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Synergistic Regulation of Phonon and Electronic
Properties to Improve the Thermoelectric Performance of
Chalcogenide Culn,_,Ga,Te,:yInTe (x = 0-0.3) with In Situ

Formed Nanoscale Phase InTe

Min Li, Yong Luo,* Xiaojuan Hu, Gemei Cai, Zhongkang Han,* Zhengliang Du,

and Jiaolin Cui*

1. Introduction

Most ternary Cu-In-Te chalcogenides have large bandgaps and high Seebeck

coefficients, hence they have received much attention in the thermoelectric (TE)
community. However, it is still challenging to reduce their thermal conductivities
while sustaining their electrical properties; therefore, much work needs to be
done. The phonon and electronic propetties in ternary CulnTe,-based chalcoge-
nides Culn,_,Ga,Te,:yInTe (x = 0-0.3) with in situ formed nanoscale phase InTe
precipitated in the grain boundaries is synergistically regulated. This regulation
reduces the lattice thermal conductivity by a factor of =2 compared to pristine
CulnTe,, due to phonon—phonon interaction and point defect scatterings intro-
duced in the main phase at high temperatures for samples at x < 0.2, combined
with the phonon blocking effect from InTe at low and middle temperatures. At
the same time, the power factor enhances by 73%. As a result, the TE perfor-
mance improves significantly with a peak figure of merit value of 1.22 at =850 K.
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Thermoelectric (TE) materials can gen-
erate electricity from low-grade waste
heat. The efficiency of TE materials is
determined by the dimensionless figure
of merit figure of merit (ZT) = o20T/k,
here « is the Seebeck coefficient, o the
electrical conductivity, T the absolute tem-
perature, and x the thermal conductivity
consisting of electronic (k.) and lattice
(k1) parts mainly. In order to obtain a high
ZT value, the materials should have high
power factors (PF), PF = o0, and at the
same time low thermal conductivities (k).
However, the three parameters «, o, and
K. are interrelated and all dependent on
the carrier concentration n, thus making it
challenging to decouple them.

Ternary CulnTe, compound with a chalcopyrite structure
has recently received much attention in thermoelectrics in
a sense that it has a high Seebeck coefficient (=400 pu VK
and optimal carrier concentration n (10'8-10'° cm?) at room
temperature (RT).'3l Besides, its direct bandgap (=1.05 eV)H*
is much larger than those of traditional TE materials, for
example, 0.11 eV for Bi,Tes ! 0.14 eV for Sb,Te;,[ and 0.18 eV
for PbTe,”! which prevent the degradation of the thermoelec-
tric performance from the thermally activated minority car-
riers at high temperatures.®®l However, this compound gives a
relatively high thermal conductivity with the x; value of 4.0—
7.0 W m™ K at RT and 1.0-1.3 W m™ K! at =850 K,
therefore, the TE performance of the pristine CulnTe, is still
low, evidenced by many experiments with the ZT value being
only 0.24-0.76.21011]

To improve the TE performance of the materials, many effec-
tive strategies have been employed, guided by the phonon-
glass-electron crystal (PGEC) proposal.l'Z The typical examples
include the band structure engineering involving the band
degeneracy!’>'l and distortion,”! introductions of nanoparti-
cles of magnetic materials'®'8 or carrier—-magnetic moment
interaction,!’! to enhance the power factor ¢?c, or the micro-
structure engineering including the introductions of all-scale
hierarchical architectures?®23 and the point defects*28! to
reduce the lattice part k;. Owing to the presence of crystal-field
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Acr splitting and spin-orbit Ago effect the crystal structure
engineering, which is successfully employed in the Ag(Zn)-
introduced CulnTe, compound systems,?>3% may be an alter-
native way to reduce the lattice x;. Unfortunately, the power fac-
tors do not increase significantly. In contrast, Luo et al. succeed
in enhancing the power factor (PF) from 8.3 uW m™ K72 (at
=700 K) to 14.45 uW m™ K2 (at =500 K) through introducing
a nanoscale phase (In,03) in CulnTe,*!; however, the lattice
parts & do not reduce largely.l31:32]

Recently, we have developed several kinds of Cu-In-Te deriva-
tives, such as (Cu,Te)sCuy 15Iny.0Te, (6 = 0-0.075),33 Cu,s
+ slngsTeg (8 = 0-0.15),54 and (Cu,Te),(Cuss,Iny 16Tes)?® and
reduced their lattice part & to 0.3 W K! m~.3l However, the
TE performance of these materials does not still fully optimize
as the highest PF value is only 3.82-10.59 uW m™ K233
This implies that, to our best knowledge, the versatility of the
ternary Cu-In-Te chalcogenides as TE candidates has not been
explored to the fullest to date.

In order to resolve the dichotomy between the high power
factor and low thermal conductivity in ternary Cu-In-Te chal-
cogenides, we in this work develop another kind of Cu-In-Te
derivative system Culn; ,Ga,Te,;yInTe, aiming to enhance the
power factor through the electronic structure regulation, and
at the same time reducing the lattice part x; through introduc-
tions of multi-scale phonon blocking barriers in the matrix.
After implementing this strategy, the power factor increases to
13.8 uW m~! K2 at =687 K, about 73% enhancement compared
to the pristine CulnTe,,?" and at the same time the lattice part
ki reduces to 0.61 W m™! K™! at =854 K, decreasing by a factor
of 2.3% The results provide strong evidence that the synergistic
regulation in the Culn;_,Ga,Te,:;yInTe chalcogenide is an effec-
tive strategy.

2. Results and Discussion

2.1. Refinements of the X-Ray Diffraction Patterns

The Rietveld refinements of the powder X-ray diffraction (XRD)
patterns of four Culn; _ ,Ga,Te,;yInTe samples (x = 0, 0.1, 0.2,
0.3) are shown in Figure S1, Supporting Information. The
results, including the crystallographic data, Wyckoft positions,
atomic coordinates, and site occupancy factors (SOFs), are
listed in Tables S1-S11, Supporting Information. It is observed

MATERIALS

www.advelectronicmat.de

that after the refinements the materials Culn;_,Ga,Te,;yInTe
at x = 0-0.2 consist of the main phase CulnTe, (PDF:34-1498;
s.g. [-42d) and in situ formed minor phase InTe (PDF:07-0112;
s.g. [4/mcm), whose weight percents (y) are 23.0 wt% (x = 0),
8.4 wt% (x = 0.1), and 5.3 wt% (x = 0.2). At x = 0.3 a pure
phase CulnTe, was obtained without any second phase pre-
cipitated. The element Ga resides totally at the In site in the
CulnTe, phase (see Tables S5, S8, and S11). In this regard, the
chemical formulas can be expressed to be CulnTe,-23.0 wt%
(InTe) for x = 0, CulngyGag Te,-8.4 wt% (InTe) for x = 0.1,
CulnggGagy,Te,-5.3 wt% (InTe) for x = 0.2, and Culn,;Gaj;Te,
for x=10.3.

The XRD patterns are summarized in Figure 1a, and the lat-
tice constants a and ¢ in Culn;_,Ga,Te, are shown in Figure 1b,
in which the two values decrease as the x value increases due
to the smaller atomic Ga than that of In. In the in situ formed
minor phase InTe, the elements Inl and In2 reside at In4a and
4b sites, and Te at the 16k site. The lattice constants of InTe
fluctuate at 8.44 A in a and 7.14 A in c. Figure 1c is the cation-
Te distances (d) and anion position displacement parameter u
as a function of x value, where the d value of In-Te decreases,
while that of Cu-Te remains almost unchanged. The u value
fluctuates around 0.25, indicating that there is no big distortion
of the crystal structure.?”:3%!

2.2. TE Performance and Transport Properties

TE properties of the Culn;_,Ga,Te,:;yInTe (x = 0-0.3) chalco-
genides are displayed in Figure 2, where the Seebeck coef-
ficients (o) are positive over the entire temperature range
(Figure 2a). The positive values indicate that the majority
charges are p-type holes. Generally, the o value increases with
increase in Ga content (x value), and it converges gradually
above =680 K at x < 0.2. At x = 0.3, the «a values are much
higher than those of the samples at x < 0.2 over the entire
temperature range. The electrical conductivity (o) increases
as the x value increases before it starts to fall at x > 0.2,
and at x = 0.3 the electrical conductivity decreases signifi-
cantly, as shown in Figure 2b. Figure 2c showcases that the
power factor (PF = o?0) follows the trend of the electrical
conductivity. The highest PF value is 13.8 uW cm™! K for
the sample at x = 0.2 and 687 K. This value is much higher
than those of most pure CulnTe, or its based chalcogenides

= = . 12.45 ~ 270 0.251
& o InTe (PDF:07-0112) - [
. ha _ _ (a) % 1240 | ﬂ“—lf-u__u (b) °$ (C)
S| g 82 § _ 0 £ 3] - 8 e
~ TE g% gc8 g Zy 42 [ - 4 ey
2| LS Y88 85 Se S8 P 1o30r Y Akl Brad T===280250 3
2 . =01 | 8 9er S c
2 N o | 8 6196 F--od o A S
- L 1 =03 | § 6194 T o- S o e
L L A L A L B 6192 . L A 1 a 1 + L + =1 266 1 1 |. n i 0249
20 30 40 50 60 70 80 90 -01 00 01 02 03 04 8 =700 0.1 02 03
Diffraction angle, 20 (°) x value : : xvalue ' '

Figure 1. a) X-ray diffraction patterns of the materials Culn; ,Ga,Te,:yInTe (x=0-0.3); b) Lattice constants a and ¢ in Culn; _,Ga,Te, (x=0-0.3); c) Mean
cation-Te (Cu-Te and In-Te) distances and anion position displacement value (u) as a function of x value in Culn,_,Ga,Te,.
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Figure 2. TE performance of the Culn;_,Ga,Te,:yInTe (x = 0-0.3) chalcogenides. a) Seebeck coefficients (¢) as a function of temperature; b) Electrical
conductivities (o) as a function of temperature; c) Power factors (PF) as a function of temperature; d) Total thermal conductivities (k) as a function of
temperature; e) Lattice thermal conductivity (ki) as a function of temperature; f) TE figure of merit (ZT), where the ZT values of the pristine CulnTe,

from the literatures3'38 are shown for comparison.

reported (3.82-11.7 UW cm™t K2)[210:30.33-36.39-42] 3nnd compa-
rable to those of Cuy g5 InTe; (13.0-13.7 pW cm™' K29 and
Cugo5InTe, + In,O5 (14.45uW cm™' K2).BY However, the
PF value is much lower than the estimated value of CulnTe,
(PF > 26 pW cm™ K72 at 800 K),[*} suggesting that there is
still a big room for the enhancement.

The total thermal conductivities (x) are presented in
Figure 2d as a function of temperature, where the x values
reduce with increase in temperature monotonically. Below
=725 K the « value increases as the x value increases. How-
ever, above =725 K it gradually converges and gets to the
minimum value (0.75-0.85 Wm™! K~!). The lattice parts (i)
bear resemblance to the total x and do not obey the classical
T! relation below 725 K, as shown in Figure 2e. At 850 K the
ki values converge to =0.55 W m™' K1, which is =45% lower
than or half that of the pristine CulnTe,, signified in dotted
lines.31:36]

Combined with the three parameters (¢, o, k), we obtained
the ZT values as a function of temperature (Figure 2f), where

the ZT values from ref. [31,36], signified in dotted lines are
presented for comparison. It is observed that the ZT value
increases as Ga content increases up to x = 0.2 with the peak
value of 1.22 at =850 K. The ZT value is =73% higher than®! or
almost triplel*®l that of pristine CulnTe,, and stands high in the
CulnTe,-based chalcogenides to date (see Figure 3a), proving
that the synergistic regulation of phonon and electronic proper-
ties is successful in this work.

The notable and significant improvement in TE perfor-
mance originates mainly from the enhanced power factor
and reduced lattice thermal conductivity simultaneously. In
order to gain a deep understanding of the associated trans-
port properties, we have measured the Hall coefficients of the
four samples (x = 0-0.3) near RT, and then calculated their
Hall carrier concentrations (ny) and mobility (u). The results
are shown in Figure 3b. It is observed that the ny value
enhances from 1.58 x 10%cm™ (x = 0) to the highest value
7.14 x 10! cm™3 (x = 0.3), whereas the u value exhibits an
opposite trend, that is, it decays from 17.33 cm? V-1 7! (x = 0)
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Figure 3. a) Comparison of the peak ZT value in the present work with those of the state-of-the- art ternary Cu-In-Te chalcogenides. b) The Hall carrier
concentration (ny) and mobility (1) of Culn,_Ga,Te,:ylnTe (x=0, 0.1, 0.2, 0.3) as a function of Ga content (x value) at RT.
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to the lowest value 0.96 cm? V7! s7! (x = 0.3). It is therefore
believed that the improvement in electrical conductivity is
mainly attributed to the enhancement in carrier concentra-
tion. The decreasing of the o value at x = 0.3 might be due
to the increased scattering of the carriers at the point defect
Gay, in the solid solution Cu;glngGag;Tes. Similarly, the
Seebeck coefficient (o) is, on one hand, mainly governed by
the enhanced density of the states (DOS) due to incorpora-
tion of Ga into the In site (see below), rather than by the
barrier blocking effect*#*] in the heterojunction of InTe/
Culn,_,Ga,Te,, since the extra phase boundaries tend to be
diminished as the content of the minor phase InTe decreases
to zero at x = 0.3. On the other hand, it is attributed to the
increased effective mass (m") in CulnTe, upon Ga incorpora-
tion (x < 0.3), compared with those of CulnTe,-based chal-
cogenides whose o-ny relation follows the single parabolic
band (SPB) model (see later).

2.3. First-Principles Calculation

After XRD refinement, two phases Culn,_,Ga,Te, and InTe
are clearly observed, it is therefore necessary to know their
roles in TE performance. Figure 4a,b represent the crystal
structures of Cuy;Ins;Tegy and Cusglny GaTeyy, established in
terms of the XRD refinement results. It is observed that upon
Ga incorporation the DOS near the Fermi level (Ef) increases
compared to that of Cu,;In3;Tegy, as shown in Figure 4c, which
is mainly attributed to the hybridization of the Te5p-Cu4s
orbital. Although the contribution of the orbital Ga in both the
VBM and CBM is limited, see the partial DOS in Figure 4d, its
presence promotes to lift the valence band maximum (VBM)
and to lower the conduction band minimum (CBM), thus nar-
rowing the bandgap (E,) (see Figure 4e,f). The increasing in
DOS substantiates the increasing of the Seebeck coefficient, ']
and the narrowing of the bandgap may stabilize the transport
of carriers.*®l Moreover, the simultaneous enhancement in
o and ny values implies that the material has a large effec-
tive mass (m”). In order to confirm this assumption, we pre-
sent the Pisarenko plot of the sample Culn;_,Ga,Te,:;yInTe
(x = 0.3) using the single parabolic band (SPB) model by
taking an effective mass m™®= 2.7 m° in Figure 5a, where the
data circled in a wine dotted line is related to the pristine

(c)
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CulnTe, that mostly obeys the Pisarenko relation (SPB model)
from different experiments!!?:31:36404147] for comparison. It is
observed that the o values from different experiments lie far
below the Pisarenko relation. In comparison, the o values of
the present composites Culn,_,Ga,Te,:yInTe (x = 0, 0.1, 0.2)
(hollow symbols circled by shaded area) are much close to
the Pisarenko line for the corresponding ny values. This esti-
mation, in accordance with the increasing of the DOS upon
Ga addition, suggests the increasing of the effective mass
(m") that plays a major role in contributing to the Seebeck
coefficient. As a contrast, the impact of the barrier blocking
in the heterojunction of InTe/Culn,_,Ga,Te, on the Seebeck
coefficient seems to be limited.

Figure 2d,e demonstrate the reduction tendency in total x
and lattice part x; as the InTe content increases below 725 K,
guided by a gray arrow. Above 725 K, the thermal conductivities
converge gradually. This appearance suggests that the thermal
conduction at low and middle temperatures is not only affected
by the low thermal conductivity of InTe itself (k; = =0.70 and
0.47 W m™ K! at 319 and 605 K),*® but also by the extra
phonon scattering on the increased boundaries between InTe
and Culn,_,Ga,Te,.

To gain a better understanding of this phenomenon, we cal-
culate the lattice parts (k}) of the InTe/Culn;_,Ga,Te compos-
ites (x < 0.2) using the modified model (SCEMT) by Hashin’
and Zhou*®! below.

k. —Kk" k' —k"
K; +2K" K +2K"

1)

Here k™ and ¢ represent the thermal conductivities of
matrix Cuyglng;Gag;Te;q and in situ formed phase InTe, and
K stands for the effective values of the composites. The para-
meter frepresents the molar fraction of InTe obtained from the
y values indicated in Section 2.1.

The estimated x| values in 319 and 605 K are presented in
Figure 5b, where the k| data beyond 23 wt% InTe is not pro-
vided, as it is not the focus of our investigation. Nor are we able
to calculate the x| data above 605 K as the thermal conductivi-
ties of the end member InTe above 605 K are not available.8!
Based on the calculation using Equation (1), it is observed that
the experimental x; values of CulnTe,:23 wit% InTe (x = 0)
at 319 and 605 K are well below the calculation based on the

(d)
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Figure 4. Crystal structures: a) Cuy;lns;Teg, and b) CusglnzoGaTeg,, where Cu, In, Te, and Ga are in yellow, green, gray, and blue, respectively; The density
of the states (DOS): c) Cuy;lns3Tegs and CusglnzgGaTeg,; d) Partial DOS of Te, Ga, In, and Cu, which are in black, red, blue and green, respectively. Band

structures of: ) CuylnssTegs and f) CusglnypGaTegy.
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Figure 5. a) Pisarenko relation of the sample Culng;Gag;Te, at 300 K using the single parabolic band model by taking an effective mass

m* = 2.7 m°. The o-ny relations in CulnTe, from different experiments reported!"

9.31.3640.41.47] (circled by wine dotted line) are presented for

comparison with those of the present data (hollow symbols circled by gray shaded area); b) Lattice thermal conductivities at 319 and 605 K as a
function of x value in Culn;_,Ga,Te,: yInTe, compared with the calculation data based on modified model (SCEMT) for the (Culn; _,Ga,Te,):y(InTe)

composites.

SCEMT. Furthermore, its deviation of ¥ at 319 K is higher
than that at 605 K, for example, 41% reduction at 319 K versus
33% reduction at 605 K, and are all going to be smaller as the
x value increases. Finally the deviation gets zero at the end
member of Culng,Gay3Te, (x = 0.3). This estimation clearly
indicates the presence of significant phonon scattering on the
heterojunction at low temperatures.

To evaluate the possible phonon-scattering mechanism
contributing to the large deviation from the estimation
through EMT for the composite, we performed detailed
microstructure investigations using high resolution trans-
mission electron microscopy (HRTEM) on the sample
CulnTe,:23 wt% InTe (x = 0). The results are shown in
Figure 6, where Figure 6a—c is the EDS elemental mapping
of Cu, In, and Te, and Figure 6d is the high-angle annular
dark-field (STEM HAADF) image, which shows a high den-
sity of white nano strips Culn,Ga,_,Te,. The gray area is the
blend of Culn,Ga,_,Te, with InTe, which is hard to distin-
guish. Figure 6e is the high resolution TEM image, where
many nano strips and domains are distributed in black or
gray area, corresponding to the phase Culn, ,Ga,Te,. The
size of the nano strips is 25-30 nm in width and 50-200 nm
in length, and the domains =30 nm. Most nanoscale InTe
phase is in situ formed along the phase boundaries (white
area), which wraps the nano domains Culn,Ga;_,Te,, guided
by yellow arrows in Figure 6e. Figure 6f is the magnified
image of Figure Ge, where two phases Culn, ,Ga,Te, and
InTe are presented. The inset at the bottom left in Figure 6f
is the FFT image, corresponding to the Culn,_,Ga,Te, phase,
while the one at the bottom right is the fast Fourier trans-
form (FFT) confirming the InTe phase. Although the InTe
phase at the interfaces does not play a dominant role in
influencing the Seebeck coefficient, it acts as an phonon scat-
tering unit (PSU), blocking the phonons of low and middle
temperatures. The action is closely related to its own struc-
ture, as InTe exhibits an intrinsic bonding asymmetry with
coexistent covalent and ionic substructures.*8 That is why we
have observed the reduced lattice part x; with InTe content
increasing below 725 K. The schematic diagram is presented

Adv. Electron. Mater. 2020, 1901141 1901141 (5 of 8)

in Figure 6g for better understanding the transports of pho-
nons and electrons.

Because the anion position displacement (u) represents the
degree of the lattice structure alteration on an atomic scale,
its change has a profound impact on the phonon transport at
high temperatures.’%>!l However, the deviation of the u value
in the main phase Culn,_,Ga,Te, from 0.25 for each sample
is almost the same (see Figure 1c), therefore, the extra phonon
scattering caused by the crystal structure distortion should
be limited. Besides, above =750 K, a relatively steep lowering
of lattice thermal conductivity for the sample at x = 0.3 was
observed, which is likely related to the order-disorder transition
driven by the Cu-In antisite occupancy in the critical tempera-
ture range,’>>* as we did not identify any impurities at high
temperatures from the high temperature XRD, see Figure S2,
Supporting Information. However, the lattice part (x;) for the
samples at x < 0.2 reduces almost linearly with temperature
increasing. Therefore, it is concluded that the rapid reduc-
tion in Kk and then convergence at high temperatures for the
samples at x < 0.2 is mainly attributed to the phonon—phonon
interaction and point defect scatterings introduced in the main
phase Culn,_,Ga,Te,.

3. Conclusions

We have in this work prepared Ga-substituted Cu-In-Te ternary
chalcogenides Culn,_,Ga,Te,:yInTe (x = 0-0.3) and identified
an in situ formed nanoscale phase InTe in the grain boundaries
that decreases from 23.0 wt% (x = 0) to 0 (x = 0.3) in the matrix
Culn;_,Ga,Te,. This nano phase InTe plays a predominant role
in reducing the lattice thermal conductivity at low and middle
temperatures. At high temperatures the phonon—phonon inter-
action and phonon scattering in point defects dominate at
x < 0.2, thus leading to a reduction in x; by approximately a
factor of 2 compared to CulnTe, reported. At the same time, the
power factor increases by =73%, due to the narrowing of the
bandgap (E,) and the increasing of the DOS and effective mass.
Consequently, the peak ZT value enhances to 1.22 at =850 K.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Microstructures of the bulk sample at x = 0. a—c) EDS mappings of elements, Cu, In, and Te; d) STEM HAADF (high-angle annular dark-
field) image, which shows a relatively high density of white nano strips and domains corresponding to Culn,Ga; _,Te,; €) High resolution TEM image,
where the nano strips and domains in black and/or gray area are distributed corresponding to Culn; _ ,Ga,Te,, signified by symbol A. The nanoscale
InTe (symbol B) is in situ formed along the grain boundaries (white area), which wraps the nano domains Culn,Ga, _,Te,, guided by yellow arrows.
f) Magnified TEM image, where two phases Culn; _ ,Ga,Te, and InTe are presented. The lower left inset is the fast Fourier transform (FFT) of A,
confirming the Culn,_,Ga,Te, phase, while the lower right inset is the FFT image of B, which corresponds to the InTe phase. g) Schematic diagram
illustrating the transport of both the phonons p and electrons e.
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This value stands high in the CulnTe, or its based chalcoge-
nides to date.

4. Experimental Section

Sample Preparation: The mixtures of four elements Cu, In, Ga, and Te
(with the purity >99.999%, Emei Semicon. Mater. Co., Ltd. Sichuan, CN),
according to the formula Culn; _,Ga,Te,:yInTe (x=0, 0.1, 0.2, 0.3), were
loaded into the different vacuum silica tubes. They were heated to 900 °C
within 5 h, held at this temperature for 24 h, and then cooled down to
room temperature (RT) in furnace. The dried powders were subsequently
rapidly sintered using spark plasma sintering apparatus (SPS-1030) at
a peak temperature of 900 K and a pressure of 50 MPa. The densities
of the sintered bulks, ranging from 5.56 to 6.12 x 1073 kg cm™, were
measured by using Archimedes’ method.

The bulk samples about the size of 2.5 X 3 x 12 mm? were prepared
for electrical property measurements, and those of $10 x 1.5 mm? for
thermal diffusivity measurement.

Physical Property Measurements: The Hall coefficient (Ry) at RT was
measured using a PPMS (Model-9) with a magnetic field sweeping
between £2.0 T. The Hall mobility (1) and Hall carrier concentration (ny)
were subsequently determined based on the equations u = |Ry|o and
ny = 1/(eRy), respectively (e is the electron charge).

The Seebeck coefficients and electrical conductivities were evaluated
by using ZEM-3 under a helium atmosphere at a temperature ranging
from =RT to 855 K with an uncertainty of <5.0% for each. The thermal
diffusivities were measured using TC-1200RH with an uncertainty of
<10.0%. The heat capacities (C,) of the materials were just estimated
in accordance with the Dulong—Petit rule, and are usually slightly lower
than the real heat capacities, especially for the materials with nanograins
that have large surface area.’*! When calculating the electronic parts
(k.) according to the equation k., = LoT, the Lorenz numbers L were
estimated using the formula L = 1.5 + exp(—|0]/116),5¢ (where L is in
108 W Q K2 and a in uV K. The total uncertainty for ZT was =20%.

Structural Analyses: The powder X-ray diffraction patterns of the samples
were registered using X-ray powder diffractometer (XRD) (D8 Advance)
operating at 50 kV and 40 mA in a step size of 0.01° in the range of 10°
to 100°, and a X'Pert Pro, PANalytical code was used to do the Rietveld
refinement of the XRD patterns. The lattice constants were directly obtained
from the refinement of the X-ray patterns using Jade software.

The microstructure of the bulk sample (x = 0) was examined by using
high resolution transmission electron microscopy (HRTEM). HRTEM
images were obtained at 220 kV using JEM-2010F (field emission TEM).
The bulk sample used in TEM observations was prepared as follows. A
small disc-shaped piece with an approximate size of 3 X 3 x 2 mm was
first cut from the spark plasma sintered disc using a low speed diamond
wheel saw. The samples were finally thinned with a Gatan precision
dimple grinder and then ion milled to electron transparency with a
Gatan precision ion polishing system (PIPS).

Methodology:  First-principles calculations of the
CuyylnssTegs and CusglnggGaTeg, were carried out with FHI-aim
an all-electron, full-potential electronic-structure code under the
framework of density functional theory (DFT).%l FHI-aims use numeric
atom-centered basis sets, where numerical settings are so chosen for
the present study that a convergence in energy differences better than
1073 eV per atom is achieved. Generalized gradient approximation
(GGA) is used for electronic exchange and correlation as Perdew—Burke—
Enzerhof (PBE).O The electronic structure was calculated with more
advanced Heyd-Scuseria—Ernzerhof hybrid functional (HSE06)," which
takes into account the fraction of exact exchange.

compounds
5.[57,58]
,
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