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Abstract⎯The effect thermal treatment in a vacuum has on the thermoelectric properties of
Sb0.9Bi1.1Te2.9Se0.1 solid solution thin films obtained via ion-beam sputtering in an argon atmosphere is con-
sidered. It is established that the specific resistance and thermopower are determined by the type and con-
centration of intrinsic point defects of the Sb0.9Bi1.1Te2.9Se0.1 solid solution. The power factor values are found
to be comparable to those of nanostructured materials based on (Bi,Sb)2(Te,Se)3 solid solutions.

DOI: 10.3103/S1062873816090227

In this work, we present the results from investigat-
ing the effect thermal treatment has on the structure
and thermoelectric properties of thin nanostructured
films of Sb0.9Bi1.1Te2.9Se0.1 solid solutions obtained via
ion-beam sputtering on a ceramic target and the sub-
sequent deposition of the material onto a glassceramic
substrate [1]. The thickness of the obtained films was
measured on a MII-4 interferometer and varied within
2.5 and 3 μm.

The structure was investigated by means of X-ray
diffraction on a Bruker D2 Phaser diffractometer, and
the results were processed with the Bruker DIFFRAC
EVA 3.0 and TOPAS 4.2 software packages. The ther-
mopower dependences were measured at room tem-
perature using the hot probe technique. A silver wire of
99.999% purity served as the material of our cold and
hot probes.

The specific resistance dependences were mea-
sured according to the two-probe technique with a
direct current using a V7-78/1 universal digital multi-
meter. The relative error in measuring the electric
resistance did not exceed 2%, while that of measuring
the thermopower did not exceed 3% for the studied
samples. Thermal treatment and measurements of the
temperature dependences of the specific resistance
were performed in a vacuum at a residual gas pressure
of no more than 5 × 10–5 Torr. The temperature
increase and cooling rates were 2 to 3 deg min–1. The
thermally treated samples were held at annealing tem-
peratures for 60 min.

The temperature dependence of the specific resis-
tance for our Sb0.9Bi1.1Te2.9Se0.1 thin-film solid solu-
tion is shown in Fig. 1. In the ρ(Т) dependence for
heating, there are two kinks at T1 = 50°C and T2 =
150°C, after each of which a region of a sharper change

in the electric resistance with rising temperature is
observed (curve 1). With a falling temperature (curve 2),
the specific resistance grows monotonically, evidence
of retention of a semiconductor-conductivity type and
no reversible structure changes.

To determine exactly how thermal treatment
affects the structure and thermoelectric properties of
Sb0.9Bi1.1Te2.9Se0.1 solid solution, a series of annealing
experiments was performed at different temperatures
in a vacuum. The structure, thermopower, and the
specific resistance were investigated for all samples.

Fig. 1. Temperature dependences of specific resistance for
our Sb0.9Bi1.1Te2.9Se0.1 thin-film solid solution, obtained
upon heating (curve 1) and cooling (curve 2).
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To estimate the contribution from recrystallization
processes to the drop in electrical resistance, the crys-
tallite size of the Sb0.9Bi1.1Te2.9Se0.1 thin film was mea-
sured with respect to annealing temperature (Fig. 2).
After treatment at 150°C, the process of active collec-
tive recrystallization commenced, and was accompa-
nied by a quick doubling of crystallite sizes. Raising
the temperature of treatment above 240°C slowed the
recrystallization, indicating that the structure of such
films is closer to the equilibrium state. The recrystalli-
zation process that begins at T2 = 150°C (Fig. 2)
reduced the proportion of grain boundaries with high
electrical resistance and to a corresponding drop in the
specific resistance of the obtained films (Fig. 1). The
specific resistance in the region of 150–250°C was
more than halved.

The effect 60 min of thermal treatment had on the
thermopower and specific resistance of our
Sb0.9Bi1.1Te2.9Se0.1 thin films measured at room tem-
perature is shown in Fig. 3. The dependence of spe-
cific resistance on the annealing temperature is non-
monotonic with a minimum observed at an annealing
temperature of Тanneal = 190°C. On the dependence of
the thermopower of our Sb0.9Bi1.1Te2.9Se0.1 thin films
on the annealing temperature, the sign changes from
negative to positive at Тanneal = 190°C, evidence that
the dominant type of charge carrier changes from neg-
atively charged electrons to positive holes.

The dependence of power factor  on the
annealing temperature is of special interest. Like the
dependence of the specific resistance on the annealing
temperature, it is nonmonotonic. When the annealing

= α ρ2PF

temperature is raised to 150°C, the power factor grows
in proportion to the drop in the specific resistance,
since the thermopower falls slightly (by ~20%) in this
temperature range. The power factor then falls to zero
at Тanneal = 190°C in the region of the change in the
sign of the thermopower. A further rise in the anneal-
ing temperature leads to a small increase in the spe-
cific resistance; however, a strong increase in the
absolute thermopower results in a sharp rise in the
power factor. A remarkable feature of these results is
that for the samples annealed at 150 and 300°C, ther-
mal treatment alone allowed us to obtain materials
with the same elemental composition but with differ-
ing types of conductivity and apparently the same
power factors. At the same time, the absolute values of
the power factor are comparable to those for nano-
structured bulk materials based on (Bi,Sb)2(Te,Se)3
solid solutions [2].

The change in the sign of the thermopower and the
nonmonotonic dependence of the specific resistance
on the annealing temperature for Sb0.9Bi1.1Te2.9Se0.1
solid solution thin films could result from the exis-
tence of nonequilibrium point defects (antisite defects

Fig. 2. Dependences of the crystallite size for our
Sb0.9Bi1.1Te2.9Se0.1 solid solution on the temperature of
annealing in a vacuum for 60 min. The point at 0°C corre-
sponds to the crystallite size in the initial state.
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Fig. 3. (а) Thermopower, (b) specific resistance, and
(c) power factor for our Sb0.9Bi1.1Te2.9Se0.1 thin films vs.
the temperature of annealing in a vacuum for 60 min. The
points at 0°C correspond to the sample’s properties in the
initial state.
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and vacancies). There could also be pairs of point
defects, e.g., pairs of antisite defects of metal and chal-
cogen [3, 4].

It is well known that solid solutions based on
(Bi,Sb)2(Te,Se)3 typically contain intrinsic point
defects (IPDs) that emerge even in stoichiometric
compositions [5, 6]. As they do, such negatively
charged antisite defects as , , and ,
formed when excess cations occupy lattice vacancies
in the anionic sublattice, are acceptor-type defects [7],
while positively charged anionic vacancies (  and

) are donor-type defects [8].
To clarify the nature of the defects that emerge

during ion-beam sputtering, and to study the effect

−
TeBi −

TeSb −
SeBi

+2
TeV

+2
SeV

thermal treatment has on them, we investigated the
dependence of the crystal lattice parameters for our
Sb0.9Bi1.1Te2.9Se0.1 solid solution on the annealing tem-
perature (Fig. 4). For comparison, the lattice parame-
ters (а and с) given by different literature sources for
the Sb1Bi1Te3 solid solution are presented in the table.
Analysis of the data in Fig. 4 and the table showed that
the lattice parameters of the Sb0.9Bi1.1Te2.9Se0.1 for thin
films obtained via ion-beam sputtering were lower
than those specified in the reference literature.

According to [12], the sizes of atoms in the
Sb0.9Bi1.1Te2.9Se0.1 solid solution are Bi = 0.17 nm, Sb
= 0.159 nm, Te = 0.16 nm, and Se = 0.14 nm. Since the
atomic radii of Sb and Te are approximately the same,
and the Se content in the obtained thin films is much
lower than that of Te, the lower values of а and с lattice
parameters (as compared to the literature) could be
due to the presence of vacancy-type defects in the
crystal lattice. As the annealing temperature rises, lat-
tice parameters а and с of the Sb0.9Bi1.1Te2.9Se0.1 thin
films grow monotonically, reaching the reference data
for the Sb1Bi1Te3 solid solution at Тanneal = 300°C
(parameter а even grows a bit more). Therefore, either
interstitial-type defects or antisite defects appear upon
an increase in the annealing temperature.

Combined analysis of the results of measurements
of crystal lattice parameters of the Sb0.9Bi1.1Te2.9Se0.1
thin films and thermoelectric properties indicates that
the main type of point defects formed in the grain bulk
during ion-beam sputtering are vacancy-type IPDs.
During thermal treatment, the number of nonequilib-
rium donor defects (  and  vacancies) falls and
the number of acceptor defects (  and  antisite
defects) rises, accompanied by changes in the mate-
rial’s thermoelectric properties.

CONCLUSIONS

The increase in electrical conductance upon rais-
ing the temperature of the thermal treatment of
Sb0.9Bi1.1Te2.9Se0.1 thin-film samples to Тanneal = 190°C
is a result of a reduction in the number of grain bound-
aries with high contact resistance and the annealing of
nonequilibrium donor vacancy-type IPDs, leading to
a drop in concentration and a simultaneous increase in
the mobility of electrons. The number of acceptor
defects (  and  antisite defects) rises concur-
rently, compensating for the donors, and is reflected
in the lower absolute thermopower at Тanneal < 190°C.
Upon annealing at Тanneal > 190°C, the number of
grain boundaries falls as well, and even much more
sharply than when Тanneal < 190°C. Nevertheless, the
number of acceptor defects rises, accompanied by the
type of dominant charge carriers changing to holes.
The simultaneous increase in the specific resistance
when the annealing temperature is raised above 190°C

+2
TeV +2

SeV
−
TeBi −

TeSb

−
TeBi −

TeSb

Fig. 4. Dependences of lattice parameters (а) а and (b) с
and (c) the crystal lattice unit cell volume for our
Sb0.9Bi1.1Te2.9Se0.1 thin films on the temperature of ther-
mal treatment in a vacuum for 60 min.
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Crystal lattice parameters (а and с) of the Sb1Bi1Te3 solid
solution, according to different literature sources

а, Å с, Å Source

4.328 30.476  [9]
4.326 30.488  [10]
4.33 30.50  [11]
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is evidence that hole mobility falls as the number of
antisite defects rises, and the rise in absolute thermo-
power indicates that the degree of compensation of the
semiconductor (which is now of the acceptor type) is
reduced.
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