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BisTes semiconductor compound and BixTes-based solid solutions are presently among the best low-
temperature thermoelectric materials. One of the methods of controlling the conductivity type and properties of
BisTes is changing the stoichiometry of this compound. Earlier, we have obtained the room-temperature
dependences of mechanical and thermoelectric properties of BizTes polycrystals on the degree of deviation from
stoichiometry. The goal of this work is to investigate the behavior of such dependences at other temperatures.
Bismuth telluride polycrystals with compositions in the range of 59.6-67.5 at. % Te were obtained, and for all
the crystals the Seebeck coefficient, the Hall coefficient, electrical conductivity and charge carrier mobility were
measured in the temperature range 77-300 K. On the basis of the temperature dependences, the isotherms of
kinetic coefficients were plotted. It was found that similar to the room-temperature isotherms, the isotherms at
lower temperatures were non-monotonic: they exhibited inversion of the conductivity sign between 60.5 and
61.0 at. % Te and extrema near 60.0 and 63.0 at. % Te. The experimental data are interpreted taking into
account changes in the band and defect structures of BizTes under varying stoichiometry. The obtained results
make it possible to control thermoelectric properties of BizTes polycrystals in the temperature range 77-300 K
by changing the degree of deviation from stoichiometry.
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1. INTRODUCTION

Bi2Tes semiconductor compound and Biz2Tes-based
solid solutions are well-known thermoelectric (TE)
materials, widely used in the production of various kinds
of cooling devices and most efficiently operating near
room temperature [1-4]. Recently, interest in studying
BizTes crystals and thin films has grown sharply due to
the prediction and subsequent experimental evidence of
their exhibiting special properties, characteristic of 3D-
topological insulators [5-7]. In recent years, many works
have appeared in which the possibility of using the
properties of topological insulators in thermoelectricity
was suggested [8-10].

BisTes crystallizes in a layered rhombohedral
structure with five-layer packets perpendicular to the
third-order symmetry axis. A characteristic feature of
Bi2Tes single crystals is a pronounced anisotropy of
properties. To explain the strong anisotropy, a Fermi
six-ellipsoid surface model for the valence and
conduction bands with the centers of ellipsoids on the
symmetry planes was proposed, and to date, this model
best describes experimental data. Some authors suggest
the presence of two subbands both in the conduction
band and in the valence band [1-3, 11-14].

In a number of works, the temperature dependences
of transport coefficients of Biz2Tes [1-4] were studied. It
was established that at the temperatures close to room
temperature, scattering by acoustic phonons prevails
even in heavily doped samples with charge carrier
concentrations up to ~10-19 cm~-3. In some works, the
contribution of scattering by optical phonons as well as
the existence of a weak dependence of the effective mass
m” on temperature m”* ~ T'x is assumed. The values of the
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exponents v in the temperature dependences of charge
carrier mobility sm for n- and p-Bi2Tes crystals were in
the range v=1.5-2.0 [1-3]. Intrinsic conductivity starts to
manifest near room temperature. In most works, only p-
and n-BisTes single crystals were studied, and there is
far less information in the literature on the properties of
polycrystals, although, it is polycrystals that are mainly
used for TE applications.

It is known [1-3] that BisTes has a narrow homo-
geneity region in the Bi-Te system and, depending on the
character of the deviation from stoichiometry, can exhibit
either p- or n-type conductivity. Under deviation from
stoichiometry, structural defects are formed in the crystal
lattice. It is usually considered that the main type of
defects in the case of deviation from stoichiometry both
towards an excess of Te and towards an excess of Bi are
antisite defects Tep; and Bire, respectively. The stoichio-
metric Bi2Tes (60.0 at. % Te) exhibits p-type conductivity
due to the shift of the maximum in the liquidus and
solidus curves to the Bi-rich side and the presence of
antisite Bire defects. One of the methods of controlling the
conductivity type and properties of Bi2Tes is changing the
stoichiometry of this compound.

Despite the large number of works dealing with the
kinetic properties of both stoichiometric BizTes and BizTes
with impurities [1-4], there are significantly fewer studies
on the effect of deviation from stoichiometry on the TE
phenomena in this material. In the available works, only
single crystals were studied, besides the authors did not
measure the dependences of the TE properties on the
stoichiometry at different temperatures.

The authors of [15] conducted a detailed study of the
room-temperature dependences of microhardness and TE
properties on Te concentration in the Bi-Te system near
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the stoichiometric composition Bi2Tes (60 at. % Te). In
[15], polycrystalline samples subjected to long-term homo-
genizing annealing at 670 K and slowly cooled after
annealing to room temperature were investigated. It was
found that after such heat treatment, the concentration
dependences of the Seebeck coefficient S, the Hall
coefficient Rpm, electrical conductivity o, and um were
clearly non-monotonic. In particular, under the deviation
from the stoichiometric composition both to the Bi-rich
side and to the Te-rich side, S, Ry, and um decrease; near
~61 at. % Te the inversion of the conductivity type
p — n occurs and the minimum values of o and um are
observed; in the vicinity of 63 at. % Te extrema are
observed and starting from ~ 65 at. % Te, S, Ry and ug
practically do not change with the composition. It was
shown that the composition of crystals with different
stoichiometry and type of conductivity is fairly well
reproduced in films obtained by thermal evaporation in
vacuum of these crystals [16-18].

Since BisTes belongs to the low-temperature TE
materials, it is necessary to know how deviation from
stoichiometry affects properties not only at room
temperature but also at lower temperatures. Besides, it
is important to obtain such information for
polycrystals.

The main purpose of this work was to measure the
temperature dependences of TE properties in the range
77-300 K for Biz2Tes polycrystals with different stoichio-
metry and based on those dependences to plot the iso-
therms of the properties.

As a result of the study, it was shown that the
behavior of the isotherms of TE properties in the
studied temperature range practically corresponds to
the behavior of the room-temperature isotherms
obtained in [15]. It also follows from the results that
the character of the temperature dependences of S, Ry,
o, and ug is similar to that observed for single crystals.

2. EXPERIMENTAL

The objects of the study were bismuth telluride poly-
crystals with different degrees of deviation from stoichi-
ometry within the range of compositions (59.6-67.5 at. %
Te). The samples were synthesized by the fusing of high
purity (99.999 at. % of the main component) Bi and Te
in evacuated quartz ampoules at 1020+£10 K, subsequent
annealing at 670+ 5K for 300 hours and cooling to
room temperature in the turned off furnace. Using poly-
crystals with 60.0 and 62.8 at. % Te as initial materials,
we prepared films with thicknesses d = 620 and 325 nm
respectively by thermal evaporation in vacuum onto
glass substrates. For each sample, transport coefficients
were measured in the temperature range 77-300 K. Ru
and o were determined using a conventional dc method
and a magnetic field of 0.8 T. The samples were placed in
liquid nitrogen and the temperature dependences were
measured during the subsequent heating of the samples
to room temperature at an average rate of 1 degree per
minute. The measurements were carried out on parallele-
piped-shaped samples with dimensions of 10X2X3 mm3,
cut from the obtained ingots. Six ohmic contacts were
soldered with indium to the sample surface. The error in
the Ry and omeasurements did not exceed £+ 5 %. S was
measured by compensation probe method relative to Cu
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electrodes with an accuracy of + 3 %. The temperature
gradient AT in the measurements of S was 2 K. Based on
the obtained values of Ry and o, the Hall charge carrier
mobility was calculated as um= oRu. The TE power
factor P was determined using the equation P= .52 c:

3. RESULTS AND DISCUSSION

The results of measurements of S and Ru showed that
in the entire temperature range studied in this work, the
samples with Te concentrations less than ~ 60.8 at. % Te
exhibit p-type conductivity, and samples with higher Te
concentration exhibit n-type conductivity, which 1is
consistent with the available literature data [1-3, 7-16].
Concentrations of both electrons (1) and holes (p) were
estimated using Ru values at n(p) ~ 10'® cm 3, indicating
a strong degeneracy of electron and hole gases. Due to the
high dielectric constant of BisTes, degeneracy is observed
already at charge carrier concentrations ~ 1017 cm3 [3].

3.1 Polycrystals with p-type Conductivity

In Fig. 1, the temperature dependences of o, Ru, and
uH for the samples with different Te content (59.6, 60.0
and 60.5 at. % Te) exhibiting p-type conductivity are
presented. It is seen that for all samples, o and un
decrease with increasing temperature, which confirms
degeneracy of the hole gas.

It is also seen in Fig. 1 that with increasing tempe-
rature, the values of Ru for all compositions increase
~ 1.5-2 times in the range of 77-300 K, not remaining
constant despite strong degeneracy.

As noted above, the stoichiometric Bi2Tes due to the
shift of the maxima in the solidus and liquidus curves in
the Bi-Te system relative to the stoichiometric compo-
sition to the Bi-rich side, contains Bite antisite defects,
and that is why exhibits p-type conductivity. Using a
one-band model approximation and taking into account a
strong degeneracy of the hole gas, which assumes that Ru
does not depend on temperature, it is difficult to explain
the increase in Rp with temperature. The observed
tendency for RH to increase with increasing temperature
(Fig. 1) may indicate a decrease in the concentration of
p-type charge carriers, i.e. a decrease in the number of
electrically active p-type defects with temperature.

Under deviation from stoichiometry in the direction
of excess Bi (59.6 at. % Te), the concentration of Bire
antisite p-type defects should increase (if the indicated
composition is within the BizTes homogeneity region
and Bire antisite defects remain the prevailing type of
defects) or at least remain constant (outside the homo-
geneity region). In both cases the degree of degeneracy
should not decrease, and the increase in Rmp with
temperature also requires explanation.

One can suggest that at low temperatures, apart from
Bire antisite defects, other p-type defects are formed and
their concentration decreases with increasing tempe-
rature. The presence of a step in the Ru(7) curve for the
sample containing 59.6 at. % Te in the temperature
range of 150-200 K (Fig. 1a) indicates the possibility of
the existence of two types of such defects.

Some authors observed an increase in Ry with inc-
reasing temperature in the range 77-300 K for p-BisTes
single crystals and attributed it to the existence of an
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additional subband in the valence band with high
effective mass and low charge carrier mobility [3]. With
increasing temperature and changing location of the
Fermi level in the valence band, the relative
contribution of “light” and “heavy” holes to the kinetic
coefficients changes, thus leading to an increase in Ry
with temperature.

It is also suggested that the increase in Ry with
temperature in p-Bi2Tes may be associated with the
change in the degree of the degeneracy of hole gas or
the change in the mechanism of charge carrier
scattering with changing temperature [3].

One should also take into account possible effect of
kinetic factors. When the compositions of alloys are
close to the inversion point, the defect structure and
properties of a system become very sensitive to changes
in composition, temperature, heat treatment and other
factors. The probability of the realization of various
non-equilibrium states and, accordingly, formation of
non-equilibrium defects increases. Taking this into
consideration, one can suggest that due to sufficiently
rapid cooling of the samples immersed in liquid
nitrogen, they become over-saturated with defects,
whose  concentration exceeds the equilibrium
concentration. Under heating of such non-equilibrium
system, due to an increase in the diffusion rate, which
leads to the movement and partial annihilation of
defects, complex processes can take place. These
processes are caused by the relaxation of the system
towards an equilibrium state. As a result, the behavior
of the Ru(T) dependences becomes more complex.
Obviously, the higher the diffusion rate, the lower the
probability of non-equilibrium state occurrence.

In Fig. 2a, the Ru(T) dependences for a p-Biz2Tes
polycrystal with the stoichiometric composition and a
620 nm thick film prepared from this polycrystal are
presented. One can see that the increase in Ry with
temperature is observed for the crystal only, which can
indicate that since the diffusion rate in thin films is
higher, the probability of the occurrence of non-
equilibrium states decreases. Another reason could be
that in contrast to a polycrystal, a film has a certain
orientation [18]. However, as an increase in Ry with
temperature 1s observed in single crystals too
[3, 14, 15], apparently, orientation does not account for
the increase in Ru under increasing temperature.

One should also take into account that grain
boundaries in polycrystals are defects that can make a
substantial contribution in kinetic coefficients, and
their contribution can depend on temperature, because
under increasing temperature, the mechanism of
charge carrier scattering can change, for example, from
predominant scattering by impurities (defects) to
predominant scattering by phonons. However, as an
increase in Ru with increasing temperature was
observed by a number of authors in single crystals as
well, the presence of grain boundaries and other defects
cannot be a determinant factor.

If the assumption about a two-band model of
valence band is true, it remains unclear why an
increase in Rp is not observed in thin films under
increasing temperature (see Fig. 2a).

Under deviation from stoichiometry in the direction
of excess Te, along with Bire antisite defects that are
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present in the stoichiometric BisTes, Tepi antisite
defects may appear. As a result, there are at least two
types of defects (Bire and Tes: antisite defects) in the
crystal, and, accordingly, two types of charge carriers
(electrons and holes) with different effective masses and
mobilities. With increasing Te concentration, the
contribution of n-type Tes defects increases as
compared to that of p-type Bire defects, the
compensation of the charge of holes by emerging
electrons takes place, Ru decreases and at a certain
composition close to 60.8 at. % Te, the inversion of the
conductivity sign occurs. If there are several types of
charge carriers, it is impossible to calculate charge
carrier concentration using the equation for a single
type of carriers, and low values of Ru do not necessarily
indicate a high concentration of charge carriers.

Plotting the uu(7T) dependences in double logarithmic
coordinates, we determined exponents v in the tempe-
rature dependences of charge carrier mobility un~ T
(Fig. 3). It is seen that the value of v observed for the
stoichiometric composition of BizTes (v=—1.5) is in good
agreement with the results of a number of studies on the
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Fig. 1 — Temperature dependences of electrical conductivity o,
the Hall coefficient Ru, and Hall charge carrier mobility pu for
polycrystalline p-BisTes samples with 59.6 (a), 60.0 (b) and
60.5 (c) at. % Te
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(d=325nm) (b) grown from polycrystals with 60.0 (a) and
62.8 at. % Te (b): 1 — bulk crystal; 2 — film
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Fig. 3 — The dependence of the exponent v in the temperature
dependence of the Hall charge carrier mobility uz ~ 7" on the
Te concentration in the Bi-Te system near Bi:Tes stoichiometric
composition
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conductivity and with different Te concentrations (62.8,
65.0, 67.5 at. %) are presented. As seen, like in the case
of the samples exhibiting p-type conductivity, o and un
decrease with increasing temperature, which is indicative
of the degeneracy of the electron gas. One can observe
that up to 7'~ 200 K Ru does not depend on temperature,
which is characteristic of degenerate semiconductors, and
then decreases, indicating that the region of intrinsic
conductivity is approached. Since the compositions of the
samples are rather far from the inversion point
(~60.8 at. % Te), one type of charge carriers (electrons)
prevails. By constructing the /m(7) dependences in double
logarithmic coordinates, the exponents v in the tempe-
rature dependences of m for the alloys exhibiting n-type

conductivity were estimated (Fig. 3).
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It is also seen in Fig. 3 that deviation from the =
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attributed to an increase in the contribution of a b

impurity scattering when defects are introduced in the
stoichiometric BizTes.

In Fig. 4, the temperature dependences of the Seebeck
coefficient and thermoelectric power factor P = S2 o for p-
type samples are shown. It can be seen that S increases
with temperature up to ~ 250 K, and then practically
does not change. Such character of the S(7) dependence
is consistent with the results of other authors obtained
for single crystals and explained by the appearance of
intrinsic conductivity [1-4]. From the P(T) dependences
it is seen that P increases up to ~ 250 K and then
decreases (Fig. 4). The maximum values of both S and P
are attained at ~ 250 K.

3.2 Polycrystals with n-type Conductivity

In Fig. 5, the temperature dependences of o, RH,
and uu for the alloys of the Bi-Te system with n-type

Fig. 5 — Temperature dependences of electrical conductivity o (a),
the Hall coefficient Ry (b), and Hall charge carrier mobility pu
for polycrystalline n-BisTes samples with 62.8 (a) and 65.0 (b)
at. % Te

It can be seen from Fig. 3 that 1) in the studied
range of compositions (59.6-67.5 at. % Te), the maximum
absolute values of v correspond to the compositions ~ 60.0
(v=-1.5) and ~62.8at.% Te (v=-2.3); 2)absolute
values of v in the n-region exceed those in the p-region.
That is why it can be assumed that the mechanism of
charge carrier scattering in alloys exhibiting electronic
conductivity is influenced by some additional factors
(besides scattering by acoustic phonons), for example, a
concentration dependence of effective mass.

In Fig. 6, the temperature dependences of S and P are
presented. It can be seen that like in the case of p-type
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samples, S and P increase with increasing temperature
up to ~ 250 K, after which S stops changing and P starts
to decrease.

On the basis of the temperature dependences of the
kinetic coefficients, the isotherms were drawn. Fig. 7
shows the isotherms of Ru, tm, S, and P=82c at 77
and 250 K. The insets in the figures show isotherms
obtained in [15] at 300 K. It can be seen that the
behavior of these isotherms is similar, first, to the
behavior of the dependences of Ru, 1, S, and P on the
Te content at room temperature [15], and, second, to
the behavior of the dependence of the exponent von the
Te concentration (Fig. 3).

In the region corresponding to the electron
conductivity, in the vicinity of 63 at. % Te, extrema in
the property-composition dependences are observed.
The authors of [15] explain the unusual behavior of the
isotherms, and first of all, the increase in gy up to
~ 63 at. % Te, by 1) the formation of an intermediate
ordered phase with its own stoichiometry and homo-
geneity region near the composition 62.8 at.% Te; 2) a
complex process corresponding to the beginning of the
separation of a second phase and the possibility of the
formation of intermediate non-equilibrium states.
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Fig. 6 — Temperature dependences of the Seebeck coefficient S
and thermoelectric power factor P=S?'c for polycrystalline
n-BizTes samples with 62.8 (a) and 65.0 (b) The isotherms of
thermoelectric properties
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thermoelectric power factor P= S?-0(d) on Te concentration in the Bi-Te system near the stoichiometric composition at different
temperatures: 1 — 80 K, 2 — 250 K. The insets show corresponding dependences at room temperature [17]

4. CONCLUSIONS

1. Charge carrier concentrations (~ 10! cm-3) and
the behavior of the temperature dependences (77-300 K)
of charge carrier mobility xy and electrical conductivity
o obtained for Bi2Tes polycrystals with different Te
concentrations (59.6-67.5 at. % Te) indicate the
degeneracy of the electron and hole gases.

2. As follows from the results of measurements of
the Hall coefficient and the Seebeck coefficient, in the
concentration range 60.5-60.8 at. % Te, an inversion of
the conductivity type from p (at Te concentrations less
than ~ 60.5-60.8 at. %) to n occurs, which is consistent
with what was observed by other authors for the Bi2Tes
single crystals [1-4].

3. Although the hole gas in the p-type samples
studied in this work is degenerate, the Hall coefficient
increases with increasing temperature. The possible
reasons of the observed effect include: 1) the presence of
the second subband in the wvalence band, whose
contribution to the kinetic coefficients increases with
increasing temperature, 2) the change in the degree of
degeneracy of the hole gas with changing temperature,

3) the change in the mechanism of charge carrier
scattering, 4) the effect of kinetic factors, to which the
system 1is especially sensitive in the region of
concentrations close to the point of conductivity sign
inversion when the system is in an unstable state.

4. An anomalous increase in the Hall coefficient
with temperature is not observed for the polycrystalline
samples exhibiting electron conductivity.

5. In the isotherms of S, Ru, ug, and the exponent in
the dependence um~ TV plotted on the basis of the
temperature dependences (77-300 K) of the transport
coefficients, extrema are observed at 60.0 and near
63.0 at. % Te. The behavior of the isotherms is similar to
that of the room-temperature isotherms obtained in [15].

6. The maximum values of thermoelectric power
factor P=S2 o are observed at ~ 250 K and correspond to
the Te concentrations 60.0 at.% Te (p-type polycrystals)
and ~ 63.0 at. % Te (n-type polycrystals).

7. The obtained experimental results make it possible
to control the Te properties of the Bi2Tes polycrystals in
the temperature range 77-300 K by varying the degree of
deviation from stoichiometry.
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Bruue BigxuiieHHsd Big crexiomeTpii Ha TePMOEIEKTPUYHI BJIACTHBOCTI HOJIIKPHUCTAIIB 1
ToHKuX IIiBOK Bi:Tes B Temneparypuomy inrepsasi 77-300 K

0O.1. Porauosa, K.B. Hosax, I"M. Jlopormrerxo, O.M. Hamerina, O.B. Bynnix

Hauionanvruti mexniunuti ynisepcumem XIII, eyn. Kupnuuosa, 2, 61002 Xapkie, Yipaina

Hamnisuposinaukosa cuonyka BisTes ta TBepai po3umnau Ha Ii OCHOBI Ha 1€l 9ac BIIHOCATHCS [0 YHCIA
HaWKpamux HU3bKOTEMIIePATYPHUX TePMOEJIeKTpUIHUX MarepianiB. OJMHUM 13 METO/IB KepyBaHHS THIIOM
nposinHocTi Ta BiactusoctsaMu BioTes € amina crexiomerpii. Paninie mu ofepsraiiu 3asesxHOCTI MEXaHIYHUX
Ta TEPMOEJIEKTPUYHUX BiiacTUBOCcTeM mosikpucrainiB BisTes Bim crymeHs Binxwmily Bif crexiomerpii Ipu
KiIMHATHI# TeMmmepatypi. Mera 1iel po0OTH — MOCTIIMKEHHS XapakTepy IMX 3aJIeKHOCTEeM IIpH IHIITUX
TeMmepaTypax. Byso omepixaro MOJIKPUCTATIN TeJIyPUAY BICMYTy 13 ckJIagamMu B iHTepBauti 59,6-67,5 at. %
Te, 1 mna Bcix kpucTadiB OyJio MpoBemeHO BHUMIpIOBaHHA Koedimienra 3eebexa, KoedimienTa XoJuia,
€JIEKTPOIPOBIMHOCTI Ta PYXJIMBOCTI HOCIIB 3apsamy y TemmeparypHomy iHTepBasi 77-300 K. Ha ocmosi
TeMIIepaTypHUX 3aJIeKHOCTEeH 0yJI0 00y J0BAHO 130TepMH KiIHEeTUIHUX KoedillieHTiB. Byso BcTaHOBIIEHO, 1110
momibHO i3oTepMaM IIPU KIMHATHIN TeMIleparypi i30TepMu IIpu OLIBII HU3BKHUX TeMIIepaTypax MaioTh
HEeMOHOTOHHUI XapakTep: Misk 60,5 1 61,0 Mae micile iHBepcia THIY MIPOBiAHOCTI, a mobsudy 60.0 1 63 at. %
Te cmocrepiraoThest ekcrpemymu. Jasa iHTepriperariis eKCIepUMEHTAIBHUX JAHUX 3 YPAXYBAHHAM 3MiH Y
30HHI# Ta medexrrHii cTpykTypi Bi2Tes mpu 3mini crexiomerpii. OmepskaHni pe3yabTaTi 1al0Th MOKJIMBICTD
KepyBaTH TEPMOEJIEKTPUYHUMU BJIACTUBOCTAME mojikpucrainis BioTes y temmeparypHomy intepBaimi 77-

300 K, aMiH0I0YH CTYIIHb BiIXUJIEHHA Bij cTeXioMeTpii.

Kinrouori cnoma: Bi:Tes, Crexiomerpiss, Koedimienr 3eebera, Koedimienr Xosura, Pyxausicts HoCIIB

sapany, TemmepaTypHi 3aJI€KHOCTI.
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