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Miniaturization is crucial to realize thermoelectric (TE) devices as an energy source for smart utilities. The
present work reports the bulk-like ZT value realized in Cu,_,Se thin films in the mid-temperature range.

The effect of varying the film thickness on the structural and TE properties were systematically studied,

and the obtained results were compared with that of their bulk counterpart. The detailed structural
characterizations revealed the nonstoichiometric polycrystalline nature of Cu,_,Se with the unusual
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presence of monoclinic and cubic phases. Upon increasing the film thickness, the TE measurements

showed a simultaneous increase in the electrical conductivity () and Seebeck coefficient (S) due to
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1. Introduction

Global population growth has prompted an increased need for
renewable energy resources without the emission of toxic gases
that destroy our ecosystem.“” Energy conversion via thermo-
electric materials is an advanced technology for the recovery of
waste heat into useful electricity and cooling applications.**
Thermoelectric devices have several advantages because unlike
conventional generators, the heat can be converted directly into
electricity without any moving parts and solid-state refrigera-
tion.>® The performance of any thermoelectric material is
oS*T

T
where S is the Seebeck coefficient, ¢ is the electrical conduc-
tivity, « is the thermal conductivity, and T is the absolute
temperature. A material with high thermoelectric efficiency
possesses high electrical conductivity, a high Seebeck coeffi-
cient and a low thermal conductivity. But it is quite challenging
to enhance the figure of merit ZT because these three parame-
ters are interlinked with each other and have an interplaying
nature. In recent decades, plenty of work has been done to
improve the ZT value by controlling the electron and phonon
transport through nanostructuring.”® Nanostructuring can
simultaneously increase ¢ and S and reduce « through the
energy filtering or quantum confinement effects.®**

evaluated by a dimensionless figure of merit: ZT =
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increased grain size and uniformity. Due to the simultaneous increase in ¢ and S, an ultrahigh power
factor (PF) value of 5185 pW m™ K=2 and a bulk-like figure of merit ZT = 1.2 were achieved.

Copper selenide (Cu,Se) is a binary compound having
a complex crystal structure due to the superionic behavior of Cu
ions into the lattice of Cu,Se.*” Furthermore, Cu,_,Se
undergoes a crystallographic phase transition at approximately
400 K. Recently, Cu,Se has been extensively studied due to its
phonon-liquid electron-crystal (PLEC)-like behavior.”*** Cu,Se
exhibits high electrical conductivity, low thermal conductivity
and moderate Seebeck coefficient. According to the literature,
a high ZT value of 1.5 was observed at 1000 K for Cu,Se that was
synthesized by melting, followed by spark plasma sintering
(SPS).*® A higher ZT value of 1.9 was achieved at 873 K for Cu,Se
by doping Te at the selenium site.”” Further improvement of ZT'
up to 2.0 at 1000 K was realized by the S-doped Cu,Se."® So far,
the highest ZT value of 2.62 at 1029 K has been reached for the
Al-doped Cu,Se bulk.* The flexible thin films of Cu,Se that were
deposited via co-evaporation reached a ZT value of 0.35.*° A
slightly improved ZT of 0.4 was achieved when the films were
deposited by pulsed hybrid reactive magnetron sputtering
(PHRMS).”* The highest reported ZT value of 0.58 for Cu,Se was
achieved through pulsed laser deposition (PLD).?> Although the
bulk Cu,Se have higher TE performance as compared to the
thin films, the thin films have their own applications and
advantages over the bulk material. The thin films of Cu,Se offer
several advantages related to the miniaturization of devices, and
also reduce the material costs. A variety of Cu,_,Se film depo-
sition techniques have been reported, including the hydro-
thermal method, galvanic synthesis, solution growth, chemical
bath deposition, and electrochemical deposition.**~*°

Herein, we present the improved thermoelectric perfor-
mance of thermally evaporated Cu, ,Se thin films having

© 2024 The Author(s). Published by the Royal Society of Chemistry
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various thicknesses. As compared to other thin film deposition
methods, vacuum thermal evaporation offers several advan-
tages such as uniform film thickness, good compaction and
adhesion to the glass substrate, and a commonly available
technique. The detailed structural characterizations unveil the
dependence of the improved TE performance over the Cu,_,Se
film thickness.

2. Materials and methods

Polycrystalline Cu,_,Se powdered samples were prepared
through solid state reaction of elemental Cu and Se powders,
and the detailed method has been discussed elsewhere."
Cu,_,Se films of various thicknesses were deposited over glass
through thermal evaporation method using NANOVAK 3000TH.
The glass substrates were thoroughly cleaned using a sequential
cleaning process involving the use of a detergent, ethanol and
acetone, followed by drying with hot air before mounting the
substrate into the evaporation unit. Cu,_,Se pellets were loaded
into the tungsten boat. The lid of the evaporation unit was
closed, and a pressure of 1.33 x 10~ ° mbar was maintained
before evaporation. A deposition rate of 0.5 A s~ and a sample
rotation speed of 20 rpm were set for the deposition. The film
thickness was controlled by a quartz crystal sensor (INFICON's).
Films with thicknesses of 50 nm, 100 nm, 300 nm and 500 nm
were obtained. The as-deposited films were annealed in
a vacuum furnace at 400 °C for 1 h at a pressure of 1.5 x 10"
mbar.

X-ray diffraction (XRD) patterns of the powder and films were
recorded by a BRUKER diffractometer (D2 PHASER) using Cu-
Ka radiation. X-ray photoelectron spectroscopy (XPS) of the
powder sample was performed using monochromatic Al Ko
radiation with Thermo Scientific Escalab-250xi to obtain the
elemental composition and chemical states of Cu and Se. The
charging effect was normalized with reference to C 1s (284.8 eV).
The high-resolution Cu and Se core level spectra were analyzed
after the subtraction of backgrounds using the Shirley algo-
rithm with XPS PEAK41 software. The surface morphology and
chemical composition of the samples were measured using
scanning electron microscopy (SEM) (MIRA3 TESCAN) coupled
with an energy dispersive X-ray (EDX) detector (X-MaxN). The
particle size was estimated from SEM micrographs using
Image] software. The electrical conductivity and Seebeck coef-
ficient were measured utilizing the well-known four-probe
method over the temperature range of 298-575 K by the ther-
moelectric parameter test system (Joule Yacht-NAMICRO-3L).
The temperature-dependent carrier's concentration (n) and
mobility (u) were determined by the Hall measurement system
(ECOPIA HMS 5000).

3. Results and discussion

The room temperature X-ray diffraction (XRD) patterns of the
powdered, 100 nm, and 500 nm thin film samples are shown in
Fig. 1. The powder and thin film samples exhibit the Cu,_,Se
phase, demonstrating polymorphism with the predominant
presence of the monoclinic phase indexed by JCPDF#27-1131

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Room temperature XRD patterns of the Cu,Se powder (as-
prepared) and thin film having thicknesses of 100 and 500 nm evap-
orated over a glass substrate.

and a minor presence of the cubic phase indexed by
JCPDF#06-0680. The diffraction peaks of all samples indicate
good crystallinity. The XRD pattern for the 100 nm sample
displays a phase composition that is similar to that of the
powder and 500 nm film, but with reduced intensity, which
could be attributed to its lower crystallinity compared to the
bulk and thicker film sample. The lattice parameter and crys-
tallite size were calculated using MDI Jade software to analyze
the impact of the film thickness on the structural properties, as
presented in Table 1. The results indicate a decrease in the
crystallite size and an increase in the lattice parameters with
decreasing film thickness. This expansion of the lattice
parameters and reduction in the crystallite size in thinner films
are likely due to the presence of more pronounced Cu vacancies.

The deconvoluted Cu 2p and Se 3d high-resolution X-ray
photoelectron spectroscopy (XPS) spectra are shown in
Fig. 2(a and b). For Cu 2p, the synthetic peaks at binding
energies of 932.2 eV (Cu 2ps,,) and 952.2 eV (Cu,,,) correspond
to Cu'" attached to Se, and the peaks at 933.5 eV (Cu 2ps,,) and
953.5 eV (Cu 2p;,) correspond to Cu”" attached to Se, as shown
in Fig. 2(a). The peaks appearing at higher binding energies of
935.4 €V (Cu 2p3/,) and 955.1 eV (Cu 2p,,) are attributed to the
(Cu)-O bond, indicating that the surface is oxidized. The
satellite peaks also indicate the presence of the Cu-O bond. The

Table 1 XRD parameters of the Cu,_,Se lattice parameter and crys-
tallite size

Lattice parameter Crystallite
Sample (A) size (A)
Cu,Se powder 8.2863 454
Cu,Se 500 nm 9.2136 282
Cu,Se 100 nm 10.6088 88
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Fig. 2 High-resolution X-ray photoelectron spectroscopy (XPS) spectrum of Cu 2p (a) and Se 3d (b) of the Cu,Se powder.

deconvoluted spectrum of Se 3d is shown in Fig. 2(b). Due to the
small spin-orbit-splitting value (~0.86 eV) of Se 3d electrons, it
is difficult to assign absolute binding energy values to the
synthetic peaks under Se 3ds/, and Se 3d;,,.** However, a careful
analysis reveals the presence of Se®~ attached to Cu'* and Cu*,
as shown in Fig. 2(b).

The surface morphological images of the Cu,_,Se thin films
of 50 nm, 100 nm and 500 nm thicknesses taken using
secondary electron (SE) are shown in Fig. 3. The SE images of
the 50 nm and 500 nm-thickness films, as shown in Fig. 3(a) and
(c), respectively, reveal the morphological difference between
the thin films prepared with different thicknesses. As the film
thickness increased to 100 nm, the grain size improved.
Furthermore, the films became denser and more uniform,
although still less so than the 500 nm sample. The films with
small thickness (50 nm) resulted in non-uniform films with
high porosity, smaller grain size, and poor grain alignment.
Meanwhile, upon increasing the film thickness, the films were
found to be more uniform and densely packed, with a larger
grain size and well-aligned grains. Moreover, the particle size in
the inset of Fig. 3 showed an increasing trend with increasing

thickness. This trend is responsible for the better grain align-
ments in thicker films, which is consistent with the crystallite
size results from XRD.

The percentage compositions of the 100 nm and 500 nm
Cu,_,Se were evaluated by EDS, as given in Fig. 4, demon-
strating the exclusive presence of copper (Cu) and selenium
(Se). The inset table in Fig. 4(g and h) shows the atomic and
weight percentages of the Cu and Se atoms. These results infer
that the evaporated sample is Cu deficient, which results in an
increased conductivity compared to that of the stoichiometric
Cu,Se.** This observation is further supported by the Cu:Se
ratios of 1.508:1 and 1.302:1 for the 500 nm and 100 nm
samples, respectively. These values confirm the presence of the
Cu deficiencies, with the thinner film being more Cu deficient,
as suggested by XRD data. Elemental mapping for both
samples, shown in Fig. 4(b, c, e, and f), illustrates that copper
and selenium are homogeneously distributed across the films.
Furthermore, the Cu mapping for the 100 nm sample indicates
a lower Cu concentration as compared to the 500 nm sample,
reflecting the thinner film being more Cu deficient.

Avg. Particle Size = 25.87 nm

404 Avg. Particle Size = 67.35 nm

Iml

20 25 30 35
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4

Fig. 3 Scanning electron microscope (SEM) images of the Cu,_,Se thin films taken with secondary electron (SE): (a) 50 nm, (b) 100 nm and (c)

500 nm thick samples, with the particle size distribution in the inset.
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Fig. 4 Energy-dispersive spectroscopy (EDS)-based elemental area mapping (a—c) of films having a thickness of 100 nm. EDS-based elemental
area mapping (d—f) of films having a thickness of 500 nm. EDS spectrum (g) of the 100 nm sample, and EDS spectrum (h) of the sample with

500 nm thickness.

The temperature-dependent electrical conductivity (¢), See-
beck coefficient (S), power factor (PF), and electronic thermal
conductivity (k) were measured, while the lattice thermal
conductivity (k.), total thermal conductivity (k), and figure of
merit (ZT) were estimated for all of the series of films in the
range of 298 K to 575 K.

The temperature-dependent electrical conductivity of all the
films is shown in Fig. 5(a). The electrical conductivity decreases
with increasing temperature for all of the films, which is similar
to the behavior of highly degenerate semiconductors. This
behavior is consistent with the typical temperature dependence
of the electrical conductivity of Cu,_,Se films, as reported
previously.*® A phase transition from a-Cu,Se to high-
temperature B-Cu,Se phase can be observed within the
temperature range of 400 K to 450 K. There was a noticeable
increase in electrical conductivity during the phase change.
However, after 450 K, the electrical conductivity decreased for
the B-phase, which is also in good agreement with previous
reports.* Conversely, an increase in the film thickness results in
increased electrical conductivity, showing a maximum value for
the 500 nm thin film. The reason behind the high electrical
conductivity for all the series compared to its bulk counter-
parts'? can be attributed to the increased film uniformity and

© 2024 The Author(s). Published by the Royal Society of Chemistry

improved grain alignment as revealed by SEM results in Fig. 3,
which resulted in the enhanced mean free path of the charge
carriers as inferred from the carriers’ mobility (1500 nm > #50 nm)s
given in Fig. 5(b). Additionally, the Cu deficiencies, confirmed
by the EDS data in Fig. 4, enhance n and contribute to the
increased electrical conductivity of all films.*> However, the
lower electrical conductivity in thinner films is due to reduced
u, caused by the presence of more Cu vacancies, that act as
carrier scattering sites. These vacancies hinder the movement of

the charge carriers, resulting in decreased electrical
conductivity.
Fig. 5(b) illustrates the temperature-dependent Hall

measurements for all samples, showing that n decreases while u
increases with increasing film thickness. The observed decrease
in n with thicker films is likely due to a reduction in the Cu
deficiencies, as confirmed by the EDS data in Fig. 4. Thinner
films exhibit higher Cu deficiencies, leading to greater carrier
concentration values, whereas thicker films, with fewer Cu
vacancies, show reduced carrier concentration.*” Conversely,
the increase in p with film thickness can be attributed to
a reduction in the grain boundary scattering, which is more
significant in thinner films. In these thinner films, a decrease in
the crystallite size, as indicated by XRD data, introduces more

RSC Adv, 2024, 14, 37688-37695 | 37691
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Fig.5 Temperature-dependent electrical conductivity (¢) (a), and carrier concentration (n) and mobility (u) (b) of the entire series of Cu,_,Se thin

films having thicknesses of 50 nm, 100 nm, 300 nm and 500 nm.

grain boundaries along with higher Cu deficiencies, contrib-
uting to increased carrier scattering in the Cu,_,Se lattice and
thus lowering u. SEM images show that thinner films are more
porous with smaller grains, resulting in more frequent grain
boundary scattering events that limit u. In contrast, thicker
films have larger, better-aligned grains and fewer grain
boundaries, allowing for enhanced u. This improved u in the
thicker films ultimately contributes to an increase in the overall
electrical conductivity.****

The temperature-dependent Seebeck coefficient has shown
an increasing trend with increasing temperature, as displayed
in Fig. 6(a). A positive Seebeck coefficient has been observed
throughout the temperature range, which demonstrates that
the holes are the majority charge carriers. According to the
literature, the reason associated with this increment in the
Seebeck coefficient with increasing temperature is attributed to
the direct relation with temperature and inverse relation with
n.*® However, an anomalous behavior at higher temperatures is
observed in the Seebeck coefficient. This anomaly could be
attributed to possible phase transitions within the Cu,_,Se
phase or changes in the Cu deficiency levels at elevated
temperatures, which influence the n. Furthermore, increased
phonon scattering at higher temperatures may also play a role

—&—50 nm —8—100 nm

1 (a)+3oo nm —¥—500 nm

300 350 400 450 500 550 600

Temperature (K)

PF (uW/m.K?)

in this behavior.*”*® The Seebeck coefficient of all the series of
Cu,_,Se thin films has shown an increasing trend with
increasing film thickness due to decreased n with increasing
film thickness (7500 nm < Mso0 nm), a5 confirmed by the Hall
measurements given in Fig. 5(b). Fig. 5(b) shows that the n
decreases with increasing film thickness. This is associated with
more Cu deficiencies in thinner films, which can be confirmed
by the EDX data in Fig. 4. The decrease in n with increasing
thickness results in an increase of the Seebeck coefficient at
higher thicknesses.***®

Fig. 6(b) depicts the temperature dependence of the power
factor (PF = 5%¢) of all the Cu,_,Se thin films of various thick-
nesses. The simultaneous increase in electrical conductivity and
Seebeck coefficient for all the series results in an increased PF
value. The maximum value of the power factor of 5185 uW m ™!
K2 at 575 K has been achieved for the 500 nm Cu,_,Se film,
which is about 91% larger than that of its bulk counterpart and
99% larger than that of the previously reported thin films at the
same temperature.”” To the best of our knowledge, this is the
highest reported power factor for Cu, ,Se thin films so far,
which is due to the synergy of the simultaneous improvement in
n and u.
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Fig. 6 Temperature-dependent Seebeck coefficient (S) (a) and the power factor (PF) (b) of the entire series of Cu,_,Se thin films having

thicknesses of 50 nm, 100 nm, 300 nm and 500 nm.
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Fig. 7 Temperature-dependent electronic thermal conductivity (ke) having a lattice thermal conductivity (k) in the inset*? (a) and the total
thermal conductivity (k) (b) of the entire series of Cu,_,Se thin films having thicknesses of 50 nm, 100 nm, 300 hm and 500 nm.

It is difficult to measure the total thermal conductivity of
thin films. The availability of the specialized equipment is also
an issue. To address the issue, we calculated the total (k) by
adding the electronic thermal conductivity (k.) and lattice
thermal conductivity (k). k. can be calculated through the
Wiedemann Franz Law (k. = LoT), where L, 0 and T are the
Lorentz number, electrical conductivity and temperature,
respectively. A constant value of L, i.e., 2.05 x 10~%,% has been
used to calculate k., as shown in Fig. 7(a). According to the
literature,* the k value of Cu,_,Se is largely influenced by the £,
part due to the superionic nature of copper selenide. For
simplicity, the k;, values were estimated to be the same as that of
the bulk counterpart of Cu,Se from our previous study,” as
shown in the inset of Fig. 7(a). However, we recognize that the k;,
in thin films is typically much lower than that in bulk materials
due to the increased phonon scattering at the interfaces and
surfaces in thin films. This enhanced scattering reduces the
effective thermal conductivity in thin films compared to bulk
counterparts. Therefore, the actual &y in our thin films is
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Fig. 8 Temperature-dependent figure of merit ZT of the entire series
of Cu,_,Se thin films having thicknesses of 50 nm, 100 nm, 300 nm
and 500 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry

expected to be lower than the bulk value used, which could lead
to an overestimation of the total thermal conductivity (k).*”
Despite this, the trends observed in the thermal conductivity
remain consistent with expectations, as the contribution of the
k. dominates at higher thicknesses.

Fig. 8 presents the temperature-dependent ZT for the entire
series of samples of Cu, ,Se thin films. The increase in ZT
values increased with increasing film thickness due to
increased PF. The highest ZT value of 1.2 at 575 K has been
achieved for the 500 nm thick sample, which is about 10x
greater than that of the 50 nm sample and 51% greater than that
of the reported value for thin films at the same temperature.*
The achieved ZT value is comparable to the bulk value reported
in the literature, and largest among the previously reported data
for thin films.?* According to the literature, different techniques
have resulted in different values for ZT. A. Wang et al. reported
an estimated ZT = 0.58 through pulsed laser deposition tech-
nique.”* Conversely, J. A. Perez-Taborda et al. reported an esti-
mated ZT = 0.4 at room temperature through pulsed hybrid
reactive magnetron sputtering (PHRMS),* while M. R. Scimeca
et al. reported a value of ZT = 0.34 by the solution processing
route** for Cu,Se thin films. The estimated ZT values of the
current Cu,_,Se films may still be empirically underestimated
because the k values used here are overestimated. Thus, the
actual ZT value may even be higher than 1.2 at 575 K for the
500 nm thick sample. The proposed strategy suggests that the
phonon-liquid and electron-crystal (PLEC) behavior of Cu,Se
could further be elaborated by decoupling electronic and
thermal transportation through nanostructuring.

4. Conclusion

A facile method for the improved thermoelectric (TE) perfor-
mance of the Cu,_,Se films has been reported, and a thorough
investigation over structure-property linkage has been devel-
oped. Cu,_,Se thin films with various thicknesses have been
successfully deposited on a glass substrate via thermal evapo-
ration technique. Deposition of crystalline, compact and
densely packed Cu,_,Se thin films without disturbing their

RSC Adv, 2024, 14, 37688-37695 | 37693
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stoichiometry has always been a challenge. As the thickness of
the films increases, the grain size and stoichiometric ratio
change, resulting in a significant effect on the n, which influ-
ences the electrical conductivity and Seebeck coefficient. An
ultrahigh power factor has been achieved due to the synergetic
effects, which simultaneously improve the electrical conduc-
tivity and Seebeck coefficient. As a result, the figure of merit (Z7)
value of 1.2 in the mid-temperature range has been achieved,
which is highest among all the previously reported work. Our
research outcomes suggest that manipulating the film thick-
ness holds great potential for tuning and optimizing the ther-
moelectric properties of Cu,_,Se.
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