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Abstract

Copper selenide (CuySe), as a typical p-type narrow bandgap semiconductor, has gar-
nered significant attention in the fields of thermoelectrics and optoelectronics due to its
inherent low thermal conductivity, high Seebeck coefficient, low cost, and environmental
friendliness. Compared with bulk materials, Cu;Se thin films exhibit unique advantages in
microdevice integration and flexible applications, holding great potential for applications
in flexible thermoelectric generators, solar cells, and photodetectors. This article system-
atically reviews the research progress of Cu,Se thin films, focusing on key preparation
parameters such as growth temperature, annealing conditions, copper/selenium element
ratio, and substrate type, and elucidates their regulation of film microstructure, crystal
phase structure, and thermoelectric/optoelectronic properties. It delves into the mech-
anisms of doping strategies such as carrier concentration regulation, band engineering,
and defect modification, clarifying the synergistic optimization effects of different doping
elements on conductivity, Seebeck coefficient, and thermal conductivity. The article summa-
rizes the current application status of CuySe thin films, points out existing challenges such
as poor process reproducibility and insufficient thermal stability, and anticipates future
research directions such as multi-parameter synergistic optimization and heterojunction
design, providing a systematic reference for the development and practical application of
high-performance Cu,Se-based functional thin films.

Keywords: copper selenide; optoelectronic; thermoelectric; doping modification

1. Introduction

Thermoelectric (TE) devices can convert heat into electricity and also achieve the
reverse conversion from electricity to heat. They are used in many applications, such as
temperature sensors and industrial waste heat recovery. Generally, a higher ZT value of a
thermoelectric material (ZT = S20T/k, where S is the Seebeck coefficient, o is the electrical
conductivity, T is the absolute temperature, and « is the thermal conductivity) means
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better thermoelectric performance and higher device efficiency. Today, most commercial TE
devices use toxic and expensive tellurium-based alloys, which is a major challenge for the
development of TE devices. It is still very important to study new thermoelectric materials
that have a high power factor (PF = S25), low cost, and no toxicity, as well as materials with
low thermal conductivity.

CuySe has low intrinsic thermal conductivity and a high Seebeck coefficient, making it
a promising potential candidate to replace traditional tellurium-based materials. Yang et al.
reported that bulk Cu,Se can reach a ZT value of about 2.5, which is one of the highest
values among thermoelectric materials [1]. At present, most research on CuySe focuses on
bulk materials. Compared with three-dimensional bulk materials, two-dimensional thin
films are more compatible with modern semiconductor technology and offer unique ad-
vantages for building and applying thermoelectric micro/nano devices. Meanwhile, Yadav
et al. reported that Cu,Se thin films show a good polycrystalline structure and uniform
nanoscale morphology [2], with a pure composition free of impurities. Figure 1 shows the
XRD patterns and surface morphology of Cu;Se thin films at different temperatures. These
thin films have suitable transparency from the visible to the near-infrared region, an optical
bandgap that matches the visible light response, and excellent key optical parameters such
as refractive index and dielectric constant.
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Figure 1. (a) X-ray diffraction (XRD) and (b—d) SEM images of the Cu;Se-based thin films deposited
at 150 °C, 200 °C, and 250 °C [3].

In terms of applications, Cu,Se thin films have become important candidate materials
in the field of flexible thermoelectric energy harvesting due to their intrinsic superionic
conducting properties, low thermal conductivity, and environmental friendliness. By
optimizing the Cu/Se stoichiometric ratio, Huang et al. achieved a high power factor
and ZT value at room temperature [4]. The films also maintained stable output power
after many bending cycles, showing excellent mechanical flexibility and thermoelectric
stability. Cu,Se thin films with controllable orientation, prepared by pulsed laser deposition
(PLD), further improved the power factor through the synergistic effect between carrier
concentration and Seebeck coefficient. These films can be used in high-performance flexible
thermoelectric devices [5]. For scalable fabrication, flexible CuySe thin films prepared by a
spin-coating process using a true solution precursor ink showed excellent thermoelectric
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performance at high temperatures. Their performance hardly degraded after a thousand
bending cycles, laying the foundation for low-cost, large-area industrial production of
flexible thermoelectric devices [6].

In the field of optoelectronic applications, Cuy_,Se thin films are widely used in solar
cell heterostructures because of their excellent photoelectric conversion properties. For
example, Cuy_,Se-n-Si heterojunction devices can achieve high photoelectric conversion
efficiency. CuySe thin films can serve as hole injection layers for p-type organic semicon-
ductors, effectively improving the carrier injection efficiency of organic optoelectronic
devices [7]. Recent studies have further expanded the applications of Cu;Se thin films
in the fields of photodetection and photocatalysis. By controlling the morphology and
composition of the films, their light absorption properties and carrier separation efficiency
are optimized. This provides important references for developing new optoelectronic
devices and energy conversion materials [8].

Therefore, this paper selects CuySe material as the research object and systematically
and comprehensively reviews the thermoelectric and optoelectronic properties of Cu,Se
thin films obtained through different preparation processes. This is to fully understand
the current research status and progress of Cu,Se thin films and to provide references and
directions for future research.

2. Properties of Cu,Se

CuySe is an intrinsic p-type narrow-bandgap semiconductor material. Its holes mainly
come from Cu vacancies. Cu,Se has two crystal structures. At room temperature, it exists
in the a phase (monoclinic system). At high temperatures, it exists in the 3 phase (cubic
system), as shown in Table 1. The lattice constants of the x phase are a =7.05 A, b=20481 A,
and ¢ = 4.145 A. When the temperature exceeds about 400 K, the crystal structure undergoes
a phase transition from the monoclinic « phase to the cubic 3 phase. The lattice constants
of the B phase are a =b = ¢ = 5.787 A. Both the ot and § phases use the Se atoms to form a
face-centered cubic sublattice as the framework, with Cu atoms distributed within it. In
the « phase, Cu atoms are fully distributed in the tetrahedral interstitial positions. In the
B phase, disordered Cu ions are distributed in either tetrahedral or triangular interstitial
positions [9]. The positions of these Cu ions, which have a “liquid-like” mobility, are
not fixed [10]. They can scatter phonons, reduce the phonon mean free path, and achieve
extremely low lattice thermal conductivity, thus improving thermoelectric performance [11].
Figure 2 shows the two crystal structures of Cu,Se.

Figure 2. Crystal structures of a-CuySe and 3-Cuj,Se ((left) x-phase, and (right) 3-phase) [12].
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Table 1. Structural characteristics of Cu,Se.
Characteristics a-CuySe B3-Cu,Se
Crystal structure Monoclinic Cubic system (Fm-3m)
Lattice constants a=7.05A,b=204814,c=4145A a=b=c=5787A
Cu* distribution Ordered distribution Highly disordered (liquid-like)
Se sublattice Rigid face-centered cubic framework Rigid face-centered cubic framework
Conduction mechanism Predominantly hole conduction Superionic conduction
k features Low (higher than 3 phase) Extremely low (phonon-liquid)
Stability Stable at low temperature Stable at high temperature
Typical ZT value range Up to 2.5 for bulk Up to 1.5-2.0 for thin films

The performance of thermoelectric materials is mostly measured by the dimensionless
figure of merit [13]:
_ S%0T
ok

ZT

(1)

Here, the symbols represent the Seebeck coefficient (S), electrical conductivity (o),
absolute temperature (T), and thermal conductivity (k). The electrical performance part in
the formula is separately called the power factor (PF).

PF = S%¢ (2)

The Seebeck coefficient is the ratio of the thermoelectric electromotive force to the

temperature difference:
AV

- = ©)

This coefficient can intuitively reflect the ability of thermoelectric materials to generate

S

electromotive force.
For electrical conductivity o, the ability of a material to conduct electric current can be
described by this parameter:

= neu 4)
_
K= ®)

In the formula, n is the carrier concentration, p is the mobility of carriers in the material,
Tp is the relaxation time, and m* is the effective mass.

For thermal conductivity k, both charge carriers and phonons together influence the
value of this parameter.

To maximize the thermoelectric figure of merit, the essential requirements are a high
absolute Seebeck coefficient, high electrical conductivity, and low thermal conductivity. A
high Seebeck coefficient and high electrical conductivity indicate excellent thermoelectric
conversion efficiency of the charge carriers, while low thermal conductivity indicates that
the material has a strong ability to maintain a suitable temperature gradient. Currently, most
studies on Cu,Se thin films report only the PF, rather than the full ZT. This is mainly because
measuring the k of thin films is technically demanding. It requires specialized techniques
such as TDTR or the differential 3w method. In addition, the results are highly sensitive to
film thickness, substrate type, and interfacial quality. In contrast, the Seebeck coefficient and
electrical conductivity can be measured simultaneously using the same apparatus, which
makes the PF much easier to obtain. Therefore, the PF is a meaningful and widely used metric
for evaluating the electrical transport performance of thermoelectric thin films.

3. Research Progress on Cu;Se Thin Films

Different processing parameters have different effects on the properties. It should be
noted that the Seebeck coefficient, electrical conductivity, power factor, and other perfor-
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mance parameters summarized below are collected from various literature sources. These
values were obtained under different experimental conditions, including variations in mea-
surement temperature, atmosphere, substrate type, and device configuration. Therefore,
direct quantitative comparison of absolute values across different studies should be made
with caution. The main purpose of these tables is to illustrate general trends and orders of
magnitude, rather than to provide strict numerical rankings.

3.1. Effect of Growth Temperature on Thin Film Properties

During the preparation of CuySe thin films, temperature plays a decisive role in the
phase structure, chemical composition, grain size, and thermoelectric properties of the
films, as shown in Table 2.

As the growth temperature increases, the grain size of the thin films usually tends to
increase. At the same time, selenium, having a high saturated vapor pressure, preferentially
evaporates. This leads to an increase in the Cu:Se atomic ratio and a decrease in carrier
concentration in the film. These changes cause a decrease in electrical conductivity and an
increase in the Seebeck coefficient, which is consistent with the basic behavior of degenerate
semiconductors, Figure 3 shows the relationship between the growth temperature and the
Seebeck coefficient for films grown on a glass substrate. However, an excessively high
temperature causes excessive loss of selenium, leading to the precipitation of secondary
phases, a decrease in hardness [14], and even disruption of the preferred orientation of the
film. Therefore, there is an optimal deposition temperature window. For PLD, it is about
300 to 325 °C; for magnetron sputtering, it is about 200 °C.

Table 2. Effect of growth temperature on thin film properties.

Preparation Substrate Growth Cu:Se Atomic Seebeck PF (uWem—1 Year
Method Temperature Ratio Coefficient (uV/K) K—2)
Magnetron Flexible 150~225 °C 1.74 — 1.97 58.46 (225 °C) 4.12 (200 °C) 2022 [15]
sputtering substrate
PLD Single crystal 45 350 ¢ 212 222 140 (300 °C) 8.44 (300 °C) 2022 [14]
substrate
Flexible o . o o
PLD 250~350 °C 1.80 — 1.86 Highest Sat 325°C  17.6 (325 °C) 2023 [16]
substrate
Magnetron Flexible 150~250 °C 2.07 — 2.98 43.83 (300 °C) 1.30 (200 °C) 2024 [3]
sputtering substrate
Magnetron Glass 50~400 °C 171 —1.94 — 1.35 80.65 (350 °C) 16.8 (350°C) 2024 [17,18]
sputtering substrate
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Figure 3. Dependence of Seebeck coefficient on growth temperature for magnetron-sputtered CuySe
thin films on glass [17,18].
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In addition, an optimized growth temperature on a flexible substrate can also give the
thin film good mechanical flexibility [14]. After hundreds of bending cycles, the resistance
change is less than 5%. In summary, precise control of the deposition temperature is a key
method for tuning the structural integrity, electrical transport properties, and mechanical
stability of CuySe thin films. This has important guiding significance for the development
of high-performance flexible thermoelectric devices.

3.2. Effect of Annealing Temperature on Thin Film Properties

The optimization effect of annealing treatment on the properties of Cu;Se thin films
strongly depends on the preparation method. Figure 4 shows different preparation methods
for Cuj,Se thin films, and Table 3 shows the influence of annealing temperature on the thin
film properties.

For thin films prepared by thermal evaporation, moderately increasing the annealing
temperature can effectively promote grain growth and improve crystallinity [19]. This leads
to a continuous narrowing of the optical bandgap and enhanced visible light absorption.
Such structural densification is beneficial for increasing carrier concentration and improving
photovoltaic conversion efficiency [8]. Moreover, the films prepared by this method can
maintain phase stability over a relatively wide range of annealing temperatures.
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i O —5-5-5—&5—5—9 T 655 nle
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Figure 4. Different preparation methods for Cu,Se thin films: (a) thermal evaporation, (b) magne-tron
sputtering, (c) CBD, and (d) electrodeposition.

Table 3. Effect of annealing temperature on thin film properties.

. Annealing Grain Size Optical Band Gap  Electrical Conductivity
Preparation Method Temperature (am) V) Q-1 cm-1) Year

CBD 100~300 °C 57 — 84 — 70 1.85 — 1.73 136.6 — 513.2 2021 [20]
Thermal evaporation 400~500 K 29.87 — 34.99 2019 Ameah“f f?perat“re 2022 [8]
CBD 60~180 °C 30.00 — 37.27 2.16 —+ 1.95 - 2022 [21]
Electrodeposition 250 °C 670 — 1000 2.26 3.07 x 103 2022 [22]
Thermal evaporation 403~503 K 41.3 —+ 513 2.2~2.3 - 2025 [19]

3 3
Magnetron sputtering 200~350 °C 242 — 316 1.55 —+1.30 —+ 1.78 125> 107 = 1.89 < 10 2025 [23]

— 0.54 x 103
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Compared with thermal evaporation, thin films deposited by magnetron sputtering
are more sensitive to annealing temperature and have a clear optimal processing window.
At moderate annealing temperatures, the stoichiometric ratio of the film becomes ideal. The
crystal quality, surface morphology, and mechanical hardness are synergistically optimized,
and the thermoelectric power factor reaches its peak. However, when the annealing tem-
perature is too high, selenium volatilization and surface oxidation become the dominant
mechanisms. This leads to the formation of non-stoichiometric phases and damage to the
layered structure, causing a sharp degradation of optical and electrical properties [23]. Fur-
thermore, in the sputtering-selenization two-step method [24], the annealing temperature
and the micro-strain state of the precursor film work together. They determine the phase
structure selectivity, resulting in either a monoclinic or cubic phase. This in turn enables
wide-range tuning of the optical bandgap and dielectric response characteristics.

For thin films prepared by chemical bath deposition (CBD), the main effects during
annealing are grain growth and improved crystal quality. The band gap energy gradually
red-shifts as the annealing temperature increases. However, too high an annealing temper-
ature may cause performance degradation due to strain accumulation [20]. It should be
noted that when the annealing temperature exceeds a certain threshold, the mobile copper
ions can be effectively fixed through a strain hardening mechanism. This significantly
suppresses dendritic growth and improves the environmental stability of the film [21]. In
the electrodeposition process, under an argon atmosphere [22], the abundant grain bound-
aries and pore structures formed by annealing can effectively scatter phonons to reduce
thermal conductivity. This overall enhances the thermoelectric performance potential of
the material.

Note that the bandgap values in the literature were measured by UV-Vis-NIR absorp-
tion spectroscopy and extrapolated using the Tauc relation. This method is a standard
optical characterization technique for determining the direct bandgap of semiconductors.
The calculation relies only on the absorption coefficient and photon energy and does not
depend on the sample’s electrical conductivity.

3.3. Effect of Elemental Ratio on Thin Film Properties

The elemental ratio has a great influence on the phase and Seebeck coefficient of the
thin film, as shown in Table 4.

Table 4. Effect of elemental ratio on thin film properties.

Preparation Cu:Se Atomic Phase C(S)zigceicel;t PF Year
; m-1.K-2
Method Ratio (VK1) (UWW-m~—1.K—2)
1.38
213 Hexagonal y-CuSe (Cu/Se = 1.38);
Thermal ) B-CuySe (Cu/Se ~ 2); 319 B
evaporation 63; 4 coexistence of a-CuySe and (Cu/Se =2.13) 388 (Cu/Se =2.13) 2020 [25]
'9 metallic Cu phase (Cu/Se > 2)
0.49
(1)35 p-CuSe; (Cu/Se = 0.49);
Magnetron ’ y-CuSe (Cu/Se = 0.95); 110 B
sputtering ;éé B-Cuy_,Se (Cu/Se = 2.65); (Cu/Se = 2.65) 2880 (Cu/Se =2.65) 2022 [26]
291 a-CuySe (Cu/Se = 3.58)
3.58

When the Cu/Se atomic ratio in the thin film gradually increases from a copper-
deficient condition (<1) to a copper-rich state (>2), the phases undergo transitions through
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CuSey, CuSe, 3-Cu,Se, x-CuySe, and finally to the metallic Cu phase. It is worth noting that
the 3-Cuy_«Se phase, which is slightly Cu-rich near the stoichiometric ratio, usually shows
the best overall thermoelectric performance, with a Cu/Se ratio of about 2.0-2.7 [26]. This

is attributed to its intrinsic “phonon-glass electron-crystal” characteristics, which lead to a
synergistic optimization of a high Seebeck coefficient and moderate electrical resistivity.
Changes in the elemental ratio deeply affect the carrier transport properties and
microstructure of the thin films. When the Cu/Se ratio is below 2.0, the concentration of
Cu vacancies increases, leading to a higher hole carrier concentration. Although electrical
conductivity improves, the Seebeck coefficient decreases significantly, and the power factor
drops due to the imbalance between the two. When the Cu/Se ratio exceeds 3.0, excess
Cu atoms precipitate at grain boundaries or on the surface, forming metallic phases. This
reduces the electrical resistivity, but the Seebeck coefficient becomes worse due to enhanced
carrier scattering and the bipolar effect, so the thermoelectric performance also declines [25].
Figure 5 shows the relationship between different Cu/Se ratios and the Seebeck coefficient.

=i 50°C == 25°C
350 140 -
300 T\ Q
3 120 4 Sk
ey Vil
250 | P Tk R/ ]
] S 100 - L8 N
i N i N N,
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Figure 5. The relationship between different Cu/Se ratios and the Seebeck coefficient: (a) prepared
by thermal evaporation and (b) prepared by magnetron sputtering [25,26].

In addition, at the optimal Cu/Se ratio, the thin film shows dense and uniform
columnar grain growth or a preferred orientation along specific axes, with the lowest surface
roughness. Deviation from this ratio easily leads to multiphase coexistence, abnormal grain
growth, or increased porosity, which severely degrades the electrical transport performance.

3.4. Effect of Substrate Type on Thin Film Properties

In the preparation of Cu,Se thin films, the choice of substrate material has a significant
impact on their crystal structure, microstructure, and thermoelectric properties, as shown
in Table 5. Different substrates, due to differences in surface energy, lattice matching,
electrical conductivity, and thermal expansion coefficient, can induce different preferred
orientations, crystal quality, and defect concentrations in the films, thereby tuning their
final performance.

For flexible organic substrates, materials such as polyimide (PI) are widely used
in wearable thermoelectric devices. CuySe thin films grown in situ on PI substrates by
magnetron sputtering can induce phase transitions and optimize orientation by adjusting
the Cu/Se atomic ratio. At a growth temperature of about 200 °C, these films achieve
high electrical conductivity and Seebeck coefficient, and they show good mechanical

flexibility [16].
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Table 5. Effect of substrate type on thin film properties.
Substrate Preparation .
Substrate Type Material Method Effect on Properties Year
The maximum PF at room
temperature reaches 17.6 uW/(cm-K?);
Flexible organic PI Magnetron the flexible device achieves an output 2023 [16]
substrate sputtering power density of 10.2 W/m? at
AT = 40 K, making it suitable for
wearable energy harvesting.
At 580 K, the power factor increases to
Single crystal 20.02 uW/cm-K2. The estimated ZT
substrate LSAT(100) PLD value is ~0.58, which is better than that 2022[14]
of polycrystalline bulk.
The stoichiometric ratio is stable at
Cu:Se ~ 2:1. The optical properties are
Single crystal . uniform, making it suitable for
substrate Si PLD optoelectronic or thermoelectric 2022 [27]
studies that require specific crystal
orientations.
Epitaxial layered Cu,Se nanosheets
Single crystal (~38 nm) via direct selenization at RT;
substrate (metal) Cu(111) MBE hexagonal lattice rotated 30°; bandgap 2024 [28]
of 2.12 eV.
Directly forms a CuySe/Cu
Thermal thermocouple structure. Under a
Metal/conductive Copper foil evaporation + hot temperature difference of 500 K, the 2021 [29]
substrate PP P rossin thermoelectric voltage reaches 17.8 mV.
p & The Cu:Se ratio is about 2.06, close to
the stoichiometric ratio.
The optical bandgap red-shifts from
2.30 eV to 2.23 eV. The dielectric
Metal/conductive Thermal constant doubles. The carrier mobility
La . ) . 2022 [30]
substrate evaporation increases. In the microwave frequency
range (~5 GHz), it exhibits bandpass
filtering characteristics.
The obtained thin film has a
. . FTO polycrystalline cubic structure, no
Conductive oxide . . : :
conductive Electrodeposition impurity phases, a smooth surface, 2020 [31]
substrate -
glass and a composition close to the

stoichiometric ratio.

Single crystal substrates enable epitaxial growth of Cu,Se thin films, leading to better
thermoelectric performance. On an LSAT(100) substrate [14], films prepared by pulsed laser
deposition show a b-axis preferred orientation. The room-temperature power factor reaches
8.44 uW-cm~1. K2 and further increases to about 20 pW-cm~!-K~2 at high temperatures.
The ZT value is clearly higher than that of polycrystalline bulk materials. On a Si(111)
substrate [27], Cu,Se thin films tend to form a nanosheet-like structure. The grain size
increases with deposition time, and the films always remain in the pure « phase, showing
good control over crystal orientation.

Cu(111) single-crystal substrates have been used for epitaxial growth of CuySe. Molec-
ular beam epitaxy with direct selenization at room temperature produces layered Cu,Se
nanosheets with a thickness of about 38 nm. These nanosheets exhibit a hexagonal lattice,
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rotated 30° relative to the Cu(111) substrate. Their bandgap is 2.12 eV, indicating semicon-
ducting behavior for optoelectronic applications [28]. This approach demonstrates that
metal substrates can yield high-quality epitaxial Cu,Se films.

Metal substrates also show unique regulatory effects. A copper foil substrate [29]
not only serves as the growth base but also participates in the reaction to form a dense
flaky granular structure. Under low-pressure conditions, thin films with a controllable
stoichiometric ratio can be prepared, and a thermoelectric voltage can be directly gener-
ated, making it suitable for simple thermoelectric conversion devices. Rare earth metal
substrates, such as lanthanum [30], significantly improve the crystallinity of the films,
increasing grain size and reducing defect density. They also induce a red-shift in the optical
bandgap and enhance carrier mobility. The films exhibit bandpass filtering characteristics
in the microwave frequency range, showing potential for application in high-frequency
electronic devices.

For different application goals such as flexible wearable devices, high-performance
thermoelectric conversion, or high-frequency electronic devices, choosing the right sub-
strate material is one of the key strategies to optimize the performance of Cu,Se thin films.

Beyond conventional flat substrates, porous templates have recently become a new
platform for tailoring the microstructure and thermoelectric properties of Cu,Se thin
films. A recent study used anodic aluminum oxide (AAO) templates combined with
thermal evaporation to prepare 3-Cuy_,Se films with ordered porous structures [32]. Four
pore configurations were compared: non-porous, through-hole, semi-through-hole, and
sealing-pore. The sealing-pore structure was found to combine internal porosity with
a dense surface layer. This structure achieves an optimal balance between suppressing
heat transport and maintaining continuous carrier pathways. This work demonstrates
that porous substrate engineering offers a promising strategy for further enhancing the
thermoelectric performance of CuySe-based thin films.

In addition, reasonable changes to parameters such as the thickness of the Cu,Se thin
film [33], sputtering power [34,35], deposition time [36], and pH conditions [37] can also
effectively control the phase structure, grain size, stoichiometric ratio, optical band gap,
and electrical transport properties of the film. This plays an important role in improving
the practical performance of CuySe thin films.

3.5. Effect of Deposition Method on Thin Film Properties

Beyond the individual parameters discussed above, the deposition method itself
significantly affects the microstructure and thermoelectric performance of Cu,Se thin
films. Each technique has its own growth mechanism, energy condition, and kinetic
pathway. These factors together determine crystallinity, stoichiometry, defect chemistry,
and ultimately the power factor.

Physical vapor deposition methods, such as PLD and magnetron sputtering, generally
produce films with superior crystallinity and density. This is attributed to the high kinetic
energy of adatoms. PLD offers congruent target-to-film composition transfer at high laser
fluence (~10 J/cm?). Magnetron sputtering provides precise composition control and
scalability. Both methods are relatively costly and require complex equipment.

In contrast, solution-based methods such as CBD and electrodeposition are low-cost
and scalable, but the resulting films typically have more defects and grain boundaries.
CBD allows for easy doping during film growth. Electrodeposition enables thick films
with controlled morphology. Thermal evaporation is the simplest technique. However,
its composition control is limited by the high vapor pressure of Se. This often results in
Cu-rich films unless the process is carefully optimized. Additionally, metal oxide thin films
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for optoelectronic applications have also been prepared by reactive e-beam evaporation
followed by thermal annealing [38].

3.6. Synergistic Optimization of Processing Parameters

The growth temperature, annealing temperature, elemental ratio, and substrate type
are not independent parameters. They are intrinsically coupled. Their synergistic effects
influence the phase structure, stoichiometry, and defect chemistry of the thin films.

The high volatility of Se means that growth temperature and annealing temperature
directly change the actual Cu/Se ratio of the film. When the temperature is too high, Se
preferentially evaporates. This inevitably makes the film Cu-rich. It also drives the phase
transformation from (3-Cu,Se toward precipitation of metallic Cu. Therefore, achieving the
-Cu,Se phase with the ideal stoichiometry is not determined by the target composition
alone. Instead, a dynamic balance between temperature and Cu flux must be established.
When growing at higher temperatures, Cu compensation should be increased accordingly.
At lower temperatures, extra compensation is not needed.

The thermal expansion mismatch between the film and the substrate causes strain dur-
ing post-annealing. For example, a PI flexible substrate requires the annealing temperature
to stay below 250 °C to avoid deformation. In contrast, an LSAT single-crystal substrate
can tolerate up to 580 K, and this temperature even promotes b-axis orientation. Thus,
the optimal annealing temperature depends strongly on the substrate, and they should be
considered together.

Fabricating high-performance Cu,Se thin films cannot rely on the independent opti-
mization of single processing parameters. Instead, all parameters must be considered as
a coupled whole. Only under multi-parameter synergistic matching can the best overall
performance be achieved.

4. Research Progress on Doped Cu,Se Thin Films

Doping is a key strategy to optimize the functional properties of thin film materials.
It mainly introduces aliovalent ions or defects to control the electronic structure, phonon
transport, and crystal stability of the material. Specifically, doping can effectively tune
the carrier concentration and type and significantly improve electrical properties such
as electrical conductivity and Seebeck coefficient. At the same time, doping can achieve
band engineering, changing the bandgap width and band structure. In addition, point
defects and heterointerfaces introduced by doping can enhance phonon scattering and
reduce lattice thermal conductivity, thereby increasing the thermoelectric figure of merit ZT.
Some doping can also suppress undesirable phase transitions or stabilize high-temperature
phases. In the field of optoelectronic applications, doping can enhance light absorption,
the separation efficiency of photogenerated carriers, and photosensitivity. For flexible
electronic devices, specific doping, such as with iodine or sulfur, can significantly improve
the mechanical flexibility and bending stability of the thin films [39]. The synergistic
effects of these doping strategies provide an important material basis for the design of
high-performance thermoelectric, optoelectronic, and wearable devices.

4.1. Effect of Carrier Concentration on Thin Film Properties

Carrier concentration refers to the number of charge carriers per unit volume that
participate in electrical conduction. It is a key parameter that determines the electrical
conductivity and Seebeck coefficient of a semiconductor. Tables 6 and 7 show the effects of
carrier concentration on the Seebeck coefficient and electrical conductivity, respectively.
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Table 6. Effect of carrier concentration on Seebeck coefficient.
Preparation Doping Doping Carrier Concentration  Seebeck Coefficient PF Year
Method Element Concentration (cm—3) (LV/K) (W-m—1.K-2)
Doping .
?ﬁ?{fggn Ag 0~2.97 at% concentration T, 250 (1.37 at%) Mal‘x;;“;r;‘ at 01 [40]
P & carrier concentration 1 ’ ?
Magnetron o 1.08 x 102! — o .
sputtering Al 1.6~5.2 at% 9.02 x 1019 163.2 (5.2 at%) 1075 (maximum) 2023 [41]
Dopin:
21 pmng
?ﬁ?::r?“ Al 0~6.22 at% 2(')49; iol ey concentration 1, 537 (353 at%) 2025 [42]
P 8 ’ Seebeck coefficient 1
Doping Doping
?ﬁ?:ggn Zn 0~16.7 at% concentration T, concentration T, 331 (3.56 at%) 2025 [43]
P 8 carrier concentration |  Seebeck coefficient 1
Doping Doping Doping
Hyii‘gfﬁgrdmal I g(uzsofilagi; concentration T, concentration 1, concentration T, 2025 [44]
a ’ carrier concentration |  Seebeck coefficient 1 PF first 1 then |
Table 7. Effect of carrier concentration on electrical conductivity.
Preparation Doping Doping . . _3 Electrical Conductivity
Method Element Concentration Carrier Concentration (cm™) (S/cm) Year
22 22
CBD Na 0~0.03M 4.08 > 10 = 1'8122X 107 = 17.89 — 9.61 — 12.8 2018 [45]
2.41 x 10
23 23
CBD Bi 0~0.03M 2.83 x 107 = 1'6723X 107 = 17.89 — 221.33 — 239.63 2020 [46]
3.26 x 10
CBD Sb 0~0.03 M 4.08 x 1022 — 8.66 x 10?1 17.89 — 262.1 — 49.51 2020 [47]
CBD cd 0~0.03 M Doping concentration 1, carrier 1709 7095 1709 2021 [48]
concentration first 1 then |
Hydrothermal CupSej_4Sx 20 20
method S (x = 0~0.06) 441 x 10’ — 3.12 x 10 1009.8 — 439.3 2024 [49]

Intrinsic CuySe has a carrier concentration that is too high due to copper vacancy
defects. Although its electrical conductivity is acceptable, its Seebeck coefficient is very
low, which severely limits the power factor. Reducing the carrier concentration through
donor doping such as Al [41,42], Zn [43], or I [44], or through Cu-excess strategies [50], can
significantly increase the Seebeck coefficient. At the same time, point defect scattering intro-
duced by doping reduces the thermal conductivity, achieving synergistic optimization of
electrical and thermal transport properties. The CuAgSe nano-phase interfaces introduced
by Ag doping and the disordered interstitial Cu* caused by Cu-rich conditions can induce
energy filtering effects and modulate carrier scattering. Within an appropriate doping
range, these effects lead to an enhancement of the Seebeck coefficient [40]. Controlling
the carrier concentration requires balancing the inverse relationship between electrical
conductivity and the Seebeck coefficient. Moderately reducing the carrier concentration to
an optimal range can achieve a high power factor. However, excessive reduction leads to
a decline in electrical conductivity, which instead harms the thermoelectric performance.
Figure 6 shows the relationship between the doping concentration of different elements
and the electrical conductivity.
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Figure 6. The relationship between the doping concentration of different elements and the electrical
conductivity [46—48].

Different doping elements have different regulation mechanisms. For example, AR is
an efficient donor dopant. It can significantly compensate for intrinsic holes and optimize
the band structure. This is currently the most mature regulation strategy. Similarly, the sub-
stitution of Bi*>* at Cu* sites introduces extra electrons. These electrons compensate intrinsic
holes and reduce the hole carrier concentration. The Seebeck coefficient is enhanced. Mean-
while, Bi doping effectively suppresses the formation of Cu vacancies, further optimizing
the carrier concentration. This leads to an increase in electrical conductivity [46]. The
n-type compensation mechanism, such as I doping, has a relatively mild effect. However,
some elements like Sb [47] and Cd [48] may produce complex defect states by substituting
Cu sites, so these elements need to be carefully selected.

4.2. Effect of Band Structure on Thin Film Properties

Precise control of the band structure, including bandgap size, bandgap type, Fermi
level position, and density of states distribution, can synergistically optimize carrier con-
centration and mobility, thereby achieving better thermoelectric performance, as shown in
Table 8.

Table 8. Band regulation methods.

Optimization Objective

Band Regulation Method Suitable Dopant Year

Increase the Seebeck
coefficient

Reduce carrier concentration and optimize A%, 2023 [41],
the density of states (DOS) distribution ~ Zn?* (appropriate amount) 2025 [43]

Increase electrical
conductivity

Reduce the effective mass and increase

2+ :
mobility Zn~* (low concentration) 2025 [43]

Achieve n-type conduction

The Fermi level shifts toward the

.3+ . .
conduction band Bi°* (high concentration) 2018 [51]

Bandgap tailoring

Introduce impurity levels and modulate

2+ +
the band edge positions Cd™, Na 2018 [52]

Trivalent cation doping can change the bandgap type from direct to indirect, shift the
Fermi level position, reduce carrier concentration, and significantly increase the Seebeck
coefficient. Divalent cation doping can reduce the carrier effective mass and increase
mobility, improving the Seebeck coefficient while maintaining a high electrical conductivity.
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This band engineering strategy successfully decouples the traditional trade-off between
electrical conductivity and the Seebeck coefficient, leading to a significant increase in the
power factor.

4.3. Effect of Defect Engineering on Thin Film Properties

The mechanism of defect engineering mainly lies in the synergistic regulation of carrier
transport, phonon scattering, and phase stability. Intrinsic Cu vacancies, as acceptor defects,
provide hole carriers, but excessive vacancies reduce mobility. Introducing aliovalent or
isovalent cation doping can further optimize the band structure by forming substitutional or
interstitial defects [43]. When trace magnetic elements are doped [53], the built-in magnetic
field generated by interstitial defects in micro-regions can restrict the migration of low-
energy carriers through the magnetic-electrical transport coupling effect. This significantly
increases the carrier effective mass, thereby greatly enhancing the Seebeck coefficient and
power factor.

Defect engineering is not limited to single point defect control. It also includes tuning
of vacancy concentration, design of second-phase interfaces, and microstrain engineer-
ing [54]. These factors together affect the scattering processes of carriers and phonons. This
is an effective way to achieve synergistic optimization of the thermoelectric properties of
CupSe thin films.

From the perspective of optical properties, defect engineering also shows the ability to
control the bandgap and absorption characteristics. Aliovalent doping can cause a shift in
the optical absorption edge through quantum confinement effects and changes in carrier
concentration, thereby widening or narrowing the bandgap [52]. These results indicate that
the type and concentration of defects, as well as their distribution in the lattice, together
determine the final properties of the thin film.

4.4. Effect of Different Dopants on Thin Film Properties

High-valent cations compensate for copper vacancies, reducing hole concentration,
increasing the Seebeck coefficient, and lowering thermal conductivity. Transition metals
and heavy elements optimize carrier transport. Anion substitution at Se sites tunes the
band structure and lattice parameters, synergistically improving electrical conductivity
and the Seebeck coefficient. Among the doping strategies discussed above, iodine and anti-
mony doping are particularly noteworthy for their potential to enable n-type conduction in
CujySe films. lodine doping introduces electrons by substituting Se sites with I atoms. Each
I substitution provides one extra electron. This electron compensation reduces the hole
concentration. It enables a transition from p-type to n-type behavior [44]. Antimony doping
offers an alternative route through band structure engineering. Theoretical calculations
show that Sb substitution lowers the conduction band edge. This forms an n-type degen-
erate state. When combined with Ag doping, Sb further reduces the hole concentration.
It also enhances the Seebeck coefficient through synergistic band modulation [55]. These
studies indicate that n-type Cu,Se films can be achieved through appropriate donor doping.

Rare earth elements mainly enhance light absorption and narrow the bandgap, making
them suitable for photovoltaics. Composite doping introduces multiphase interfaces,
achieving a high thermoelectric figure of merit near room temperature through energy
filtering and phonon scattering. The effects of different dopants on thin film properties are
shown in Table 9.
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Table 9. Effects of different dopants on thin film properties.
. Representative . . . Performance Impact

Doping Type Elements Main Mechanism of Action Trend Year
. . 34 A13+ Qi34 Compensate holes, reduce 2023 [41],
High-valent cations Bi°*, AI°*, Sb . . Seebeck 1, 0 |,k |, ZT 1 2020 [46],

carrier concentration
2020 [47]
Transition Second-phase scattering, corieeif;(n;ve 2021 [40],
metals/heavy Ag, Co, Zn magnetic scattering, band erFf)ormance 2025 [43],
elements structure transformation pertormar 2026 [53]
optimization
e SeSese et e concenaton ), 2025122
! distortion Seebeck 1, PF 1 2024 [49]
Enhance light absorption Improved optical

Rare earth elements Y3+ & ption, performance, suitable 2022 [56]

narrow the bandgap for photovoltaic systems

Composite doping

Multiphase coexistence, grain Room-temperature ZT is

FeSi boundary phonon scattering  significantly improved

2025 [57]

In addition to doping with a single element, composite doping with materials such as
FeSij can achieve synergistic optimization of polycrystalline structure, interface effects [57],
and amorphous phases through control of process parameters. This leads to relatively high
thermoelectric figures of merit and power factors at room temperature.

4.5. Qualitative Comparison of Different Dopants

This section provides a qualitative comparison of the most commonly reported
dopants. AI3* and Bi3* are consistently among the most effective dopants for enhanc-
ing the thermoelectric performance of CuySe thin films. Their high valence state (+3)
effectively compensates the intrinsic Cu vacancies and reduces the excessively high hole
concentration. As a result, the Seebeck coefficient increases significantly. The electrical
conductivity remains at an acceptable level.

Transition metal dopants such as Zn?* and Co?* offer moderate improvements. They
provide additional benefits through band structure tuning and magnetic scattering. How-
ever, their effectiveness depends more strongly on the doping concentration. Anion substi-
tution at Se sites (I~, S>7) also improves the power factor, but the enhancement is generally
smaller than that of AI>* doping. The consistent superiority of AI** across multiple reports
suggests that hole concentration compensation is the most effective strategy for optimizing
the thermoelectric performance of Cu,Se thin films.

It is worth noting that the three mechanisms—carrier concentration optimization, band
engineering, and defect engineering—are not mutually exclusive. A single dopant can
simultaneously influence multiple mechanisms. For example, AI** doping not only reduces
the hole concentration through donor compensation but also modifies the electronic band
structure. However, based on the literature, carrier concentration optimization appears to
be the primary and most effective strategy for enhancing the thermoelectric performance
of CuySe thin films. This is because CupSe intrinsically has an excessively high hole
concentration (~10?! cm~2) due to Cu vacancies. Reducing this concentration to an optimal
level yields the most significant improvement in the Seebeck coefficient and power factor.

Band engineering and defect engineering serve as complementary strategies. They
provide additional enhancements through band structure tuning, phonon scattering, and
mobility optimization. However, their effects are generally less pronounced than car-
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rier concentration optimization. The consistently superior performance of Al** doping
across multiple reports supports this view. AI** is effective primarily because it efficiently
compensates the intrinsic Cu vacancies.

Therefore, all three mechanisms contribute to performance improvement. However,
carrier concentration optimization should be considered the primary strategy. Band en-
gineering and defect engineering are supplementary approaches. The optimal overall
performance is achieved when these strategies are applied synergistically.

5. Conclusions

Cu;ySe is a p-type semiconductor compound composed of copper and selenium. It
has low cost, environmental friendliness, and excellent optoelectronic and thermoelectric
properties. It is an important candidate system to replace traditional lead-based and
tellurium-based functional materials. Table 10 compares the power factor, toxicity, and cost
of representative thermoelectric thin films. The main applications of Cu,Se focus on thermo-
electric conversion, optoelectronic devices [58], and energy storage, as shown in Figure 7.
As a medium- to high-temperature thermoelectric material, its ZT value can exceed 2.0.
After being fabricated into thin films, it can be used in micro thermoelectric generators
and flexible wearable devices for waste heat recovery and solid-state cooling [59-61]. In
the fields of optoelectronics and energy storage, its high absorption in the visible region
and tunable bandgap make it a potential component for solar cells, photodetectors, and
photocatalytic materials. In addition, CuySe can be used as an anode material for sodium-
ion batteries and as an electrocatalytic material for quantum dot-sensitized solar cells [62].

Table 10. Comparison of power factor, toxicity, and cost for representative thermoelectric thin films [7].

Material Cu,Se SnSe BiyTe; PbTe
Type p-type p-type n-type p-type
PF (uW/cm-K?) 6.2 4.27 27.3 20.9
Toxicity Low toxicity ~Low toxicity High toxicity High toxicity
Cost Cheap Cheap Most expensive Expensive

Applications of Cu,Se
Thin Films

Thermoelectric Optoelectronic
Energy Energy Storage P s

Conversion

. Flexible Ph q
Ui : Wearable Photodetector ho;o::ata:ytlc
Generator Doy aterials

Figure 7. Applications of Cu;Se thin films.

Of note, bulk thermoelectric materials currently dominate large-scale applications
due to their well-established synthesis routes and high reproducibility. Cu,Se thin films
are not meant to replace bulk materials. They are particularly suitable for emerging appli-
cations such as flexible/wearable devices, on-chip micro-generators, and semiconductor
integration, where bulk materials are impractical.

In recent years, the p-CuySe/n-Si heterojunction based on Cu,Se thin films has shown
good rectification characteristics and a band structure similar to a Schottky diode. It
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exhibits excellent self-powered photoresponse with fast speed, high stability, and good
reproducibility, making it suitable for high-frequency photodetectors. This heterojunction
also achieves high power conversion efficiency in photovoltaic devices, outperforming
previously reported CuO/Si and Cup,O/Si systems, indicating its broad application po-
tential in optoelectronics [11]. In photovoltaics, CuySe thin films serve as hole transport
layers or absorber layers. The achievable power conversion efficiency ranges from 1%
to 5%. The exact value depends on the stoichiometry and crystallinity of the films. For
photocatalysis, Cu,Se films show moderate degradation of organic dyes under visible light,
but their quantum efficiency remains lower than that of well-established materials such as
TiO,. Overall, CuySe shows clear potential in photodetection and photovoltaics. However,
its photocatalytic efficiency requires further improvement. Currently, cross-comparisons
among different applications are insufficient. Future work should focus on objectively
evaluating the performance of Cu,Se thin films across various optoelectronic applications.

This paper has reviewed the recent progress in the thermoelectric properties of CuySe
thin films prepared by different methods. The first part introduces the structure and prop-
erties of CuySe. The second part analyzes how key process parameters control the phase
structure, grain size, and properties of the films. The third part reviews the optimization
effects of different element doping on film properties, revealing that doping is the most ef-
fective way to improve the performance of Cu,Se thin films. Finally, the paper summarizes
the application progress of Cu,Se thin films, providing a reference for future researchers to
prepare high-performance CuySe materials.

Although many advances have been made in the production of Cu,Se thin films, some
challenges and issues remain:

1.  Preparation process and reproducibility

Different preparation methods are highly sensitive to process parameters, leading to
large differences in film morphology, orientation, and properties, as well as poor batch-to-
batch reproducibility. At present, large-area uniform deposition and high-quality growth
on flexible substrates remain difficult.

2. Oxidation and thermal stability

High-temperature treatment in air or long-term exposure can easily cause oxidation of
the Cu,Se surface, forming CuO or Cu,O. This introduces insulating phases and degrades
the electrical conductivity and Seebeck coefficient. How to improve environmental stability
while maintaining performance is a key bottleneck for practical applications.

3. Interface stability between Cu,Se films and metal electrodes

The interface stability between Cu,Se films and metal electrodes remains poorly
understood. Cu ions tend to migrate toward the electrode interface during operation.
This increases contact resistance and degrades device performance. Systematic studies on
interface degradation and long-term reliability are still lacking.

To address these issues, several strategies have been reported. For thermal cycling
stability, Al doping and W nanoinclusion have been shown to stabilize the thermoelectric
performance [63]. For long-term stability, Cu,Se thin films have been demonstrated to
retain good performance after ambient storage [64]. Oxidation resistance is another concern.
A surface organic coating can effectively prevent degradation during bending [65]. Cu-ion
migration is a key instability factor. It can be suppressed by the formation of an oxide
surface layer during operation in air. It can also be inhibited by Te substitution, which
increases the migration energy barrier [66]. These studies suggest that reliability challenges
exist, but effective solutions are being developed.

Challenges persist, yet recent progress summarized in this review indicates that
these issues are being progressively addressed through composition optimization, rational
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doping, and substrate engineering. In summary, as a highly promising material, the
performance breakthrough of CuySe thin films relies on coordinated innovation in material
processing and synergistic optimization of various preparation parameters, ultimately
promoting their large-scale applications in thermoelectric and optoelectronic devices.
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