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a b s t r a c t

In this study, Bridgman technique was used to grow Bi2(Te0.95Se0.05)3 thermoelectric materials. Pulling
rates were varied at 0, 2, 4 and 8 mm/h. Anisotropic thermoelectric properties were investigated by
measuring Seebeck coefficients, resistivities and power factors and microstructures by Orientation
Imaging Microscopy (OIM) and X-ray diffraction, in the directions perpendicular and parallel to the
pulling direction. An enhanced power factor of 2.01 mW/mK2 in the direction parallel to the pulling
direction was obtained for the pulling rate of 2 mm/h. The OIM result showed that infinitely long grains,
with grain boundaries and crystal a-axis parallel to the pulling direction were responsible for the
enhanced power factor. Competing effects of orientations of unit cells and grain boundaries were
observed in all other samples.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

N-type Bi2(Te1�xSex)3 solid solutions have been extensively
investigated and coupled with p-type (Bi1�ySby)2Te3 in near room-
temperature thermoelectric modules [1,2]. Whereas high figures
of merit (ZTs) have been reported for nanostructured p-type
(Bi1�ySby)2Te3 [3,4], matching n-type Bi2(Te1�xSex)3 materials
having high ZTs for high efficiency thermoelectric modules are
still being sought for. The Bi2(Te1�xSex)3 materials show good solid
solubility at all compositions with uniaxial anisotropy in both
electrical and thermal properties which are originated from the
crystal structure [5,6]. The Bi2(Te1�xSex)3 crystals are hexagonal
having space group R3 m with alternate –Te(Se)(1)-Bi-Te(2)-Bi-Te
(Se)(1)-Te(Se)(1)- stacking sequence along the c-axis. The bonding
of Te(Se)(1)-Te(Se)(1) is a weak van der Waal's force resulting in
cleavage planes being perpendicular to the c-axis.

In Bi2(Te1�xSex)3 single crystals, both thermal and electrical
conductivities in the direction parallel to the a-axis have been
reported to be larger than that in the direction parallel to the c-axis.
Although, the Seebeck coefficient showed only a slight difference in
anisotropy, the overall figures of merit are strongly anisotropic [6].
Hu et al. [7] recently demonstrated that thermoelectric properties

of n-type bismuth telluride based alloys could be improved
by microstructural modification through deformation-induced
defects and texture enhancement. It was found that the n-type
Bi2(Te1�xSex)3 materials tended to be more (00 l) textured com-
pared to the p-type (Bi1�ySby)2Te3.

In this study, Bridgman technique was used to grow Bi2(Te0.95
Se0.05)3 thermoelectric materials. Pulling rates were varied at 0, 2,
4 and 8 mm/h. Orientation Imaging Microscopy (OIM) was used to
investigate microstructure and crystal structure of the n-type
Bi2(Te0.95Se0.05)3 thermoelectric materials.

2. Material and methods

Elemental powder mixtures of Bi (100 mesh, 99%), Te
(200 mesh, 99.8%), Se (100 mesh, 99.5%) in compositional ratios
of Bi2(Te0.95Se0.05)3, were put into 75 ml stainless steel vials
containing 5 mm and 10 mm stainless steel balls under an argon
atmosphere. All chemicals were obtained from Sigma-Aldrich and
used without further purification. The ratio of balls to material was
5:1 by weight. Mechanical alloying was applied using a planetary
ball-milling machine, Fritsch model Pulverisette 7, operating at
500 rpm for 10 h. After milling the mechanically alloyed powders
were put into a home-made Bridgman crystal grower. Ingots of
Bi2(Te0.95Se0.05)3 (150 mm in height, 20 mm in diameter, and
66.12 g in weight) were pulled at 0, 2, 4 and 8 mm/h., respectively.
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The crucible was made of graphite. The temperature was lowered
gradually from 650 1C to 350 1C and a temperature gradient of
about 25 1C/cmwas obtained. The samples were then cooled down
to room temperature at the rate of about 44 1C/h.

The ingots were cut into 4�4�10 mm3 samples having the tall
side parallel and perpendicular to the pulling direction, respec-
tively. The crystal structure was investigated using XRD (Rigaku,
TTRAX III) operated using CuKα radiation at 50 kV, 300 mA with a
scanning speed of 51/min at 2θ steps of 0.021. Then, the samples
were polished using 800 um SiC paper down to 1 mm diamond
spray. The samples were then polished with a vibratory polisher
using a 0.05 mm colloidal silica suspension. An optical Microscope
(Carl Zeiss Model Axiolab A) was used to observe microstructure
of the sample. A scanning electron microscope (SEM, Hitachi
S- 3400 N) operated at an accelerating voltage of 20 kV was used

together with OIM software TSL OIM Data collection 5.3. At each
point, the Electron Backscatter Diffraction (EBSD) pattern is
captured and automatically indexed to obtain the orientations of
the grains and unit cells.

3. Results and discussion

The vertical Bridgman crystal growth system is one of the best
techniques for the growth of semiconductor crystals. This technique
provides steady temperature fields, controllable temperature gradi-
ents and purification [8]. The method yields large, pure crystals
by controlling the heat and mass transfer boundary conditions.
However, the melt/solid interface formed by Bridgman is a para-
boloid with the center lower than the edges. It was shown that the

Fig. 1. Optical micrographs of Bridgman grown Bi2(Te0.95Se0.05)3 ingots using pulling rates of (a) 0, (b) 2, (c) 4 and (d) 8 mm/h., respectively.

Fig. 2. (a) Seebeck coefficients (S), (b) resistivities (ρ) and (c) power factors (¼S2/ρ) of the Bridgman grown Bi2(Te0.95Se0.05)3 ingots. 1–4 were pulled at 0, 2, 4 and 8 mm/h.,
respectively, and measured parallel to the pulling directions. 5–8 were pulled at 0, 2, 4 and 8 mm/h., respectively, and measured perpendicular to the pulling directions.
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melt/solid interface is concave at the center and the solute concen-
tration at the interface is not uniform. Increasing growth speed was
found to result in more concave paraboloids. Figs. 1(a)–(d) show
side-view optical micrographs of the Bi2(Te0.95Se0.05)3 ingots grown
using pulling rates of 0, 2, 4 and 8 mm/h., respectively.

The microstructures agree with the Bridgman growth geometry
and physical domains in the melt [8]. Figs. 2(a)–(c), respectively,
show Seebeck coefficients (S), resistivities (ρ) and power factors
(¼S2/ρ) of the Bridgman grown Bi2(Te0.95Se0.05)3 ingots using
pulling rates of 0, 2, 4 and 8 mm/h., measured in perpendicular
and parallel directions to the pulling direction. An enhanced
power factor of 2.01 mW/mK2 measured in the direction parallel
to the pulling direction was obtained for the Bi2(Te0.95Se0.05)3
crystal pulled at 2 mm/h.

Fig. 3 shows XRD patterns taken from the crystal pulled at
2 mm/h in the direction parallel and perpendicular to the pulling
direction. The lattice constants determined from the XRD peaks
are a¼4.41 Å and c¼30.52 Å. The XRD results suggested (0 1 20)
be the preferred orientation in the parallel direction to the pulling
direction and (1 1 0) in the perpendicular direction to the pulling
direction. The (0 1 20) is 2.8 degrees from (0 0 l). This indicated
that the Bi2(Te0.95Se0.05)3 unit cells aligned approximately perpen-
dicular to the pulling direction. Fig. 4(a) and (b) show, respectively,
SEM images and corresponding OIM images of the crystals pulled
at 0, 2 and 8 mm/h in the direction parallel to the pulling direction.
The results confirmed that the c-axes of the unit cells of the
Bi2(Te0.95Se0.05)3 crystal orient approximately perpendicular to the
grain boundaries. For the pulling rate of 2 mm/h, the grain
boundaries are approximately parallel to the pulling direction,
hence the c-axes of the unit cells of the Bi2(Te0.95Se0.05)3 crystal
orient approximately perpendicular to the pulling direction.

In the sample with a controlled microstructure, that is, prepared
using 2 mm/h. pulling rate, a higher Seebeck coefficient and a lower
resistivity were obtained in the direction parallel to the pulling
direction than in the direction perpendicular to the pulling direction.
Single crystal solid solution Bi2(TexSe1�x)3 is well-known for its
anisotropic nature. Due to such anisotropy, commercial Bi2Te3-based
ingots are generally fabricated by traditional unidirectional crystal-
growth methods such as Bridgman, Czochralski and zone-melting
techniques [7,9–11]. The solidified ingots have preferred crystalline
orientation and show good thermoelectric performance along the
plane perpendicular to the c-axis [6,7,9] and depending on the
preparation technique [6,9].

N-type Bi2(Te0.95Se0.05)3 thermoelectric materials with preferred
orientation have also been fabricated through the spark plasma
sintering (SPS) technique. The c-axis of the elongated elliptical
grains in the sintered samples were preferentially
orientated parallel to the pressing direction [9], that is, the grain
boundaries were found to be perpendicular to the pressing direc-
tion. The anisotropy was investigated by measuring the electrical
conductivities in the two directions perpendicular and parallel to
the pressing direction. Maximum conductivities in a temperature
range of 300–500 K were found to be around 2.0�105 and
1.0�105 S/m, measured in the direction perpendicular and parallel
to the pressing direction, respectively. Their results indicated that a
better conductivity was obtained in the direction parallel to the
grain boundaries and perpendicular to the c-axis.

In agreement with previous work by Hu et al. [7] and Jiang et al.
[9], the Bridgman n-type Bi2(Te0.95Se0.05)3 ingot pulled at 2 mm/h.
was found to consist of columnar infinitely long vertical grains
having grain boundaries parallel to the pulling direction. OIM
result (Fig. 4(b)) showed that crystal growth occurred parallel to
the a-axis of the hexagonal unit cells along the low-index planes to
minimize the surface energy when growing. Since the thermo-
electric properties along the a-axis is superior to those along the
c-axis, Bridgman technique with an appropriate pulling rate
can result in grain boundaries being parallel to the a-axis of the
crystal. The grain boundaries will, hence, have a minimum effect
on electrical property along the a-axis direction, resulting in a
maximized Seebeck coefficient, a minimized resistivity and a
maximized power factor. Competing effects of unit cells and grain
boundaries were observed in all other samples.

4. Conclusion

N-type Bi2(Te0.95Se0.05)3 thermoelectric materials were grown
using Bridgman technique. By varying pulling rates at 0, 2, 4 and
8 mm/h., an enhanced power factor of 2.01 mW/mK2 measured in
the direction parallel to the pulling direction was obtained for the
Bi2(Te0.95Se0.05)3 crystal pulled at 2 mm/h. The enhanced power
factor was resulted from columnar infinitely long vertical grains
having no grain boundaries perpendicular to the pulling direction.
Moreover, the OIM result indicated that the a-axis of the
Bi2(Te0.95Se0.05)3 crystal orient parallel to the pulling direction,
resulting in the enhanced power factor.

Fig. 3. X-ray diffraction (XRD) pattern of Bridgman grown Bi2(Te0.95Se0.05)3 using pulling rate of 2 mm/h in parallel and perpendicular direction to the pulling direction.
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