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Summary

Recently, lead and tellurium-free GeSe chalcogenide-based thermoelectric

materials have been considered as an alternative for PbTe and GeTe because of

their nontoxic and attractive properties. However, the reports on thermoelec-

tric properties of GeSe are very limited with low power factor values. Herein,

we report the effect of Cu substitution on mixed phase formation and thermo-

electric performance of Ge1�xCuxSe (0.0 ≤ x ≤ 0.4) samples. In the prepared

samples, the multiphases of orthorhombic/Imm2 Cu2GeSe3, cubic/Fm3m

Cu2Se, hexagonal/P63mc CuSe, hexagonal/P63/mmc Cu8GeSe6, and ortho-

rhombic/Pnnm CuSe2 were observed, due to incorporation of Cu in GeSe as

confirmed by X-ray diffraction analysis. The electrical resistivity of the samples

decreased with x values due to the formation of Cu-rich phases. Moreover, the

mobility of GeSe increased by one order through Cu substitution resulting

from the percolation effect in the sample with multiphases. A high-power fac-

tor of 720 μW/K2m was achieved at 500 K for the Ge0.6Cu0.4Se samples with

thermal conductivity (κL) of 1.47 Wm�1κ�1 at the same temperature which

resulted in a high figure of merit (ZT) � 0.26, due to Cu-rich multiphases in

the sample.
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1 | INTRODUCTION

In recent decades, the exploration of new materials for
thermoelectric generators (TEG) has been rapidly
increasing. TEG is a solid-state device without any
mobile unit, utilized in power generation and electronic
refrigeration applications in an environmentally friendly
way, as the TEG are clean and sustainable energy tech-
nology. The thermoelectric efficiency is calculated using
a dimensionless figure of merit (ZT) = S2T/ρκ, where S-

Seebeck coefficient, T-absolute temperature, ρ-electrical
resistivity, and κ = κe + κL, where κ-total thermal con-
ductivity, κe and κL corresponds to electronic and lattice
thermal conductivity, respectively. Several approaches
have been made to reduce the κL via low sound velocity,1

rattling atom in voids,2-4 liquid-like sublattice,5-8 multi-
scale microstructures,9-13 and anharmonicity.14-17 The
power factor can be improved by multiphase,18 alloying
effect,19 resonant levels,20 band structure engineering,21

and band convergence.22-27 The ZT and energy
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conversion efficiency of the thermoelectric materials can
be optimized by modifying the electronic and thermal
properties.

Unanimously, tellurium and selenium chalcogenide
materials play a prominent role in the thermoelectric sci-
entific community by showing high thermoelectric per-
formance in intermediate applications. Among these tin-
and germanium-based chalcogenide compounds are
toxic-free materials with high performance in the inter-
mediate temperature range applications (600 to 920 K).28

According to recent reports,29-31 GeTe and SnTe have
become an alternative for thermoelectric application but
the Te is highly expensive, volatile in nature, and toxic.32

Concomitantly, reports on the thermoelectric properties
of these orthorhombic compounds are reported few
except SnSe. GeSe is a known p-type semiconductor
(Eg = 1.1 to 1.2 eV), with orthorhombic (Pnma symme-
try) crystal structure similar to SnSe at room temperature.
It is noteworthy to mention that making materials with
multiphase, where the heterojunction between the multi-
ple phases with different band gaps and larger carrier
density than the host matrix will greatly improve the
electron transport properties.18 The thermoelectric prop-
erties of Cu-added multiphase GeSe materials have not
been reported in detail.21 Moreover, GeSe has been useful
in other applications such as photovoltaic,33 photonic
devices with thin-film structure,34,35 resistive memory
cells,36 optoelectronics,37,38 and electrochemical memory
cells.39-41

Very recently, multiphase samples have attracted
much attention among the thermoelectric IV to VI
family by performing the high energy conversion in the
intermediate temperature (500 to 800 K) application.
Most like IV to VI compounds such as SnSe and GeTe
materials including Te/Sb/Ge/Ag (TAGS) are an exam-
ple of phase transitions that occur at high temperature
�920 K (from rhombohedral to cubic) and shows high
ZT of 1.5.42 Recently it was theoretically predicted that
GeSe profiling a high ZT �2.5 at 800 K, by showing
intrinsically low κ and multiband feature with hole car-
rier concentration of �1018 cm�3,43 which is higher
than that of theoretically predicated ZT of SnSe. Sev-
eral efforts have been taken to improve the ZT by tun-
ing the carrier concentration via alloying such as
Ge1�x�yAgxSnySe,

44 (GeSe)1�x(AgSbSe2)x,
45 (GeSe)1�x

(AgBiSe2)x,
46 and GeSe1�xTex.

21,47 However, the
reported ZT values for most of the GeSe-based materials
are in the range of 0.6. Further research is needed to
improve the ZT of GeSe-based materials. Cu substitution
is one of the promising approaches to tuning the carrier
concentration of GeSe. However, the effect of Cu substi-
tution on the thermoelectric properties of GeSe is not
analyzed in detail except for a few attempts.44

Therefore, in the present study, the effects of Cu sub-
stitution on the multiphase and thermoelectric perfor-
mance of Ge1�xCuxSe (0.0 ≤ x ≤ 0.4) samples were
studied. The ρ values of Ge1�xCuxSe (0.0 ≤ x ≤ 0.4) sam-
ples were decreased in the samples with higher
Cu(x) content, which is due to the higher carrier concen-
tration in the samples. A high power factor of �702 μW/
K2m was achieved in Ge0.6Cu0.4Se samples with κ of 1.4
Wm�1κ�1 at 600 K and thereby a high ZT �0.26 was
achieved in the samples. The experimental results dem-
onstrated that the multiphase GeSe-CuSe samples can
effectively improve thermoelectric performance.

2 | MATERIALS AND METHODS

High-quality source materials of Ge (99.999%), Se
(99.8%), and Cu (99.9%) were used for synthesizing
Ge1�xCuxSe (0.0 ≤ x ≤ 0.4) using two steps process of
hydrogen decrepitation technique. In the first stage of
synthesis, the source materials were ball milled. In the
second stage (after the ball milling process), the milled
samples were treated under a flowing hydrogen atmo-
sphere, which is referred to as the hydrogen decrepitation
method. The flowing hydrogen ambient is highly useful
for preparing nanostructures with controlled grain struc-
ture without agglomeration, and this process effectively
controls the surface oxidation of the sample. In a typical
synthesis, the source materials with an appropriate ratio
were loaded in a 250 mL Teflon-lined stainless steel jar;
10 mL toluene was added as a process controlling agent.
Tungsten balls with diameters of 5 and 12 mm were used
for milling for up to 12 h at 300 rpm. After milling the
powders were collected and placed in a vacuum oven at
80�C for 2 h to dry the samples. Further, the dried sam-
ples were treated under a hydrogen atmosphere at 450�C
for 3 h. For thermoelectric measurements, the decrepi-
tated Ge1�xCuxSe (0.0 ≤ x ≤ 0.4) powders were made into
pellets using a rectangular die with dimensions of
12 � 3 � 3 mm3 under a uniaxial hydraulic pressure of
20 MPa and sintered under a hydrogen atmosphere at
673 K for 3 h. The preparation process of Ge1�xCuxSe
(0.0 ≤ x ≤ 0.4) samples is schematically depicted in
Figure 1. During the sintering process in the hydrogen
atmosphere-controlled grain growth without surface oxi-
dation can occurs which results in a sample with highly
interconnected grain structures.

3 | CHARACTERIZATION

The morphological properties were analysed by SEM
(VEGA3, TESCAN). The structural and phase purity of

2 SIDHARTH ET AL.



the obtained samples were characterized using Shi-
madzu, X-ray diffractometer-6000, Japan in the 2θ range
between 20� and 70� with FeKα radiation (1.936 Å). Hall
measurement was carried out using the Vander paw
method (four-probe) with a magnetic field of 0.6 T at
323 K (MMR, Technologies, USA). The thermoelectric
parameters of ρ and S of the samples were carried out
using a hot stage Seebeck instrument system (SM300,
Marine India, India) as a function of temperature under
vacuum conditions. The thermal diffusivity of the sam-
ples was measured from 323 to 700 K using the laser flash
diffusivity method with a Netzsch LFA �467 instrument,
and the κ was calculated according to κ = ρCpD. Where
Cp is the specific heat capacity estimated by Dulong petit
law and density was calculated by Archimedes method.
The dimension of prepared square-shaped samples was
8 mm length, 8 mm breadth, and 2 mm thickness
(Figure 2). The κe was calculated using Wiedemann
Franz law, κe = LT/ρ, where L-Lorentz number. By sub-
tracting κe from κL, κL of the samples was extracted.

To understand the multiphase in the prepared sam-
ples, the X-ray diffraction (XRD) patterns of the samples

were recorded. Figure 3 depicts the XRD patterns of
Ge1�xCuxSe (0.0 ≤ x ≤ 0.4) samples that were recorded at
room temperature. All the diffraction peaks of Ge1�x-

CuxSe (0.0 ≤ x ≤ 0.4) samples were indexed to the ortho-
rhombic crystal structure with a space group of Pnma
symmetry. The diffraction peaks of pristine GeSe samples
were well consistent with the JCPDS file no.48-1226. The
peak at 40.55� for pristine GeSe shows preferred growth
orientation along (111) plane. For Ge1�xCuxSe

FIGURE 1 Schematic representation of materials preparation process

FIGURE 2 Prepared polished sample for thermoelectric

measurement

FIGURE 3 XRD patterns of Ge1�xCuxSe (0.0 ≤ x ≤ 0.4)

samples
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(0.1 ≤ x ≤ 0.2) samples, exemplifies the domination of
pristine orthorhombic/Pnma crystal phase, although,
minor peaks of CuSe2 phase with orthorhombic/Pnnm
crystal structure were observed at 37.8� and 28.9�, respec-
tively, indicated by a diamond symbol. For Ge0.7Cu0.3Se
and Ge0.6Cu0.4Se samples, the domination of the CuSe2
phase was observed and the Cu2Se phase was observed at
57.61� with cubic/Fm3m crystal structure. For highly Cu
substituted Ge0.6Cu0.4Se samples, the dominant ortho-
rhombic/Imm2 Cu2GeSe3 phase was observed at 35.16�,
58.53�, and 59.23� and new additional phases of Cu8G-
eSe6 and CuSe were observed in the pattern correspond
to the crystal structure of hexagonal/P63mc. Moreover,
the pristine GeSe peak at 40.55� corresponds to (111)
plane was completely suppressed in the Ge0.6Cu0.4Se
sample and the predominant Cu2GeSe3 phase appeared.
The formation of additional Cu-related phases was
formed since the Cu content exceeds the solid solubility
limit in GeSe.

Figure 4A-C shows the FESEM images of Ge1�xCuxSe
(0.0 ≤ x ≤ 0.4) samples. The grain size of all the samples
was almost similar. The grains are highly interconnected
in all samples which resulted from the grain growth at
high-temperature sintering that would facilitate the elec-
tron transport. Furthermore, the grain boundaries and
coalesce of the samples are well observed in Figure 4A-E.

Figure 5A-D shows the HRTEM images of GeSe and
Ge0.6Cu0.4Se samples, respectively. The measured inter-
planar distance of 0.281 nm corresponds to the (111)

plane of GeSe as depicted in Figure 5B. The images of
TEM and HRTEM of Ge0.6Cu0.4Se samples are shown in
Figure 5C,D. Figure 5D represents the lattice fringes of
Ge0.6Cu0.4Se samples corresponding to the crystallo-
graphic plane of (220) for Cu2GeSe3, (311) for Cu2Se, and
(210) for CuSe2, which confirms the presence of mixed
phases in the sample.

Figure 6A shows the electrical resistivity of Ge1�x-

CuxSe (0.0 ≤ x ≤ 0.4) samples as a function of tempera-
tures. The ρ of GeSe, Ge0.9Cu0.1Se, and Ge0.8Cu0.2Se
samples decrease with rising temperature, which shows
the semiconductor behaviour of the samples. Whereas
the electrical resistivities of Ge0.7Cu0.3Se and Ge0.6Cu0.4Se
samples were slightly decreased at low temperatures and
increased at high temperatures (>550 K). The raise in the
high-temperature electrical resistivity of the samples
resulted from the formation of Cu-rich phase formation
in the samples as confirmed by XRD. Moreover, the ρ of
the pristine GeSe decreased up to four orders when
Cu(x) was substituted in the GeSe samples. For instance,
pristine GeSe shows the resistivity of 21.26 Ω.m at 323 K
and it decreased to 7.3 � 10�3 Ω.m for Ge0.6Cu0.4Se at the
same temperature, due to the formation of Cu-rich multi-
phases.21 Hall measurement of Ge1�xCuxSe
(0.0 ≤ x ≤ 0.4) samples were carried out at 323 K to
examine the n, μ, and type of carriers as a function of
Cu(x) content. The measured data are shown in
Figure 6B and Table 1. It was found that n and μ of the
sample increased with raising the Cu(x) content. The Cu

FIGURE 4 FE-SEM images of (A) GeSe, (B) Ge0.9Cu0.1Se, (C)Ge0.8Cu0.2Se, (D) Ge0.7Cu0.3Se, and (E) Ge0.6Cu0.4Se
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addition in GeSe resulted from the formation of Cu-rich
mixed phases of Cu2GeSe3, CuSe2, and CuSe which
enhanced the carrier concentration (n) and mobility (μ)
in the samples. Matthiessen’s rule states that the electri-
cal resistivity (ρ) of multiphase samples is the sum of the
resistivity of the pristine GeSe (ρm), resistivity arising
from grain boundary (ρgb), and contribution from the
substitution of additives (ρsub), as shown in
Equation (1).

ρ¼ ρmþρgbþρsub ð1Þ

According to the percolation principle, increasing the
Cu substitution leads to lower resistivity and the charge
carriers find their conducting path channel connected by
the large grains which lead to enhancing the electron
transport properties as shown in Table 1. The highly con-
ductive grains of Cu-rich phases contribute to the short-
range percolation of the carriers nearby the GeSe grain,

FIGURE 6 Variation of electrical resistivity and Seebeck coefficient of Ge1�xCuxSe (0.0 ≤ x ≤ 0.4) samples with temperature

FIGURE 5 TEM and HRTEM

images of GeSe (A&B) and Ge0.6Cu0.4Se

(C&D) samples
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which might be one of the reasons for the higher mobility
of the charge carrier. Figure 6B depicts that the Seebeck
coefficient (S) of Ge1�xCuxSe (0.0 ≤ x ≤ 0.4) samples are
not monotonously changed with increasing temperatures.
The pristine GeSe exhibits an S of 855 μV/K at 323 K and
raised up to 1344 μV/K at 650 K, which is a relatively
higher value than the previously reported value.30-34

Moreover, the similar structured pristine SnSe have
exhibited a similar tendency of Seebeck coefficient varia-
tion in the measured temperature range.18,20 Meanwhile,
Increasing the Cu(x) content in Ge1�xCuxSe
(0.1 ≤ x ≤ 0.3) samples decreased the S, which is mainly
due to the following reason: (i) influence of multiphases
occurring in the sample and (ii) enhancement in the car-
rier concentration. Among the prepared samples,
Ge0.6Cu0.4Se alloy shows a relatively higher S at low tem-
peratures and Ge0.9Cu0.1Se alloy shows a high S at high
temperatures. The S of Ge0.6Cu0.4Se samples decreased
up to 450 K and then increased at high temperatures
(>450 K), which have a similar tendency of electrical
resistivity, especially at high temperatures, as depicted in
Figure 6A.

The variation of the power factor of Ge1�xCuxSe
(0.0 ≤ x ≤ 0.4) samples were calculated from the mea-
sured ρ and S as a function of thermal variation as shown
in Figure 7. The low ρ left great improvement in the
power factor of Ge1�xCuxSe (0.0 ≤ x ≤ 0.4) samples. A
high power factor of 720 μW/K2m was achieved from
Ge0.6Cu0.4Se samples at 500 K, which is a comparatively
higher value than other prepared samples. Moreover, the
calculated PF of Ge0.6Cu0.4Se samples was slightly
decreased at high temperature, which is due to the higher
ρ of the sample, as shown in Figure 6A.

The temperature-dependent of thermal conductivity
(κtotal) Ge1�xCuxSe (0.0 ≤ x ≤ 0.4) samples in the thermal
variation of 323 to 700 K as shown in Figure 8A. Pristine
GeSe sample depicts low κ compared to other samples.
Figure 8B depicts the κe of Ge1�xCuxSe (0.1 ≤ x ≤ 0.4)
samples increased with raising Cu(x) content, which is
due to its lower ρ values, as shown in Figure 6A. The κL
of Ge1�xCuxSe (0.1 ≤ x ≤ 0.3) samples were increased
with raising Cu(x) content, that is, from 1.4 Wm�1κ�1

(for Ge0.9Cu0.1Se) to 1.8 Wm�1κ�1 (for Ge0.7Cu0.3Se sam-
ples) at 323 K, as shown in Figure 8C. Meanwhile, the κL
of all samples decreased when the temperature increased
from 323 to 700 K. As shown in XRD patterns, GeSe and
CuSe phases are dominant in the samples with x ≤ 0.2.
When the x value increases beyond 0.2, multiple phases
of Cu2GeSe3, CuSe2, CuSe, and Cu2Se are formed in the
samples (Figure 3). Therefore, the pelletized samples
with x = 0.3 and 0.4 may have interfaces with different
interface energies. The grain size of the samples slightly
increased with x values as shown in SEM images. When
the grain size increased, the number of grain boundaries
decreased which result in a low rate of phonon scattering.
As a result, the samples with higher x values show rela-
tively higher thermal conductivities.

The ZT of Ge1�xCuxSe (0.0 ≤ x ≤ 0.4) samples was
calculated from the PF (S2/ρ) and the κ, and shown in
Figure 9. A high ZT value of 0.26 at 600 K was observed
for Ge0.6Cu0.4Se alloy, which is relatively higher than the
pristine GeSe. The high PF of Ge0.6Cu0.4Se sample
resulted in high ZT values. The ZT values of Ge0.6Cu0.4Se

TABLE 1 Electrical transport properties of Ge1�xCuxSe (0.0 ≤ x ≤ 0.4) samples

Ge1�xCuxSe
samples

Resistivity, ρ
(Ω.m)

Carrier concentration,
n (cm�3)

Mobility, μ
(cm2V�1 s�1)

Density d
(g.cm�3)

X = 0.00 21.26 4.14� 1014 14.67 6.28

X = 0.10 2.28 3.23 � 1015 53.83 6.39

X = 0.20 0.287 5.08 � 1016 79.98 6.47

X = 0.30 0.033 4.27 � 1017 95.89 6.58

X = 0.40 0.0073 3.28 � 1018 101.06 6.57

FIGURE 7 Variation of power factor (PF) of Ge1�xCuxSe

(0.0 ≤ x ≤ 0.4) samples with temperature
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are 198% higher than pristine GeSe (Table 2). The experi-
mental results showed that Cu-rich materials with multi-
phase improved the thermoelectric performance of GeSe.

Relentlessly, above 600 K, ZT of Ge0.6Cu0.4Se decreased
due to anomalously enhanced electrical resistivity of the
sample at high temperatures. The thermoelectric

FIGURE 8 Variation of thermal conductivity of Ge1�xCuxSe (0.0 ≤ x ≤ 0.4) samples (A-C)

FIGURE 9 Variation of the figure of merit of Ge1�xCuxSe (0.0 ≤ x ≤ 0.4) samples with temperature (A). Schematic representation of

intrinsic excitation phenomenon in P-type semiconductor with narrow bandgap (Eg) (B)

SIDHARTH ET AL. 7



properties variation is attributed to the additional
electron-hole pairs generated by materials with intrinsic
excitation at high-temperature regimes as schematically
shown in Figure 9B. When an electron in the valence
band is thermally excited to the conduction band, it
leaves holes behind it. Such kind of thermal excitation
results generation and recombination of electron-hole
pairs which contribute to heat conduction,49 which in
turn leads to bipolar thermal conductivity. Concomi-
tantly, part of the minority carriers compensates the
holes at high temperature due to intrinsic excitation
which results in low S values at high temperatures48 and
thus reduced ZT at high temperature. The reported ther-
moelectric performance of the GeSe and Cu2GeSe3 are
compiled in Table 2. As can be noticed from Table 2, the
ZT of our prepared GeSe sample is far higher than that of
previously reported values. Hence, Ge0.6Cu0.4Se composi-
tion with mixed phases of the sample is bound to exhibit
high ZT than other reported samples. The experimental
results demonstrated that the substitution of Cu in Ge1�x-

CuxSe with larger x values is a promising approach to
form a multiphase material with tunable electron and
phonon transport properties for thermoelectric applica-
tions in the intermediate temperature applications.

4 | CONCLUSION

Pure GeSe and Ge1�xCuxSe (x = 0.1, 0.2, 0.3, and 0.4) sam-
ples with multiphases were prepared by ball milling fol-
lowed by a novel hydrogen decrepitation method. The Cu-
rich mixed phases were observed in the highly Cu
substituted samples due to the low solid solubility of Cu in
GeSe. The thermoelectric properties of Ge1�xCuxSe
(0.0 ≤ x ≤ 0.4) samples were studied as a function of tem-
peratures. The carrier concentration of the Ge1�xCuxSe
(0.0 ≤ x ≤ 0.4) samples were increased with raising
Cu(x) content, which leads to a lower ρ of all the samples.

Moreover, the S values of the highly Cu substituted
Ge0.6Cu0.4Se samples were significantly reduced compared
to pure GeSe. Ge0.6Cu0.4Se samples show a high PF, which
leads to the high figure of merit ZT � 0.26. The experi-
mental results demonstrated that the multiphases of the
Ge1�xCuxSe samples showed a high thermoelectric perfor-
mance in the intermediate temperature application.
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