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Abstract: Copper oxide (CuxO) films are considered to be an attractive hole-transporting material
(HTM) in the inverted planar heterojunction perovskite solar cells due to their unique optoelectronic
properties, including intrinsic p-type conductivity, high mobility, low-thermal emittance, and energy
band level matching with the perovskite (PS) material. In this study, the potential of reactive
sputtered CuxO thin films with a thickness of around 100 nm has been extensively investigated as
a promising HTM for effective and stable perovskite solar cells. The as-deposited and annealed
films have been characterized by using X-ray Diffraction (XRD), Scanning Electron Microscopy
(SEM), Photoluminescence (PL), UV-Vis spectroscopy, and Hall-effect measurement techniques. The
significant change in structural and optoelectronic properties has been observed as an impact of
the thermal annealing process. The phase conversion from Cu2O to CuO, including grain size
increment, was observed upon thermal annealing. The transmittance and optical bandgap were
found to vary with the films’ crystallographic transformation. The predominant p-type conductivity
and optimum annealing time for higher mobility have been confirmed from the Hall measurement.
Films’ optoelectrical properties were implemented in the complete perovskite solar cell for numerical
analysis. The simulation results show that a 40 min annealed CuxO film yields the highest efficiency
of 22.56% with a maximum open-circuit voltage of 1.06 V.

Keywords: perovskite solar cells; CuxO; HTM; high mobility; PL; UV-Vis; SCAPS-1D

1. Introduction

A significant recent discovery in the field of photovoltaics is known to be organic–
inorganic perovskite solar cells (PSCs) [1]. It has attracted much more attention because
it showed the best alternative approach for replacing the costly crystalline silicon solar
cells [2–5]. Remarkably, by improving the desired optoelectronic properties utilizing device
engineering and material design, the recorded power conversion efficiency (PCE) of PSCs
has already been raised from 3.1% to 25.2% in only 10 years of duration [6]. However,
achieving long-term stability in PSC remains a big challenge. PSCs are typically prone to
decay when exposed to humidity, oxygen, heat, and/or light etc., which must be solved for
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practical applications. It should be noticed that among the several causes, the nature of hole-
transporting materials (HTMs) have a big influence on PSCs instability. Currently, organic–
inorganic Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT: PSS) and
2,2′,7,7′-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene (Spiro-OMeTED)
are commonly used as the HTM in heterojunction PSCs due to their conformity and high
performance [7]. However, both materials are expensive, and their fabrication technique
is complex. Also, their acidity degrades the perovskite layer, which ultimately affects cell
stability [8]. For solving the above issues, inorganic p-type materials as the hole transport
layer (HTL) has been proposed by several researchers that have already shown excellent
chemical stability. Also, fabricating inorganic HTM is simpler than the commonly used
organic HTM [9,10].

Some inorganic HTLs, such as nickel oxide (NiO) [11], copper thiocyanate (CuSCN) [12],
copper iodide (CuI) [13], graphene oxide (GO) [14], and copper oxide CuxO (CuO or
Cu2O) [15] have already attracted significant interest because of their suitable optoelec-
tronic properties for high-efficiency solar cell application [16]. It should be noticed that
among them, CuxO has versatile applications, including superconductors, sensors, and
even as an absorber layer in solar cells. Also, CuxO can create a very good ohmic contact
between the perovskite layer and the anode, which certainly enhances the carrier trans-
portation to the load. Also, CuxO thin films can be prepared by various low-cost and simple
methods, including successive ionic-layer adsorption and reaction (SILAR) method [17],
electrochemical deposition [18,19], thermal oxidation [20], chemical dissolution [21], and
reactive sputtering [22]. Despite its various advantages in PSC applications, the highest effi-
ciency of PSC with a CuxO HTL was reported at only about 17% [23], which is significantly
lower than the efficiency achieved with organic HTM, indicating the vital importance of
more study. Each method mentioned above has its own set of benefits and drawbacks.
However, the sputtering process is known to be a dominant process for fabricating thin
films with desired compositions and highly uniform thicknesses, which is almost impos-
sible to achieve through other processes. In contrast to the other deposition techniques,
sputtering allows for the preparation of pinhole-free and homogeneous thin films over a
wide deposition area, making it a promising candidate for industrial applications. Besides,
radio frequency (RF) sputtering allows for low-temperature deposition, which has a lower
impact on the underneath layer during film fabrication, which is an important factor in
achieving a high-efficiency solar cell. In this study, the structural, morphology, optical,
and electrical properties of reactive sputtered and subsequently annealed CuxO thin films
have been extensively investigated to elucidate the performance of CuxO thin films on
PSCs. A complete PSC using CuxO as HTL has been investigated via numerical analysis by
employing a one-dimensional SCAPS-1D software. The properties of the CuxO thin film
and PSCs performance analysis revealed that the low-temperature processed CuxO thin
film could be a potential inorganic HTL for high efficiency and highly stable PSCs.

2. Materials and Methodology

CuxO thin films of around 100 nm thickness were deposited on commercially available
quartz glass substrates using RF magnetron reactive sputtering from Cu (Plasma Materials
99.99%) target. Sputtering sources were placed at an angle of 40◦ with the surface of the
substrate holder. The sputtering was carried out in an Ar:O (80:20) atmosphere with a total
pressure of 8–10 mT and a baseline pressure of 10−5 T. The films were deposited at RT using
deposition RF power 50 W. The films were thermally annealed at 300 ◦C for a different time
duration ranging from 20–60 min in an N2/O2 (80:20) ambient pressure of 500 mT. The
structural properties were investigated using X-ray diffraction (XRD) spectroscopy. The
XRD patterns were taken using a Cu-Kα radiation wavelength of 1.54 Å using the BRUKER
aXS-D8 Advance (BRUKER, Madison, WI, USA) Cu-Ka diffractometer in the 2θ ranging
from 20◦ to 70◦. The surface morphology, grain size, and grain growth are observed from
the SEM images that were carried out using the LEO 1450 Vp (Carl Zeiss AG, Jena, Ger-
many) electron microscope. The carrier concentration, carrier mobility, and resistivity were
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measured by employing the Hall measurement system ECOPIA 3000 (Bridge Technology,
Madison, WI, USA). The optical properties, such as optical transmittance and bandgap,
have been estimated by the UV-Vis spectrometry using the Perkin Elmer Instruments
Lambda35 spectrophotometer (PerkinElmer, Waltham, MA, USA). Photoluminescence (PL)
measurements were taken using excitation light with a wavelength of 452 nm with an Edin-
burgh Instruments FLSP920 spectrofluorometer (Edinburgh Instruments Ltd., Livingston,
United Kingdom) at room temperature.

Also, in the present study, a well-known solar cell device simulation software, SCAPS-
1D (version 3.3.01), was employed for investigating the influence of CuxO material prop-
erties on the device behavior of planner perovskite solar cells (PSCs). Simulation work
helped to predict the experimental outcomes beforehand of solar cell fabrication. The
various parameters of the CuxO HTL layer found in this study have been used for realizing
the optimum film-deposition technique. The cell output performance, including the carrier
generation-recombination, has been appraised from the light IV, dark IV, and capacitance-
voltage (C–V) characteristics. The significant impact of CuxO thin films’ optoelectronic
properties on PSCs has been observed, which could benefit the fabrication of high efficiency
and highly stable PSCs.

3. Results and Discussion

Figure 1a shows the XRD patterns of CuxO thin films prepared by the sputtering
technique and subsequent thermal annealing. The emerging peaks at around 36.7◦ and
43.1◦ can be assigned to the (111) and (200) planes of the Cu2O crystal structure. After being
heated for 60 min, CuO’s diffraction peaks showed up at 35.5◦ and 38.7◦ corresponding
to the (111) and (111) planes, respectively. The conversion of Cu2O thin films prepared
by electrolysis technique into CuO upon thermal annealing has also been reported else-
where [24]. Also, the XRD patterns found in this study for Cu2O and CuO are consistent
with the reported literature [25,26]. The peak at the (111) plane is slightly shifted towards a
lower angle upon thermal annealing, as shown in Table 1. This may be due to the N-doping
that occurred during the annealing, and also it indicates the increase of film-crystallite size.
The peak shifts to the lower angle side for N-doping were also reported elsewhere [27]. It
should be noted that in 60 min of annealed film, a mixed phase of Cu2O and CuO has been
observed, with the peak associated with Cu2O being very weak. The partial conversion of
Cu2O to CuO may occur due to the increase of adsorbed O atoms in the film, for which
film crystal structure converted from Cu2O to CuO. The chemical reaction for conversion
can be represented by the following equation:

2 Cu2O + O2 = 4CuO (1)
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Table 1. Estimated structural and optical properties of the CuxO thin films with respect to the annealing time.

Peak
Position

(111) (2θ◦)

Peak Height
(a.u.)

Crystallite
Size
(nm)

Band-Gap
(eV)

Refractive
Index

(n)

Dielectric
Constant

(ε∞)

Dielectric
Constant

(εo)

As-deposited 36.84 62 16.06 2.25 2.63 6.93 11.59
20 min 36.42 78 16.61 2.30 2.62 6.85 11.44
40 min 36.12 85 17.52 2.34 2.61 6.79 11.31
60 min 35.44 94 20.35 2.18 2.65 7.04 11.81

It should be noted that the very low peak height in all of the films’ XRD patterns, as
shown in Table 1, indicates the retention of the amorphous phase in the films. Particularly,
the amorphous phase should be reduced with thermal annealing since more energy is
supplied for recrystallization and an improvement in the crystallinity of the CuxO thin
films; however, no significant change was observed in this study. The recrystallization
of the film during thermal annealing may be impacted by N- and/or O-doping; thus,
the film crystallinity is unable to be dominant. The average crystallite size of the films
was calculated using the Debye–Scherrer formula [28]. From Table 1, it can be seen that
the average crystallite size of CuxO is increasing with the increase in annealing time,
which is in the range of 16–20 nm. The increase of crystallite size gives an indication
of the recrystallization of the film upon thermal annealing. Moreover, the micro-strain
(ε) and dislocation density (δ) were also calculated using the formula mentioned in the
literature [28], and the findings are shown in Figure 1b. Particularly, ε and δ could be
developed in the films via substitution, relocation of the atoms, and/or scattered grain
distribution. Hereby, we found that the ε and δ for the plane (111) are reduced in the
case of all the thermal-treated films. It may have occurred due to an increase in grain size
and grain distribution upon thermal treatment. Also, the reduction of ε and δ may have
occurred due to the replacement of Cu2+ and O2− atoms in their reference lattice during
thermal annealing.

Figure 2a shows the transmittance spectra of as-deposited and thermal-treated CuxO
thin films. A clear blue shift, including an increase of average transmittance in the wave-
length region (400–900 nm), is seen for the films that underwent 20 min and 40 min of
thermal annealing; however, it decreased for films that underwent 60 min of thermal
annealing. Additionally, the interference patterns, as observed in the lower wavelength
region, indicate the thickness homogeneity and/or surface roughness of the prepared films.
Also, this could have occurred due to the difference in the refractive index of the CuxO
thin films and substrate and/or the interference of multiple light reflections that occurred
during the measurement [29].

Figure 2b illustrates the estimated values of (αhν)2 plotted against hν to determine
the energy bandgap [30]. The estimated bandgap (Eg) value ranges from 2.18 eV to 2.34 eV,
in good agreement with the other reported study on CuxO thin films [11]. The Eg of the
annealed film increased from 2.25 to 2.34 eV when the annealing time increased to 40 min,
however, it reduced to 2.18 eV when the annealing time was increased further to 60 min.
The decrease in bandgap may be related to the structural transition from Cu2O to CuO,
as seen in XRD results. As it is certain that the N- and/or O-doping concentration is
depending on the annealing time, we can say that Eg intensely depends on the N- and/or
O-doping concentration in the CuxO thin films. A similar phenomenon has also been
reported for N-doped Cu2O films [31]. This increase in the optical bandgap of the N-doped
Cu2O thin films is also quite similar to the rutile N-doped TiO2 films [32]. It should be
noticed that the bandgap widening that occurred due to the N-doping has a limit, whereas
it could be saturated in a heavy N-doping range [27]. Thus, the bandgap reduced from
60 min of annealing time. The bandgap widening mechanism is schematically shown
for 40 min of annealing in the inset of Figure 2b. Particularly, due to the N-doping, the
conduction band edge is negatively shifted and the valance band edge is positively shifted
as confirmed by the literature [27]. Figure 2c,d show the surface morphology of CuxO
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thin films of 20 min and 60 min annealing time. Both films consist entirely of round-shape
grains that are aggregated due to their high-surface energy. The average grain size of
20 min annealed film is approximately 12 nm, whereas it is increased to 16 nm from 60 min
of annealing time. The increase in grain size may also affect the optical properties that
were seen in Figure 2a,b. The change in optical properties and surface morphology reveals
the impact of thermal annealing in N2/O2 ambient on the optical properties of CuxO thin
films. The films’ refractive index has been measured utilizing the Moss relation [33,34],
which is directly related to the fundamental energy bandgap (Eg):

n4 =
k

Eg
(2)

where k is a constant of 108 eV. All of the films were tested for both static and high-
frequency dielectric constants. The static dielectric constant (ε ) was calculated using its
relationship with the energy bandgap of the semiconductor compound materials, which
could be expressed as [35]:

ε = 18.52− 3.08 Eg (3)

Also, ε∞ the high-frequency dielectric constant was estimated from the following
relation [34],

ε∞ = n2 (4)
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For the prepared CuxO films, the estimated n, ε , and ε∞ values are presented in Table 1.
As seen in Table 1, the values of n, ε , and ε∞ are slightly decreased until 40 m of annealing;
however, they increase significantly from 60 min of annealing. The result is quite consistent
with the previous report [36].

Figure 3 shows the PL emission spectra of the CuxO thin film for as-deposited and
40 min annealed films. To determine the accurate peak positions, the peak has been fitted
using Gaussian fit. The luminescence at around 600 nm is related to excitons [37], the peak
at 630 nm is associated with the direct band-to-band recombination of the phono assisted
exciton [38,39], and the peak at around 665 nm is attributed to the recombination of excitons
bound to double-charged oxygen vacancies (VO

2+) [40]. It has also been reported that
the PL emission around 600–630 nm is associated with the direct bandgap of high-quality
CuxO thin films [41]. CuO has been reported to have a weak PL signal in the wavelength
range of 620–900 nm [42]; thus, the strong peak at around 630 nm found in this study may
be represented by Cu2O crystals, which are also supported by the XRD analysis. It can
be seen that the exciton luminescence and band-to-band recombination luminescence are
higher for the annealed film than as-deposited films, which indicates that the crystalline
quality improves after annealing. The peak associated with oxygen vacancies is observed to
reduce after thermal annealing for 40 min, which suggests the reduction of oxygen vacancy
or increase of oxygen content in the film upon annealing. The increase of oxygen content
has also been confirmed by the Energy-dispersive X-ray spectroscopy (EDX) measurement,
as shown in Figure 3.

1 
 

 

  Figure 3. Photoluminescence spectra of CuxO thin films for as-deposited (a) and annealed (40 min) films (b).

Figure 4a. Moreover, the Full Width at Half Maximum (FWHM) of the fitted peak
at around 630 nm for annealed CuxO film is slightly broadened compared with the as-
deposited samples. This broadening has been interpreted as a Cu-N bonding [37], which
may play an important role in films’ electrical properties.

The EDX spectra confirm the presence of copper and oxygen along with other elements
from the glass substrates. Cu and O atomic concentrations in as-deposited films were
45.12% and 54.88%, respectively, compared to 37.45% and 62.55% for 40 min annealed
films, and 23.82% and 76.18% for 60 min annealed films. The increase in oxygen content
in the film confirms the oxygen adsorption into the CuxO lattice. The electrical properties
of the CuxO thin films prepared by sputtering and consecutive thermal annealing were
investigated using the Hall Effect measurement system, and the results are shown in
Figure 4b. Upon thermal annealing, it can be seen that the carrier concentration is slightly
increased; however, resistivity is decreased. The lowest (2.71 × 1015 cm−3) and highest
(2.83 × 1016 cm−3) carrier concentrations were found for as-deposited and 60 min of
thermally annealed film, respectively. It should be noted that the conductivity and carrier
concentration in CuxO thin films are directly related to the Cu vacancies in the crystal
structure. Particularly, the carriers were generated from the Cu vacancies (acceptor-like) or
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O vacancies (donor-like) in CuxO films [43]. With close observation, it can be seen that the
rise in carrier concentration is minor until 40 min of annealing, but it significantly increases
at 60 min of annealing. It has been reported that the Cu vacancies are higher in CuO films
than Cu2O films [44,45]. Since upon 60 min of thermal annealing Cu2O is converted to
CuO, the highest increment of carrier concentration is observed for 60 min annealed film.
On the other hand, it was seen that O content increased in the film of 40 min annealing,
but it was only a slight increase of carrier concentration. A possible explanation is that
annealing in N2/O2 ambient may also induce the diffusion of nitrogen into film lattice
and increase the Cu vacancies. The increase of Cu vacancies as well as hole concentration
due to the nitrogen diffusion into the CuxO film has already been reported elsewhere [37].
The variation of annealing time in N2/O2 ambient led to the total variation in Cu or O
vacancies, resulting in variation in carrier concentration is observed; however, more study
is needed to confirm the impact.

Crystals 2021, 11, 389 7 of 13 
 

 

Figure 4a. Moreover, the Full Width at Half Maximum (FWHM) of the fitted peak at 
around 630 nm for annealed CuxO film is slightly broadened compared with the as-
deposited samples. This broadening has been interpreted as a Cu-N bonding [37], which 
may play an important role in films’ electrical properties. 

 

Figure 4. (a) The EDX spectra of CuxO thin films (top) as-deposited, (middle) annealed for 40 min, and (bottom) annealed 
for 60 min and (b) electrical characteristics of the prepared CuxO thin films (color of the legend determine the parameters). 

The EDX spectra confirm the presence of copper and oxygen along with other 
elements from the glass substrates. Cu and O atomic concentrations in as-deposited films 
were 45.12% and 54.88%, respectively, compared to 37.45% and 62.55% for 40 min 
annealed films, and 23.82% and 76.18% for 60 min annealed films. The increase in oxygen 
content in the film confirms the oxygen adsorption into the CuxO lattice. The electrical 
properties of the CuxO thin films prepared by sputtering and consecutive thermal 
annealing were investigated using the Hall Effect measurement system, and the results 
are shown in Figure 4b. Upon thermal annealing, it can be seen that the carrier 
concentration is slightly increased; however, resistivity is decreased. The lowest (2.71 × 
1015 cm−3) and highest (2.83 × 1016 cm−3) carrier concentrations were found for as-deposited 
and 60 min of thermally annealed film, respectively. It should be noted that the 
conductivity and carrier concentration in CuxO thin films are directly related to the Cu 
vacancies in the crystal structure. Particularly, the carriers were generated from the Cu 
vacancies (acceptor-like) or O vacancies (donor-like) in CuxO films [43]. With close 
observation, it can be seen that the rise in carrier concentration is minor until 40 min of 
annealing, but it significantly increases at 60 min of annealing. It has been reported that 
the Cu vacancies are higher in CuO films than Cu2O films [44,45]. Since upon 60 min of 
thermal annealing Cu2O is converted to CuO, the highest increment of carrier 
concentration is observed for 60 min annealed film. On the other hand, it was seen that O 
content increased in the film of 40 min annealing, but it was only a slight increase of carrier 
concentration. A possible explanation is that annealing in N2/O2 ambient may also induce 
the diffusion of nitrogen into film lattice and increase the Cu vacancies. The increase of 
Cu vacancies as well as hole concentration due to the nitrogen diffusion into the CuxO 
film has already been reported elsewhere [37]. The variation of annealing time in N2/O2 
ambient led to the total variation in Cu or O vacancies, resulting in variation in carrier 
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Figure 4. (a) The EDX spectra of CuxO thin films (top) as-deposited, (middle) annealed for 40 min, and (bottom) annealed
for 60 min and (b) electrical characteristics of the prepared CuxO thin films (color of the legend determine the parameters).

The variations of hole mobility nearly have the opposite trend compared with that
of the resistivity. In particular, two factors influenced the films’ resistivity; carrier concen-
tration and mobility (i.e., ρ = 1/[neµ]). The higher carrier concentration as well as higher
mobility yield lower resistivity. The increase of mobility may be related to the improvement
of films’ crystal quality, as seen in XRD. In contrast, the mobility decreases for the film
annealed for 60 min. It was seen that the CuO phase is dominated in that film, and it was
reported that the hole mobility is lower for the CuO film than the corresponding Cu2O
film [46]. Particularly, most oxides exhibit poor hole mobility in the valence band because
of the localized O 2p states on the upper valence band. The lowest value of mobility
14.18 cm2 V−1 s−1 has been found for the as-deposited film, which improved to as high as
27.51 18 cm2 V−1 s−1 for 40 min of thermally annealed film.

4. Device Simulation

Utilizing the CuxO as a hole transport layer (HTL), the PSC device performance
has been investigated using the one-dimensional software SCAPS-1D (version 3.3.01).
The optoelectronic properties of CuxO were used as found in this analysis, except that
the thickness was set at 80 nm. Readers should refer to the literature for descriptions
of SCAPS-1D, including other layer parameters [47]. The energy band diagram of the
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modeled PSC structure is shown in the inset of Figure 5e. Particularly, the most common
HTL for PSCs are organic materials, such as Spiro-OMeTAD, PEDOT: PSS, and Poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine (PTAA); however, their hygroscopic nature influences
the instability of the PSCs [48]. Additionally, various inorganic p-type semiconducting
materials as the HTL have been approaches toward the development of highly stable
PSCs instead of organic HTLs. Among them, NiOx is one of the most widely investigated
HTL because of its high transmittance, large bandgap, deep valence band, and easier
deposition technique [49]. Zhang et al. reported the highest PCE to date of 19.47%using
NiOx nanocrystal as the HTL in inverted structure PSC [50]. In 2020, Li et al. reported PSC
achieving as high as 21.66% PCE via a NiOx/Spiro Bilayers HTL [51]. It should be noted
that NiOx-based HTLs show some shortcomings, including low-hole conductivity and
poor electrical and/or physical contact with the perovskite layer. On the other hand, CuxO
material as an HTL has superior properties, including deep valence band and high carrier
mobility. The only drawback is its low optical bandgap, which brought significant optical
losses, thus widening the optical bandgap of CuxO thin film, considering a crucial scope
that could be achieved via appropriate doping and/or modifying the fabrication technique.
The PSC using Cr-doped CuxO HTL already showed high-conversion efficiencies of 20.54%
and significantly improved the cell stability [49]. Figure 5 and Table 2 shows the results
found from the numerical simulation utilizing the inverted planner PSC structure of
Glass/FTO/CuxO/MAIPbI3/PCBM/Ag.
 

2 

 

Figure 5. (a) The light current density-voltage (J-V) curves, (b) Semi-log plot of dark current-voltage
(I-V) curve found for PSCs with different CuxO thin films, (c,d) shows the capacitance-voltage curves
in light and dark mode for the modeled PSCs and (e) shows the external quantum efficiency (EQE)
for the highest-efficiency PSC using 40 m annealed CuxO thin film (inset shows the schematic band
diagram of the PSC used in this study).
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Table 2. The performance parameter, including electrical properties of the perovskite solar cells, using CuxO thin films as a
hole transport material (HTM).

Open
Circuit

Voltage (Voc,
V)

Short Circuit
Current Density

(Jsc, mA/cm2)

Fill Factor
(FF, %)

Efficiency
(η, %)

Saturation
Current Density

(Io, ×10−8

mA/cm2)

Ideality
Factor (n)

Shunt
Resistance(Rsh,

kΩ)

Series
Resistance

(Rs, Ω)

As-
deposited

0.95 25.93 73.43 18.14 25.5 2.51 3.21 110.1

20 m 1.01 26.64 76.92 17.74 18.6 2.50 5.01 82.0
40 m 1.06 27.14 78.65 22.56 8.09 2.28 3.11 83.3
60 m 0.86 26.93 73.39 17.06 31.1 2.55 3.01 121.1

Figure 5a,b and Table 2 show the light and dark current-voltage characteristics of the
simulated PSCs using different optical and electrical properties of the CuxO thin films
found in this study. It could be seen that all the performance parameters are improved
until 40 min of thermal annealing, which reduced the further increase of annealing time to
60 min. It could be seen that Voc and Jsc varied significantly, as similar to fill factor (FF). It is
well-known that FF is directly related to the charge extraction and transport that occurred in
PSC. Further, the extraction and transport of charges depend on the mobility of the carrier,
the morphology of the film, and the interfacial and bulk charge recombination rates of the
solar cell. Also, in the case of the conventional p-i-n semiconductor model, Voc relies on the
splitting of the quasi-Fermi energy levels of the electron and hole in the entire system, and
Jsc is determined by the carrier recombination that may influence by the interface states as
well as defects in the individual active layers. Also, the spectral response of the perovskite
materials influences Jsc. Thus, the PSC’s performance is significantly affected by the charge
transport layer and energy distribution of the perovskite thin films [52,53]. To understand
the variation of the performance parameters better, the semi-log plot of the dark IV of PSCs
with different CuxO thin films was investigated, as shown in Figure 5b. The minimum
ideality factor (n) and dark recombination current (Io) are found for the CuxO film that had
been annealed for 40 min. From the previous section’s results, it could be predicted that
optimum N-doping occurs when the film is annealed for 40 min, resulting in the highest
bandgap, which confirms the lowest optical loss, highest hole mobility, and highest carrier
concentration that may influence the n and Io to reduce. The lowest value of n and Io lead
to the highest device efficiency, as seen in Table 2. Also, we use capacitance-voltage (CV)
measurements in both dark and illumination conditions to evaluate the impact of CuxO
materials on the built-in potential (Vbi) of PSCs. Based on the CV characteristics shown
in Figure 5c,d, the Vbi is estimated by the intercept according to the classic Mott–Schottky
model [54,55]. As shown in Figure 5d, the Vbi of the PSCs with different CuxO HTLs
fabricated in this study are determined to be 0.72 V and 1.0 V in dark conditions and
0.53 V to 0.75 V under light (one-sun) condition, respectively. The impact of the optical and
electrical properties of the CuxO materials on the device Vbi in both dark and illumination
conditions is seen here. Particularly, the Vbi is determined by the bulk band offset in solar
cells and the energy difference between the interfaces of different layers. In the case of
PSCs, the Vbi is determined by the energy difference at the interface of cathode/ETL and
anode/HTL and the bulk polarization from the grain boundary defects [56]. Moreover,
in the case of the passivated grain boundary, the Vbi is then mostly controlled by the
energy difference at the interface of cathode/ETL and anode/HTL in PSCs, such as a
metal-insulator-metal (MIM) model. This implies that the properties of the transport layer
have a major effect on the Vbi of PSCs, as seen in this study.

Additionally, cathode/ETL and the anode/HTL interfaces could contribute to the
photoexcitation because of the accumulation of photo-generated carriers at their interfaces.
Consequently, the Vbi could be divided into static and dynamic components defined by the
energy difference at the interface of cathode/ETL and anode/HTL and the accumulation
of photo-generated carriers at their interface. Particularly, the Vbi is mainly affected by
the dynamic component, namely the accumulation of photo-generated carriers at their
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interface [57,58]. In this study, the Vpeak shift with the increase of annealing time until
40 min, as seen in Figure 5c, reflects the interfacial photo-generated carrier accumulation in
solar cells [58]. Also, the height of the Vpeak reflects the density of the accumulated photo-
generated carriers at the interface. This suggests a reduced interface-charge accumulation
occurred for the CuxO film of 40 min annealed, which forms higher Vbi through a dynamic
parameter in the PSC. Figure 5e shows the external quantum efficiency (EQE) for the
highest-achieved efficiency for the CuxO HTL prepared by 40 min of thermal annealing in
N2/O2 ambient. The best efficiency achieved in this study is 19.70% with a Voc of 1.06 V, a
Jsc of 27.14 mA/cm2, and a fill factor (FF) of 68.65%. The PSC’s efficiency is shown to be
highly dependent on the properties of CuxO thin films, meaning that CuxO HTL needs
much more research to obtain the most effective and stable PSCs. According to the results
found in this study, CuxO thin film could certainly be a better potential HTL than other
materials currently used in PSCs.

5. Conclusions

In our work, the properties of reactive-sputtered CuxO thin films have been demon-
strated elaborately using XRD, SEM, EDX, UV-Vis, PL, and Hall effect measurement
techniques. The film’s structural and optical properties were found to be dependent on
the subsequent air annealing time, as well as the amount of oxygen that was incorporated
during the annealing process. The CuxO film’s crystal properties were found to improve
until 40 min of annealing; however, the film annealed for 60 min showed dominant CuO
crystal. The optical bandgap has been found to increase until 40 min of annealing, and the
decrease in further increase of annealing time to 60 min may be due to the major crystallo-
graphic change, as seen in XRD. Films’ refractive index and dielectric constants also varied
similar to the optical bandgap. The PL deconvolution showed that the exciton-assisted
band-to-band recombination is increased upon thermal annealing. The hole mobility is
observed to increase until 40 min of annealing time, and resistivity is oppositely varied.
The highest hole mobility (27.51 cm2 V−1 s−1) has been achieved in this study. Form
the numerical simulation, the minimum ideality factor (n) and the dark recombination
current (Io) in PSC were found for the CuxO film that had been annealed for 40 min.
The C-V analysis showed that CuxO films have better energy level alignment with per-
ovskite film and the low interface-charge accumulation, and a higher Vbi has been found
for 40 min annealed film. According to the simulation results, a 40 min annealed CuxO
film showed the highest efficiency of 22.56% with performance parameters, Voc = 1.06 V,
Jsc = 27.14 mA/cm2, and FF = 78.65%. The improved photovoltaic performance implies
that CuxO is a promising HTM for future efficient and stable low-temperature roll-to-roll
perovskite solar cell fabrication.
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