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The new material developments in the field of thermoelectrics over the past two decades have resulted in new
materials with unique transport properties as well as new synthetic approaches. Enhanced thermoelectric
properties of these new materials through thermal conductivity reduction and electrical properties enhancement
strategies such as nano-structuring and band engineering have also been reported. Nevertheless, the material
system upon which all new thermoelectric material developments are compared with continues to be alloys of
BisTes. Approaches for thermoelectric property enhancements for Bi;Te3 alloys have also been undertaken,
however, oriented polycrystalline materials continue to be of primary interest for thermoelectric device devel-
opment. To this end we investigate n and p-type BisTes alloys provided by II-VI Inc. in order to elucidate the
texturing in these materials and their transport properties with texturing. These materials are highly textured, as
required in order to maximize the thermoelectric properties, with an 80% enhancement of the thermoelectric

properties obtained with texturing.

1. Introduction

Thermoelectric devices provide solid-state thermal management and
cooling as well as power generation from waste heat. Material de-
velopments continue to drive the research in the field, primarily in
developing new materials with superior thermoelectric properties. The
effectiveness of a material for thermoelectric applications is defined by
the thermoelectric figure of merit ZT = S%6T/k, where § is the Seebeck
coefficient, o the electrical conductivity, x the thermal conductivity and
T the absolute temperature. Much of the effort over the last decade has
focused on low thermal conductivity materials or optimized electrical
properties [1-10]. Nevertheless, for thermoelectric devices bismuth
telluride alloys continue to be the “gold standard” by which to judge
other, new, material developments [11]. BiyTes forms in the rhombo-
hedral crystal structure, space group R3m, with a relatively large c/a
lattice constant ratio and a layered structure that consist of -Te!!)-Bj--
Tel?-Bi-Telll- layers with van der Waals bonds between adjacent Te
layers [11-14], as shown in Fig. 1. This structure leads to anisotropy in
the transport properties. However BiyTes-based alloys offer the most
competitive advantage in both power factor (§%¢) and ZT in the lower
temperature regime (<450 K), including applications in micro and
macro-scale waste heat recovery [15,16].

Along the a-b plane, the thermoelectric properties of Bi;Tes alloys
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are more favorable [11]. For example, for single crystal Bi;Teg the ratio
of the in-plane (the a-b plane) to the out-of-plane ¢ and « is 5 and 2,
respectively [17,18]. Large single crystals are readily grown; however,
this will result in weak mechanical strength. Oriented polycrystalline
bulk materials are therefore more desirable. Texture, or orientation of
the grains, plays a key role in determining the optimized thermoelectric
properties in polycrystalline BiyTes alloy materials. Correlating the
orientation distribution with thermoelectric transport properties is of
interest and several studies have, even recently, been undertaken on
melt-grown [19], ball-milled and densified [20-23], and extruded
[24-27] materials. In addition, thermoelectric properties optimization
with texturing of other thermoelectric materials are ongoing [28-30].
Nevertheless, investigations into materials currently in use in devices
are rare. Moreover, quantitative investigations of texturing both
perpendicular and parallel to the growth direction are not typically
undertaken. Herein we report on the effect of texturing on the transport
properties of materials from II-VI Inc., polycrystalline n-type
BiyTey 7Sep.3 and p-type BigsSby sTes, synthesized from the melt [11,
31]. The quality of crystallographic orientation was investigated
employing an approach that quantifies texture quality by X-ray
diffraction (XRD) and rocking curve (RC) analyses [32,33]. In-plane o, S,
x and ZT data are compared with that of out-of-plane in order to
correlate texturing with transport and thermoelectric properties.
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Fig. 1. The crystal structure of (a) BiyTe, 7Seo 3 with the Bi atoms represented
by green circles at the 6¢ crystallographic site, and Te/Se'! and Te/Se!? atoms
represented by yellow/black circles at the 6¢ and 3a crystallographic sites,
respectively, and (b) BigsSby sTes with the Bi/Sb atoms represented by blue/
brown circles at the 6¢ crystallographic site, and the Te!* and Te® atoms
represented by yellow circles at the 6¢ and 3a crystallographic sites,
respectively.

2. Experimental

The n-type BiyTe 7Seq 3 and p-type Big 5Sb; 5Tes were prepared from
the melt in a similar manner as reported elsewhere [11,31]. The ingots
were cut using a wire saw into parallelepipeds and the surfaces were
polished to a fine surface finish for XRD analyses. XRD data were
collected with a Bruker-AXS D8 Focus diffractometer in Bragg-Brentano
geometry with a Cu K, radiation and a graphite monochromator. As
shown in Fig. 2, XRD data from the longitudinal sections were collected
from parallelepiped sections, where the surface is parallel to the ingot
growth direction, and XRD from the transverse sections were collected
perpendicular to the ingot growth direction. XRD scans were collected
twice from each surface by rotating the specimens 180°, which we will
refer to as an in-plane rotation ¢. XRD 6-26 scans were collected using a
1 mm incident slit size and w-scans (RC) were collected using 0.6 mm
and 0.225 mm incident and collecting slit sizes, respectively. The Lot-
gering orientation factor, F, [34], was calculated from XRD 6-26 data.
Optical micrographs were obtained on polished surfaces using a Nikon
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Metallographic optical microscope. The transport properties were
measured using a modified Harmon technique [35].

3. Results and discussion

Fig. 3 shows representative optical micrographs on polished surfaces
of the grain morphology parallel and perpendicular to the ingot growth
directions for the n and p-type materials. Strong grain alignment is
observed from micrographs of surfaces perpendicular to the ingot
growth direction, as shown in Fig. 3(b) and (d), while the size of the
plate-like grains is evident along the growth direction in Fig. 3(a) and
(c). In addition to grain orientation, grain size, morphology, and tilt,
relative to the Bragg angle of interest, will influence the XRD RC data,
described below, and one reason why XRD analyses are typically un-
dertaken along {001} planes (i.e. perpendicular to the growth direction)
on such melt-grown materials.

Fig. 4(a) and (b) show XRD data of the longitudinal section of n and
p-type BisTes alloy materials, respectively. The powder XRD patterns
were indexed to the rhombohedral crystal structure type with space
group R3m [13]. As shown in Fig. 4, the intensity of the (00I) peaks were
much larger as compared to that of the powder pattern. This clearly
indicates preferred orientation of the (00l) planes perpendicular to the
ingot growth direction for both the n-type and p-type specimens. The
Lotgering value, F, for diffraction peaks between 15° and 70° were
calculated using

P—P,
1- P,

F ®

where P, = > 1(001)/ >"I,(hkl), P = >"1(00l)/ 3" I(hkl), and I and I
are the peak integrated intensities for the textured and randomly ori-
ented specimen, respectively. Other preferred orientation directions can
be analyzed by replacing (001) with the corresponding planes. An F value
of zero indicates that grains are randomly oriented, whereas an F value
of 1.0 indicates a perfect orientation of all grains. In our analyses, F is
0.98 and 0.81 for the n-type and p-type specimens, respectively, indi-
cated strong texturing of the basal planes when the normal to the (001)
basal planes are perpendicular to the ingot growth direction as illus-
trated in Fig. 2(b). It is important to note that the observed relative peak
intensity of the 6-26 XRD pattern of the longitudinal sections depend on
how the specimen was cut. This may result in relative misalignment that
may lead to an underestimation of F [36]. XRD RC (w-scan) was there-
fore employed in order to overcome any potential misalignment issues
from sample preparation.

Fig. 5(a) and (b) show the XRD RC data for (00.15) (26 = 44.8° and
44.6° for the n and p-type specimens, respectively) from a longitudinal
section of the specimens. The RC data from several different pieces
resulted in full width at half maximum (FWHM) values of 0.67° and 1.3°
for the n-type and p-type specimens, respectively, indicating strong

Fig. 2. Schematics illustrating (a) the two surfaces employed in this study, where red arrows show the longitudinal section, blue arrows show the transverse section
and z is the ingot growth direction, and (b) the (000) and the (hh0), e.g. (110), planes perpendicular and parallel to the ingot growth direction, respectively. The color

is intended as an indication of the particular surface investigated.
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Fig. 3. Optical micrographs of n-type Bi,Te, 7Seq 3 taken (a) parallel to the ingot growth direction and (b) perpendicular to the ingot growth direction, and p-type
Big5Sby sTes taken (c) parallel to the ingot growth direction and (d) perpendicular to the ingot growth direction.
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Fig. 4. XRD data for (a) n-type BiyTe, 7Seq 3 for powder (bottom) and a longitudinal section of the specimen at 0° (middle) and 180° (top) in-plane rotation of the
specimen, with F values of 0.98 and 0.91, respectively, and (b) p-type Big sSb; sTesz powder (bottom) and a longitudinal section of the specimen at 0° (middle) and
180° (top) in-plane rotation of the specimen, with F values of 0.81 and 0.60, respectively.

texturing along the (00I) basal planes for both the n-type and p-type
specimens. In fact, the FWHM values are close to that of high quality
single crystals [37]. Very strong texturing for BisTes alloys is crucial as
o, in particular, decreases rapidly with unfavorable orientation [11,17,
19,20,22,38]. For further comparison, for the case of random grain
orientation obtained by grinding a piece of the material to fine powder, a
near constant intensity level for the XRD RC is expected [32,33,39], as
shown in Fig. 6 for BiyTes 7Se( 3 as an example. We note that the shift in
the RC maximum, as shown in Fig. 5, is primarily due to deviation of the
texture axis from the specimen normal. The wing peak, [40], as shown in
Fig. 5(a) for ¢ = 0° and 180°, is due to a small angle tilt misorientation of
about 1.5°, potentially from preparation of the different sections as
described above.

Strong texture of the basal planes does not typically imply equally
significant texture for other planes. In fact, analyses similar to that
described above are typically not done for the {110} planes (planes
perpendicular to 000) due to weak preferred orientation along these
planes despite the fact that strong texturing occurs along the basal
planes [41,42]. Nevertheless, it is instructive to analyze (110) for

completeness and, as described below, we observe texturing in this
orientation for these materials as well. Fig. 7 shows the data and results
of the transverse section (see Fig. 2(a)) for the n and p-type specimens.
From the XRD data, shown in Fig. 7(a) and (b), F is 0.45 and 0.14 for the
n and p-type specimens, respectively. These data indicate the n-type
material is well oriented along (110). This type of analysis is rare, yet
important as the thermoelectric properties of polycrystalline BisTes al-
loys is very closely related to the degree of texturing. Furthermore, the F
values from our XRD data from the transverse sections of specimens
indicated orientation of other diffracting planes (e.g. (015) and (300)
with F = 0.26 and 0.10, respectively) for the p-type specimen. This
implies competing anisotropic grain orientation in the transverse di-
rection. It should be noted that for optimal comparison for these F cal-
culations, PowderCell software was used to simulate randomly oriented
XRD patterns for both n and p-type compositions as a small amount of
preferred orientation was observed even for powder XRD data. This is
typical for materials with layered crystal structures. Furthermore, dur-
ing the RC measurements the lattice planes of one type (i.e. the same
d-spacing) were probed via the detector set at the Bragg angle (20 =
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Fig. 5. XRD RC of (00.15) from a longitudinal section of (a) n-type BisTe, 7Seq 3 at 0° and 180° in-plane rotation of the specimen, and (b) p-type Big sSb; sTes at

0° and 180° in-plane rotation of the specimen.
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Fig. 6. XRD RC of powder Bi,Te,,Sep 3 showing near-constant intensity, as
expected for random orientation of the grains.

41.4° and 42.2° for the n and p-type specimens, respectively) while the
specimen was tilted. The intensity recorded corresponds to grains with
{110} planes perpendicular to the diffraction vector in the Bragg
Brentano geometry and those within some maximum angular deviation
that depends on certain geometrical characteristics of the diffractometer
[43]. The FWHM of a RC is therefore a measure of the quality of
orientation, as described above for the case of the basal planes. We again
note FWHM values for (110) in investigations of BisTes alloys are not
typically reported due to multiple peaks; however, the RC data reflects
the average orientational distribution of the grains [44], as shown in
Fig. 7.

The transport properties of the n and p-type materials were investi-
gated in order to clearly illustrate the influence of grain orientation on
the transport properties. Fig. 8 shows the temperature-dependent
transport properties along the a-b plane, i.e. measured in the ingot
growth direction. In comparison with ball-milled and hot-pressed ma-
terials with similar compositions, x is marginally higher however the
power factor is nearly twice as high thereby resulting in superior ZT
values [45,46]. In order to further quantify directional enhancement,

room temperature transport properties perpendicular to the a-b plane
were also measured with the results shown in Table 1. The data clearly
demonstrate the impact orientation has on the transport properties,
particularly for ¢. Unlike ¢ and «, there is no significant difference in S
with direction, as reported for Bi;Tes [47]. The impact on ¢ is partly due
to charge mobility that is high along the growth direction relative to the
perpendicular direction [48]. Thus for bismuth telluride alloys with
transport properties that vary with crystallographic direction, strong
texturing is required for optimum thermoelectric performance.

4. Conclusions

For the purpose of elucidating the degree of texturing in materials
that are currently in use in thermoelectric devices, and to investigate
their texture-transport property relationships, XRD and transport data
along the longitudinal and transverse sections of n and p-type BisTeg
alloys were investigated. The basal planes were preferentially oriented
perpendicular, and the {110} planes were preferentially oriented par-
allel, to the ingot growth direction. High orientation factor and small RC
FWHM were observed, which lead to the observed strong thermoelectric
properties. Large enhancement in ZT is obtained along the ingot direc-
tion relative to the perpendicular direction, largely due to the anisotropy
in 0. Enhanced thermoelectric properties for polycrystalline bismuth
telluride alloys, as well as other anisotropic thermoelectric materials,
will necessarily require strong grain texturing regardless of doping or
other enhancement strategies.
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Fig. 7. (a) Powder XRD data (bottom) of n-type Bi,Te, 7Seq 3 in comparison to data from a transverse section of the specimens at 0° (middle) and 180° (top) in-plane
rotation of the specimen, with F values of 0.45 and 0.38, respectively, (b) powder XRD data (bottom) for p-type Big sSb; sTes in comparison to data from a transverse
section of the specimen at 0° (middle) and 180° (top) in-plane rotation of the specimen, with F values of 0.14 and 0.05, respectively, (c¢) XRD RC of (110) from a
transverse section of n-type BisTe, 7Seq 3 at 0° and 180° in-plane rotation of the specimen, and (d) XRD RC of (110) from a transverse section of p-type Big 5Sb; sTeg at
0° and 180° in-plane rotation of the specimen.
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Fig. 8. Temperature dependent (a) p, (b) modulus of S, (c) x and (d) ZT of n-type BiyTe, 7Seg 3 (circles) and p-type Big sSb; sTes (squares) as measured parallel to the
a-b plane.
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Table 1

The ratio of room temperature transport properties of n-type Bi;Te, 7Seg 3 and
p-type BigsSb; sTe; measured along and perpendicular to the ingot growth
directions. The symbol || (parallel) and L (perpendicular) refer to the ingot
growth direction.

n-type p-type
o)/ oL 2.1 2.6
S/ 8. 1.0 1.0
K|/ KL 1.3 1.4
ZTy/ 1.6 1.8

ZT, v
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