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CuSbTe thin films with enhanced
thermoelectric performance†

Amit Tanwar, Rajvinder Kaur, N. Padmanathan* and Kafil M. Razeeb *

Antimony telluride (Sb2Te3) based alloys are well known as promising thermoelectric materials for near-room

temperature applications. In this work, we present a simple and cost effective electrodeposition approach for

developing CuSbTe films with enhanced thermoelectric characteristics. Amorphous CuSbTe solid solutions of

varied compositions are electrodeposited by adjusting the [Cu2+] concentration in the electrolytes. The

increasing copper content in the films resulted in a crystalline to amorphous phase transition. This

Cu-induced phase transition creates anti-site defects, resulting in lower carrier concentration, increased

Hall mobility, and a higher Seebeck coefficient. The CuSbTe film with 5.7 at% Cu has an extraordinarily high

power factor of 2.8 mW m−1 K−2, which originates from a high Seebeck coefficient of −382 mV K−1 and

a good electrical conductivity of 2.05 × 104 S m−1. To demonstrate the feasibility of applying this material

as an n-type leg, the film is electrodeposited onto flexible Nylon cloth and validated for device fabrication.

By delivering a maximum power output of 120 nW for a temperature difference of 30 K, our flexible device

confirmed the prospective of this material in flexible thermoelectric device applications.
1. Introduction

The dramatic rise in energy consumption, combined with
climate change caused by the extensive use of traditional fossil
fuels, has motivated a quest for environmentally acceptable and
renewable energy sources. Thermoelectric (TE) energy conver-
sion is a potentially sustainable energy source and a viable
method to achieve global carbon neutrality because of its ability
to transform waste heat into power. The thermoelectric energy
conversion efficiency is determined by a material's dimension-
less gure of merit, zT = S2sk−1T,1 where s, S, k and T are the
electrical conductivity, Seebeck coefficient, thermal conduc-
tivity and absolute temperature, respectively.2 To maximize the
thermoelectric efficiency, it is necessary to increase the power
factor, S2s while decreasing the thermal conductivity, k.
However, these s, S, and k are all inter-related and therefore,
increasing the energy efficiency presents considerable chal-
lenges. To address this inherent disadvantage, many
researchers attempted to tune these parameters via quantum
connement, phonon scattering, and energy ltering effects.3

To date, two different approaches have been followed to
improve the thermoelectric performance of a material, such as
introducing complex lattice structures and incorporating
metallic or semiconducting nanoparticles into thermoelectric
matrices.4,5 This work investigates a more traditional strategy
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for optimizing the thermoelectric performance by tuning the
electron conguration or varying the carrier density near the
Fermi-level through the doping process as reported earlier.3 The
anomalies in the density of states cause a drastic rise in the
Seebeck coefficient without lowering electrical conductivity,
thus increasing the power factor.3

Thin lms of antimony telluride (Sb2Te3) are one of the well-
established thermoelectric materials for room temperature
applications, because of their viable thermoelectric character-
istics.56 This telluride has been extensively investigated and
numerous groups have demonstrated that a marginal change in
the chemical composition by doping Na,7 Bi,8 Ag,9 Cu10 and Sn11

can greatly improve its thermoelectric performance. Copper-
doped multinary thermoelectric materials are gaining promi-
nence due to their outstanding electronic transport character-
istics and low inherent thermal conductivity.12 To obtain low
dimensional lms with these elements by conventional
methods such as sputtering, thermal evaporation, and epitaxial
growth is still challenging and of interest due to their phase
transformation during the growth process.13,14 As a result, high-
quality Sb2Te3 thin lms prepared via a more traditional
deposition approach are required for practical applications.
Various methods have been used for the fabrication of ther-
moelectric materials with different elemental doping methods,
such as solvothermal synthesis,15 chemical vapour deposition
(CVD),16 atomic layer deposition (ALD),17 hydrothermal
processes18 and electrodeposition methods.19 Electrodeposition
is a highly productive and adaptable method that offers high
deposition rates, scalability, ease of operation, low cost, and
precise control over a variety of parameters such as composition
This journal is © The Royal Society of Chemistry 2023
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and morphology.6 Padmanathan et al. reported that increasing
the Cu content in electrodeposited CuBiTe20 or even in the Te
lm21 improved the power factor. The Cu-doping reduced the
carrier concentration, leading to a larger Seebeck coefficient at
room temperature. In 2021, Kim et al.22 reported controlled
doping of Cu in n-type BiTeSe, observing that doped Cu
generates one electron and acts as an electron connector,
increasing the zT by 30% in the temperature range of 360–400 K.
It is also reported that Cu doping in Ba8Ga16Sn30 enhanced its
thermoelectric performance and showed a zT of 1.45 at around
500 K,23. Li et al.24 reported the effects of Cu2+ in the BiSbTe thin
lm and demonstrated an increase in the Seebeck coefficient.
Park et al.25 investigated the thermoelectric properties of the
intermetallic copper telluride thin lm, and the band offset
between the copper telluride and Te metal increases the See-
beck coefficient without sacricing the lm's conductivity due
to carrier ltering. These aforementioned chemical strategies
are well established and have been effectively utilized for
various forms of chalcogenides, all of which show promise for
applications in thermoelectric power generation. Another
potentially effective technique for increasing the power factor is
to modify the materials' intrinsic defects. This concept has been
utilized extensively for IV–VI compounds (i.e. PbTe, SnTe, etc.)
when alloying with I–V–VI2 (CuSbTe2, NaSbTe2) and has ach-
ieved excellent thermoelectric performance.26,27 The same
approach has been adopted for V–VI compounds (i.e. Bi2Te3)
when alloying with group I (Cu) elements and thus greatly
enhanced the power factor because of disordered crystal
structure. Surprisingly, the co-deposition of Cu with chalco-
genides destroys the base crystal structure and the lm becomes
amorphous.20,28 This may be due to the transformation of the
Bi2Te3 crystalline phase to the amorphous CuBiTe alloy during
Cu co-deposition.29 This crystalline-to-amorphous transition
increases the number of defects, including anion/cation (Bi/Te)
vacancies, anti-site defects, grain boundaries, dislocations, etc.,
and strongly inuences the carrier concentration, electrical
conductivity and mobility.29 As a result of increased vacancy
concentration, the power factor is greatly enhanced.20 However,
the mechanism involved in Cu co-deposition and the formation
of an amorphous ternary alloy is not clear yet. In addition, it is
very challenging to investigate their intrinsic thermoelectric
characteristics along with the base crystallite structure. Thus,
more research is required to understand the effect of Cu on the
formation of an amorphous electrodeposit during co-
deposition.

To understand the effect of the amorphous CuSbTe alloy on
the defect chemistry and thermoelectric properties of Sb2Te3,
we performed a detailed study of co-deposited CuSbTe by
varying Cu-concentrations. The as-deposited thin lms are
characterized using a combination of spectro-analytical tech-
niques. The structural characterisation demonstrates that the
lms become completely amorphous aer Cu addition while
the underlying base crystalline structure persists. The forma-
tion of amorphous CuSbTe increases the Te vacancies, which in
turn increases the electron charge carrier. Room temperature
Hall measurements explain the effect of amorphous CuSbTe
embedded with Sb2Te3 nanocrystallites, revealing low carrier
This journal is © The Royal Society of Chemistry 2023
concentration and good mobility for lms deposited from
a 0.4 mM Cu concentration bath. Thermoelectric transport
property measurements reveal that the as-deposited lms con-
taining 5.7 atomic % Cu have a high Seebeck coefficient (−382
mV K−1) and outstanding power factor of 2.8 mW m−1 K−2 at
room temperature. This investigation emphasizes the signi-
cance of intrinsic defects, such as atomic vacancies, grain
boundaries in disordered crystal structure and their inuence
on thermoelectric performance. The lm produced on a exible
Nylon substrate further validates the material's practical
applicability in power generation.
2. Experimental
2.1 Fabrication of thin lms

The electrolyte solutions for Sb2Te3 and ternary CuSbTe elec-
trodeposition are prepared by using Sb2O3 (Sigma-Aldrich,
99.99%), TeO2 (Sigma-Aldrich, 99.995%), CuSO4$5H2O (Fisher
Scientic, $99.0%), tartaric acid (ACS reagent $99.5%) and
HNO3 (Sigma-Aldrich,$70%). For the binary Sb2Te3 electrolyte,
two separate solutions are prepared in order to dissolve the
salts. First, 2.4 mM Sb2O3 is dissolved in a 50 mM tartaric acid
solution at 60 °C and then 3.6 mM TeO2 in 1 M HNO3. Then
both prepared solutions are mixed together and DI water is
added to reach the nal 200 ml solution. The same procedure is
followed to prepare the CuSbTe electrolyte solution by adding
different concentrations of CuSO4$5H2O (0, 0.2, 0.4, 0.6, 0.8, 1.0
mM) in the above mixed solution. To determine the co-
deposition potential, cyclic voltammetry is used using
a CHI660C potentiostat in a three-electrode conguration with
Ag/AgCl as the reference electrode, a standard gold electrode as
the working electrode, and a platinized titanium mesh as
a counter electrode. The Sb2Te3 and ternary CuSbTe lms are
electrodeposited onto a 20/10 nm Au/Ti coated Si/SiO2 substrate
with an area of 32 × 32 mm2 in a three-electrode conguration.
The deposition is carried out for 5 hours (h) at a constant
potential of −150 mV. Following deposition, all the lms are
rinsed with DI water and dried with a nitrogen (N2) jet.
2.2 Thin lm characterisation

The sample thickness is measured with a Dektak surface pro-
lometer, within a ±0.1 mm tolerance. A scanning electron
microscope (SEM Quanta FEG 450) with an attached energy-
dispersive spectrometer (EDX) (Oxford laboratory EDX) is used
to examine the morphology and composition of the deposited
samples. The X-ray diffraction (XRD) patterns of the lms are
recorded using a Philips PW3710-MPD diffractometer using the
Cu Ka radiation (l = 1.54 Å). The Raman spectra are captured
using a Renishaw (RA100) inVia confocal Raman microscope at
514.5 nm excitation. X-ray photoelectron spectroscopy (XPS) is
carried out on a Kratos Ultra DLD spectrometer using the Al Ka

source (1486.6 eV). The lamella is prepared in an FIB STEM
[TESCAN SOLARIS] and examined by high-angle annular dark
eld scanning TEM (TITAN THEMIS S/TEM) and high resolu-
tion transmission electron microscopy (JEOL 2100FE HRTEM at
200 kV).
Sustainable Energy Fuels, 2023, 7, 4160–4171 | 4161
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The Seebeck coefficient is measured using a custom-made
Seebeck measurement system, where all the measurements
are performed in the in-plane orientation.21 The temperature
gradient is established along the two ends of a 5× 32 mm2 long
strip for the Seebeck measurement. The Seebeck coefficient is
determined from the slope of the plotted thermo-voltage as
a function of the temperature gradient in increments of 2 °C
across the sample (S = DV/DT). The electrical conductivity, Hall
mobility and carrier concentration of the lms are measured
using the van der Pauw geometry with four-point probes on a 1
cm2 sample using the LakeShore fully integrated system
(LakeShore 8400) in a magnetic eld of 1.7 T.

3. Results and discussion
3.1 Electrochemical co-deposition of CuSbTe

The cyclic voltammetry (CV) of Sb2Te3 and CuSbTe solutions is
performed to investigate the oxidation–reduction potential for
Fig. 1 Cyclic voltammograms of Sb2Te3 and ternary CuSbTe elec-
trolytes at a scan rate of 10 mV s−1.

Fig. 2 (a) Elemental composition of electrodeposited films with respect
deposited films with respect to different Cu concentrations.

4162 | Sustainable Energy Fuels, 2023, 7, 4160–4171
the electrodeposition process. A standard Au working electrode
with a radius of 1 mm is employed for this study with a scan rate
of 10 mV s−1 as shown in Fig. 1. The reduction peak at –180 mV
vs. Ag/AgCl corresponds to the formation of the Sb2Te3 lm,
while two oxidation peaks at +490 and +450 mV can be assigned
to the stripping/oxidation of Sb and Te, respectively.

The reaction during the Sb2Te3 deposition can be expressed
by the following chemical reaction:30

3HTeO+
2 + 18e− + 2SbO+ + 13H+ 4 Sb2Te3 + 8H2O (1)

The ternary CuSbTe lms are deposited by gradually
increasing the concentration of Cu in the electrolyte by adding
CuSO4$5H2O from 0.2 to 1 mM concentration. The CVs are
generally similar in shape as the Cu concentration increases,
but the reduction peaks shi towards the positive direction,
indicating the formation of Cu+ or Cu2+. The deposition of
CuSbTe can be expressed by the following equation:20

nCu+ + 2ne− + 2Sb3+ + 3Te2+ 4 CunSb2Te3 + ne− (2)

Based on these voltammetry studies, a xed potential of
−150 mV is chosen for the co-deposition from all the baths. The
homogeneous distribution of constituent elements is critical for
the formation of the CuSbTe ternary alloy and its optimized
thermoelectric properties such as the Seebeck coefficient and
electrical conductivity. EDX spectral analysis is used to validate
the uniform distribution and elemental compositions of the
binary and ternary alloys. Fig. S1 of the ESI† depicts the corre-
sponding EDX spectra of each sample. Table S1† shows typical
atomic composition values for the EDX spectra captured at ve
different regions of the lms. The average chemical composi-
tion of the electrodeposited lms as a function of bath Cu
concentration is shown in Fig. 2(a). In the absence of Cu in the
electrolyte, the deposited Sb2Te3 lm has a composition of
36.83 at% Sb and 62.17 at% Te, which is close to the Sb2Te3
ideal stoichiometry.30 As the Cu concentration increased in the
electrolyte, the Cu content in the deposited lm increased
gradually (almost linearly), while the Sb and Te contents
to Cu concentration in the electrolyte, (b) deposition rate of electro-

This journal is © The Royal Society of Chemistry 2023
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signicantly decreased. In the lm deposited from the 1 mM Cu
bath, the amount of Sb is reduced by 22.7%, while the Te
content is lowered by 11.3%. This nding is consistent with the
anomalous co-deposition of the CuSbTe ternary alloy. These
EDX results support the hypothesis that during co-deposition,
Sb is replaced by Cu in the Sb2Te3 lattice. However, the mech-
anism of Cu co-deposition is still unknown, necessitating
further investigation. Fig. 2(b) illustrates the deposition rate of
different lms as a function of Cu concentration in the elec-
trolytes. The rate at which the lms are being deposited is
substantially reduced as the Cu content rises. The deposition
rate in the Sb2Te3 bath is 1.8 mmh−1, but it is 0.87 mmh−1 in the
1 mM Cu-content bath, which infers that the less noble Cu
deposit limits the growth of Sb2Te3 during co-deposition. Thus,
as the amount of Cu content in the electrolyte increases, the
reverse sweep current density decreases as can be seen in the CV
curves. This result demonstrates that the addition of Cu causes
the dissolution of Sb and Te in the bath, thus signicantly
weakening the Sb2Te3 formation process. On the other hand,
the deposition of more noble Sb/Te is suppressed in the pres-
ence of less noble Cu ions by co-deposition and thereby the
deposition rate of Sb2Te3 decreases to a certain extent at higher
Cu concentration.31–33

3.2 Structural properties

Fig. 3(a–f) show the surface morphology of the Sb2Te3 and the
CuSbTe lms containing different Cu concentrations. The
Sb2Te3 lms appear to be porous with plate-like morphology
(Fig. 3(a)). Ternary CuSbTe lms (b–f), on the other hand, are
denser and uniform. The Cu co-deposition increases ultra-
disperse characteristic features in the deposit and forms the
supersaturated solid solutions (SSS).34 The ability of alloys to
form the SSS structure is related to the atomic radius mismatch
Fig. 3 (a–f) SEM images of Sb2Te3 and ternary CuSbTe thin films: (a) Sb2T
Cu1$0SbTe.

This journal is © The Royal Society of Chemistry 2023
between the constituent ions and their valence electron range.
This means that the attraction between different atoms is
higher than similar atoms, which changes the reaction kinetics
and is prone to form SSS. Therefore, the extensity of the base
Sb2Te3 structure is observed during Cu co-deposition.34

To further investigate the effect of Cu incorporation, all the
samples are subjected to X-ray diffraction analysis. The typical
X-ray diffraction patterns for as-deposited binary Sb2Te3 and
ternary CuSbTe thin lms are shown in Fig. 4. The binary Sb2Te3
lm exhibits diffraction peaks at 28°, 42° and 52° conrming
the formation of a thermoelectrically favourable c-axis oriented
rhombohedral (R�3m space group) crystal structure.35,36 The lm
is strongly orientated in the (110) direction as compared to the
(015) direction and can be indexed to the corresponding stan-
dard pattern of the crystalline Sb2Te3 hexagonal closed pack
layered structure (JCPDS #01-072-1990). The other peak at 38° is
due to the Au seed layer used for the electrodeposition,20 which
is observed in each lm. In the case of ternary Cu0$2SbTe, the
preferential orientation of the (110) plane disappears, and only
a less intense (015) orientation is observed, indicating that Cu
co-deposition inhibits the growth of Sb2Te3 crystallites at the
(110) plane.37 The (015) peak shis toward higher 2q and
broadens due to the addition of more Cu, implying anomalous
variation in the lattice parameter. It is interesting to note that as
the copper content in the lm increased, the crystal structure
completely collapsed, implying that the lm had transitioned
from crystalline to amorphous. This is primarily due to the
small ionic radius of Cu, which enters the Sb2Te3 lattice,
particularly in the (110) plane direction, and creates extra lattice
stress along the layers, resulting in the observed crystalline to
amorphous phase transition. According to Hoang et al.,38 the
inclusion of Cu in the Sb–Te–Sb chains may disturb the
hybridized Sb and Te p bands, resulting in a rearrangement in
e3, (b) Cu0$2SbTe, (c) Cu0$4SbTe, (d) Cu0$6SbTe, (e) Cu$8SbTe, and (f)

Sustainable Energy Fuels, 2023, 7, 4160–4171 | 4163
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Fig. 4 XRD patterns of Sb2Te3 films with increased copper content.
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the density of states by dragging states at the Fermi level to
lower energy. As a result, abnormal crystal structures emerge
during co-deposition.38

The localized microstructure of ternary CuSbTe and the
crystalline to amorphous transformation of the sample are
further analysed using a high-resolution transmission electron
microscope (JEOL 2100FE HRTEM). An ultrathin, Cu0$4SbTe
lamella is prepared in an FIB STEM [TESCAN SOLARIS] and
examined by high-angle annular dark eld scanning TEM
(TITAN THEMIS S/TEM). Fig. 5(a–c) illustrate the HRTEM
images of the Cu0$4SbTe lamella with different magnications.
During Cu co-deposition, Cu creates lattice disorder in Sb2Te3
Fig. 5 (a) HRTEM image of the Cu0$4SbTe film on the Si/SiO2/Ti/Au Subs
(c) individual lattice fringes of the base Sb2Te3 crystalline structure within
region of the inset, (e) HAADF-STEM image showing Sb2Te3 in CuSbTe,
showing selected crystalline spots and (h) selected HAADF_STEM image

4164 | Sustainable Energy Fuels, 2023, 7, 4160–4171
lattices, which breaks the crystal symmetry. Fig. 5(a) shows the
order of thin lm layers on a Si substrate followed by electro-
deposited CuSbTe thin lms. HR-TEM images in Fig. 5(b) and
(c) show the presence of needle like Sb2Te3 nano-crystallites
within the amorphous matrix. In contrast to the crystalline
region, the amorphous region has a higher volume fraction as
shown in Fig. 5(b). This indicates that the amorphization
happens as a result of competing transformation kinetics, in
which the stable crystalline phase and the metastable amor-
phous phase both grow simultaneously. However, because the
rate of creation of the amorphous phase is substantially higher
than that of the crystalline phase, the resultant phase is amor-
phous in the initial stage of transition. This results in the
formation of supersaturated solid solutions (SSS) with low
range crystalline order.34 A basic crystalline structure may be
seen in Fig. 5(c), where distinct lattice fringes are connected by
tiny parallel lines. The measured d-spacing value of 3.2 Å is
consistent with the (015) orientation of pristine Sb2Te3 [JCPDS
#01-072-1990], further conrming the existence of a stable
crystalline phase along with a metastable amorphous phase.
The corresponding selected area electron diffraction (SAED)
pattern shown in Fig. 5(d) further reveals the formation of
diffused rings along with intense dots conrming that the lms
are more amorphous in nature with polycrystalline Sb2Te3
crystallites at the grain boundaries. The comprehensive HRTEM
observation of the CuSbTe shown in Fig. S2(a–f)† further
demonstrates the presence of structural defects in the form of
dislocations. As shown in Fig. S2a,† some base crystalline
regions separated by grain boundaries still exist in the lm. A
random change in image contrast, depicted in Fig. S2b,† indi-
cates the disordered crystal structure. The dark contrast region,
trate, (b) distribution of amorphous and crystalline fractions of CuSbTe,
the amorphous matrix, (d) SAED pattern of Cu0$4SbTe in the spotted
(f) d-spacing value of (0 1 5) orientation, (g) high magnification image
and the corresponding EDS mapping of elements Cu, Sb and Te.

This journal is © The Royal Society of Chemistry 2023
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however, exhibits lattice fringes connected to the underlying
Sb2Te3 crystalline structure. Fig. S2c† reveals the presence of
dislocations in the crystalline region, which may be due to the
induced stress during co-deposition. According to the Fast-
Fourier Transform (FFT) pattern seen in Fig. S2(a–c),† the
base crystalline structure is rhombohedral Sb2Te3. Fig. S2(d–e)†
resemble amorphous-crystalline features with dislocations at
grain boundaries. In contrast to crystalline diffraction, the Cu-
rich region exhibits a diffused diffraction pattern in Fig. S2f,†
conrming the large volume fraction of amorphous structure.
Further investigation in the SSS region (Fig. 5(e–g)) reveals the
presence of Sb2Te3 crystallites. The HAADF-STEM image (Fig. 5f
& g) further validates the distribution of heavy metal (Cu & Sb) in
the lms. Fig. 5(h) depicts the corresponding elemental
mapping in the Cu0$4SbTe sample and conrms the distribu-
tion of Cu throughout the amorphous matrix except in needle-
like Sb2Te3 crystallites. This means that the created dimen-
sional vacancy leads to local distortions (i.e. dislocations) in the
crystal lattice. When the lattice deformation is considerably
changed the atom stable positions result in the formation of
metastable phases.34 The observed structural disordering can
therefore be primarily attributed to substantial lattice disloca-
tions, which result in crystalline-to-amorphous phase change
during co-deposition.
Fig. 6 Room temperature Raman scattering spectra of Sb2Te3 and
ternary CuSbTe thin films.

This journal is © The Royal Society of Chemistry 2023
3.2.1 Raman analysis. The surface oxidation and purity of
the electrodeposited lms could be further evaluated using
Raman measurements ranging from 100 cm−1 to 350 cm−1 for
all lms, as shown in Fig. 6. Binary Sb2Te3 and ternary CuSbTe
have very similar Raman spectra, indicating an underlying
Sb2Te3 rhombohedral crystal structure. For the binary Sb2Te3,
six peaks are noticed at 108, 118, 138, 161, 188, and 251 cm−1.
The two peaks at 108 and 161 cm−1 are closely related to the
Sb2Te3 E2g and A1g modes.13 The peak at 138 cm−1 corresponds
to the Te–Te E2 mode,39 while the peak at 118 cm−1 represents
the Te–Te A1 mode. The two peaks at 188 and 251 cm−1 should
be associated with the Sb–O vibration mode of the surface oxide
layer formed by antisite defects.39,40 The Raman spectra show no
discernible change with the addition of Cu, indicating the
anomalous co-deposition of CuSbTe. However, varied intensity
of the Raman peaks is found because of the creation of
a disordered or amorphous structure. The intensity of the Sb–O
bond vibrations is particularly high at low Cu concentrations up
to 0.4 mM and weakens as the Cu concentration increases. This
suggests that the diffusion of Cu into the Sb lattice site along
the c-axis results in the creation of antisite defects by producing
more Sb2O3 up to that concentration.40 Beyond 0.4 mM, the
intensity of the Sb–O vibrations decreases as Cu-rich phase
formation takes place in the deposited lms. These results are
consistent with XRD results as discussed earlier.

3.2.2 XPS analysis. The XPS analysis is an effective method
for determining the oxidation states and stoichiometry of
elements. Fig. S3† of the ESI† shows XPS survey spectra of
Sb2Te3 and other CuSbTe, conrming the presence of Cu 2p, Sb
3d, and Te 3d energy levels. The core-level Sb 3d XPS spectra are
depicted in Fig. 7(a). Because of the overlaying binding energies,
it is difficult to distinguish the Sb 3d and O1s energy states. Two
signicant deconvoluted peaks with binding energies of 538.10
and 528.70 eV (an energy split of 9.4 eV) are consistent with Sb3+

in the Sb2Te3 (Sb 3d3/2 and Sb 3d5/2, respectively).41 Meanwhile,
the two peaks at 539.7 and 530.5 eV are caused by Sb2O3

formation at the surface and can be assigned to the O 1s energy
level.42,43 The creation of a native oxide layer, on the other hand,
was veried further by the core level Te 3d XPS spectra, as
shown in Fig. 7(c). It shows two peaks at binding energies of
583.37 and 572.92 eV, corresponding to the Te 3d3/2 and 3d5/2,
respectively with a spin–orbit splitting of 10.5 eV. These nding
are consistent with the literature.20,44,45 The Cu addition signif-
icantly shis the Te3d binding energies to the lower side;
obviously, the shi is larger for high Cu concentrations. This is
owing to the fact that the less electronegative atoms replace any
of the high electronegative atoms in the crystal lattice.35 Obvi-
ously, Cu has a lower electronegativity of 1.90 than Sb (2.05) and
Te (2.1), and therefore it can easily replace either Sb or Te in the
Sb–Te lattices.36 Other prominent Te 3d peaks at 586.72 and
576.32 eV indicate the native surface oxide layer of TeO2.46 The
gure clearly illustrates that as the Cu concentration increases,
the intensity ratio of Te–O binding energies decreases while
metallic Te increases. However, the predicted Sb : Te ratio is 2 :
3, which indicates that an excess of Sb and Te is present in the
lm surface in their oxide form. This suggests that the Cu-
Sustainable Energy Fuels, 2023, 7, 4160–4171 | 4165
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Fig. 7 XPS spectra for (a) Sb 3d, (b) Cu 2p and (c) Te 3d for the as-deposited binary Sb2Te3 and ternary CuSbTe thin films.
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induced amorphous phase transition generates a more native
oxide layer in addition to surface oxidation caused by atmo-
spheric exposure.41,47 As a result, the lms should be stored and
handled under inert gas conditions to avoid surface oxidation
processes. To better understand the Cu-energy states within the
Sb2Te3 lattices, the core level Cu 2p XPS spectra are collected
and shown in Fig. 7(b). The primary energy level splitting for Cu
2p3/2 and Cu 2p1/2 is 932.48 and 952.28 eV, respectively,
separated by 19.8 eV, implying a prominent Cu+ state.43 With
higher Cu concentrations, the Cu 2p3/2 binding energies split
into two peaks, with a new peak at 934.5 eV representing the
Cu2+ oxidation state, whereas, the corresponding 2p1/2 peaks
exhibit higher broadening due to the Auger process associated
with the decay of the core hole state present in the main 2p shell
or simply Coster–Kronig effect.48 The Cu2+/1+ splitting is more
prevalent in Cu1$0SbTe, indicating that there is excess Cu
oxidation. Furthermore, satellite peaks between 940 and 944 eV
imply a high ratio of the Cu2+ oxidation state. Therefore, Cumay
easily replace either Sb or Te, and an excess of native oxide layer
forms on the lm surface.20

To validate the formation of the native oxide layer, the depth
prole XPS spectra of Cu0$4SbTe are recorded aer Ar-etching
at different times, and the results are shown in Fig. S4 of the
ESI.† The core level XPS spectra of Sb 3d indicate that the
intensity of the O 1s peak decreases as the etching progresses,
and aer about 750 seconds (s) of surface etching, the oxygen
intensity at 531–532 eV is minimal, indicating that the oxide is
present within only a few tens of nanometres from the lm's
surface. On the other hand, the Cu 2p depth prole reveals that
the Cu2+ state decreases with increasing etching time, implying
that the Cu2+ state is only available near the lm's surface.
Similarly, in Te 3d spectra, the intensity of peaks related to TeO2

decreases with etching time and completely disappears aer
750 S. Thus, from the depth prole, it can be concluded that
oxide states of Cu, Sb and Te only exist at the surface of the lms
4166 | Sustainable Energy Fuels, 2023, 7, 4160–4171
as a result of the Cu-induced crystalline to amorphous phase
transformation and the prolonged exposure of the lms to the
atmosphere.

3.3 Thermoelectric properties

The electrical and thermal transport properties of the pristine
Sb2Te3 and CuSbTe thin lms are assessed by employing in-
plane Hall and Seebeck measurements at room temperature.
Fig. 8(a–c) depict the thermoelectric transport properties of all
the lms as a function of Cu concentration in the electrolytes.
The Hall measurement determines the carrier concentration,
carrier mobility and electrical conductivity of the lms. Obvi-
ously, the measured negative Hall voltage suggests the majority
of n-type charge carriers in the as deposited lms. The carrier
concentration (n) is derived from eqn (3):49

n ¼ I � B

VH � e� t
(3)

In eqn (3), n denotes the charge carrier concentration, I the
current, B the magnetic eld, VH the Hall voltage, e the electron
charge and t the lm thickness. The variations of charge carrier
concentration (n) and mobility (m) with the Cu concentrations
are shown in Fig. 8(a). It is worth noting that the addition of Cu
during co-deposition results in a dramatic change in carrier
concentration and mobility due to the change in various
concentrations of defects by Cu inclusion. As-deposited binary
Sb2Te3 shows a high mobility of 7.30 cm2 V−1 s−1 with a carrier
concentration of 2.1 × 1020 cm−3. As the Cu content increases,
the crystallinity of the lms decreases as shown in the XRD
results (Fig. 4). The disordered crystal structure varies with the
concentration of antisite defects and grain boundaries, which
results in the formation of trapping states. These trapping
states are capable of trapping carriers and thus lead to
a decrease in the mobility.50 Moreover, the creation of these
This journal is © The Royal Society of Chemistry 2023
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Fig. 8 (a) Carrier concentration and hall mobility with respect to Cu
concentration, (b) in-plane Seebeck and electrical conductivity vs. Cu
concentration and (c) calculated power factor of the films for different
Cu concentrations.
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antisite defects leads to an increase in the carrier concentration.
Thus, lms with 0.2 mM Cu concentration show slightly low
mobility and the highest carrier concentration of 4.48 × 1020

cm−3. In the 0.4 mM Cu concentration lm, the VTe vacancies
are more dominant defects than the antisite one. Therefore, the
mobility increases again, whereas the carrier concentration
decreases sharply. Beyond 0.4 mM Cu concentration, the
mobility starts to fall down and shows a slight increment for
1 mM Cu concentration, which might be again due to the
formation of the CuSbTe alloy with large volume fraction.

The electrical conductivities of these lms are calculated
from the carrier concentration and mobility using the following
equation:19
This journal is © The Royal Society of Chemistry 2023
s = nem (4)

where s is the electrical conductivity, n is the carrier concen-
tration, e is the electron charge and m is the mobility. Fig. 8(b)
shows that the electrical conductivity of the binary Sb2Te3 and
ternary CuSbTe lms ranges in the order of 1.3 × 10−4- 4.0 ×

10−4 S m−1. Due to its high carrier concentration and adequate
mobility, Cu0$2SbTe has the highest electrical conductivity (4.0
× 10−4 S m−1) when compared to other ternary CuSbTe alloys.
To our surprise, larger Cu concentrations result in lowered
electrical conductivity due to their low carrier concentration
and limited mobility. The observed physical attributes could be
directly connected to the Cu-induced structural disorder.
During co-deposition, the random arrangement of Cu and Sb
atoms in the lattices, as well as the creation of antisite defects,
result in nonlinear uctuations in the physical properties.
Tailoring of the Cu/Sb ratio in the CuSbTe system can regulate
the density of states near the Fermi level, resulting in differ-
ences in the electrical and thermoelectric properties. The elec-
trical transport of the disordered semiconductor can be
explained using the Anderson–Mott model.14 According to this
model, the disordered electron states exhibit carrier transport
in their localized states via hopping, resulting in low conduc-
tivity and carrier mobility at higher Cu concentrations. It has
been recognized that pristine Sb2Te3 is fundamentally p-type
due to native antisite (SbTe) imperfections.10,51 These faults,
however, are extremely sensitive to the fabrication process. The
used electrodeposition leads to the formation of a native oxide
phase at grain boundaries, which may affect the primary carrier
type in Sb2Te3, resulting in an n-type carrier for our binary
Sb2Te3 with considerably low carrier concentration and high
mobility. As is generally known, carrier concentration is
extremely sensitive to atomic-scale point defects. It has been
experimentally proven that the insertion of Cu under various
conditions into 2D layered structures such as Sb2Te3, Bi2Te3, or
Bi2Se3 can result in various kinds of lattice defects.52 The Cu
atommay easily diffuse through the basal plane direction of the
Sb2Te3 crystal structure during the electrodeposition process
and acts as a donor. Aer entering the lattice, Cu atoms can
exist as interstitial defects or as substitutes for Sb and/or Te
atoms. However, because of a small difference in electronega-
tivity between Te (2.1) and Sb (2.05), Sb may easily move from
Sb-sites to Te-sites to produce antisite defects, each of which
contributes one hole as a free carrier.10 However, our experi-
mental results contradict the preceding assumptions by exhib-
iting n-type characteristics regardless of Cu concentration. This
suggests that acceptor-like antisite defects are not signicant in
our case. On the other hand, the rapid diffusion of Cu into SbTe
and the formation of Sb2O3 may have a considerable effect on
the Seebeck coefficient and power factor.40 The surface Sb2O3

limits the formation of SbTe antisite defects, and more Cu
diffusion leads to the Te sublimation by forming CuSbTe and
creates excess VTe, which contributes two electron carriers.
Thereby, all the samples behave as n-type, and show a high
negative Seebeck coefficient. Similarly, aer the inclusion of Cu,
all the lms exhibited more n-type features with signicant
swings in carrier concentrations and mobility. Among the
Sustainable Energy Fuels, 2023, 7, 4160–4171 | 4167
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various Cu-concentrations, Cu0$4SbTe has the lowest carrier
concentration (1.73 × 1020 cm−3) and the maximum mobility
(7.39 cm2 V−1 s−1), both of which have an effect on electrical
conductivity. The Cu co-deposition generated non-
stoichiometry in Sb2Te3, probably changing the defect density
via the formation of disordered structure at higher Cu concen-
trations, and thereby causing further reduction in carrier
mobility and electrical conductivity.14 This could be attributed
to Cu-induced complex bond formation in Sb–Te lattices, driven
by Cu substitution in both Sb and Te sites, which results in the
disordered crystal structure, as supported by XRD studies.53 As
shown in Fig. 8(b), Seebeck coefficients (S) of all the samples
exhibit negative values indicating n-type thermoelectric trans-
port. Generally, the amorphous thin lms show higher Seebeck
coefficient values as compared to single crystalline bulk mate-
rials. Because in the amorphous materials, the density of states
is localized at the Fermi level so the carrier movements happen
only by hopping from one localized state to another. The See-
beck coefficient for an amorphous thin lm is given by:54

S ¼ p2kB
2T

3 e

�
vln sðEÞ

vE

�
EF

(5)

where S is the Seebeck coefficient, kB is the Boltzmann constant,
e is the electronic charge, T is the absolute temperature and s

(E) is the electrical conductivity determined as a function of
energy (E). The binary Sb2Te3 lm shows the lowest Seebeck
coefficient of −46 mV K−1. Interestingly, the addition of Cu
increases the S for samples deposited up to 0.4 mM, and
decreases with further increase of Cu. A maximum S of−382 mV
K−1 was observed for Cu0$4SbTe and this may be due to the
inverse effect of the carrier concentration. The carrier concen-
tration of the 0.4 mM sample is 1.7 × 1020 cm−3, which is
almost 3 times lower than that of Cu0$2SbTe, resulting in the
highest Seebeck coefficient of −382 mV K−1 among all the lms.
The large volume fraction of the crystalline to amorphous phase
transition induced microstructure in CuSbTe actively reduces
this carrier concentration and thus leads to a high Seebeck
value. The formation of Cu-rich amorphous CuSbTe with
underlying grain boundary Sb2Te3 precipitates (as seen from
TEM in Fig. 5) results in enriched Te vacancies (VTe) and free
Fig. 9 (a) The open circuit voltage at different temperature gradients (DT

4168 | Sustainable Energy Fuels, 2023, 7, 4160–4171
electrons, which resulted in n-type Seebeck coefficients for all
the samples.10 To further validate the materials' thermoelectric
applications, the power factor (S2s) is calculated for all the
electrodeposited lms at room temperature. Fig. 8(c) depicts
the calculated power factor values for the samples as a function
of Cu concentration in the baths. It demonstrates that Cu-
alloyed Sb2Te3 possesses higher power factor values than the
binary Sb2Te3 lm. The lm with 5.7 at% Cu (Cu0$4SbTe) has
the maximum power factor of 2.8 mWm−1 K−2, which is almost
20 times greater than the Sb2Te3 lm at ambient temperature.
So, adjusting the carrier concentration with a change in the Cu
level in the Sb2Te3 lms helps to optimize the power factor by
balancing the Seebeck coefficient and electrical conductivity.
3.4 Flexible thermoelectric generator (TEG)

The Cu0$4SbTe lm is grown directly onto a conductive Nylon
ber to test its performance as a uni-leg TEG. The Fig. 9(a) inset
shows the schematic of a simple prototype of a exible TEG
made up of four legs (each with a 20 × 5 mm2 area) connected
by copper wires coated with Ag paste. A temperature gradient
(DT) is created by placing this thermoelectric device on top of
two Peltier modules and by keeping the temperature at 20 °C at
the cold side. Fig. 9(a) shows the open circuit voltage as
a function of temperature gradient (DT), which increases line-
arly as DT increases.

An open circuit voltage of 3.2, 6.4, 12.4 and 18.4 mV is ach-
ieved for a DT of 5, 10, 20, and 30 K, respectively. Fig. 9(b) shows
the output voltage and power versus current for two different
temperature gradients of 10 and 20 K; where the output voltage
is inversely proportional to the output current. Here, the output
power (P) is calculated using the following equation:55

P ¼
�

Vo

Rin þ Rex

�
Rex (6)

where Rin is the internal resistance of the device and Rex is the
load resistance. A maximum power (Pmax) is obtained when the
external load resistance matches the internal resistance of the
TEG devices. The Pmax values for a DT of 10, 20 and 30 K are 16,
57 and 120 nW, respectively. The output power of our exible
device is comparable to the previously reported work, as shown
), and (b) the output voltage and power versus current at different DT.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Comparison of thermoelectric performances of flexible films (all measurements are done at room temperature)

Materials Voc (mV) Pmax (nW) DT(K) N (No. of legs) Ref.

PC/Cu7Te4/PC/Te 31.2 94.7 39.1 8 56
PI/AgBiSbTe 18.3 55.9 30 4 57
Kapton PI/Cu2Se 3.84 3.31 38 10 58
MWCNTs-SnSe/PEDOT:PS 2.7 13.5 30 4 59
Sb2Se3/b-Cu2Se/PANI 7.9 80.1 30 5 60
PVDF/Ag2Se 5.86 4.9 30 5 61
Nylon/Cu0.4SbTe 18.4 120 30 4 This work
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in Table 1. The output voltage and power can be raised further
by improving the electrodeposition conditions on the nylon
membrane and by increasing the number of legs.
4. Conclusions

In summary, Cu-alloyed Sb2Te3 lms are successfully grown
using an electrodeposition technique. With increasing Cu
concentrations, a co-deposition driven crystalline to amorphous
phase transition is demonstrated. The substantial amount of
amorphous CuSbTe microstructure integrated with Sb2Te3
nanocrystallites tailors the carrier concentration and mobility.
Adding excess Cu into Sb and Te sites can increase the Te
vacancies and leads to strong n-type semiconducting nature.
The lm deposited from the 0.4 mM Cu containing bath shows
a high Seebeck coefficient of −382 mV K−1 and power factor of
2.8 mW m−1 K−2. A prototype TEG is fabricated by depositing
Cu0$4SbTe on a exible Nylon ber, which shows a power
output of 120 nW at a temperature difference of 30 K. Thus,
CuSbTe can be a promising candidate as an n-type thermo-
electric material for near room temperature thermoelectric
device applications.
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