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The pressure �P� dependencies of both the thermopower �Seebeck effect� S and the electrical
resistance �R� for p-type single crystals of Bi2Te3 and indium-doped bismuth telluride
�InxBi2−xTe3 ,0.04�x�0.10� are reported on a pressure range of 0–8.5 GPa. The thermoelectric
power factor �efficiency� �æ=S2 /R� exhibits two maxima: the first one near �1 GPa and the second
near �2.5–4.5 GPa. These features evidence a giant increase in the power factor by a factor of
�10. Possible values of the dimensionless figure of merit under pressure are also estimated. The
maxima are explained in terms of pressure-driven changes in an electron structure. The second
feature may be also addressed to an intermediate high-pressure phase detected in x-ray diffraction
studies. © 2008 American Institute of Physics. �DOI: 10.1063/1.2973201�

I. INTRODUCTION

The principal task in the field of thermoelectric �TE�
materials is the search for ways for the improvement of their
TE parameters, namely, the power factor ��=S2 /r� and the
dimensionless figure of merit �ZT=TS2 / �����, where S is the
thermopower, � is the electrical resistivity, � is the thermal
conductivity, and T is the temperature.1,2 Bismuth telluride
�Bi2Te3� is one of the oldest among the basic materials for
high-performance TE elements.1 An exclusiveness of Bi2Te3

consists in the fact that the maximum of its figure of merit is
achieved around room temperature.2 Along with traditional
n-type Bi2Te3-based TE compounds, p-type Bi2Te3 and re-
lated structures are also promising for TE technologies, and
in some cases exhibit higher TE parameters than those of the
former.3–6 Nowadays, the TE parameters of Bi2Te3 are opti-
mized by “technological factors” such as �i� doping and ion
substitution �CsBi4Te6,5 �Bi,Sb�2�Te,Se,S�3�,6–8 �ii� varia-
tion in mesostructure �nanostructures, superlattices, quantum
dots, and wires�,3,9–15 and �iii� variation in synthesis
conditions.15–18 A permanent search for alternative room-
temperature TE materials is under way.19 Effects of pressure
and magnetic field on the TE properties of Bi2Te3 were in-
vestigated in only a few works.20,21

At ambient conditions Bi2Te3 adopts a rhombohedral lat-

tice of the R3̄m space group.22 The cell parameters of Bi2Te3

in terms of hexagonal axes are as follows: aH=4.383 Å and
cH=30.487 Å.22 Pressure application was established to lead
to the transitions first to an intermediate phase and then to a
metal one, respectively, near �6.7 and �8.3 GPa at room
temperature.23 The intermediate phase was also detected by
jumps in temperature dependencies of the electrical
resistivity.23 It was found that the intermediate phase has the

same space group �R3̄m� but is characterized by a differing
ratio from aH to cH �at elevated temperature: aH=4.417 Å
and cH=29.84 Å�.23 Meanwhile, the structure of the metal
phase remains obscure. At low temperatures all the three
phases are superconducting and show different behaviors of
the critical temperature Tc�P�.24 A later study on pressure
effect on the thermopower and the electrical resistivity of
heavily doped samples �carrier concentrations: n, p
�1019 cm−3� found only the transition to the metal above
�6.5 GPa for room temperature and suggested a weak in-
fluence of pressure on the power factor.21

In the present work we find stable anomalies in pressure
dependencies of the thermopower of p-type InxBi2−xTe3 �0
�x�0.10� �Fig. 1� resulting in the improvement in the TE
power factor �efficiency� by a factor of �10–40 �Fig. 2�. In
x-ray diffraction studies we find evidence for the intermedi-
ate high-pressure phase with a “distorted” rhombohedral lat-
tice �Figs. 3 and 4�.22

II. EXPERIMENT

Two different anvil cells were employed for pressure
generation: one of Bridgman-type made of synthetic dia-
monds with a working diameter of d�0.6 mm and another
one of toroidal shape made of tungsten-carbide hard alloy
with a working diameter of the central semispherically con-
cave anvils of d�1 mm.25,26 In both cells a sample �of sizes
of �200�200�30 and �200�200�250 �m3 in the
Bridgman and the toroidal cells, respectively� was put in a
hole in a gasket made of the lithographic stone.25,26 The pres-
sure values were determined with an uncertainty of �10%
from a calibration “stress-pressure” curve based on the
known and well-detectable pressure-induced transitions in
Bi, PbS, PbSe, CdSe, and in other compounds.27 Applied
force was measured by a digital dynamometer with resistive-a�Electronic mail: highpressgroup@mail.ru.
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strain sensors.28 The anvils were characterized by a high
electrical conductivity, and therefore, were used as electrical
outputs to a sample.26 In the thermopower measurements an
upper anvil was heated.26 A temperature difference along a
sample’s thickness ��T� was determined from a temperature
difference between the upper and the lower anvils; the latter
was directly measured by means of the thermocouples. A
calculation of a temperature distribution inside the anvils
found that a potential divergence between the above tem-
perature differences is within 20%.27,28 The pressure-
independent uncertainty in �T gave the dominant contribu-
tion to the total error in determination of a value of the
thermopower. To reduce this uncertainty in �T to �10%,
several calibrated substances with the known ambient ther-

mopower values were measured, and after a comparison the
corresponding correction factors were extracted. Possible
small contribution to the thermopower from the anvils them-
selves was checked by measurement of lead �S�
−1.27 �V /K�.

The thermopower was measured in three regimes: at
fixed temperature difference under gradual variation in pres-
sure, at fixed pressure under variation in the temperature dif-
ference, and under variations both in P and in �T.25,26 All the

FIG. 1. �Color online� The pressure �P� dependencies of the TE power �S�
of single crystals of p-Bi2Te3 �a� and p-In0.04Bi1.96Te3 �b�. The numbers
mark the samples cut from the same ingot but measured in the different
high-pressure cells with hard-alloy �1, 3� and diamond �2, 4� anvils. In the
insets the corresponding pressure dependencies of the electrical resistance
�R� are given in �b�: 3�: a decompression cycle for 3. Pressure treatment
leads to an irreversible p-n inversion, and for the second pressure cycle a
sample behaves like n-type material and exhibits a weak improvement in the
power factor.

FIG. 2. �Color online� The pressure �P� dependencies of a relative change in
the TE power factors �æ� at T=295 K of p-Bi2Te3 and p-In0.04Bi1.96Te3. The
numbers correspond to Fig. 1. The dashed line k is a calculated dependence
by the data from Ref. 21.

FIG. 3. �Color online� The x-ray diffraction patterns for p-In0.10Bi1.90Te3 at
T=295 K at selected pressures �given near the curves in gigapascal�. At 5.5
GPa the reflexes from the metal high-pressure phase �marked by the arrows�
appear. The reflexes originating from the rhombohedral structure persist at
least up to 6.45 GPa. In the inset, the pressure �P� dependencies of the
lattice parameters �a: right scale; c: left one� of the rhombohedral lattice are
shown. A proposed border between the ambient rhombohedral lattice and the
distorted one �the intermediate phase� is marked out by the dashed line. The
error bars basically lie within the symbols.
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three methods gave the same results. The electrical resistance
�R� was measured by a two-probe method with an uncer-
tainty of �5%. The results gathered in both cells on thin and
bulk samples were almost identical.

Structural properties under pressure were investigated in
x-ray diffraction studies. The experiments were carried out
on a station of the fourth channel of the VEPP-3 accelerator
at the Budker Institute of Nuclear Physics of the Siberian
Division of the Russian Academy of Sciences �Novosibirsk,
Russia� in 0.3675 Å monochromatic synchrotron radiation.
A MAR-3450 image plate detector was used to detect dif-
fracted radiation. A diameter of the synchrotron beam was of
�5 �m. The experiments were performed at room tempera-
ture in a conventional diamond anvil cell with a methanol-
ethanol pressure transmitting medium.29 A sample was
placed in a hole of �0.2 mm diameter in a stainless-steel
compressible gasket. The pressure values were determined
by a change in the silver lattice parameter with an accuracy
of �0.1 GPa. The diffraction data were analyzed by means
of the FULLPROF program for the profile analysis �Rietveld
method�,30 and the unit cell parameters were refined using
also the XLAT program.31

The single crystals of p-type InxBi2−xTe3 were grown by
the Bridgman method and were characterized by the Hall
concentrations for x=0 and 0.04, respectively, where p=3
�1018 and 3�1017 cm−3 �at 4.2 K�. At ambient conditions

the values of the resistivity and the thermal conductivity for
x=0�0.04� were found to be as follows: �
=1.6�2.8� m� cm and �=1.5�1.45� W /mK.32,33

III. RESULTS

The pressure dependencies of the thermopower S�P� of
p-Bi2Te3 and p-InxBi2−xTe3 exhibit a nonmonotonic behavior
�Fig. 1�. Previously, in a pressure dependence of the ther-
mopower of Bi2Te3 measured at liquid helium temperature,
the strong oscillations were also registered.34 These features
were addressed to electronic topological transitions.34 The
increase in the thermopower with pressure to �1 GPa and
its drop above �5 GPa are similar to those in previous
studies.21,6 However, the abrupt drop in a value of the ther-
mopower near �1.5–2 GPa and the following wide maxi-
mum of that �Fig. 1� were not observed before.21,6 The
curves of the electrical resistance against pressure �see the
insets of Fig. 1� agree well with previous hydrostatic data
reporting a decrease in the resistivity by approximately one
order of magnitude to �6 GPa.21,6 One can observe that
some of the pressure dependencies of the electrical resistance
also exhibit the weak anomalies near �2–4 GPa �Fig. 1�.
The In substitution �InxBi2−xTe3 samples� shifts the drop in
the S�P� curves to the lower pressure values and enhances
the second maximum in the thermopower �Fig. 1�b��. Notice
that a pressure treatment leads to an irreversible p-n inver-
sion of the type of conductivity �Fig. 1�b� and Ref. 21�.

The dependencies of a variation in the power factor un-
der pressure æ�P� were calculated by the data on the ther-
mopower and the electrical resistance �Fig. 1�. The æ�P�
curves of all the crystals measured exhibit two regions of
enhancement �Fig. 2�. The first maximum of the power factor
near �1 GPa was already registered in both Bi2Te3 and re-
lated solid solutions �Bi0.5Sb1.5Te3 and BaBiTe3�.21,6

Whereas, the second maximum showing a more significant
improvement in the power factor in a wider pressure range
�Fig. 2� is a finding of the present work. Notice that our
pressure effects on the power factor exceed those reported
previously.21 The maximal absolute value of the power factor
that we achieve under pressure equals æ=6.61
�10−3 W / �K2 m� �Table I�, which is a new record for
Bi2Te3.16

In the preliminary x-ray diffraction studies we detected
both the intermediate and the metal high-pressure phases
�Figs. 3 and 4�. For instance, in the case of InxBi2−xTe3 �x
=0.10� the structural transition to the metal lattice of a dif-

FIG. 4. �Color online� The examples of the Rietveld refinement of the x-ray
diffraction patterns of p-type In0.10Bi1.90Te3 at T=295 K �from Fig. 3�. The
lower pattern obtained at 0.7 GPa corresponds to the initial phase, and the
upper one obtained at 4.65 GPa corresponds to the distorted phase. The
points connected by the dashed lines are the experimental data. The solid
lines are the calculated profiles for the rhombohedral structure �space group

R3̄m�. The dashes below each curve show the reflectance position for the

R3̄m space group �upper sets� and for Ag �lower sets�. The lowermost curves
in each plot show the difference between the experimental and the calcu-
lated profiles.

TABLE I. The TE power factor �æ in W / �K2 m�� and the figure of merit
�ZT� under pressure �P� �Figs. 1 and 2�.

First maximum
�P�0.5–1 GPa�

Second maximum
�P�2.5–3 GPa�

No. from
Figs. 1 and 2 Sample æ�103 ZT æ�103 ZT

1 Bi2Te3 4.44 0.81 3.68 0.57
2 Bi2Te3 4.81 0.87 6.61 1.02
3 In0.04Bi1.96Te3 2.19 0.41 3.83 0.61
4 In0.04Bi1.96Te3 1.76 0.33 3.39 0.54
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ferent symmetry is seen above �5.5 GPa by the appearance
of new reflexes �Fig. 3�. This transition pressure corresponds
well to the thermopower data �Fig. 1�. However, no apparent
changes in the x-ray diffraction patterns, which could point
the existence of the intermediate phase, were found until the
metallization �Fig. 3�. Figure 4 shows the examples of a
fitting of the full profiles of the x-ray diffraction patterns
obtained at 0.7 and 4.65 GPa �Fig. 3� by the rhombohedral

R3̄m space group.22 It is seen that both the experimental
patterns are well described by this symmetry �Fig. 4�. The
lattice parameters of the rhombohedral unit cell were deter-
mined from the Rietveld refinement of the profiles �see the
inset of Fig. 3�. Meanwhile, an apparent discontinuity in the
pressure dependencies of the lattice parameters is seen
around 4 GPa �see the inset of Fig. 3�. This feature may be
addressed to the earlier proclaimed distorted rhombohedral
lattice.22,23 The changes in the lattice parameters of the dis-
torted phase, relatively the ambient one �i.e., the increase in
aH and the decrease in cH� �see the inset of Fig. 3�, qualita-
tively agree with previous data gathered at elevated
temperatures.22 The latter suggests a jump in the ratio of aH

to cH during the transition.22

IV. DISCUSSION

At the present moment there is no complete understand-
ing on how pressure changes the band structure of
�Bi,Sb�2Te3.35,36 A six-valley model has been proposed both
for the valence and the conducting bands of Bi2Te3.24,37,38

Furthermore, two additional electron and hole bands have
been detected,37 the former lies above the basic ones by
�Ec�0.30 eV and the latter below those by �Ev
�0.20 eV.37 The effective masses of electrons �m

e
*� and

holes �mp
�� were found to be, respectively, �0.11m0 and

�0.525m0 for the main bands; likewise, 1.5m0 and 2.5m0 for
these additional ones.24 When a carrier concentration is
higher than �5�1018 cm−3 the additional bands begin fill-
ing up.37 According to recent calculations,39 the highest va-
lence band lies along the Z-U direction in the Brillouin zone
and exceeds the second one in energy by �Ev=3.8 meV
�versus �Ev=40 meV of Ref. 40�. While the two lowest
conduction bands, located along the �-Z direction, differ by
�53 meV.39

The indirect forbidden gap Eg=0.17 eV of Bi2Te3 de-
creases with pressure with a kink around �3 GPa
�dEg /dP�−20 and �−60 meV /GPa, respectively, before
and after that� and reaches zero near P�4.5–5 GPa.24,37 At
liquid helium temperature a pressure-driven upward shift of
the “light” hole band relative to the “heavy” hole band has
been estimated to have a rate dEv /dP� +30 meV /GPa,33

i.e., the energy gap between the hole bands ��Ev� increases
with pressure contrary to the forbidden gap.

From the general expressions for the electrical conduc-
tivity �	�, S :	=−�	�E���f /�E�dE and S=−k / �e����E
−EF� / �kT���	�E� /	���f /�E�dE �where f is the distribution
function, EF and E are, respectively, the Fermi and the elec-
tron energies, k is Boltzmann’s constant, and e is the electron
charge�, one can derive a formula for the Seebeck coefficient
of a semiconductor with one additional hole band as follows:

S

k/�e�
= 	


i

�	pi − 	ni�
	

� �r + 2� + 

i

�	pi − 	ni�
	

Eg

2kT

+
3

4
ln

mp
�

mn
� +

�Ev

kT

	p2

	 � , �1�

where 	=
�	ni+	pi� is the total conductivity and r is the
scattering parameter of carriers. The index i corresponds to
the electron and the hole bands and the index “2” to the
additional hole band. Since pressure application leads to nar-
rowing of the forbidden gap, and therefore, to the increase in
the carrier concentration, it eventually brings to the intrinsic
conductivity.

The first maximum in the thermopower registered near
�1 GPa �Fig. 1� could arise from a competition between the
contributions of the basic hole and the electron bands under
narrowing in the forbidden gap on the one hand, and a con-
tribution of the additional hole band which is rising owing to
the widening of �Ev �Eq. �1��. Then, the contribution of the
second hole band �	p2 /	� decreases, which leads to a dimin-
ishing in the thermopower �Fig. 1�. For samples with low
hole concentration �p�3�1018 cm−3�, the increase in the
electron contribution to conductivity can even result in a sign
inversion of the thermopower �Fig. 1�b��. The second wide
maximum of the thermopower found near �2.5–4.5 GPa
�Figs. 1 and 2� could originate from the distorted rhombohe-
dral phase �Figs. 3 and 4�.22 The improvement in the TE
properties at the distorted phase �Figs. 1 and 2� correlates
with a previously revealed enhancement of the superconduc-
tivity �Tc� in this phase.24 The variation in the dEg /dP coef-
ficient found near 3 GPa �Refs. 24 and 37� hints at a change
in the band extrema, which may be responsible for this
growth in the thermopower �Fig. 1�.

It seems interesting to estimate a possible pressure effect
on the dimensionless figure of merit of the Bi2Te3 samples.
The main obstacle in the estimation is the absence of data on
pressure behavior of the thermal conductivity. Notice that
only a few laboratories all over the world have facilities for
such kind of measurements. As a consequence, in situ deter-
mination of a value of the figure of merit under high pressure
was not hitherto reported. Even at ambient pressure, a direct
measurement of the thermal conductivity in thin films seems
to be hard and it is often substituted by different
calculations.3 For example, the electronic part of the thermal
conductivity ��e� is calculated by the Weidemann–Franz law
as follows: �e=L0T	, where L0 is the Lorenz number.3,4

However, from the comparison of experimental data on pres-
sure behavior of the thermal conductivity and of the electri-
cal resistivity, those are available, for instance, for a kindred
TE material adopting the same crystal structure Sb2Te3,41,42

it follows that the L0 number greatly diminishes with pres-
sure. It was also found that the lattice part of the thermal
conductivity of Sb2Te3 is a very weak function of pressure at
least up to 1.6 GPa.41 Therefore, in the case of Bi2Te3 one
cannot surely calculate a pressure-induced variation in �e,
under the assumption of the pressure-independent Lorenz
number.

For Sb2Te3 it was reported that the total thermal conduc-
tivity grows with pressure by 13% to 1.6 GPa,41 and the

053713-4 Ovsyannikov et al. J. Appl. Phys. 104, 053713 �2008�

Downloaded 14 Sep 2008 to 193.52.24.125. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



electrical resistivity decreases by approximately two orders
of magnitude to �5–6 GPa.42 Then, the values of the figure
of merit, which are achieved in the Bi2Te3 samples under
pressure, may be roughly estimated if we use the data on a
pressure effect on the thermal conductivity for Sb2Te3.41

Since the major influence of pressure on the thermal conduc-
tivity is related to the electronic part,41 and in the case of
Sb2Te3 the pressure-induced decrease in the resistivity is
more significant than the one in Bi2Te3 �two orders42 versus
one order21�, the above approach does not lead to an overes-
timation. Thus, in an estimation of the figure of merit of
InxBi2−xTe3 we assumed a pressure-induced growth in the
thermal conductivity by a factor of 1.1 and 1.3, respectively,
for the first and the second maxima of the power factor �Fig.
2�. The first factor �1.1� corresponded to the case of
Sb2Te3,41 while the second one �1.3� was obtained by an
extrapolation to higher pressures. Pressure dependencies of a
temperature difference along a sample �T ��T=qh /�, where
q is a density of a thermal flow and h is a sample’s
thickness�27,28 qualitatively evidence that a possible growth
in the thermal conductivity to �5 GPa is less than twofold.
Then, the maximally accessible value of the figure of merit
for our samples ZT=1.02 �Table I�. This value is close to
those in the “state-of-the-art” bulk �Bi,Sb�2Te3

thermoelectrics.1–3

V. CONCLUSION

In summary, pressure application was established to lead
to a significant improvement in the TE efficiency of p-Bi2Te3

by a factor of �10–40. This effect excels that reported
previously.21 The maximal power factor found in Bi2Te3, æ
=6.61�10−3 W / �K2 m�, exceeds a previous record by
�20%.16 As the maxima in the curves of TE power factor lie
at low pressure values, a HP-HT synthesis of Bi2Te3 can
result in a colossal improvement in both the power factor and
the figure of merit.
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