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The new rising binary InTe displays advantageously high electronic
conductivity and low thermal conductivity along the [110] direction,
providing a high potential of texture modulation for thermoelectric
performance improvement. In this work, coarse crystalline InTe material
with a high degree of texture along the [110] direction was realized by
the oriented crystal hot-deformation method. The coarse grains with
high texture not only maintain the preferred orientation of the zone-
melting crystal as far as possible, but also greatly depress the grain
boundary scattering, thus leading to the highest room temperature
power factor of 8.7 pW cm™ K~ and a high average figure of merit of
0.71 in the range of 300-623 K. Furthermore, the polycrystalline
characteristic with refined grains also promotes the mechanical proper-
ties. As a result, an 8-couple thermoelectric generator module consisting
of p-type InTe and commercial n-type Bi,Te,;Seq 3 legs was successfully
integrated and a high conversion efficiency of ~5.0% under the tem-
perature difference of 290 K was achieved, which is comparable to
traditional Bi;Tez based modules. This work not only demonstrates the
potential of InTe as a power generator near room temperature, but also
provides one more typical example of a texture modulation strategy
beyond the traditional Bi,Te; thermoelectrics.

1. Introduction

Thermoelectric (TE) materials working in the low-mid temperature
range can directly covert waste heat into electricity conversion and
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New concepts

High thermoelectric (TE) performance of a material depends on high
electrical conductivity (¢) and low thermal conductivity (k). The new
rising brittle InTe crystal possesses advantageous anisotropic transport
of higher ¢ and lower « along the [110] direction, being an ideal candidate
to maximize the TE performance by improving the texture degree.
However, how to improve the mechanical strength of the crystal repre-
sents a great challenge during practical manufacturing. Herein, the hot
deformation method based on orientated single crystals of InTe can
achieve the ideal texture degree of the material and improved bending
strength, simultaneously, resulting in high TE performance and the
successful fabrication of a thermoelectric module with a high conversion
efficiency. This work provides a new texture modulation strategy to
improve the feasibility of anisotropic TE materials in practical applica-
tions.

vice versa without any moving parts and noise, thus attracting
intensive attention from the scientific and industrial
community.'™ The heat-to-power conversion efficiency (i) is
strongly related to the materials’ dimensionless figure of merit
zT = §%6T/(xy, + k.), where T, o, S, k;, and x. are absolute
temperature, electrical conductivity, Seebeck coefficient, and
lattice and electron thermal conductivity.! Since S, ¢, and x. are
strongly coupled with each other through carrier concentration,
it is extremely difficult to improve the electronic performance
and final zT value, although band engineering of degeneracy,>®
curvature,” and valley anisotropy have been intensely adopted.®
On the other hand, the independent modulation of x;, can be
utilized to increase the thermoelectric performance, thus pro-
moting a rapid development of materials with intrinsically low
k1, governed by “phonon liquid electron crystal” (PLEC) and
strong anharmonic chemical bonds, such as Cu,Se,” SnSe,"°
Mg;Sb,,"" AgSbTe,,'* InTe,"*'* etc.

The electrical and thermal transports of materials are largely
determined by their chemical bonds, thus the intrinsic (quasi-)
two dimensional (2D) and one dimensional (1D) crystals always
possess anisotropic transport along different directions. It is
effective to increase the zT value by modulating the texture

This journal is © The Royal Society of Chemistry 2023
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orientation with high ¢/x value, as exemplified by the famous TE
materials of Bi,Te; and SnSe.>'® However, the high ¢ and high x
of the majority of these TE materials occur in the same direc-
tion, resulting in a relatively small degree of improvement in
their TE performance through texture improvement. In contrast,
the new binary material, InTe, has emerged as a rising star in the
TE field due to its advantageous anisotropic transport along the
[110] direction, where ¢ is higher and monotonically decreases, but
x is lower."®"” This property of InTe single crystals makes them an
ideal candidate to maximize the TE performance by improving the
texture degree.

InTe features a TlSe-type structure with one directional (1D)
covalent chains of [In*'Te*",,]” along the ¢ direction. These
chains are weakly bridged by In* cations with 5s> lone pair
electrons (Fig. 1a),'® resulting in large anharmonic vibrations of
In" and strong anharmonic phono-phonon interactions. As a
consequence, InTe exhibits extremely low x;, along the [110]
direction.®® The unique transports and the low x; have been
utilized to achieve high TE performance by doping Pb, Sb, Ga,
Cd or Cu, and the deviations of In or Te from the stoichiometric
ratio, as well as single crystal growth, promoting the peak zT up
to 1.2 @648 K (summarized in Table S1, ESIT).">'*?°?¢ How-
ever, the single crystal of InTe with the largest orientation is
extremely brittle and easily cleaved along the (110) plane, which
limits its application in thermoelectric generators.

In comparison, polycrystalline InTe samples show relatively
high mechanical strengths and are free from the brittleness
issues of single crystals, but they tend to exhibit weak textures.
Recent work on varying the grain sizes of polycrystalline InTe
indicates that the carrier scattering is predominated by the grain
boundary (GB) for fine grains at low temperature, as observed in
other thermoelectric materials, such as Mg;Sb,,""*” Te,*® and
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NbCoSb, etc.”® In detail, the electrical conductivity first rises and
then descends around 500 K with a carrier concentration that
remains nearly unchanged with increasing temperature.'®* This
is in contrast to the monotonic decrease in ¢ above room
temperature observed in InTe single crystal and leads to a
significant deterioration in the overall TE performance.

Therefore, the ability to leverage both advantages of single-
and poly-crystalline materials to achieve simultaneously high 2T,
and an improved mechanical strength is the most important issue
for enhancing the comprehensive performance of InTe. In this
work, we, firstly, systematically explored the impact of InTe grain
size on the electrical conductivity, and discovered that grain
boundary scattering (GBS) can be neglected when the average
grain size is larger than 150 pm. Then, we used the hot deforma-
tion method based on the orientated single crystal (Fig. 1b) to
achieve a high texture of the [110] direction, large grain size, and
improved bending strength simultaneously. As a result, a high
ZT5yg of 0.71 between 300-623 K and a high peak zT of 0.95@623 K
were achieved, demonstrating the promising application of InTe as
a thermoelectric generator (TEG) material below 700 K based on
the single crystal orientation and deformation.

2. Results and discussion

2.1. Characterization

To enhance the electrical conductivity of InTe at room tem-
perature by reducing the grain boundary scattering, samples
with different grain sizes were prepared and shown in Fig. 2
and Fig. S1 (ESIf). The grains are close to their initial sizes,
increasing from ~20 pm for <50-HP to ~100 um for 100-HP
samples and then to >300 um for the ZM-HP sample. EDS
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Fig. 1 (a) Diagram of the anisotropic electron and phonon transports for InTe with a covalent chain of [In**Te?~4,,]~ along the ¢ direction. (b) The PXRD
patterns of a single crystal of InTe cleaved along the (110) plane. The upper right inset shows a photograph of the single crystal. (c) The PXRD patterns and
(d) the bending strengths of <50-HP, 100-HP, Ingot-HP and ZM-HP samples.
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Fig. 2 Cross-section SEM images for (a) <50-HP, (b) 100-HP, (c) Ingot-
HP and (d) ZM-HP. The insets are the grain size distributions of <50-HP
and 100-HP, respectively.

results confirmed the uniform distribution of In and Te ele-
ments of the crystal and deformed crystal, as shown in Fig. S2
(ESIt). The PXRD peaks of these samples were also well indexed
with the InTe standard JCPDS card (PDF#81-1972), and no
second phase was observed, being consistent with the EDS
results. The slightly varied PXRD peak intensities of these
samples reveal their different texture degrees (Fig. 1c), which

~P I
can be calculated by the formula of F = - P((:’ Py = 20](00((1)121):
p= L0 here 1(hkl) and I,(kk]) are the peak integral
=S I(hkly ° P &

intensities for the measured and randomly oriented samples,
respectively.’ It is clear that the increase of grain size is beneficial
to elevating the texture degree of [110], and the ZM-HP achieves
the highest texture of (110), which is 3 times that of the sieved
coarse sample, favoring the improvement of electrical conductivity
of InTe due to its unique anisotropic transport property. Moreover,
decreasing the grain size significantly improved the mechanical
bending strength because of the refined crystalline strengthening
effect.®® Thus, the bending strength of the ZM-HP sample is
improved by ~23% based on the single crystal (Fig. 1d), which
could promote the fabrication of TEG devices.

2.2. Thermoelectric properties

We investigated the scattering mechanics based on the electrical
transport of the samples with different grain sizes. Because the
electrical conductivity trends of the <50-HP and 100-HP samples
are quite similar to those of 100-HP and 150-HP, respectively
(Fig. S3, ESIf), we analyzed the transport mechanism using
<50-HP and 100-HP as representatives of fine and coarse sieved
samples, respectively, despite their difference in carrier concen-
tration and the Seebeck coefficient. The ¢ of the samples with
different grain sizes within the range of 300-673 K is depicted in
Fig. 3a, revealing that samples with an average size larger than
150 pm display electrical transport similar to that of the InTe
crystal. In contrast, the <50-HP shows a considerably low ¢ of
~32'S em™ ' at 300 K, with a first increasing and then decreasing
trend during 300-673 K, being consistent with the reported
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20-23,26 The Hall carrier concentra-

results of polycrystalline InTe.
tions and mobilities uy are shown in Fig. 3b and c, respectively
(the higher texture degree for ZM-HP would result in an under-
estimated ny for the strongly anisotropic electrical transport
of InTe based on the Kane band model,®* but it would have no
effect on the investigation of the carrier scattering mechanism).
The uy displays a positive temperature dependent relationship
of u~T"7° for <50-HP, whereas samples with grain sizes of
100-HP, Ingot-HP, and ZM-HP show the negative relationships of
u~T °7° u~T1 % and u~T **, respectively, within the tem-
perature range of 300-550 K. Clearly, the acoustic phonon
scattering (APS) (u~ T~ " relationship) is gradually strengthened,
while the GBS is suppressed with increasing grain sizes.**?%
This ultimately results in an increase of iy from 4.2 cm*> V' s~
for the <50-HP sample to 64.2 cm®> V' s~' for the ZM-HP
sample, favoring the enhancement of the room temperature
electrical conductivity.

It is known that ionized impurity scattering (IIS), GBS, and
bipolar diffusion (BD) would cause increased ¢ with the
increase of the temperature. But compared with the monotoni-
cally decreased o for the single crystal and the strengthened trend
of APS for the InTe polycrystal with increasing grain sizes, it is
reasonable to conclude that the GBS is the dominant scattering
for the polycrystalline InTe with fine grains. Furthermore, in
order to quantitatively evaluate the influence of the grain size on
the GBS, we calculated the potential barrier (E;,) of GB based on
the trapping state model.>>**?° Briefly, the trapping state can be
considered as the result of abundant defects derived from the
dangling bonds at the grain boundaries, which can be electrically
charged after trapping the free carriers and then creates potential
energy barriers to hinder the carrier transport. Thus, the In(¢7"%)
— 1/kgT plots were performed (Fig. S4, ESIT) to calculate the grain
size dependent Ey,.>° The Ej, values of <50-HP, 50-HP, InTe 100-
HP and 150-HP were estimated to be 102.9 meV, 101.0 meV,
14.5 meV and 20.9 meV, respectively, which is consistent with the
theoretical trend based on eqn (S2) (ESIT), i.e. the larger the grain
size d, the smaller E;,. In addition, the increase of ny; gives rise to
a smaller Ey,,”*>?° and this is the reason for the slightly higher Ej,
of 150-HP than that of 100-HP.

In order to realistically describe the electron transport with
GBS, the two-phase model proposed by Kuo et al. was adopted.”
As shown in Fig. S5 (ESIt), the experimental data match well
with the calculated curves when considering both the APS and
GBS, suggesting that the GBS definitely plays a significant role
in carrier transport near room temperature, while the APS
contributes more at elevated temperatures. Furthermore, the
temperature exponent 7,*® which can clearly show the transition
of the carrier scattering mechanism when the temperature rises,
was calculated by eqn (S4) and (S5) and shown in Fig. S3f (ESIT).
For <50-HP and 50-HP, the r changes from positive to negation
when the temperature increases, indicating the change of
dominant scattering mechanism from GBS to APS. But for the
100-HP and 150-HP samples, the r is always negative, indicating
the dominant APS in the whole temperature range.

The Seebeck coefficients as a function of temperature for all
samples are presented in Fig. 3d, and their positive values

1

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Temperature dependence of the electrical properties of InTe samples with different grain sizes. (a) Electrical conductivity, (b) Seebeck coefficient,
(c) power factor, (d) Hall carrier concentration, and (e) Hall carrier mobility. (f) The Pisarenko plot of the Seebeck coefficient versus carrier concentration.

indicate p-type transport. Obviously, the S increases with the
enlargement of the grain size due to the decreased carrier concen-
tration (Fig. 3b). Therefore, together with the weakened GBS, the
power factor (PF) S°c at room temperature was greatly improved,
from 0.32 yW em™' K ! for <50-HP to 8.68 pyW cm ' K~ ' for
ZM-HP sample (Fig. 3e), which is much higher than those of
INg.00Gag o1 Te (4.94 uW cm ™' K1) and InTe-single crystal along the
[110] direction (3.24 uW em ' K ')."*"” Additionally, the repeat
test of electrical properties demonstrated the high thermal stability
of the ZM-HP sample (Fig. S6, ESIY).

For the sample with grain size larger than 100 pm, the
scattering of charge carriers is dominated by APS. Thus, the
single parabolic band (SPB) model can be used to study the o-
ny relationship for the coarse samples, which can predict the
optimal ny to maximize the electrical performance. Fig. 3f
shows that the S-ny; dependence fits well the SPB Pisarenko
curves (i.e., S vs. ny) with the density-of-states effective mass
(m*pos) of 0.88 m. during the temperature range of 300-600 K,
which is close to those of coarse grain-InggsGago;Te,"™
INg.09oPbg 001 Te,>® Ing e, Te ingot,'* and InTe-single crystal.”
Thus, the increase of the grain size not only suppresses the GBS
to elevate the electrical conductivity but also has little effect on
the m*pos. This means that the improvement of electrical
conductivity by enlarging the grain size and the texture degree

This journal is © The Royal Society of Chemistry 2023

does not affect the S in this work, which is quite beneficial to
the improvement of the electrical properties.

The thermal conductivity of the samples was analyzed using
the <50-HP and 100-HP samples as representatives of fine and
coarse sieved samples, respectively (Fig. S7, ESIt). The total
thermal conductivity K, for all samples is presented in
Fig. 4a. For the samples with coarse grains, the ki, decreases
continuously from 0.89 Wm ™" K" for 100-HP to 0.73Wm 'K *
for the ZM-HP sample at room temperature. To analyze the effect
of the grain size and texture on thermal transport, the «, (Fig. 4b)
was evaluated by the Wiedemann-Franz law «. = LT, where L is
the Lorenz number estimated by L = 1.5 + exp(—|S|/116)*" as
shown in Fig. S8 (ESIt), where S is the Seebeck coefficient. The r;,
was then estimated by subtracting the «. from the k.. However,
the x;, of Ingot-HP and ZM-HP calculated by this method is
upturned at high temperatures, due to the bipolar thermal
conductivity (xp,) caused by the intrinsic excitation (Fig. 4c). It
should be pointed out that the Umklapp scattering mechanism is
dominant for phonon scattering above the Debye temperature
and the relationship between x;, and T can be expressed as y, =
aT ' + b (where a and b are fitting parameters).*>*? Therefore, the
kr, under intrinsic excitation was first estimated by subtracting
the x. from the k. Within 300-375 K, and then extrapolating
the lattice thermal conductivity at the subsequent temperature.

Mater. Horiz., 2023,10, 3082-3089 | 3085


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3mh00292f

Open Access Article. Published on 16 May 2023. Downloaded on 6/10/2026 10:46:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Horizons

(a) L — Ing g9Gag g, Te: Ref. 13
B QG ZM: Ref.17
N 0.8F ‘
PR .
0.6 TESg—
2
< —
50.4}
¥ | —e—<50—HP Ingot-HP
0.0 L= 100-HP —0— ZM-HP
300 400 500 600 700
T (K)
(©)
<07
M
~ 06
; 0.5
;:,0.4-
+ 0.3f
-
0.2¢

View Article Online

Communication

() gasf
U 0.20f
TE 0.15}
2 0.10¢
<0.05}
0.00
300 400 500 600 700
T(K)
(d
006 K= Kiguar Ko KL
_IM 0.04}
g
2 0.02
e
k—ﬁ
0.00}
300 400 500 600 700
T (K)

Fig. 4 Temperature dependence of the thermal properties of InTe polycrystalline samples with different grain sizes. (a) Total thermal conductivity, (b)
electron thermal conductivity, and (c) lattice and bipolar thermal conductivity. The dotted lines are the minimum thermal conductivity calculated by the
Chaill model and diffusion model.>*° (d) Bipolar thermal conductivity of ZM-HP and Ingot-HP.

The k}, was then calculated by the expression of ky, = Kiotal — Ke —
K1, which reveals the increased contribution of k, with the
increase of the temperature and shown in Fig. 4d. Interestingly,
InTe possesses lower x;, along the [110] direction than along [001]
due to the anisotropy thermal transport of InTe arising from the
bonding asymmetry and lattice anharmonicity.'*"” With the
increase of the [110] texture, the room temperature x;, decreases
continuously from 0.75 W m ™" K" for 100-HP t0 0.49 W m ' K *
for the ZM-HP sample. In particular, the ZM-HP sample has
achieved a «;, as low as 0.24 W m™' K™' (extrapolating value) at
high temperature, which is lower than those of the sieved samples
and the limit of Kgass ~ 0.32 Wm ' K ', and even close to the
limit of kg ~ 0.21 Wm ™' K (eqn (S7) and (S8), ESIt). In other
words, the ZM-HP sample can fully utilize the anisotropic thermal
and electrical transports of InTe to improve the TE performance.

The figure of merits of all samples are presented in Fig. 5a.
The ZM-HP sample exhibits the highest zT value of 0.36 at 300
K, owing to its optimal combination of grain size and [110]
orientation factor, which represents the highest recorded room
temperature z7T value for polycrystalline InTe-based TE materi-
als. In contrast, the sieved coarse samples exhibit close zT
values of 0.56-0.74 at 700 K due to their similar texture degrees
and reduced grain boundary scattering. Notably, the high

texture of the ZM-HP sample results in a peak zT of 0.94 at
623

. . 3OOZT(T)dT
623 K, with a high average zT [ zTu = AT of 0.71

within 300-623 K (Fig. 5b). This is a remarkable 340% increase
compared to the zT,,, value of 0.16 for <50-HP. Furthermore,
the zT of ZM-HP is comparable to the traditional PbTe** and the
CoSb;.** In addition, the 2T, of the ZM-HP sample is the
second highest among all reported InTe-based TE materials
and is the highest value among undoped InTe materials.

3086 | Mater. Horiz., 2023, 10, 3082-3089

2.3. Thermoelectric module

Due to the high zT,, value of InTe, a TEG module, which
consisted of p-type ZM-HP-InTe and commercial n-type
Bi,Te, ;Seq 3, was fabricated to realize a high experimental con-
version efficiency. The TE performances of the commercial n-type
Bi,Te, ;Se, ; are shown in Fig. S9 (ESIt). It is worth noting that
the electrical and thermal conductivity of these two materials
differ significantly. Therefore, the geometric factors of the mod-
ule, such as the cross-sectional area ratios and the leg height,
were first optimized theoretically by COMSOL and shown in
Fig. S10 (ESI{). Clearly, the conversion efficiency rises monoto-
nically in a small range with the increase of the leg length
(Fig. S10a, ESIt), but the corresponding out power decreases.
However, the conversion efficiency is greatly affected by the area
of p-type InTe (4p) and n-type Bi,Te,;Sey; (A,). The cross-
sectional area ratios were optimized to increase n from 6.1% to
7.7% when the leg length was set to be 6.8 mm with the hot side
of 573 K and cold side of 283 K, respectively (Fig. S11, ESI).
Consequently, the dimensions of p-type InTe and n-type
Bi,Te, ,Se,; were cut to be 3.0 x 3.0 x 6.8 mm® and 1.7 X
1.7 x 6.8 mm?®, respectively. Here, Ni was used as the diffusion
barrier on the two sides of the legs.” The simulated and experi-
mental terminal voltage, output power and conversion efficiency,
under the conditions of hot-side temperatures of 573 K, 523 K,
473 K and 423 K, and the cold-side of 283 K, were measured by
changing the current (I) and are shown in Fig. S12 (ESIt) and
Fig. 5¢, respectively. The output power increases with the increase
of the current and finally reaches a maximum value (Pp,,x) when
the external electrical load matched the module’s internal resis-
tance at a given temperature difference (AT). At AT = 290 K, the
peak of the conversion efficiency is up to 5.0%, which is higher
than those obtained by the SnSe based TEG device, and close to

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 The performance of the samples with different particle sizes and the TEG module. (a) The comparison of the temperature dependent zT of InTe
from our work and the reported InTe, 341720 traditional PbTe** and CoSbs.** (b) The average zT within 300-623 K for our InTe samples and other

reported p-type InTe materials. 3141720

(c) Current dependence of the conversion efficiency for our InTe-Bi,Tes modules, and the inset is the

thermoelectric module. (d) The highest conversion efficiency under different temperatures for our module and the comparison with the reported results
of Snse-Bi2T62_7Seo_3,46 Pbo_gGNao_ongo_ozTe-PbTeov98730v01|0_003,47 Ceo 9F€3COSb12-Yb0v3CO4Sb12/MWCNTS,48 Bio_4$b1v6Te3_2-BizTez_7Seo_3 and com-

mercial BST.*°

the traditional Bi,Te; based devices under the same AT
(Fig. 5d).*>*6485° But because the contact resistance (R.) and
geometric factor have not been fully optimized, the output power
and conversion efficiency are much lower than the theoretical
values. By further optimizing the contact properties of InTe,
including the introduction of a more proper metallic barrier and
optimization of the bonding technology, the expected high output
power and conversion efficiency can be achieved (Fig. S11, ESIt),
indicating the promising application of InTe as a TEG material.

3. Conclusions

In this study, we aimed to improve the thermoelectric perfor-
mance of InTe by optimizing the grain size and texture degree
of the [110] direction, while simultaneously minimizing the
grain boundary scattering. Finally, the hot-deformated single
crystal with high texture degree achieved a high TE perfor-
mance among the InTe-based TE materials, including the
highest room temperature power factor, and low thermal con-
ductivity, as well as a high 27,,,(300-623 K) of 0.71 with the
peak zT of 0.95@623 K. Furthermore, the single TEG composed
of p-type ZM-HP-InTe and commercial n-type Bj,Te,;Seq s
experimentally produced a high conversion efficiency of ~
5.0% when AT = 290 K, which could be further greatly increased
by optimizing the geometric factors and the contact properties.
Therefore, the new rising TE material of InTe has a promising
application in thermoelectric power generators near room
temperature.

This journal is © The Royal Society of Chemistry 2023

4. Experiments

4.1. Sample preparation

In order to synthesize the pure phase of InTe, high-purity
indium and tellurium particles were weighed in a stoichio-
metric ratio and then sealed in carbon-coated quartz tubes with
a vacuum of ~10~"' Pa. The tubes containing In and Te were
heated to 1123 K in 7 h, and then held at this temperature for
4 h before the furnaces were switched off. The obtained ingots
were hand-ground and sieved with several grain size ranges of
>150 um, 100-150 pm, 50-100 pm, and <50 pm, respectively
for hot pressing (marked as 150-HP, 100-HP, 50-HP and <50-
HP, respectively). These powders were loaded into graphite dies
with an inner diameter of 10 mm, which were placed in the hot-
press sintering furnace. The sintering was performed under a
uniaxial pressure of 50 MPa and a vacuum <5 Pa at 773 K for
30 min. The resulting pellets had high densities (>95% of the
theoretical densities) and were cut into samples with dimen-
sions of 10.0 x 2.0 x 2.0 mm® and 6.0 x 6.0 x 1.5 mm® for the
measurement of the electrical and thermal properties.

4.2. Single crystal growth, orientation and deformation

In order to ensure the uniform distribution of the components, a
low growth rate and small crystal size were adopted. The obtained
ingots with a stoichiometric ratio of In and Te were sealed in
carbon-coated quartz tubes with a vacuum of ~ 10" Pa. A V-
shaped tube end was employed to minimize the number of
seeded crystals at the beginning of the solidification. The sealed
tube was then placed in a two-zone furnace for crystal growth,
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and kept under clockwise rotation at 2 revolutions per minute
(rpm) during the growth. The heat zooms were heated to 1073 K
in 2 h, and then held at this temperature for 2 h to ensure
complete and homogeneous melting of the sample. They were
subsequently cooled down to 983 K in 2 h with the tube’s
lactation at the center of the two zones. One zone was held at
983 K, while the other decreased to 943 K within 10 h to initiate
crystallization. The crystal growth rate was set as 0.5 mm h™ " with
a thermal gradient of approximately 10 K cm™". After the crystal
growth process was complete, both zones were cooled to 298 K in
10 h. The obtained crystal was ~4 cm in length and is shown in
Fig. 1b. The EDS results reveal the uniform distribution of the
components (Fig S2, ESIT).

The top part of this single crystal and the ingot were loaded
into graphite dies with an inner diameter of 20 mm, and the
pressure direction was perpendicular to the (110) plane
(marked as ZM-HP and Ingot-HP, respectively). The sintering
was performed under a uniaxial pressure of 50 MPa with a
vacuum <5 Pa at 783 K for 30 min. The obtained pellets with
high densities (>95% of the theoretical densities) were cut for
the measurements of the electrical and thermal properties.

4.3. Characterization

The phase purities of the samples were confirmed by powder
X-ray diffraction (PXRD) using a Bruker AXSD8 Advance X
diffractometer (Germany) with Cu K, radiation of 1.5406 A
under 40 kV x 40 mA at room temperature within the 20 range
of 10-60°. A scanning electron microscope (Thermo Scientific
Apreo 2 S HiVac, 5 kV) equipped with an energy-dispersive X-ray
spectrometer (EDS) was employed to investigate the microstruc-
tures under 10 kV x 0.2 nA and chemical compositions under
16 kV X 1.6 nA. Mechanical strength measurement was per-
formed by a bending strength testing machine (Shimadzu
AGX-10KNVD) with the speed of 0.02 mm min~". The electrical
conductivity and Seebeck coefficient were measured using a Ulvac
ZEM-3 from 300 K to 773 K. The thermal diffusivity (D) was
measured between 300 K and 773 K using the laser flash diffusivity
technique on a LFA-467 instrument (Netzsch, Germany). The total
thermal conductivity was calculated using the relation of x = DCpp,
where p is the density of the sample measured by the Archimedes
method, and C;, is the specific heat capacity using the Dulong-Petit
estimation. Hall coefficient (Ry) was measured by the van der
Pauw technique with a selfmade Hall electrical performance test
system under a helium atmosphere. Hall carrier concentration (1)
and Hall mobility (i) were estimated by ny = 1/eRy and
Uy = o/nge, respectively.

4.4. Module fabrication and characterization

To assemble a single module, Bi,Te, ;Se, ; and InTe were used
as n-type and p-type legs, respectively. The Ni layer with a
thickness of approximately 10 um, prepared by electroless
plating, served as a diffusion barrier. The cut pieces were then
connected to directly bonded alumina ceramics through weld-
ing, using Sn-Pb solder. Based on simulation results that
considered the substrate size, the cross-sectional area of the
p-type leg was three times that of the n-type leg. Therefore, the

3088 | Mater. Horiz., 2023, 10, 3082-3089
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dimensions of the Bi,Te, ;Se, ; legs were 1.7 x 1.7 x 6.8 mm®,
while the InTe legs were 3.0 x 3.0 x 6.8 mm®. For measuring
the output power, internal resistance, heat flow, and energy
conversion efficiency of the module, a homemade power
generation efficiency characterization system was used. The
hot-side temperatures were maintained between 423-573 K,
while the temperature of the water cooler was kept at 283 K.
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