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b-As2Te3 belongs to the family of Bi2Te3-based alloys, a well-known class of
efficient thermoelectric materials around room temperature. As2Te3 exists in
two allotropic configurations: a- and b-As2Te3, of which only the latter crys-
tallizes in the same rhombohedral structure as Bi2Te3. Herein, we report on
substitution of Bi for As in the As2�xBixTe3 system with x = 0.0, 0.015, 0.025,
and 0.035. These samples have been characterized by x-ray diffraction and
scanning electron microscopy. The transport properties have been measured
at low temperatures (5 K to 300 K) in both directions, parallel and perpen-
dicular to the pressing direction. The results are compared with those ob-
tained in previous study on samples substituted by Sn. Compared with Sn, Bi
allows for a clear decrease in electrical resistivity while maintaining the
thermal conductivity below 1 W/(m K) over the whole temperature range. As a
result, a comparable peak ZT value near 0.2 was obtained at room tempera-
ture.
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INTRODUCTION

In the current context of environmental concerns,
energy harvesting has become a central focus in
materials science research. Among all the technolo-
gies under scrutiny and development, thermoelec-
tricity might play a role due to its numerous
advantages such as absence of gaseous emission,
vibration-free character, and versatility. However,
for decades, the performance and efficiency of
thermoelectric (TE) materials have been limited,
confining them to niche applications and markets.
Near room temperature, Peltier coolers are used as

solid-state heat pumps for electronic device cooling,
for example.1

The thermoelectric performance of TE materials
is quantitatively described by the dimensionless
figure of merit ZT defined as ZT = a2ÆT/qÆk, where a
is the Seebeck coefficient or thermopower, T is the
absolute temperature, q is the electrical resistivity,
and k is the total thermal conductivity. Achieving
high ZT over a broad temperature range still
represents one of the most challenging aspects of
thermoelectricity.2,3 Ternary or quaternary com-
pounds based on A2

VB3
VI (A = Bi or Sb; B = Te or Se)

compounds remain the most efficient thermoelectric
materials to date, for applications close to room
temperature. When properly optimized, both p-type
and n-type compounds show ZT values close to
unity near 300 K.
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b-As2Te3 is one of the two allotropic forms of
As2Te3 (together with a-As2Te3, monoclinic, space
group C2/m) and, like Bi2Te3, belongs to the family
of compounds crystallizing in the rhombohedral
space group R3m. b-As2Te3 has been reported to be
a high-pressure phase, with a transition from a- to
b-As2Te3 near 7 GPa.4 Further studies revealed
that quenching could be an efficient method to
produce these phases at ambient pressure,5,6

although they have not been extensively studied
from the thermoelectric point of view so far.
Recently, we demonstrated that b-As2Te3 could be
stabilized under ambient conditions by crystalliza-
tion of glassy Cu-As-Te.7 Further investigations led
us to its direct synthesis, and we showed that the
carrier concentration could be tuned by alloying

with Sn, leading to enhanced thermoelectric perfor-
mance (ZT � 0.6 at 423 K).8

Herein, we report on the effect of substitution of Bi
for As on the thermoelectric properties of b-As2Te3 at
low temperatures (5 K to 300 K). We evidence that
Bi is another element that might lead to interesting
thermoelectric properties in p-type b-As2�xBixTe3

(up to x = 0.035) above room temperature.

EXPERIMENTAL PROCEDURES

All b-As2�xBixTe3 (x = 0.0, 0.015, 0.025, 0.035)
samples were prepared by direct reaction of stoi-
chiometric amounts of pure elements As (Goodfel-
low, 99.99%, shot), Te (5 N PLUS, 99.999%, shot),
and Bi (Strem Chemicals, 99.9999%, shot) sealed

Fig. 1. (a) Powder x-ray diffraction pattern of b-As1.975Bi0.025Te3. The observed data are marked as open red circles. The calculated profile is
represented by a solid black line, while the difference between experimental and numerical patterns is shown by the solid blue line (RF = 4.024,
v2 = 8.04). The positions of the Bragg reflections are indicated by green bars. The peak ascribed to AsTe impurity is marked by an open black
square. (b) Evolution of the hexagonal lattice parameters a and c (blue circles and red squares, respectively) as a function of Bi content. For
information, the cell volume (orange diamonds) and c/a ratio (green triangles) are also presented. (c) Perspective view of the hexagonal crystal
structure of b-As2Te3 (As atoms represented by small red balls, Te atoms by large blue balls) (Color figure online).
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under secondary vacuum in quartz tubes. The tubes
were heated slowly up to 923 K at a rate of
10 K min�1, dwelled at this temperature for 2 h,
and finally quenched in icy water. The resulting
ingots were hand-ground into micron-sized powders
and cold-pressed into 10-mm-diameter cylindrical
pellets under pressure of 750 MPa. Remarkably, all
the obtained ingots showed experimental density
higher than 95% of the theoretical value, a situation
reminiscent of that observed in (Bi,Sb)2(Se,Te)3

compounds.1 Noteworthily, for this phase, sintering
techniques such as hot-pressing or spark plasma
sintering could not be used as the temperatures
required trigger the phase transition of b- to a-
As2Te3 that sets in around 423 K.

The crystal structure was determined by powder
x-ray diffraction (PXRD) at 300 K with a Bruker D8
Advance instrument using monochromated Cu Ka1

radiation. The chemical homogeneity of the samples
was checked by scanning electron microscopy (SEM)
and energy-dispersive x-ray spectroscopy (EDXS)
using a Quanta FEG (FEI).

The thermoelectric properties were measured
simultaneously between 5 K and 300 K on paral-
lelepiped-shaped samples cut with a diamond wire-
saw (typical dimensions 2 mm 9 3 mm 9 7 mm)
using the thermal transport option (TTO) of a
physical property measurement system (PPMS,
Quantum Design). Fine Cu wires were brazed to

the samples to ensure good electrical and thermal
contacts, in a four collinear contacts setup. Owing to
the anisotropic crystal structure of the studied
compounds, the transport properties were measured
on samples cut both parallel and perpendicular to
the pressing direction. The Hall coefficient RH was
measured at 300 K on the perpendicular-cut sam-
ples (same as used for the TTO) with the AC
transport option of the PPMS. The magnetic field
was swept between �0.5 T and +0.5 T. The hole
concentration p and Hall mobility lH were esti-
mated from p ¼ 1=eRH and lH ¼ RH=q.

RESULTS AND DISCUSSION

Figure 1 presents the PXRD patterns (Fig. 1a)
obtained for the illustrative x = 0.025 sample (all
diffraction patterns being very similar) together
with the evolution of the lattice parameter with x
(Fig. 1b) and a sketch of the crystal structure of this
compound (Fig. 1c). All reflections could be indexed
to the R3m space group with an additional peak
ascribed to nonquantifiable AsTe impurities (Fm3m,
a = 5.778 Å) present for all compositions. Due to the
anisotropy of the crystal structure, all samples
showed preferred orientation, resulting in slight
renormalization of the relative intensities of the
Bragg peaks. Rietveld refinements against the
PXRD patterns led to good fits, allowing precise

Fig. 2. Scanning electron microscopy (SEM) elemental contrast image of the b-As1.965Bi0.035Te3 sample in backscattered electron (BSE) mode,
together with the corresponding element mapping for As, Bi, and Te. The distribution of the elements is overall homogeneous.
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determination of the hexagonal lattice parameters
of b-As2�xBixTe3 (Fig. 1b). The values inferred for
the binary compound are in agreement with liter-
ature data (a = 4.0473 Å, c = 29.5018 Å). The unit
cell volume expanded monotonically with increasing
Bi content up to x = 0.035 as a result of a simulta-
neous increase along the a and c axes. However, the
expansion was not linear, hinting at a saturation
threshold at higher x. These data are consistent
with effective insertion of Bi into the crystal struc-
ture of b-As2Te3.

Scanning electron microscopy (SEM) and x-ray
mapping further revealed an overall homogeneous
distribution of the different elements in the samples
regardless of the composition, as displayed for the
x = 0.035 specimen in Fig. 2.

The temperature dependences of q and a measured
parallel and perpendicular to the pressing direction
are displayed in Fig. 3a and b, respectively. The
values of q exhibit noticeable anisotropy with a

twofold increase in q in the parallel with respect to
the perpendicular direction. Except for the binary
compound, which displays a slightly lower electrical
resistivity than the other compounds, no clear trend
with the Bi content can be observed. This conclusion
also holds true for the anisotropy, which hardly
evolves with increasing x. However, a clear change
in the temperature dependence behavior can be
observed around 175 K for each sample. This change
reflects a structural transformation of b-As2Te3

into an analogous monoclinic structure b¢-As2Te3.9

The values of a are positive, indicating transport
dominated by holes, with an almost linear increase
for each sample along the whole temperature range.
At 300 K, substitution of Bi for As leads to a
slight increase in a from 103 lV K�1 for x = 0.0 to
117 lV K�1 for x = 0.025 and 0.035. The change in
the slope observed at 175 K is consistent with
that observed in the q data and is thus ascribed to
the b fi b¢ structural transition. Anisotropy is
observed between the two measuring directions,
fading out for x = 0.035. Compared with the effects
of As/Sn substitution, where a strong increase in
both the electrical resistivity and thermopower was
observed up to Sn content of 0.035, these two
properties hardly evolve upon isoelectronic substitu-
tion of Bi for As at 300 K.

Table I presents the Hall carrier concentration (p)
and Hall mobility (lH) measured at 300 K for x = 0,
0.015, 0.025, and 0.035. Only a very subtle evolution
can be observed between the three Bi-substituted
samples, while the value of p for the nonsubstituted
compound lies at slightly higher values, below
1020 cm�3. Mobility values at 300 K firstly increase
from the initial value of 49 cm2 V�1 s�1 for the
binary compound to the very high value of �81
cm2 V�1 s�1 for x = 0.015. For higher x, the elec-
tronic mobility constantly decreases down to 58
cm2 V�1 s�1 for x = 0.035.

Figure 4a shows the temperature dependence of
the total thermal conductivity k. The anisotropic
behavior is similar to that displayed by the electri-
cal resistivity data, albeit opposite, with thermal
conductivity in the parallel direction considerably
lower than in the perpendicular direction. Com-
pared with the As2�xSnxTe3 compounds, the
decrease in the k values due to Bi substitution is
less marked. Given the monotonic increase in the
electrical resistivity upon Sn substitution,8 in con-
trast to the moderate evolution observed here, the

Fig. 3. Temperature dependence of electrical resistivity q (a) and
thermopower a (b) of polycrystalline b-As2�xBixTe3 samples. Mea-
surements performed parallel and perpendicular to the pressing
direction are represented by filled and open symbols, respectively.
The composition color code is identical in both panels.

Table I. Hall carrier concentration (p) and mobility
(lH) in the b-As22xBixTe3 system at 300 K, deduced
from samples measured perpendicular to the
pressing direction

x 0 0.015 0.025 0.035

p (1019 cm�3) 8.4 7.1 6.8 8.0
lH (cm2 V�1 s�1) 48.6 81.2 69.5 57.8
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electronic contribution to k is considerably lower in
the former with respect to the latter, resulting in a
stronger decrease in k on substituting Sn for As. The
values range between 0.7 W m�1 K�1 and 1 W
m�1 K�1 in the parallel direction, while the values
for the Sn-substituted compounds decreased to
around 0.5 W m�1 K�1 at 300 K.8 Figure 4b shows
the lattice thermal conductivity as a function of
temperature, calculated by subtracting the electronic
contribution ke as estimated using the Wiedemann–
Franz law (ke = TÆL/q, where L = 2.44 9 10�8

W X K�2 is the Lorenz number). The observed lattice
thermal conductivities range from 0.8 W/(m K) to
slightly above 0.4 W/(m K) at 300 K, bearing in mind
that due to the experimental setup, room-tempera-
ture thermal conductivity is always slightly overes-
timated (due to difficulties in estimating radiation
losses in a direct measurement).

A remarkable feature rarely observed in the
Bi2Te3 family of compounds is the absence of a
dielectric peak at low temperatures, mimicking the
temperature dependence of a glass.10 However, in
contrast to other materials such as tetrahedrites,11

these samples do not display all the features
required to conduct thermally ‘‘as a glass.’’ The
b fi b¢ structural transition upon cooling is also
evidenced in the thermal conductivity curves by a
sudden decrease near 175 K owing to enhanced
disorder in the b¢ compared with the b structure.

Figure 4c depicts the temperature dependence of
ZT in this series of compounds. The b fi b¢ struc-
tural transition is perceivable around 175 K for all
compositions. Owing to compensation effects
between the electrical and thermal transport prop-
erties, the ZT values appear to vary negligibly with
x within experimental uncertainty. A peak ZT value
of 0.22 at 300 K is obtained concomitantly for
x = 0.015, 0.025, and 0.035. However, the aniso-
tropy of the transport properties is not compensated
in ZT, giving rise to values higher by 25% in the
perpendicular direction with respect to the parallel
direction. Interestingly, all the Bi-substituted com-
pounds showed ZT values very similar to those
obtained in the Sn-doped compounds,8 suggesting
that similar thermoelectric performance (i.e.,
ZT> 0.6) may emerge at higher temperatures.

CONCLUSIONS

We report the low-temperature thermoelectric prop-
erties of polycrystalline samples of b-As2�xBixTe3 for

Fig. 4. Temperature dependence of total thermal conductivity k (a),
lattice thermal conductivity (b), and dimensionless figure of merit ZT
(c) of polycrystalline b-As2�xBixTe3 samples. Measurements per-
formed parallel and perpendicular to the pressing direction are rep-
resented by filled and open symbols, respectively. The composition
color code is identical in both panels. It is likely that the thermal
conductivity above 200 K is overestimated due to radiation issues,
hence leading to a slight underestimation of ZT.
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x = 0.0, 0.015, 0.025, and 0.035. Similar ZT values of
0.22 were obtained at 300 K for all the Bi-substituted
samples. Remarkably, these values are similar to those
revealed by Sn-doped compounds, suggesting that high
ZT values could be achieved above 400 K. Concomi-
tantly, As substitution in the Bi2Te3 system remains
scarcely studied to date and should be evaluated in
relation to the present results on Bi-substituted b-
As2Te3 phases. As for the Bi2Te3 system, the influence
of several substitutions and the thermoelectric perfor-
mance of other solid solutions based on b-As2Te3

remain to be investigated for full assessment of its
potential as a thermoelectric material for use in room-
or mid-range temperature applications.
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