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Bulk p and n-type bismuth tellurides were prepared using spark plasma texturization method. The
texture development along the uniaxial load in the 001 direction is confirmed from both x-ray
diffraction analysis and electron backscattering diffraction measurements. Interestingly, those
textured samples outperform the samples prepared by conventional spark plasma sintering (SPS)
leading to a reduced thermal conductivity in the ab-plane. The textured samples of n-type
BiTe, 7Se(; and p-type Big sSb; sTe; showed a 42% and 33% enhancement in figure of merit at
room temperature, respectively, as compared to their SPS counterparts, opening the route for
applications. © 2073 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807771]

The need for renewable and clean sources of energy has
been a point of recent concern leading to search for environ-
ment friendly materials with low emission of green house
gases in order to reduce global warming and to address the
continuously increasing energy demands. Thermoelectric
(TE) materials are potential candidates for power generation
and waste heat recovery in a silent and pollution free manner
from heat emitting sources such as automobile exhausts apart
from their use in cooling and refrigeration."> The perform-
ance of TE materials is usually measured by the dimension-
less figure of merit ZT defined as, ZT = S?¢T/x where S is
the Seebeck coefficient, ¢ is the electrical conductivity, T is
the absolute temperature, and « is the thermal conductivity.'
Therefore, materials possessing high electrical conductivity,
high Seebeck coefficient, and low thermal conductivity
should exhibit relatively high ZT.

Bismuth telluride based thermoelectric materials are till
date the best known materials having room temperature ZT
values close to 1. It is well known that bismuth telluride can
be suitably doped with either antimony or selenium to
change its thermoelectric properties leading to p and n-type
behaviors, respectively. Conventionally bismuth telluride is
synthesized by zone melting leading to high figure of merit
but having poor mechanical properties. A variety of process-
ing routes have been utilized in order to enhance the figure
of merit by obtaining a suitable microstructure in polycrys-
talline bismuth tellurides such as melt spinning,® hot extru-
sion,* and microwave sintering.” Considerable progress has
been done in enhancing the figure of merit of these com-
pounds by nanostructuringf’_8 and by introducing nano-inclu-
sion.” Spark plasma sintering (SPS) method has been
effectively used in recent times for densification of various
types of materials. The short sintering times, applicability
for wide range of materials from oxides to alloys, industrial
scalability has driven the use of this technique in recent
times.'”!'" SPS can significantly change the obtained
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microstructure of the sintered compact leading to changes in
the thermoelectric performance.'? For bismuth telluride
based materials, the use of spark plasma sintering has been
reported by many authors with better thermoelectric
properties.'>° Preferential orientation in the direction paral-
lel to the pressure direction has been reported by Euvananont
et al. using SPS technique.]6 Such a texture development is
expected to introduce significant anisotropy leading to
changes in the electrical and thermal properties. Noudem
et al. have recently reported a change in the SPS process to
obtain textured 349 thermoelectric oxides.!” This process
can indeed be applied for inducing texture in several lamellar
thermoelectric materials such as bismuth telluride. After
repressing, nanosized powders of n-type bismuth telluride
showed 22% ZT enhancement.'® Here, we present a compar-
ative study on bulk p and n-fype bismuth telluride using SPS
and Spark plasma texturing (SPT), a two step process using
SPS and its consequences on the microstructure, texture and
thermoelectric performance.

High purity (99.99%) p-type BiysSb; sTe; and n-type
BiTe,;Sep; powders were purchased from Metaux
Ceramiqus System Engineering (France). SPS samples were
prepared at 75 MPa uniaxial pressure at 500 °C and 450 °C,
respectively, for n-type and p-type powders. For preparing
the SPT samples, in first step the p and n-type powders were
pressed in a 15 mm graphite die under a low applied pressure
of 28 MPa at 200 °C and 250 °C, respectively, for 5 min thus
yielding a compact pellet. In second step, these pellets were
kept in a 30mm graphite die and the temperature was
increased with heating rate of 50 °C/min and dwell time of
20 min under the maximum applied pressure of 75 MPa. The
final sintering temperatures in the SPT samples were 500 °C
and 450 °C, respectively, for n-type and p-type.

Thermoelectric characterization was carried out using
ZEM-3 (ULVAC-RIKO, Inc., Japan) and NETZSCH laser
flash and thermal analysis apparatus from room temperature
to 250°C. XRD analysis was carried out using Philips
X’Pert Pro diffractometer at room temperature. The fracture
microstructures were investigated using the high resolution
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FIG. 1. XRD patterns of the n-type (A) and p-type (B) bismuth telluride
recorded on the perpendicular surface to the pressure direction for SPS and
SPT samples.

Carl Zeiss (Supra 55, Oberkochen, Germany) scanning elec-
tron microscope (SEM). The electron backscattering diffrac-
tion (EBSD) experiments were performed on fine polished
surfaces along parallel and perpendicular direction to the
uniaxial load. Automated EBSD scans were performed with
a step size of 1/10th of grain size; the working distance was
set to 15mm and indexing material data file declared as
Bi,Te; phase.

Figures 1(a) and 1(b) show the XRD patterns collected
on surface perpendicular to the applied pressure along with
the simulated pattern for n and p-type bismuth tellurides. All
peaks could be assigned to rhombohedral structure as previ-
ously reported.'™'® A comparison of XRD patterns for SPS
and SPT samples clearly showed the enhancement in the
peak intensity for (00/) peak (marked with an asterisk sym-
bol) indicating a more lamellar texture formation in SPT
samples. Such an enhancement in the intensity of 00/ peaks
is an indication of preferential orientation of the grains in the
pressing direction. Similar enhancement in the 00/ peak in-
tensity in the perpendicular direction is reported in litera-
ture.'” The degree of orientation can be measured in terms of
the orientation factor given by

_[P—Py
F—[I_PO], (0

where P and P represent the ratio of the sum of intensities
of the (00/) reflections to the sum of intensities of all (hkl)
and (00/) reflections for oriented and non-oriented samples,
respectively.”® Ideally, F=1, for completely oriented and
F =0 for nonoriented samples. In the present case, the SPS
sintered samples were used as Py g, texture calculation in
SPT samples. In the present study, the observed values of F
were 0.17 and 0.1 for n and p-type SPT samples, respec-
tively. The higher F shown by n-type is probably due to the
higher operational temperatures used for n-type samples. It
has been previously shown that operational temperatures can
lead to different texture index for n and p-type bismuth tel-
lurides and has been associated with abnormal grain growth
at lower tempera‘tures.21
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FIG. 2. SEM images of the fracture surfaces of the SPS and SPT samples
recorded in the parallel direction to the applied pressure.

The microstructure recorded of the fractured surfaces
for both SPS and SPT is shown in Figure 2. For SPS sinter-
ing, the grains as well as the lamellar sheets were found to
be randomly oriented where as for both SPT samples a clear
grain alignment in the flow direction is seen with enhanced
lamination to release the strain created by the relatively high
applied uniaxial pressure. This clearly indicates that SPT
process leads to generation of a enhanced morphological tex-
ture in our samples and is consistent with the XRD results.
Similar approach has been recently used reorienting the
grains in the ab-planes in the case of n-trype bismuth tellu-
ride."® In order to further confirm the texture development in
these samples, EBSD orientation maps of the sample surface
parallel to P (direction of uniaxial load in SPS) illustrate
which crystalline direction of each grain aligns with the
pressing axis, using a color coded inverse pole figure defini-
tion (Figure 3). The detailed analysis reveals a significantly
large fraction of grains in SPS samples shows random shapes
whereas in case of SPT samples, a majority of grains exhibit
morphological texture with elongated shape in flow direction
(consistent with the SEM results). The uniaxial pressure dur-
ing the SPS process results in the deformation at high tem-
perature by crystallographic slip in individual grains. Slip
should occur on specific crystallographic planes along spe-
cific crystallographic directions, and the slip planes are gen-
erally planes of high atomic packing density.”> The basal
plane {0001} in bismuth telluride is an easy glide plane.
This plane happens to be also the cleavage plane in this ma-
terial.>® The texture computed from the OD for {0001} ori-
entation represented in pole figures with orientation densities
from minimum to maximum in color coded blue and red
boxes, respectively, in multiples of a random distribution
(m.r.d) unit. Both the samples prepared by SPS and SPT ex-
hibit crystallographic texture in {0001} orientation along the
sample transverse direction (direction of uniaxial load in
SPS) as the orientation densities with minima to maxima
value, see Figure 3. They exhibit annular texture where the
main peak in the pole figure is not precisely aligned with the
sample transverse direction and the texture is axisymmetric
about this peak instead of about the sample transverse direc-
tion. The texture direction T is aligned around 4°-5° for both
SPS and SPT samples with the direction of uniaxial load (P)

Downloaded 08 Oct 2013 to 192.93.101.102. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



211901-3 Bhame et al.

% SE-SPS |

ol

max=10.526

7110 }
4803
3.244
2192
1.480
1.000
0675

during SPS process. The comparison of orientation densities
and the orientation factor (F) for SPT samples clearly shows
that for n-type sample we observed higher orientation den-
sities and F values as compared to the p-type samples. The
SPT samples exhibit enhanced texture compared to SPS
sample as expected because of plastic deformation due to
repressing with high uniaxial load of 75 MPa. The formation
of preferential orientations of {0001} mainly ascribed to
significant axial strain in the hot pressing conditions of SPT
process crystallographic texture develops due to slip, grain
boundary  sliding, grain rotations, and dynamic
recrystallization.”*

The electrical resistivity of both the SPS and SPT sam-
ples remains almost unchanged but a slight deviation toward
lower resistivity for the SPT samples is observed above
150°C. The room temperature values were found to be
almost constant for SPS and SPT samples. While, it is
expected that texturization leads to a decrease in the electri-
cal resistivity, in the present case as there are however, more
grain boundaries formed in the SPT sample (as compared to
SPS sample) exhibiting higher electrical resistivity due to
grain boundary scattering which is almost identical to SPS
sample. Therefore, a balance between texturization and elec-
trical resistivity occurs leading to an identical behavior
between both SPT and SPS.

However a significant change in the Seebeck coefficient
is seen between the SPS and the SPT prepared samples. For
p-type samples, a 9% enhancement (from 147 uV/K to
160 1V/K) in the room temperature Seebeck coefficient was
obtained for SPT sample. Similarly in the case of n-type SPT
sample, the Seebeck coefficient increases from 204 uV/K to
212 uV/K, corresponding to 4% enhancements. According to
Mott equation, the Seebeck coefficient is sensitive to band
structure near the Fermi level and is not affected by grain
orientation.”* However for P type compounds, in the extrin-
sic conduction region, the Seebeck coefficient can be
expressed as

Appl. Phys. Lett. 102, 211901 (2013)
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::g:: FIG. 3. Color coded Inverse pole figure
1,000 (IPF) map showing the grains of the SPS
0793 and SPT specimens for N (SE) and P

(SB) type bismuth tellurides recorded
along the surface perpendicular to uniax-
ial pressure. The color code correspond-
ing to the crystallographic orientation is
given in the stereographic triangle. Pole
figure and calculated orientation den-
sities also shown aside.
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where Kg is Boltzmann constant, a scattering dependent fac-
tor, and / is Planck’s constant. This has been further simpli-
fied for p-type materials as

k?B[é—i—C—lnn], 3)

where C being a constant. This indicates that Seebeck coeffi-
cient can be sensitive to the carrier concentration and
enhancement can be attributed to the lowering of carrier con-
centration. We believe that the enhancement in the Seebeck
coefficient for SPT samples can also result from change in
the carrier concentration in the direction of texture develop-
ment.'® Recently it has been shown that along with carrier
concentration and band structure changes at Fermi level, the
Seebeck can be affected by the preferential orientation. The
ab initio calculations for p and n type bismuth telluride per-
formed in parallel and perpendicular direction have shown
that the absolute values of Seebeck coefficient were almost
identical for p type but a significant change was observed for
n type bismuth telluride.” Seebeck coefficient measurements
on highly textured CazCo,4O9 showed a clear anisotropic
behavior.”® Yan et al. have also observed a similar enhance-
ment in the Seebeck coefficient after repressing.'® Thus, the
enhancement in the Seebeck coefficient is attributed to the
enhanced texture as observed from XRD and EBSD analysis
for SPT samples as compared to SPS prepared samples. The
higher Seebeck values obtained for SPT samples lead to an
enhancement in the power factor as compared to SPS pre-
pared samples. In the case of p-type bismuth telluride, the
maximum power factor changed from 3.190Wm 'K 2 to
3.857Wm 'K™? at room temperature which was 20%
higher than the SPS sample. Similarly for the n-type SPT
samples the maximum power factor was obtained at room
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FIG. 4. Temperature dependence of thermal conductivity and lattice thermal
conductivity (shown in inset) for SPS and SPT samples.

temperature with a value of 3.72Wm ™' K2 as compared to
3.47Wm ™' K 2 with 7% enhancement.

The thermal conductivity measured along the ab direc-
tion is shown in Figure 4. The values presented here are ex-
perimental for SPS samples; however for the SPT samples,
due to lack of sufficiently thick samples we have obtained
the r,, values from x, measurement. Such a conversion is
possible with the results from XRD texture analysis and by
using Lotgering method for orientation factor (F) measure-
ments as reported by Shen er al.'” A corrected value of ther-
mal conductivity in the ab-plane was obtained from the plot
of K./K,, against the orientation factor. We have used the
same plot used by Shen et al. to calculate x./k,, in present
SPT samples. In the present case, for n-type and p type SPT
samples having F value 0.17 and 0.1 for n and p-type SPT,
the ratio of x./x,, was found to be 0.76 and 0.81, respec-
tively. The obtained ratio was then used to convert the ther-
mal conductivity measured in ¢ direction to thermal
conductivity in ab direction. It is well known that both the n
and the p-type bismuth tellurides have higher ZT perform-
ance in the ab-planes than along c-axis. The obtained ther-
mal conductivity values in ab-plane of SPT samples were
significantly lower than those of SPS samples. For n-type
bismuth telluride the thermal conductivity decreased from
1.62Wm 'K ' to 1.37 W m~ ' K~ ! after texturation, where
as in the case of p-type sample, it changed marginally from
120Wm "K' to 1.24Wm "K' at room temperature.
The total thermal conductivity is a sum of lattice and elec-
tronic components, kKt = K + K. and can be separated using
Wiedmann-Franz law k. =LoT where L is Lorentz number
and T is the absolute temperature. From the electrical resis-
tivity measurements, only a slight variation in resistivity for
both SPS and SPT is seen. This means that the electronic
contribution to total thermal conductivity for both SPS and
SPT samples remained almost same in both SPS and SPT
samples. Therefore, any reduction in total thermal conductiv-
ity can then be attributed to the lattice part of thermal con-
ductivity. Indeed, a significant reduction in the lattice
thermal conductivity is seen after texture development in
SPT samples as compared to the SPS samples and can be

Appl. Phys. Lett. 102, 211901 (2013)
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FIG. 5. Figure of merit ZT, for SPS and SPT samples in the case of N and P
type bismuth tellurides.

seen in the inset of Figure 4. Therefore, it is very clear that
texturization leads to an enhanced scattering at the grain
boundary thereby lowering the K. In fact, similar changes
in lattice part of thermal conductivity have been observed on
preferential grain orientation for bismuth telluride and
Ca3C040, compounds.'®2°

Significant enhancement is observed in ZT as shown in
Figure 5 for both n and p-type after texturization. In the case
of n-type, the ZT value enhanced from 0.59 for SPS sample
to 0.84 for SPT sample at room temperature showing almost
42% enhancement. A maximum enhancement of ZT to 0.92
which is around 55% is observed at 100 °C. The p-type SPT
sample showed a maximum ZT of 1.04 at room temperature
as compared to 0.78 for SPS sample showing 33% enhance-
ment. The textured samples SPT outperform the convention-
ally prepared samples by one step SPS process. The grain
alignment or preferential orientation in the direction perpen-
dicular the applied pressure leads to texture development in
the 001 direction and a greater change in the thermal conduc-
tivity consequently enhancing the figure of merit.

In conclusion, we demonstrated the synthesis of textured
bulk p-type BiysSb; sTes and n-type BiTe, ;Seq 3 using a two
steps method in the form of spark plasma texturing. A clear
texture development in the 0001 direction parallel to the
pressing direction was confirmed from EBSD analysis. As a
result of texturation, a significant enhancement in the Seebeck
coefficient and a decrease in the thermal conductivity for SPT
samples enhanced the thermoelectric figure of merit nearly
33% for p-type and 42% for n-type, respectively, at room tem-
perature, outperforming their SPS counterparts.
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