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Co-regulation of the copper vacancy
concentration and point defects leading to the
enhanced thermoelectric performance of
CuzlnsTeg-based chalcogenidesy

Min Li,?° Yong Luo, @2 ** Xiaojuan Hu,® Zhongkang Han,*¢ Xianglian Liu®
: ; () *a
and Jiaolin Cui®

Copper vacancy concentration (V,) in ternary Cu—In—Te chalcogenides is an important factor to engineer
carrier concentration (ny) and thermoelectric performance. However, it is not sufficient to regulate the
phonon scattering in the CuszlnsTeg-based chalcogenides. In this work we manipulate the V. value and
point defects simultaneously through addition of Cu along with Ga substitution for In in CuzlnsTeg, and
thereby increase the carrier concentration and reduce the lattice thermal conductivity. This strategy
finally enables us to achieve ~60% enhancement of the TE figure of merit (Z7) at V. = 0.078 compared
with the pristine CuslnsTes. It is also used as guidance to achieve the high TE performance of the ternary

rsc.li/rsc-advances chalcogenides.

1. Introduction

Thermoelectric (TE) materials have received much attention, as
they can be effectively used in the fabrication of cooling and
power generation systems. However, the conversion efficiency
between heat and electricity is low, mainly due to the low
performance of materials, which is governed by the dimen-
sionless figure of merit, ZT' = a’cT/k. Here a, g, T, k are the
Seebeck coefficient, electrical conductivity, absolute tempera-
ture and total thermal conductivity consisting largely of elec-
tronic (ko) and lattice (x;) components respectively. Since the
three parameters a, ¢, and «. are strongly dependent on the
carrier concentration (n), it leaves kg, the sole parameter that
could be relatively independently tunable.

Classified as a Pb-free chalcogenide, ternary Cu-In-Te
compounds have been widely studied as promising mid-
temperature thermoelectric candidates, in a sense that they
have unique crystal and band structures.”” Among those the
cation vacancy plays a vital role in determining both the carrier
concentration and phonon transport.*” However, some
controversies exist about the indexing and space group assig-
nation on the crystal structure of the ternary Cu-In-Te
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derivatives, such as CuzInsTeq,*™ Cu, 5In, sTeg,™ Cu; 151N, 50
Te,," and Cus s,Ing 1¢Teg (ref. 13) with similar compositions.
Therefore, tiny changes of the fabrication technology or
compositions may lead to the different structure assignation.
That is why we have observed several space groups for the
identical Cu-In-Te compounds. Therefore, an accurate control
of the composition and/or fabrication technology is strongly
necessary. In addition to that, in ternary Cu;InsTe, with
a energy gap of 0.95 eV (ref. 14) there is one ninth of cation site
that is unoccupied in a unit cell, hence it can be expressed the
general formula CuzIns[1Tey, where the [J represents the
cation vacancy in the 2a site, determined by Delgado etc.® This
cation vacancy enables the carrier concentration (1) of 6.0 x
10"® cm ™ to be obtained at room temperature (RT),” close to the
optimal one (10'°~10>" cm ) required in TE materials.'* Hence
it is anticipated that the ternary CuzInsTe, would be a potential
TE candidate, even though many Cu-In-Te ternary compounds
have already presented their superior TE performance with the
ZTvalue of 1.61 for CulnTe,-In,0;," 1.52 for CulnTe,-ZnS*® and
1.65 for Cuj; 5,In, ;6Teg—Cu,Te.*?

However, the cation vacancy has a dual effect on the trans-
port properties.**”** On one hand, the presence of the cation
vacancy would unpin the Fermi level*® and affect the p-
d hybridization,* thus having a potential to modify the bonding
states of the constituent elements* and tune the carrier
concentration.?” In addition to that, it also introduces the mass
fluctuation and enhances the phonon scattering on point
defects.***®*** On the other hand, however, it is argued that too
high cation vacancy concentration in p-type semiconductors
may lead to a high hole density and low mobility resulting in
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fewer compensating electrons (deep donors).'***?* Accordingly,
the high Seebeck coefficient may be neutralized.>**”

Inspired by the above studies, it is necessary to manipulate
the cation vacancy concentration and at the same time intro-
duce the extra point defects in ternary chalcogenides. There-
fore, we prepare a group of Cus.Ins ,Ga,Te; (x = 0-0.4)
chalcogenides in this work by using Ga substitution for In,
aiming to introduce extra point defects (Gay,) to scatter
phonons®** and regulate the bandgap.” The extra Cu in this
compound is used to control the hole density>** and sustain
a high Seebeck coefficient. The experimental results indicate
that such a consideration brings a significant improvement in
electrical conductivity and a reduction in lattice part «;, simul-
taneously, which improves the TE performance effectively.

2. Experimental

2.1 Sample preparation

The materials Cus.,Ins_,Ga,Te, (x = 0, 0.05, 0.1, 0.2, 0.3, 0.4)
were synthesized by melting four elements (Cu, In, Ga and Te)
(with the purity >99.999%, Emei Semicon. Mater. Co., Ltd.
Sichuan, CN) in silica vacuum tubes at 1173 K for 24 h, and then
annealed at 800 K for 72 h followed by cooling in furnace to the
room temperature (RT).

After cooling down to the room temperature (RT), the ingots
were ball milled for 5 h at a rotation rate of 350 rpm for 5 h in
stainless steel bowls that contained benzinum. The dried
powders were then rapidly sintered using spark plasma sinter-
ing apparatus (SPS-1030) at a peak temperature of ~900 K and
a pressure of 50 MPa. The densities (d) of the polished bulks,
which have more than 95% theoretical density, were measured
using Archimedes' method.

The bulk samples with sizes of about 2.5 x 3 x 12 mm® and
2 x 2 x 7 mm?® were prepared for electrical property and Hall
coefficient measurements respectively, and those of ¢ 10 x 1.5
mm? for thermal diffusivity measurement.

In terms of the above compositions, the copper vacancy
concentration V., which decreases as x value increases, is 0.11,
0.106, 0.10, 0.089, 0.078, 0.067 respectively for the correspond-
ing x values, estimated by using the equation V. = (1 — x)/9.

2.2 Physical property measurements

The Seebeck coefficients and electrical conductivities were
evaluated by using ZEM-3 (ULVAC-RIKO, Japan) under a helium
atmosphere at a temperature ranging from ~RT to ~830 K with
an uncertainty of <5.0% for each. The thermal diffusivities were
measured using TC-1200RH (ULVAC-RIKO, Japan) with an
uncertainty of <10.0%. The Dulong-Petit rule is used to esti-
mate the heat capacities (C,) above RT. The lattice thermal
conductivity () was the total x minus the electronic contribu-
tion (k.). Here «. is expressed by the Wiedemann-Franz (W-F)
relation, k. = LyoT, where L, is the Lorenz number, estimated
using the formula L, = 1.5 + exp(—|«|/116)** (where L, is in 10 x
10 *W QK ?and |«| in uV K ). The total uncertainty of the TE
figure of merits (Z7Ts) is about 20%.
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Hall coefficients (Ry) were measured by using a four-probe
configuration in a system (PPMS, Model-9) with a magnetic
field up to £5 T. The Hall mobility (1) and carrier concentration
(ny) were calculated according to the relations u = |Ry|o and ny
= 1/(eRy) respectively, where e is the electron charge.

2.3 Structural, compositions and thermal analyses

The chemical compositions were determined using an electron
probe micro-analyzer (EPMA) (S-4800, Hitachi, Japan) with an
accuracy of >97%.

The structural analysis of the powders was made by powder
X-ray diffractometer (D8 Advance) operating at 50 kV and 40 mA
at Cu Ko radiation (A = 0.15406 nm) in the 26 range from 10° to
110° with a step size of 0.02°, and a X'Pert Pro, PANalytical code
was used to do the Rietveld refinement of the XRD patterns with
a step size of 0.01° using the same operating voltage and
current. The lattice constants a and ¢ were directly obtained
from the refinement of the XRD patterns using Jade software
(Highscore (plus) Software version 4.0 by PANalytical B.V;
Almelo, The Netherlands)** with an error less than 10%.

Differential Scanning calorimeter (DSC) and thermogravim-
etry (TG) were conducted in a Netzch STA 449 F3 Jupiter
equipped with a TASC414/4 controller. The instrument was
calibrated from a standard list. The sample of the powder (x =
0) was loaded into an open alumina crucible. The measurement
was performed after the samples were heated up to ~850 K with
a heating rate of 5 K min~" in Ar atmosphere.

2.4 Methodology

First-principles calculations are carried out with FHI-
aims,**** an all-electron, full-potential electronic-structure
code under the framework of density-functional theory
(DFT).** FHI-aims uses numeric atom-centered basis sets,
where numerical settings are so chosen for the present study
that a convergence in energy differences better than 10> eV
per atom is achieved. Generalized gradient approximation
(GGA) is used for electronic exchange and correlation as
Perdew-Burke-Ernzerhof (PBE).** We have calculated the
electronic structure with more advanced Heyd-Scuseria-
Ernzerhof hybrid functional (HSE06),’” which takes into
account fraction of exact exchange.

3. Results and discussions
3.1 Composition analysis and XRD patterns

The scanning electron microscopy (SEM) images of freshly
fractured surface and the energy-dispersive X-ray spectroscopy
(EDS) of the sample at x = 0.3 are shown in Fig. Sla and b.t The
analyzed average molars in (Cuzi,Ins_,Ga,Teo) (x = 0, 0.1, 0.3)
(taken from three different areas) are shown in Table S1.} It is
observed that the sums of the molars of three to four elements
are not exactly equal to the nominal ones with a slight defi-
ciency in Cu and excess in Te, likely due to the composition
segregation in the different areas. However, the cation vacancy
still exists because the total numbers of cations are less than

This journal is © The Royal Society of Chemistry 2019
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those of anion Te. Besides, the analyzed composition in each
sample is roughly in accordance with the starting materials.
The refinements of the powder X-ray diffraction (XRD)
patterns of the four samples (x = 0, 0.1, 0.2, 0.4) are shown in
Fig. S2.1 The refined parameters (Rg, R, Rup, S etc.) are listed in
Tables S2-S5.f The powder diffraction patterns (Fig. 1a) show
that the materials exhibit a single Cu;InsTeq phase, because the
diffraction peaks can be accurately indexed to the existing
diffraction data in ref. 9 (s.g.: PAmm). Compared to the data in
PDF:51-0804 (s.g.: P4(75)), the peak corresponding to the crystal
plane (112) or (222) with the d-spacing of 3.088 A reported in ref.
9 is visible in the refinement patterns (see Fig. S27). This indi-
cates that the element Ga is totally incorporated into the lattice
structure. Besides, the lattice constants (a, b, ¢) decrease linearly
with the increase of the x value following the Vegard's law (see
Fig. 1b and Tables S2-S5%), due to the smaller radius of Ga than
that of In, indicating the shrinkage of the crystal structure.

3.2 Microstructure analyses

In order to further confirm the synthesis of titled alloys, the
microstructures of the samples atx = 0 (V. = 0.11) and 0.3 (V. =
0.078) have been examined by using high-resolution TEM
(HRTEM). Fig. S3at is the TEM image of the powder sample (x =
0), and Fig. S3bt is the corresponding HRTEM image. Fig. S3ct
is the corresponding selected area electron diffraction (SAED)
pattern, and Fig. S3dt showing zoomed view of Fig. S3b,} in
which the d spacing between (002) crystal planes is about
0.364 nm. This value is a little larger than 0.357 nm indicated in
PDF51-0804. Fig. S4a and bf are the TEM and HRTEM images
for the sample at x = 0.3. Fig. S4cf is the corresponding SAED
pattern, and Fig. S4dt is an enlarged image. The d spacing
between (002) crystal planes is ~0.33 nm, about 0.027 nm less.
The decreasing tendency in d spacing is caused by the smaller
atomic Ga than In, in a good agreement with the analyzed XRD
data (Fig. 1b).

3.3 Band structures

In order to have a better understanding of the changes of the
transport properties upon Ga substitution in CusInsTeo, we
calculate the band structures of Cu,0In,,Te3, (Fig. S5at) and
Cu;1In,¢GaTe;, with an extra Cu addition and Ga residing at
the In site (Fig. S5bt). It is observed the conduction band
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Fig. 1
Vegard's law.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

]

N

10 RS

% . —

L

B o B

= |

g =~
£ =

Z R X G A M G Z R X G
140 50
o [© ~CuyolnysTes, ()] —
--CuyIn;¢GaTe;sn qor In
% 100 | _(r;a
2 L e
Z s0f 30
g
Z 60 | 20k
8
40
R 10
20
0 0
S5 4 3 2 - 0 1 2 3 4 5 S5 4 3 2 - o 1 2 3 4 5
energy/eV energy/eV

Fig. 2 Electronic band structures of (a) CujglniyTes, and (b) Cuys-
InisGaTesy; (c) density of the states (DOS) for Cuyglni;Tes, and Cugs-
In;gGaTes,; (d) projected densities of the states (PDOS) for
CuyilnigGaTes,. The highest occupied state is set as the zero energy
value. It was observed that the conduction bands move down upon
substitution of Ga for In, which narrows the bandgap.

(CB) moves down upon an incorporation of Ga (Fig. 2a and
b), while the valence band maximum (VBM) remains the
same energy level (Fig. 2b and c), which narrows the
bandgap (E,) from ~1.0 eV to 0.7 eV. According to the
Goldsmid estimation E; = 2e|a|maxTmax,’" the E;, value
decreases from 0.64 eV to 0.43 eV as x value increases from
0 to 0.3. Here, the |o|mnmax represents the highest Seebeck
coefficients (see below), Tp.x temperature at which the
highest Seebeck coefficients present, and e electronic
charge. Although the estimated E, values are somewhat
inaccurate, they are only a little lower than nkgT (n = 6-10)
(0.42-0.68 eV to 0.52-0.87 eV) for the best direct-gap TE
materials.* This implies that the Goldsmid's equation is
still useful to estimate the bandgap, in terms of the Gibbs's
suggestion.*® Besides, the incorporation of Ga flattens the
conduction band (CB) and brings valence band (VB) at Z, R
and G points closer in energy (Fig. 2b), thus resulting in CB
and VB convergences (Fig. 2a and b). Although the contri-
bution of the orbital Ga in both the VBM and CBM seems to
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(a) X-ray diffraction patterns of the Cus.,Ins_,Ga,Teg powders; (b) lattice constants a, b and ¢ as a function of x value, which follows the
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be limited (Fig. 2d), it might play a significant role in
promoting the down-movement of CB, in addition to the
flattening of CB. Such changes in band structure would
evidently enhance the carrier concentration.

3.4 Transport and TE performance

To evidence the above assumption, we have measured the Hall
coefficients at RT and then obtained the Hall carrier concen-
trations (n;;) and mobility. The measurements show that the ny
value increases from 1.96 x 10® em ™2 (x = 0) to ~1.0 x 10*°
em? (x = 0.3) before it starts to fall, albeit very slightly, to 9.44
x 10"® em ™ (x = 0.4), while the Hall mobility () increases from
25.0cm’V 's ' (x=0)t033.9cm’>V 's " (x = 0.1), and then
decreases to 13.2 cm®> V' s7 ' at x = 0.4, as shown in Fig. 3. The
general enhancement in ny is due to the bandgap narrowing,
while the reduction in mobility u is mainly ascribed to the
increased carrier scattering. As the x value increases the copper
vacancy V. decreases. This implies that the presence of the high
copper vacancy is not beneficial to the carrier concentration.

The thermoelectric performance is presented in Fig. 4, where
the Seebeck coefficients («) are shown as a function of
temperature in Fig. 4a. The positive « values indicate the p-type
semiconductor behavior of the materials. With the x (V) value
increasing (decreasing), the highest « value decreases from
3159 WK ' (x =0, V., = 0.11) to 268.2 WW K ' (x = 0.3, V, =
0.078), and so does the temperature at which the highest « value
appears, guided by a gray arrow in Fig. 4a. This implies that the
bandgap narrows as x (V.) value increases (decreases), which is
in accordance with the first-principles calculation. However, the
a values at x = 0.4 (V, = 0.067) are higher than those at x = 0.3
(Ve =0.078), which might be the low carrier concentration at x =
0.4 (V. = 0.067).

Besides, above ~700 K the Seebeck coefficients of all the
samples decrease rapidly with temperature increasing, and then
keep a relatively stable value above ~730 K. Such a change is
most likely to be related to the order-disorder transition near
700 K (Fig. S61).** The combined TGA/DSC analyses of the
material from ambient temperature to ~850 K reveal an
exothermic effect around 700 K, which confirms this issue.
Unfortunately, this transition has not been reported in detail
previously.*****> Besides, there is little or no indication of
element Te evaporation below ~740 K from the DSC curve. Only
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Fig. 3 Hall carrier concentration (n) and mobility () as a function of x
value in Cuz,ns_,GayTeo.
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when the temperature rises to above ~740 K does the weight
loss of the sample occur. Therefore, the scattered data of the TE
properties above 740 K might be ascribed to the deprivation of
gravity.

Fig. 4b is the temperature-dependent electrical conductivi-
ties (¢), which increase with temperature until at ~730 K. Above
~730 K, the materials exhibit metallic-like behavior, as was
observed in AgGa,_,Te, system.*® Besides, it is noted that the
electrical conductivity at ~822 K increases from 5.7 x 10° Q*
m ' (x=0,V.=0.11)to11.4 x 10°Q ' m ' (x = 0.3, V. = 0.078)
before it starts to fall to the 8.7 x 10° Q ' m ™" (x = 0.4, V, =
0.067), which corresponds to the variations in carrier concen-
tration and mobility (Fig. 3). The lattice thermal conductivities
(k) are displayed as a function of temperature in Fig. 4c, where
the inset is the total x. Roughly, the lattice parts (k;) bear
resemblance to total «, which suggests that the phonon trans-
port plays a major role in heat carrying. With the x(V,) value
increasing (decreasing), the lattice part (k) reduces generally.
However, above ~780 K the «;(k) at x = 0.3 (V. = 0.078) reduce
relatively rapidly, and at ~822 K they reach the lowest values,
0.30 Wm 'K *and 0.52 Wm ! K. The rapid reduction in x; at
high temperatures is likely attributed to the enhanced point
defect scattering of phonons resulting from the combined
effects of Gay, and copper vacancy. However, the high «;, values
(x = 0.4, V. = 0.067) at high temperatures might be due to the
fact that the weakened scattering of phonons at copper vacan-
cies neutralizes to some extent the scattering on the defect Gayy,.
It is therefore concluded that a co-regulation of copper vacancy
concentration (V.) and the extra point defects is essential to
minimize the lattice component ;.

Combined with the above transport properties, the highest
ZT value of ~0.8 is attained at x = 0.3 (V.. = 0.078), as shown in
Fig. 4d. Although this ZT value is not high compared with those
of the state-of-the-art TE materials, such as PbTe-,*” SnSe-,*®
CuGa(In)Te,-based TE compounds,**® it has ~60% enhance-
ment compared to the pristine CuzInsTe, (x = 0, V. = 0.11). This
emphasizes the importance again of co-regulation of the copper
vacancy concentration and point defects in CuzInsTeq-based
chalcogenides.

In order to further elucidate the highest TE performance of
the material with V. = 0.078, we, specifically, present the rela-
tionship between the copper vacancy concentration (V) and
lattice thermal conductivity (k). The result is shown in Fig. 5,
where we have observed that the lattice parts (k) at ~RT, ~693
K and ~822 K tend to increase as the V. value increases. The
solid lines in Fig. 5 are indicated as a guidance for eye. Although
the lattice parts (k) in the present chalcogenides are related to
the combined scatterings, that is, phonon scatterings at point
defects of copper vacancy and Gay,, the above dependences at
least indicate that the cation vacancy concentration does not
play a predominant role in scattering phonons. Only when the
material has a proper V, value (V. = 0.078) combined with an
extra point defect Gay,, are the electrical and thermal properties
co-optimized. This finding does not support the common
understanding that the presence of cation vacancy in ternary
chalcogenides has a definitely positive effect on either the
carrier concentration® or phonon scattering.'”*?

This journal is © The Royal Society of Chemistry 2019
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Fig.4 Thermoelectric performance of the materials as a function of temperature for different x values. (a) Seebeck coefficients («) as a function
of temperature; (b) electrical conductivity (o) as a function of temperature; (c) lattice thermal conductivity («.) as a function of temperature, the
inset is the total «; (d) dimensionless figure of merit (ZT) as a function of temperature.
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Fig. 5 Lattice thermal conductivities at ~RT, ~693 K and ~822 K as
a function of copper vacancy concentration (V).

4. Conclusions

In summary, the CuzInsTes-based chalcogenides with a substi-
tution of Ga for In and an addition of extra Cu were prepared
and their TE performance were investigated. The results reveal
that the co-regulation of the copper vacancy concentration (V)
and phonon scattering are vital to improve the TE performance.
The optimal V. is 0.078 in these compounds at which the
highest TE figure of merit ZT of ~0.8 is attained at ~822 K,
which is ~60% higher than that of pristine CusInsTey. This
indicates that the co-regulation of the copper vacancy and
phonon scattering might be a good way to explore the high
performance TE chalcogenides.
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