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Cu-based quaternary chalcogenide compounds have been thermoelectric topic
of interest among researchers, especially in recent years, due to their intrinsi-
5 October 2021 cally low thermal conductivity. Recently plenty of work is done on thermo-

electric properties of Cu,ZnSnSes-based alloys emphasizing on importance of
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part of Springer Nature 2021 sized by high-temperature melting followed by annealing at four different
temperatures (600 °C, 650 °C, 700 °C and 725 °C). X-ray diffraction combined
with Raman spectroscopy confirmed the presence of Cu,ZnSnSe; phase along
with ZnSe and CuSe secondary phases. The increased annealing temperature
critically affected the microstructure of Cu,;1ZngoSnSe4 alloys. Successive
increase in annealing temperature subsequently increases the average grain size
from 7.3 for 600 sample to 12.1 um for 725 °C sample by shifting grain size
distribution toward higher range. Increased grain size results in reduced carrier
scattering and decreases the electrical resistivity eventually improving power
factor and maximum power factor of about 400 yWk 2> m~! is obtained for
725 °C sample. Besides, the increased annealing temperature resulted in
increased thermal conductivity attributing increased grain size resulting in low
phonon scattering. 725 °C sample shows highest power factor and moderate
thermal conductivity among all the samples which resulted in highest value of
figure of merit for 725 °C sample of about 0.1 at 673 K.
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Cu,ZnSnSe,(CZTSe) compounds have been exclu-
sively known for their wide applications in thin-film
solar cells with certified solar conversion efficiencies
around 12% due to their electronic structure and
optical response [1]. Recently Cu,ZnSnSes-based
quaternary chalcogenide compounds have drawn
significant interest as potential candidate for thermo-
electric materials due to its intrinsically low thermal
conductivity which is featured by its complex crystal
structure [2-5]. In last decade, thermoelectric proper-
ties of CZTSe compounds have been extensively
explored and various strategies have been employed
to enhance the thermoelectric performance of CZTSe
compounds, e.g. introduction of extra charge carriers
through p-type doping, band gap engineering, grain
boundary engineering and introduction of structural
distortions are to name the few [2, 4, 6, 7].

Previous reports have successfully demonstrated
drastic enhancement in thermoelectric properties of
CZTSe compounds by converting insulating ZnSe,
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composition. The replacement of Zn by Cu element
tremendously increased the electrical conductivity
for Cuy.1Zny 9SnSey alloys. This significant increase in
electrical conductivity resulted in dramatic enhance-
ment in power factor and dimensionless figure of
merit [3, 6]. In another similar work, Dong et al. have
measured the thermoelectric properties of Cu,.
ZnSnSe, compounds with 15% and 20% Cu doping at
Zn site. They achieved improved power factor and
reduced thermal conductivity simultaneously
attributing enhanced electrical conductivity and
increased phonon scattering [8]. Besides Cu doping,
another strategy to enhance the power factor is the
replacement of Se with heavier element ‘Te’. Te
alloying enhanced the power factor and reduced the
thermal conductivity simultaneously which resulted
in improved figure of merit of 0.56 at 700 K [9].
Furthermore, thermoelectric properties of CZTSe
compounds synthesised by different techniques have
been explored in literature, e.g. solid state reaction,
hot-injection synthesis, hydrothermal synthesis, solid
state reaction accompanied with ball milling,
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colloidal synthesis, combustion synthesis [3, 10-13].
Solid-state synthesis method for preparation of
CZTSe bulk samples has been reported for different
annealing times and temperatures, e.g. annealing at
773 K for 48 h, 773 K for 172 h, 873 K for one week,
973 K for 96 h, 973 K for one week and 1073 K for
96 h [9, 10, 14-16]. Difference in synthesis conditions
such as reaction temperature, reaction holding time,
annealing temperature and annealing time could lead
to different microstructure, hence affecting thermo-
electric properties. In addition it is well known that
microstructure can significantly affect the electrical
and thermal transport properties. Thus, it is impor-
tant to study the effect of annealing temperature on
microstructure and thermoelectric properties to
optimize the synthesis conditions.

In this work, we have studied the effect of
annealing temperature on thermoelectric transport

properties of Cuy1ZngoSnSes alloys. Different
annealing temperatures resulted in different
microstructures, as the annealing temperature

increased smaller grains merged into each other and
the average grain size increased which reduced the
charge carrier scattering subsequently reducing the
values of electrical resistivity with the rising anneal-
ing temperature. The reduced electrical resistivity
and moderate Seebeck coefficient resulted in maxi-
mum power factor of 400 pWK > m™"' for 725 °C
sample at 673 K which is about 1.5 times the value of
power factor for 600 °C sample. Moreover, pores and
bumps were observed on the surface of 725 °C sam-
ple which shift thermal conductivity of 725 °C sam-
ple to the lower values. Eventually, a maximum
figure of merit of about 0.1 has been obtained for
725 °C sample at 673 K.

Materials and methods

Cuy.1Zng ¢SnSey bulk samples were obtained through
melting and annealing process of high purity ele-
ments Cu (shots, 99.5%), Zn (cylinders, 99.99%), Sn
(shots, 99.9999%) and Se (shots, 99.99%). All the ele-
ments were loaded in the carbon coated quartz tube
and heated to 1170 K for 6 h under vacuum. The
samples were then annealed at four different tem-
peratures 600 °C, 650 °C, 700 °C and 725 °C for 96 h
by dropping the temperature to the desired value
within 24 h. The obtained ingots were then hand
milled into powder and loaded into 12.7 mm
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graphite mold for densification at 873 K for 1 h under
70 Mpa uniaxial pressure.

Powder X-ray diffraction patterns were collected
using Rigaku Smartlab 3KW X-ray diffractometer to
examine the phase purity of the samples. Raman
Spectra were recorded at room temperature using
Confocal Raman Spectrometer (LabRAM-HRS800)
equipped with 633 nm laser. Scanning electron
microscopy was performed on the fractured surfaces
of the bulk samples to analyze the microstructure
using SEM, JSM-6701F. LINSEIS (LSR-3) instrument
was used to measure electrical resistivity and Seebeck
coefficient of rectangular shaped samples in helium
atmosphere with experimental uncertainties of + 3%
and =+ 4% for electrical resistivity and Seebeck
coefficient, respectively [17]. Densities of the samples
were determined through Archimedes method.
Thermal diffusivity coefficient and heat capacity
were measured through laser flash technique by
DLF-1200, TA instrument. The dimensionless fig-
ure of merit (zI) was calculated by using above-
mentioned parameters. The experimental uncertain-
ties for thermal diffusivity, heat capacity and density
were + 3%, £ 5% and £ 1%, respectively [17].

Results and discussion

Figure 1a shows the powder X-ray diffraction pat-
terns of all the samples which shows kesterite phase
CupZnSnSe; compound along with CuSe as minor
secondary phase at 30.5° and 31.1° shown in Fig. 1b.
Since XRD alone cannot clearly distinguish between
CZTSe phase and some other chalcogenide phases
(ZnSe, CuySe, CuySnSey) due to the overlapping of
their main phase peaks [18] and the presence of sec-
ondary phases can significantly affect the electrical
and thermal transport properties so in order to con-
firm the phase purity Raman spectroscopy was per-
formed on 725 °C sample. The Lorentz fit of Raman
spectroscopy, shown in Fig. 2, depicts the major peak
located at 181 cm ™" which is allocated to CZTSe main
phase [4, 19] and ZnSe secondary phase peaks loca-
ted at 205 cm™! at 252 cm™! [20]. Furthermore, the
presence of CuSe secondary phase present in XRD
results is not detected in Raman Spectra, as a strong
peak located at around 262 cm™' associated with
CuSe is not present in our Raman spectra [21-23],
which may be due to the low concentration of CuSe
phase. Hence, the combined analysis of X-ray
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Figure 1 a XRD patterns of Cu, ,Zn SnSe Cu, ,Zny ;SnSe + CuSe
Cu,,1Zny oSnSe, sample with 21709 4 (a) # CuSe 2Troe “‘ (P) ra5c
different annealing
temperature and b enlarged . 1 A 725°C -~ . . 700°C
XRD patterns of . ‘? . 0 7007 ‘ui;
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different annealing 9 : | 650°C E
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o 725 °C samples are shown in Fig. 3 SEM image of
181:CZTSe —Tsc 600 °C sample shows highly compact microstructure
with comparatively higher frequency of smaller
; grains (3 and 5 pm) having an average grain size
& © of ~ 7.3 pm. As the annealing temperature gradually
2 g & increases to 650 °C, 700 °C and 725 °C, the smaller
g N 9 grains fuse into each other to form bigger grains with
£ § & rising frequency of bigger grains and the average
grain size gradually increases to ~ 9.3 um, ~ 11.4
pm and ~ 12.1 um, respectively. It depicts that
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Figure 2 Raman spectra of Cu,;ZngoSnSe, bulk sample
annealed at 725 °C.

Table 1 The lattice parameters and density parameters of the
Cu,.1Zng oSnSe, samples with different annealing temperature

sample 600 °C 650 °C 700 °C 725 °C
afb (A) 5.692 5.693 5.695 5.690
c(A) 11.336 11.335 11.334 11.338
pr (g/lem®) 5.659 5.584 5.642 5.618
pr (g/em®) 5.670 5.670 5.670 5.670
pr (%) 99 98 99 99

diffraction and Raman spectra confirms that the
samples have CZTSe main phase and ZnSe as major
and CuSe as minor secondary phases. The lattice
parameters ‘a” and ‘c’ of all the specimens are shown
in Table 1. The values of lattice parameters are well
consisted with the reported values and remain almost
unchanged for all the specimens [24].

SEM images of fractured surfaces and grain size
distribution histograms of 600 °C, 650 °C, 700 °C and
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higher annealing temperature enhances the grain
growth and smaller grains tend to fuse into each
other at higher temperature to form dense
microstructure. Furthermore, SEM image of 725 °C
sample shows few bumps and pores on grains sur-
faces, as depicted in Fig. 3e, which could possibly be
created due to the Se evaporation attributing high-
temperature annealing. Furthermore, Fig. 4 shows
the EDS image of hot-pressed 725 °C sample which
depicts non-uniform elemental distribution. Some
areas show Zn-enrichment; meanwhile Cu and Sn
deficiencies can also be observed. Furthermore, all
elements are uniformly distributed on the remaining
areas. Since Zn-rich area only contains Zn and Se
elements, as depicted by EDS image, so the non-ho-
mogeneity can be attributed to the presence of ZnSe
secondary phase. Hence highly dense and compact
heterogeneous samples with relative densities greater
than 98% are obtained as shown in Table 1.
Temperature dependence of p values for all the
samples is shown in Fig. 5a. The electrical resistivity
of 600 °C sample exhibits semi-metallic behavior in
the first half and metallic behavior in the second half
as the values of electrical resistivity decrease with
increasing temperature up to 473 K and then increase
sharply with the rising temperature which probably
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Figure 3 SEM images of fractures for Cu, ZnyoSnSe, samples with different annealing temperature a 600 °C, b 650 °C, ¢ 700 °C,
d 725 °C, e enlarged image of 725 °C sample and grain size distribution of £ 600 °C, g 650 °C, h 700 °C and i 725 °C samples.

be resulted from ionized impurity scattering; mean-
while the values of electrical resistivity of other
samples show slight increase with the increasing
temperature exhibiting degenerate semiconducting
behavior [25]. Temperature dependence of electrical
resistivity of 600 °C sample is different from other
samples but is consistent with previous reports
[8, 9, 19]. Furthermore, the electrical resistivity of the
samples decreases with the increasing annealing
temperature. The decrease in electrical resistivity
with increased annealing temperature can be attrib-
uted to increased carrier mobility, since the higher
annealing temperature tends to enhance the grain
growth, as depicted by SEM images, resulting in

lesser grain boundaries to scatter charge carrier
which leads to lower electrical resistivity. 725 °C
sample exhibits the lowest value of electrical resis-
tivity for the entire measured temperature range
among all the samples with maximum resistivity
value of about 2 mQcm at 673 K which is about 2.2
times lower than the value of 600 °C sample
(4.46 mQcm). The values of electrical resistivity of the
samples in this study are higher (especially for the
samples with low annealing temperatures) as com-
pared to the reported values for Cuj;ZngoSnSey
sample [3] which is due to the presence of ZnSe
secondary phase. Since ZnSe has significantly higher
electrical resistivity (4.16-30.1 Qcm at 300 K) as
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Figure 4 SEM and EDS
elemental mapping images of
the polished surfaces of the
Cu,.1Zng oSnSe, samples with
725 °C annealing.

compared to CZTSe [26], so its presence increases the
electrical resistivity values of the samples.

The values of Seebeck coefficient of all the samples
are positive and increase almost linearly with the
rising temperature as shown in Fig. 5b. The increas-
ing annealing temperature decrease Seebeck coeffi-
cient values; meanwhile, when the annealing
temperature raised to 725 °C, the value of Seebeck
coefficient increased again to the value closer to
650 °C sample. Since both electrical resistivity and
Seebeck coefficient contribute to the power factor,
hence the increasing trend of Seebeck coefficient and
little increase in electrical resistivity with increasing
temperature result in increased power factor values
with the rising measuring temperature for entire
measured temperature range as shown in Fig. 5c.
Furthermore, the increasing annealing temperature,
until 650 °C, does not make significant contribution
to the power factor and 600 °C and 650 °C samples
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show almost similar values of power factor. This is
due to the fact that while electrical resistivity
decreases with increasing annealing temperature,
Seebeck coefficient also decreases and the same
magnitude change in both factors compensates each
other resulting in no appreciable improvement in
power factor of 600 °C and 650 °C samples. Mean-
while 700 °C sample shows little improvement in the
power factor at 673 K. Furthermore, lowest electrical
resistivity and moderate Seebeck coefficient of 725 °C
sample among all the samples significantly enhance
the power factor. The maximum value of power
factor of about 400 tWK > m™' at 673 K is obtained
which is 1.5 times higher than the value of 600 °C
sample. Figure 5d depicts the power factor values at
673 K as a function of average grain size for all the
samples. It is clearly shown that as the average grain
size increases from 7.3 to 9.3 pm, the power factor
does not show any change; meanwhile increase in
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grain size to 11.4 um exhibits a little rise in power
factor value. Furthermore, with the increase in grain
size to 12.1 pm, the power factor value shows a sig-
nificant increase to a value of around 400 pWK~? -
m~" attributing lowest value of electrical resistivity
and moderate Seebeck coefficient.

The charge carrier density is significantly impor-
tant to clearly understand the effect of annealing
temperature of electrical properties. However,
despite our several attempts, we couldn’t get mea-
sured values of charge charier concentration for
CZTSe alloys by our home made and commercial
Hall measurement equipment due to the large con-
tact resistance and inhomogeneous distributions of

samples. So, a rough estimation of charge carrier
density has been obtained from Mott’s formula:
2/3

S4(T > Op) = (nkg)*2m*T /el (3n7?)

where m* = 0.82m, is carrier mass for Cu, 1Zng oSnSey
calculated from reported n and S values of Ref [6], e is
carrier charge, kg is Boltzmann constant, 7 is Planck’s
constant, T is temperature, and # is the charge carrier
density [27]. The estimated Hall mobility was calcu-
lated using wy = 1/nep and the estimated charge
carrier density and Hall mobility at room tempera-
ture is shown in Fig. 5e. The hole concentration
increases with the rise in annealing temperature until
700 °C and reaches its of
2.2 x 10*' cm™, but as the annealing temperature

maximum value
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raised further to 725 °C, it shows a little drops to
1.5 x 10*! cm™>. In addition, it can be clearly seen
that mobility value increases from 1.3 to 2.43 cm*
V' 57! with the rise in annealing temperature from
600 to 725 °C which is in accordance with the fact that
electrical resistivity decreases with the rising
annealing temperature.

Total thermal conductivity of all the samples,
which is depicted in Fig. 6a, decreases rapidly with
the increasing temperature attributing predominant
phonon scattering. Besides, the increased annealing
temperature has adverse effect on thermal conduc-
tivity of the samples and the thermal conductivity
increases with the rising annealing temperature
attributing increase in lattice and carrier thermal
conductivity with rising annealing temperature. In
addition 725 °C sample exhibits thermal conductivity
values similar to 650 °C sample at low temperatures
and similar to 700 °C sample at high temperatures
attributing lower lattice thermal conductivity of
725 °C as compared to 650 °C and 700 °C samples.
The carrier thermal conductivity is estimated by
using Wiedemann-Franz law x. = LT/p where L is
Lorenz constant calculated by L = 1.5 + exp( — 1S/

J Mater Sci (2021) 56:20087-20097

by subtracting carrier thermal conductivity from total
thermal conductivity. Lattice thermal conductivity of
all the samples, depicted in Fig. 6b, decreases rapidly
with the rising temperature which is attributed to
predominant phonon scattering at high temperatures.
Furthermore, the lattice thermal conductivity of the
samples increases with the increasing annealing
temperature which can be ascribed to increased
average grain size at higher annealing temperatures,
as depicted by SEM images, since increased grain size
provides less grain boundary area to scatter phonon
hence increasing lattice thermal conductivity. In
addition, lattice thermal conductivity of 725 °C sam-
ple is lower than 650 °C and 700 °C samples, which is
attributed to the presence of bumps and pores on the
grain surfaces which can effectively scatter the pho-
nons resulting in reduced lattice thermal conductivity
of 725 °C sample. The relationship between average
grain size and lattice thermal conductivity values at
673 K is shown in Fig. 6d. As the grain size increases
from 9.3 to 11.4 pm, the lattice thermal conductivity
values increase attributing reduced phonon scatter-
ing due to lesser grain boundaries. In addition, as the
average grain size increases to 12.1 pm, the lattice

116) [28] and p is electrical resistivity and lattice ~ thermal conductivity exhibits slight decrease
thermal conductivity of all the samples is estimated
Figure 6 Temperature 45 T T w00 o(': 40 " " " " "
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attributing pours and bumps on grains surfaces
which are clearly depicted in Fig. 3e.

The temperature-dependant carrier thermal con-
ductivity, which is electronic counter part of lattice
thermal conductivity, is shown in Fig. 6¢c in the
temperature range of 300-700 K. Carrier thermal
conductivity of all the samples increases with the
rising temperature for the entire temperature range.
Furthermore, the contribution of carrier thermal
conductivity significantly increases with the increas-
ing annealing temperature which is obvious since
higher annealing temperature reduces electrical
resistivity values resulting in significantly higher
contribution to the carrier thermal conductivity. Since
both carrier and lattice thermal conductivities
increase as the annealing temperature increases from
600 to 700 °C resulting in increased total thermal
conductivity. In addition, 725 °C sample has lattice
thermal conductivity lower than 650 °C and 700 °C
sample and carrier thermal conductivity not too
higher than 700 °C sample which leads to total ther-
mal conductivity of 725 °C sample similar to 650 °C
at lower temperatures and similar to 700 °C at high-
est temperatures. Furthermore, the values of total
thermal conductivity in this study are higher as
compared to the reported values for Cu,1Zng¢SnSey
composites [3] which is attributed to the presence of
ZnSe secondary phase. Thermal conductivity of ZnSe
(19 Wm™"' K™ is significantly higher as compared to
CZTSe compound so the presence of ZnSe secondary
phase may lead to significant increase in thermal
conductivity of the compound [29].

The thermoelectric figure of merit of all the sam-
ples is shown in Fig. 7a. The values of dimensionless
figure of merit of all the samples increase nonlinearly
with the rising temperature for the whole tempera-
ture range. The increase in annealing temperature up
to 700 °C results in decreased figure of merit due to
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similar power factors and enhanced thermal con-
ductivity with rising annealing temperature, besides
a further rise in the annealing temperature to 725 °C
enhance the figure of merit. Since 725 °C sample has
highest power factor and moderate thermal conduc-
tivity among all the samples which enhance the fig-
ure of merit and maximum value of zT of 0.1 is
achieved for 725 °C sample at 673 K. In addition,
dimensionless figure of merit as a function of average
grain size is shown in Fig. 7b. It can be clearly seen
that as the grain size increases up to 11.4 um, the
figure of merit decreases due to enhanced thermal
conductivity and similar power factor; meanwhile as
the average grain size increases to 12.1 um, the fig-
ure of merit significantly increases attributing com-
paratively higher power factor and intermediate
thermal conductivity. Comparing with reported
results of Cuy1Zng¢SnSe, alloy, it is easy to find that
our figure of merit is lower than reported values. The
figure of merit, zT = 0.45, is reached for Cu,1Zngo.
SnSe, with purity phase at 700 K [6]. It is observed
that when the secondary phases like CujsZngos,
ZnSe and so on are included, the figure of merit is
down in Cuj1ZngeSnSes composition [30]. In our
work, the secondary phases of ZnSe, CuSe are found
in sample as above description, and the synthesis
conditions are also different with reported work;
these factors affect the electrical and thermal trans-
ports and then lead to lower figure merit. So desired
purity phase and optimized synthesized conditions
will be focused. Based on above results, our study
provides a good insight on annealing temperature
effect on microstructure and thermoelectric transport
properties of CZTSe alloys. Further work could be
done on effect of annealing duration on CZTSe alloys
thermoelectric performance.

Figure 7 Figure of merit, zT j T T

. 10 } —#—600°C ] 0.10 + b
a as a function of temperature 0.10 —_@— 650°C (@) 2T @ 673K (b)
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. . . 0.08 —y—725°C 1 _
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Conclusion

In this work, we have investigated the effect of
annealing temperature on microstructure and ther-
moelectric transport properties of Cuy1ZngoSnSey
alloys. We find out that with increasing annealing
temperature small grains fuse into each other to form
bigger grains and grain size distribution shifts
toward higher values with higher frequency of bigger
grains. The average grain size was increased from 7.3
to 12.1 pm by increasing annealing temperature from
600 to 725 °C resulting in enhanced electrical and
thermal conductivity attributing reduced carrier and
phonon scattering. Furthermore, the increased
annealing temperature from 600 to 700 °C reduced
the figure of merit due to similar power factor but
enhanced the thermal conductivity. In addition when
the annealing temperature was raised to 725 °C, the
microstructure shows some bumps and pores on
grains surface which increased phonon scattering
hence reduced the thermal conductivity. Further-
more, we have observed that with increasing average
grain size, power factor value increases attributing
low charge scattering. Dimensionless figure of merit
observed a little decrease with increasing grain size
from 7.3 to 11.4 pm and then showed significant
increase with further rise in grain size to 12.1 um.
Eventually highest zT value of 0.1 was obtained for
725 °C sample at 673 K attributing highest power
factor and moderate thermal conductivity among all
the samples.
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