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Bi,_,In,Se; (x = 0.00 to 0.66) single crystals were prepared using a modified Bridgmann
method. Their homogeneity was studied by determining the indium content and the variations
of Seebeck coefficient in the directions perpendicular and parallel to the crystal axis. X-ray
structure analysis revealed that the volume of the unit cell of Bi,_,In, Se; crystal lattice
decreases with increasing value of x. Measurements of the electrical conductivity, Hall con-
stant and Seebeck coefficient showed that incorporation of the indium atoms into the Bi,Se,
crystal lattice results in an increase of free electron concentration for low indium content,
whereas the free electron concentration is suppressed in the range of the high indium content.
This effect is explained qualitatively on the basis of our ideas on the nature of point defects in

Bi,_,In,Se; crystals.

1. Introduction

Despite considerable attention devoted to the study of
AYBY! compounds of tetradymite structure (where
A = Bi, Sb and B = Se, Te) which find applications
in thermoelectric devices, there are very few data in
the literature on the properties of the samples in the
Bi,Se,-In, Se, system.

It follows from the Bi,Se;~In, Se; phase diagram [1]
that both components form a continuous set of solid
solutions with tetradymite structure. It was also con-
cluded from the results of measurements of transport
properties that solid solutions in this system exist over
a broad range of concentrations [2, 3]. On the other
hand, Rustamov and Cherstova [4] have suggested
that the compound InBiSe; exists in the Bi,Se;~In,Se,
system. So far, however, nothing has been reported in
the literature about the preparation and properties of
single crystals of Bi, .In Se; solid solutions, whose
formation has been demonstrated previously [1-3].

In the present paper we describe a modified Bridg-
man method used to grow Bi,__ In,Se, single crystals
(x = 0.00 to 0.66) and characterize the crystals
obtained by measurements of their lattice parameters,
Hall constant, electrical conductivity and Seebeck
cocfficient. Further, we suggest a view of the nature of
point defects in Bi,_, In, Se, crystals with the objective
to explain qualitatively the variations of the above
mentioned quantities due to the substitution of
indium atoms for bismuth in the crystal lattice of
Bi, Se;.
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2. Experimental procedure
2.1. Preparation of single crystals
Bi, ,In,Se, single crystals were prepared from
elements of 99.999% purity. The compounds were
synthesized in conical quartz ampoules evacuated to
10~*Pa. The homogeneization of the batches and syn-
thesis of the compounds was carried out in a horizon-
tal furnace at 1073 K for 48 h. The crystals were grown
using a vertical Bridgman method. Before pulling, the
ampoules containing the melt were heat-treated at
1073 K for 24 h and when the melt filled the tip of the
ampoule, the ampoules were lowered through the tem-
perature gradient shown in Fig. 1 at a rate of
0.8mmh~".

The single crystals obtained, 50 to 60 mm long and
9 mm diameter, could be easily cleaved. Their trigonal
axis, ¢, was always perpendicular to the pulling direc-
tion so that the (000 1) crystal plane was parallel to
the ampoule axis. The orientation of the cleavage faces
was carried out using the Laue back-reflection
method, which confirmed that these faces were always
(0001).

2.2. Microanalysis of the crystals

The prepared crystal samples were qualitatively
analysed by means of a Link Systems 860 Series 2
energy dispersion analyser and a Tesla BS 300 scan-
ning electron microscope. An electron beam at a volt-
age of 25kV excited a signal of characteristic X-ray
radiation from the cleavage face of the sample and the
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Figure 1 Schematic drawing of the furnace for the growth of
Bi,_.In Se, crystals with the temperature gradient used for the
growth: I, thermal insulation (asbestos) 2, resistance heating; 3,
ceramic tube; 4, stainless-steel tube; 5, asbestos ring; 6, copper tube;
7, cooling.

signal was analysed in the 0 to 20keV energy range.
Quantitative determination of the elemental composi-
tion of the crystals was performed with the aid of pure
metal standards of Link systems. The results of this
analysis of Bi,_,In,Se; samples, expressed as the
values of x, are summarized in Table I.

With the aim of investigating the homogeneity of
the crystals, in addition to quantitative analysis, the
distribution of indium across the cleavage face was
analysed in the directions parallel and perpendicular
to the crystal axis.

2.3. Determination of lattice parameters

The lattice parameters of the prepared single crystals
were determined on powder samples by X-ray diffrac-
tion analysis using an HZG-4B diffractometer (VEB
Freiberger Prazisionsmechanik, East Germany). The
diffraction maxima were measured by a step pro-
cedure using a step size of 0.01°. The measurement
was carried out in the range of 20 = 5 to 100° with
CuKu radiation in the range to 5 to 45° and with Ko,
radiation in the range to 45 to 100°; the Kf radiation
was removed using a nickel filter. The calibration of
the diffractometer was carried out with polycrystalline
silicon. The diffraction lines obtained were indexed
according to Gobrecht et al. [5] and the values of the
lattice parameters a and ¢ of the crystals were cal-
culated by the least squares method.

2.4 Measurement of transport coefficients
The room-temperature values of the Hall constant
were determined on the samples prepared from the
central parts of the crystals, rectangular slabs of
8 x 3 x 0.1 to 0.3mm’ dimensions. The experimen-
tal geometry corresponded to Ry (B]|¢). The samples
were connected to an a.c. current supply of 170 Hz
frequency, the constant magnetic field induction, B,
was equal to 1.1 T.

Values of electric conductivity, ¢ ., were calculated
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TABLE I Lattice parameters of Bi,_,In,Se; crystals

Sample  x a (nm) ¢ (nm) V (nm®) A*
No.
1 0 0.41385(4)  2.8623(2)  0.4246(1)  0.008
2 0.01 0.41374(3) 2.8623(2)  0.4243(1) 0.007
4 0.08 0.41265(9) 2.8632(4)  0.4222(2) 0.014
5 0.15  041175(4) 2.8635(2) 0.4204(1)  0.010
7 024  041078(5) 2.86393) 0.4185(1) 0011
9 035  040973(5) 286303) 0.4162(1) 0011
1 046  040862(5) 2.8612(3) 0.4137(1) 0010
12 0.66  0.40684(7) 2.8599(5)  0.4099(2)  0.015

*A = ZV120,,, — 20,.|/N, where 20,,, is the experimental diffrac-
tion angle, 20, is the angle calculated from lattice parameters and.
N is the number of investigated diffraction lines.

from the voltage drop measured across the Hall con-
tacts. The Seebeck coefficient was determined for the
direction AT1¢, that is a(ATL¢). The temperature
difference between the cold and hot junction was not
higher than 10K.

Measurement of the Seebeck coefficient by means of
a special probe [6], making possible measurement of
the variations or profile of o values on the cleavage
faces, was used to investigate the homogeneity of the
crystals. By reading the thermoelectric voltage in steps
of 0.05 mm we determined the Seebeck coefficient pro-
file in the directions parallel and perpendicular to the
axis of the crystals.

3. Results and discussion

3.1. Lattice parameters of Bi,_,In, Se; crystals
The results of X-ray structure analysis of Bi,_,In,Se,
crystals are given in Table 1. It is evident that with
increasing value of x, the lattice parameter a decreases
whereas parameter c first slightly increases with maxi-
mum value corresponding to x = 0.24 and then, in
the range of higher indium content, also decreases.
The volume, ¥V, of the unit cell monotonical decreases
with increasing x. Decreasing values of ¥ can be taken
as a proof of the formation of Bi,_ In Se; mixed
crystals. That is, we can adopt a plausible assumption
that substitution of smaller indium atoms for bismuth
atom into the Bi,Se, crystal lattice would give rise to
a decrease of the unit cell volume.

The diffractograms of all samples showed only the
lines corresponding to the tetradymite structure;
hence the prepared Bi,_, In, Se, crystals have a struc-
ture described by the D3,~R3 m space group. This fact
i1s in agreement with the results of Belotskii and
Demyanchuk [1], according to whom there exists a
continuous range of tetradymite structure crystals in
the system of Bi,Se;~In,Se; solid solutions.

3.2. Homogeneity of Bi,_,In,Se; crystals

With respect to the chosen method of preparation of
Bi,_,In,Se, single crystal from the melt, considerable
attention was paid to the investigations of homogen-
eity of these crystals. On the basis of a comparison of
melting points of both components of the Bi,Se;-
In,Se, system (according to Abrikosov et al. [7] the
melting point of Bi,Se; is equal to 706° C, according to
Slavnova et al. [8] the melting point of In,Se, is 900
+ 10°C) one can expect a strong gradient of indium
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concentration along the crystal axis, from the bottom
tip to the upper end. It is reasonable to assume that,
during growth of crystals by the Bridgman method,
the tip of the crystals would contain an excess con-
centration of the component with higher melting point
- In,Se,; towards the upper end of the crystal one can
expect a gradual increase of the concentration of the
component whose melting point is lower ~ Bi, Se,.

If we suppose that the incorporation of indium
atoms into the Bi, Se, crystal lattice results in a change
of the free carrier concentration N, the expected gradi-
ent of indium content should manifest itself in the
values of all the properties that depend on N. For
this reason, the homogeneity was tested using the
measurements of the variations of the Seebeck coef-
ficient by means of the probe described by Priemuth
et al. [6].

Fig. 2 shows the variation of the Seebeck coefficient
measured along the crystal axis on sample 6
(Bi, 15In,,,Se;) compared with the results of indium
content measurements by means of an energy disper-
sion analyser. It is evident from the « = f(/) plots
that the value of « abruptly increases at the upper end
of the crystal, being virtually constant in the middle
part. A gradual increase of « towards the lower end of
the crystal is observed in the tip region. The results
shown of the determination of indium content, how-
ever, do not allow any unambiguous conclusion to be
drawn on the gradient of indium content along the
crystal axis; on the contrary, it seems that the results
of the analysis exhibit only a scatter about a nearly
constant value. Hence, there is no expected gradient of
indium content along the crystal axis (i.e. it cannot be
determined by the analytical method used). Therefore,
it seems that the course of the « = f(/) dependence is
not connected with the variation of indium concen-
tration along the sample.

Fig. 3 shows the variations of Seebeck coefficient on
a cleavage face in the direction perpendicular to the
crystal axis (across the crystal) of a Bi, ,5Ing,, Se;
sample, measured at distances of 2, 9 and 16 mm from
the upper end of the crystal. It is scen that irrespective
of the distance from the crystal end, the character of
the a¢ = f(/) dependence is the same - exhibiting
practically constant values in the middle part, with a
noticeable, relatively steep rise of « close to the margin
(surface) of the crystal. It is evident from the results of
the analysis of indium content, shown in Fig. 3, that
these dependences are also not related to the gradient
of indium content; in fact, no concentration gradient

Figure 2 Comparison of the variations of the
Seebeck coefficient measured on the cleavage face of
a Bi, ,In,,,Se; crystal in the direction of crystal
axis with the results of indium content determi-
nation.

of indium is expected in this direction, i.e. perpen-
dicular to the pulling direction. This fact corroborates
the conclusion mentioned above, that the variations of
o determined along the crystal axis, are also not con-
nected with concentration gradient of indium.

The observed variations of the Seebeck coefficient,
hence also of the free carrier concentration, in the
vicinity of the crystal surface and in its tip can be, in
our opinion, accounted for as follows. As is known, in
growing the Bi,Se, crystals from a melt of stoi-
chiometric composition, the crystals obtained always
exhibit a superstoichiometry of bismuth [9], with some
fraction of selenium segregating on the crystal surface.
During the passage of the grown crystal through the
temperature gradient in the Bridgman furnace at tem-
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Figure 3 Comparison of the variations of the Seebeck coeflicient
measured on the cleavage face of a Bi, ;Iny,,Se; crystal in the
direction perpendicular to crystal axis with the results of indium
content determination: measured (a) 2mm, (b) 9mm, (c) 16 mm
from the upper end of the crystal.
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peratures close to the melting point, one cannot pre-
vent selenium segregation on the surface from dif-
fusing into the crystal. Taking into account the view
that selenium substoichiometry in the crystal lattice of
Bi,Se; results in the formation of positively charged
selenium vacancies, Vs, whose charge is compensated
by free electrons [10], the idea of selenium diffusing
into surface layers of the crystal and occupying the V5,
vacancies seems acceptable. The occupation of Vg,
vacancies then gives rise to a suppression of the free
electron concentration. This, in turn, leads to the
increase in the values of the Seebeck coefficient in the
vicinity of the surface and in the narrow tip of the
crystal. Owing to the fact that the prepared crystals
were grown from the batches weighed up in stoi-
chiometry corresponding to the formula Bi,,In,Se,,
segregation of selenium can be supposed to occur.
That is why this view is well acceptable.

The suppression of the concentration of free car-
riers in Bi,Se; by anncaling in a selenium atmosphere,
which results in a decrease of the electrical conductivity
and an increase of the Hall constant and Seebeck
coefficient, as reported by Gobrecht et al. [11], sup-
ports the interpretation given above of the experimen-
tal a = f(/) dependences.

It can thus be stated that the Bi, In, Se; crystals
prepared under the described conditions were homo-
geneous in their middle parts; the “inhomogeneity”
observed in the surface layers and in the tip of the
crystal was due to diffusion of selenium segregated on
the surface. In view of this fact the samples used for
the determination of transport coefficients were always
cut from the middle parts of the crystals.

3.3. Transport coefficients of Bi,_, In, Se;
crystals

The results of measurements of the transport coeffici-
ents of Bi,_,In, Se, samples are summarized in Table II
and in Figs 4 and 5. It is clearly seen that in the region
of small x values, the Ry = f(x) and a = f(x) depen-
dences exhibit a noticeable decrease (with a minimum
near the value x = 0.1), whereas at higher indium
concentrations there is a marked increase of both Ry
and a. The & = f{x) curve passes at first through an
insignificant maximum and decreases at higher indium
concentrations.

The variations of these quantities testify that the

TABLE 1I Transport coefficients of Bi,_,In Se, crystals at 300K
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Figure 4 Plots of the Hall constant R, (B || &) and electrical conduc-
tivity o, of Bi,_,In, Se, crystals against indium content.

substitution of indium for bismuth atoms in the Bi,Se,
crystal lattice gives rise to an increase of free carrier
electron concentration in the region of low indium
content, whereas for higher indium content, the free
electron concentration becomes suppressed.

Fig. S shows the dependence of the product Ry ¢
against x, which yields information about the mobility
of free carriers. The values of Ry ¢ markedly decrease
with increasing indium content; in the first approxi-
mation one can say that the mobility of free electrons
in Bi,_,In,Se, samples decreases with increasing x. The
observed drop in the mobility is probably connected
with the fact that the maximum in the o,, = f{x)
dependence is less significant than the minima of
Ry = fix) and a = f{x) curves.

3.4. Point defects in Bi,_,In,Se; crystals

The change in free electron concentration in
Bi,_.In,Se; samples with increasing x value, as fol-
lows from the measurements of transport coefficients,
is related to the manner in which indium atoms are

Sample x Ry (B|®) a.; W(ATLE) Ry(B|®) x o,
no. (107%m® A~' sec™") (10°Q'm™Y (VK" (1073 m? V! gec™!)
1 0 —0.237 260 —61 61.6
2 0.01 —0.252 310 —59 78.1
3 0.02 —0.278 277 —51 77.0
4 0.08 —0.170 250 —48 42.5
5 0.15 —0.210 124 —43 26.0
6 0.22 —0.330 50.0 —60 16.5
7 0.24 —0.282 49.6 —53 13.9
8 0.34 —0.530 14.9 —98 7.89
9 0.35 —0.355 20.0 —170 7.10
10 0.45 —0.507 5.08 —110 2.58
11 0.46 —0.916 3.20 —135 2.93
12 0.66 —-2.170 0.360 —263 0.781
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Figure 5 Plots of the Seebeck coefficient (AT L7) and the product
Ry o of Bi,__In Se, crystals against indium content.

built into the Bi,Se; crystal lattice, i.e. to the point
defects in Bi,_ In, Se; crystals. The observed effect can
be qualitatively explained as follows. The increase in
the electron concentration observed in the region of
low indium content is obviously connected with the
fact that in the crystal lattice of “pure” Bi,Se; there
are not only the positively charged selenium vacan-
cies, Vs., supposed by Bogatyrev ez al. [10]. If we admit
the possibility that, in addition to the dominant Vg,
defects, the crystal lattice of Bi,Se, (and that in a
considerably lower concentration) antisite bismuth
defects, Big,, in a selenium sublattice, the free electron
concentration is a result of compensation of charges of
both types of defect. The idea of Big, defects existing
in the lattice is an acceptable one, if we take into
account that antisite Bir, defects were found to exist in
isostructural Bi, Te, [12]. The substitution of indium
atoms for bismuth results in the formation of uncharged
substitution defects of indium atoms Ing; in the bismuth
sublattice. The mentioned type of defect, Ing;, is in
agreement with the ideas proposed by Krebs [13],
according to which the bonds between bismuth and
selenium are formed by electrons from the p orbitals of
both elements. The configuration of the valence elec-
trons of indium atoms forming uncharged defects is
55°5p°. If we accept the ideas on the polarization of the
lattice, due to incorporation of foreign atoms, as men-
tioned in our earlier papers [14-17], we can say that
because of lower electronegativity of indium atoms
compared to those of bismuth, in Ing; defect carries a
partial positive charge. This charge results in an
increase in the polarity of bonds between the defect
and the neighbouring selenium atoms (In}*%-Se)
compared to the polarity of bonds in the initial Bi, Se;.
The higher bond polarity manifests itself by a decrease
in the probability of formation of antisite defects Big,,
whose existence is favoured by low bond polarity. The

concentration of Big, defects therefore decreases, their
compensation effect is lowered, hence the free electron
concentration increases. According to this idea, the
extremes in the Ry = fix) and « = f{x) plots corre-
spond to the crystals that are free from antisite defects.

The decrease in the free electron concentration,
evident in the range of higher x, is probably due to a
decrease in the concentration of ¥, vacancies in
Bi,_,In,Se; crystal lattice. The lowering F, con-
centration with increasing indium content is undoubt-
edly connected with the fact that the increasing indium
concentration in the mixed crystal leads to an increase
of the forbidden gap width, to higher crystals ionicity;
in isostructural Bi, _In Se, crystals this effect shows
up in a lowering of the mobility of free carriers. Increas-
ing ionicity of Bi,_ . In, Se,; crystals with increasing
content of indium atoms apparently leads to a lower-
ing of the departure from stoichiometry and thus to a
decrease of the concentration of ¥, vacancies. This, in
turn, results in a decrease of the free electron con-
centration, as proved experimentally.

This view is in a good agreement with the ideas
due to van Vechten [18]; who noted that in the crystal
lattice of binary compounds the more frequent
vacancies are those of the atoms whose radius is
smaller. In a series of isostructural crystals one
can thus expect that the concentration of vacancies
increases with increasing difference between the sizes
of cations and anions and vice versa. In Bi,_,In,Se,
smaller indium atoms are substituted for larger bismuth
atoms; hence the “effective” radius of atoms in the
cation sublattice decreases, which results in a smaller
difference between the sizes of atoms in the cation and
anion sublattice. This, in turn, manifests itself in a
decrease of the concentration of selenium vacancies,
Vse-

Acknowledgement

The authors thank Professor J. Horak of the Institute
of Chemical Technology, Pardubice, for valuable
comments on the manuscript.

References

1. D. P. BELOTSKI! and N. V. DEMYANCHUK, [zv.
Akad. Nauk SSSR Ser. neorg. Mater. 5 (1969) 1518.

2. D. P. BELOTSKII, P. F. BABYUK, N. V. DEMYAN-
CHUK, N. P. NOVALKOVSKII and R. F. DOICHUK,
in  “Nizkotemperaturnye Termoelektricheski Materialy,”
edited by D. V. Gitsu (Red.-1zd. Otd. Akad. Nauk Mold. SSR,
Kishinev, 1970) p. 29.

3. G. GUKHMAN, M. G. KOSTOVA and S. M. NIK-
OLOVA, Dokl. Bolg. Akad. Nauk 23 (1970) 1067.

4. P. G. RUSTAMOV and V. B. CHERSTOVA, Azerb.
Khim. Zh. (4) (1976) 141.

5. H. GOBRECHT, K. E. BOERETS and G. PANTZER,
Z. Physik 177 (1964) 68.

6. A. PRIEMUTH, C. BALZEROWSKI, D. MOGALLE,
H. QUAAS and F. WINKLER, “Transport in Verbind-
ungshalbleitern 1981,” edited by K. Stecker and M. Stordeur
(Martin-Luther-Universitit Halle-Wittenberg, Halle (Saale),
1982) p. 153.

7. N. Kh. ABRTIKOSOV, V. F. BANKINA and K. F.
KHARIMONOVICH, Zh. Neorg. Khim. 5 (1960) 2011.

8. G. K. SLAVNOVA, N. P. LUZHNAYA and Z. S.
MEDVEDEVA, ibid. 8 (1963) 153.

9. G. OFFERGELD and VAN CAKENBERGHE, J. Phys.
Chem. Solids 11 (1959) 310.

281



10. 1. F. BOGATYREV, A. VASKO, L. TICHY and
J. HORAK, Phys. Status Solidi (a) 22 (1973) K63.

11. H. GOBRECHT, S. SEEK and T. KLOSE, Z. Physik
190 (1966) 427.

12. G. R. MILLER and CHE-YU LI, J. Phys. Chem. Solids
26 (1965) 173.

13. H. KREBS, “Grundziige der anorganischen Kristall-
chemie” (Enke-Verlag, Stuttgart, 1968) p. 239.

14. J. HORAK, P. LOSTAK and L. BENES, Phil. Mag. B50
(1984) 665.

15. J. HORAK, P. LOSTAK, L. KOUDELKA and
R. NOVOTNY, Solid State Commun. 55 (1985) 1031.

282

16. P. LOSTAK, R. NOVOTNY, J. KROUTIL and
Z. STARY, Phys. Status Solidi (a) 104 (1987) 841.

17. J. HORAK, Z. STARY, P. LOSTAK and J. PANCIR,
J. Phys. Chem. Solids 49 (1988) 191.

18. J. A. VAN VECHTEN, J. Electrochem. Soc. 122 (1975)
419,

Received 6 September 1988
and accepted 24 February 1989



