powder, pressed, and then electrode pellets were sintered at the
same temperature for electrochemical measurements. X-ray analysis of the samples has shown a two-phase region
[Bi,Se; + Se].

To measure e.m.f., a U-shaped cell of molybdenum glass was used. The cell with electrodes was filled with
electrolyte, evacuated to 102 Pa, filled with helium, and sealed. Dehydrated glycerin with small additions of KCI-
NaCl-BiCl; salt alloy served as electrolyte. The e.m.f. temperature dependence was approximated by linear

equation E=4 + BT = E+ B(T —T) , where E and T are average e.m.f. and temperature. Equation parameters
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were calculated with the least-squares method and presented in a compact form as recommended in [6]: n = 16;
T=3593K; E =2474mV; B=-8.02- 103 mV/K; Y (7; -T)* = 14393 K2 §5=1.17 (mV)%
The temperature dependence of e.m.f. is described by the following equation between 308 and 408 K:
E=0.2503-8-10°-T(V).
Gibbs energy of Bi,Se; formation from solid components by reaction 2Bi ) + 3Se() = Bi,Sesy is as follows over

this temperature range:
AGO = 2zFE = —144940 + 4.63 - T (J/mole),

where z is bismuth ionic charge in the electrolyte (z = +3 [7]) and F is Faraday constant. Gibbs energy, enthalpy,
and entropy of Bi,Se; formation are AfGO = —143.27 + 0.32 kJ/mole, AfHO = —-144.9 +3.8 klJ/mole, and

ASY=—-4.6 £+ 10.5 J/(K - mole) at 360 K (average temperature).
The thermodynamic characteristics of Bi,Se; that we determined agree well with published data within the

error of measurement (Table 1).
A substantial difference of the standard formation enthalpy of Bi,Se; determined in [12] by combustion in

in [17, 18] (AH°
(298.15 K) = -28.0 kJ/mole at.) may result from the inaccurate identification of bismuth combustion products.
Bismuth Sesquitelluride Bi,Te;. Telluride Bi,Te; is a compound that is most reach in tellurium in the

a calorimetric bomb from that of other studies and the wvalue recommended

binary Bi-Te system and melts congruently at 860 K [4]. At temperatures close to the melting point, Bi,Te; has a

small homogeneity region: 59.8-60.2 at.% Te at 773 K and 59.7-60.1 at.% Te at 883 K. Below 700 K, this compound
is a linear

TABLE 1. Thermodynamic Characteristics of Bismuth Selenide Formation from Solid Components at 298.15 K

A{GO, kJ/mole at. AHO, kJ/mole at. ApSO, J/(K - mole at.) Method T, K References
—28.71 £ 0.07* -29.0+0.8 -09+2.1 e.m.f. 308-408 Authors
-30.32 -30.7£3.3 -13+538 e.m.f. 555-583 [7, 8]
—28.22 -28.5+04 -1.1 e.m.f. 310411 [9]
-30.5 CH* [10]
—28.03+0.13 C [11]
-11.63 +1.25 C [12]
—-284+1.2 VPpH** 735-897 [13, 14]
27.1+1.2 C [15]
-31+2 C [16]
* Extrapolation. ** Calorimetry. *** Vapor pressure measurement.
TABLE 2. Thermodynamic Characteristics of Bismuth Telluride Formation
AGO, kl/mole at. (T, K) AHO, kl/mole at. | ApSY, J/ (K - mole at.) | Method T, K References
—17.47 £ 0.18 (360) -199+19 -6.7+5.3 e.m.f. 308413 Authors
—-16.56 (298) -17.4 2.5 e.m.f. 555-585 [7, 8]
—15.73 £ 0.04 (673) -20.4+0.8 -7.0+1.3 e.m.f. 643-683 [20, 21]
—15.68 (700 K) -38.5+84 -32.6+3.1 e.m.f. 655-766 [22]
-15.7+£0.8 C 298 [
-16.82 £ 0.67 C 298 [23, 24]
—4.6 C 853 [25]
-16.1+1.0 VP 298 [14]
-13.1+1.0 VP 298 [26]
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phase. Bi,Te; has rhombohedric lattice of tetradymite type with parameters a = 438.35 (5) pm and ¢ = 3048.7 pm
[19]. We used the e.m.f. method to measure Bi,Te; thermodynamic properties between 308 and 413 K:

(—)Bi | Bi*3 in electrolyte | [Bi,Te; + Te] (+). )

Alloys containing 70, 80, and 90 at.% Te were made of bismuth (99.999%) and T-V3-grade tellurium
(99.996%) in the same way as bismuth selenide was (capsule synthesis). The ingots were annealed at 643 K (100 h).
X-ray analysis has shown a two-phase region [Bi,Te; + Te].

The thermodynamic properties of Bi,Te; were examined using the same procedure as for Bi,Se;. The
e.m.f. temperature dependence of galvanic element (2) was approximated by a compact linear equation with n =17,
T==3588K; E =151.0mV; B=-57.6 - 103 mV/K; Y.(T; —T)* = 19963 K’; &5 =9.37 (mV)2.

The e.m.f. temperature dependence of galvanic element (2) is described by the following equation between
308413 K:

E=0.1716 -57.6 - 10°°- T (V),
giving
AGO (Bi,Tey) = —2zFE =-99365 + 33.35 - T (J/mole).

The Gibbs energy, enthalpy and entropy of Bi,Te; formation from solid components are AGO=
=—87.36 £ 0.92 kJ/mole, AH? =-99.4 £ 9.5 kJ/mole, and AS?=-33.4 +£26.4 J/(K - mole) at average temperature
(360 K). The results shown in Table 2 are comparable with published data. Our data agree well with those obtained
in [20, 21] using the e.m.f. method, but they substantially differ from the results from vapor pressure measurements
and calorimetry.

Solid Solutions Bi,Se;—Bi,Te;. The phase diagram of the quasibinary Bi,Se;—Bi,Te; system was first
plotted in [27]. It is established that a continuous series of solid solutions forms in this system and no ternary
compounds are found. Subsequent studies of structural and physical properties and phase equilibria [28—34]
confirmed the existence of a continuous series of solid solutions above 773 K. However, the Bi,Se;—Bi,Te; solid

solution undergoes some changes below 600 K whose nature is different according to different researchers. It is
believed in [29] that the solid solution is ordered at these temperatures and ternary hexagonal Bi,Te,Se compound
is formed. It is assumed in [32] that the solid solution is not ordered at low temperatures but, on the contrary,
disintegrates into two new ones with thombohedric structure of tetradymite type.

Information on the thermodynamic properties of the Bi,Se;—Bi,Te; system is limited to calorimetric data
on the formation enthalpies of solid solutions [35, 36]. However, the results of these studies are contradictory: the

formation enthalpy of solid solutions is negative according to [35] and is positive according to [36]. We are not
aware of data on Gibbs energies or formation entropies of the Bi,Se;—Bi,Te; solid solutions.

The thermodynamic properties of alloys in the quasibinary Bi,Se;—Bi,Te; system were examined by e.m.f.
measurements between 670 and 840 K:
[Bi,Te, + Te] | KCI-LiCl-BaCl,~BiCl, | [Bi,Se;~Bi,Te; + Te]. 3)
To make three-component samples, addition alloys were first melted whose composition corresponded to those of
binary Bi,Se; and Bi,Te; compounds. They were synthesized from the same materials and in the same conditions
as the individual components were. Polycrystalline Bi,Se; and Bi,Te; samples were broke to small pieces and
ground in agate pounder. The resulting fine powders were mixed to produce samples of Bi,Se;—Bi,Te; alloys. Six
compositions containing 20.0, 40.0, 50.0, 60.0, 70.0, and 80.0 mole% Bi,Te; were made. Pellets 10 mm in diameter

were pressed of the thoroughly stirred mixtures and then placed in Pyrex capsules. The capsules with samples were

evacuated to 102 Pa, filled with helium of high purity, and sealed. The samples were sintered and
annealed at 773 K. The alloys containing 20.0, 40.0, 60.0, and 70.0 mole% Bi,Te; were held at this temperature for

1600 h and alloys containing 50.0 and 80.0 mole% Bi,Te; for 2210 h.

The annealed ingots were cut into parts for microstructural, x-ray, and thermodynamic analyses. According
to microstructural and x-ray analyses, the samples were one-phase after long-term annealing.
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A part of the ingot intended for thermodynamic analyses was ground to powder in agate pounder. A small
amount of elemental tellurium (99.996 wt.% Te) was added to the ground powder of the Bi,Se;—Bi,Te; solid
solution, thoroughly mixed and pressed into pellets 6 mm in diameter for electrochemical measurements. A
tungsten—rhenium wire for current contact was pressed into pellets. The pellets were placed in molybdenum glass
capsules, evacuated to 102 Pa, filled with helium of high purity, and sealed. The samples were sintered at 700 K for
24 h.

A eutectic mixture of anhydrous potassium, lithium, and barium chlorides that was smelted in vacuum (10~
1 Pa) and had the melting temperature at 593 K [37] was used as electrolyte. All salts were qualified as chemically
pure. Bismuth trichloride was first dehydrated in slow heating in vacuum with gradually increasing temperature to
~400 K, and lithium chloride by holding in a drying cabinet with gradually increasing temperature until it was
completely dehydrated. It took about 100 h to completely dry LiCl. Bismuth ionic charge in electrolyte was taken
equal to +3.

The reversible transfer of bismuth from Bi,Te;, which is in equilibrium with tellurium, to the solid
solution, which is also equilibrium with tellurium, is voltage-generating process for galvanic element (3). The e.m.f.
determines the activity and partial Gibbs energy of Bi,Te; as a component of the solid solution of this composition
(Bi solubility in Te over a range of research temperatures is negligibly small [4], i.e., ar, = 1), and Bi,Te,
thermodynamic functions in the solid solution are determined by common equations with the e.m.f. method:

AG BiyTe; — RTn oy re, = —2ZFE,

ASBi,Te; = zF - dE/dT = 7F - B,
AH BiyTe; = —zF(E — BT) = —zFA.

Table 3 summarizes the parameters of these equations calculated with the least-squares method.
The partial thermodynamic functions of bismuth selenide were determined by the graphical integration of
Gibbs—Duhem equation and integral functions by adding partial values as follows:
YBipTe;
AaBizs% = IxBizTe3 /(1= xBi,Te, ) d(AaBizTes ),
0
A®p;se, =Xgj,Te, - ADBi;Tey +(1- XBiyTe; ) - AP se

where A® is AG®, AH , or AS.
Tables 4 to 6 summarize the thermodynamic functions for the formation of Bi,Se;—Bi,Te; solid solutions

from binary compounds. Moderate positive deviations of activities from Raoult law (Fig. 1) are typical of these
solutions (Fig. 1). There is some similarity in the thermodynamic behavior of Bi,Se;—Bi,Te; solid solutions and
Se—Te molten alloys, which also have small positive deviations from Raoult law (Fig. 2) as established in [38, 39].
Note that we observed such similarity previously for ZnTe—CdTe and ZnTe-HgTe solid solutions and Zn—Cd and
Zn—Hg liquid solutions [40].

TABLE 3. E.M.F. Measurement of Galvanic Elements (3)

XBj, Te, n E.mV T.K B, mV/K (T -T)%,(K)? 82,(mV)?
0.200 15 27.39 767 0.01385 49556 4.7-1073
0.400 15 14.25 767 ~0.00054 49556 7.19 - 1073
0.500 15 11.01 767 ~0.00268 49556 621073
0.600 15 8.74 754 ~0.00174 41595 12.5- 1073
0.700 15 6.49 754 0.00124 41595 11.1-1073
0.800 15 4.11 754 0.00265 41595 7.1-1073
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Fig. 1. Activity of components in the Bi,Se-Bi,Te; quasibinary system at 673 (1), 750 (2), and 833 K (3)

Fig. 2. Activity of components in the Se—Te binary system at 923 K, according to [38]

TABLE 4. Activities (at 673, 750, and 833 K) and Partial Thermodynamic Values for Bi,Te; in the Formation of
Bi,Se;—Bi,Te; Solid Solutions (at 750 K)

aBi,T =l —ex 7 o —ex
Yo 25 AGBizTes BiyTe3 AH i) Tes ASBizTe3 BijTe3
Bi,Tes
673 K 750 K 833 K
J/mole J/(K - mole)

0.2 0.259 0.283 0.306 7871 +11 2165 —4854 + 69 4.02 £0.08 -9.36
0.4 0.477 0.516 0.552 4126+ 14 1588 —4243 £ 85 -0.16 £ 0.09 =7.77
0.5 0.558 0.599 0.636  —3195+13 1126 -3780 £ 79 -0.78 £0.09 —6.54
0.6 0.631 0.668 0.698 -2516+18 668 -2909 £120  -0.52+0.14 —4.77
0.7 0.718 0.739 0.759 1886+ 17 339 -1609 £ 113 0.37£0.13 -2.60
0.8 0.818 0.827 0.835 —-1207+13 184 —-611 +90 0.79 £0.10 -1.06

TABLE 5. Activities (at 673, 750, and 833 K) and Partial Thermodynamic Values for Bi,Se; in the Formation
of Bi,Se;—Bi,Te; Solid Solutions (at 750 K)

. Val —eX o . < —eX
o “BiySey AGBi,ses BijSes AHgi)ses ASpiyse; BiSe3
Bi,Tey
673 K 750 K 833 K J/mole J/(K - mole)
0.8 0.805 0.806 0.806 —1345 50 —46 1.73 -0.13
0.6 0.627 0.630 0.634 —2881 304 -326 341 —0.84
0.5 0.552 0.559 0.565 -3627 696 =712 3.89 —1.88
0.4 0.474 0.490 0.506 —4448 1265 —1801 3.53 —4.09
0.3 0.373 0.407 0.434 -5605 1904 —4292 1.75 -8.26
0.2 0.251 0.290 0.327 =7719 2317 —7452 0.36 -13.03
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TABLE 6. Integral Thermodynamic Functions of Formation of Bi,Se;—Bi,Te; Solid Solutions at 750 K

. AG AGeX AGO* AH AHY AS ASEX ASY”

BizTe3
J/mole J/(K - mole)

0.2 2650 473 130660 -1008 —136810 2.19 -1.97 -8.2
0.4 3379 818 117980 -1893 ~128590 1.98 -3.61 -14.1
0.5 -3411 911 111300 —2246 —124380 1.55 421 -17.4
0.6 ~3289 907 —104470 —2466 ~120050 1.10 -4.50 -20.8
0.7 -3002 809 -97480 2414 ~115440 0.78 -4.30 -24.0
0.8 -2509 611 -90280 -1979 ~110450 0.71 ~3.45 -26.9

* From solid bismuth, selenium, and tellurium.

The formation enthalpy of the solid solutions is negative (Table 6). The A¢{ values obtained in [35] by
calorimetric dissolution in molten bismuth are also negative but are more exothermic than our results from e.m.f.
measurements. The minimal value of this function, according to our data and [35], corresponds to Bi,Te,Se.

The results indicate that the activities of Bi,Se;—Bi,Te; quasibinary system components decrease at lower
temperatures (Fig. 1). This is evidence that the thermodynamic stability of solid solutions increases. Considering

that the enthalpy of formation is also negative, we can conclude that the solid solutions may be ordered at lower
temperatures. This conclusion agrees with the paper [29], which established ternary Bi,Te,Se compound.
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