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Abstract

The development of low-cost, stable, and efficient hole transport layers (HTLs) is crucial to the advancement of lead-free
perovskite solar cells. In this work, a solution-based oxidation process is employed to convert spin-coated copper iodide
(Cul) films into mixed-phase copper oxide (Cu,O) thin films comprising Cu,O and CuO. Oxidation occurs under moder-
ate temperatures (200-300°C), leading to uniform, compact, and highly conductive p-type films with tunable bandgaps.
Structural, morphological, and optical analysis confirms successful phase transformation, and measurements of Hall effect
reveal maximum mobility of holes of 26.7 cm? V~! s7! for double-coated films annealed at 300°C. Device simulations via
SCAPS-1D using these measured properties predict that Cu,O HTLs can make high-efficiency lead-free perovskite solar
cells with Cs,AgBi, _,Sb.Brs absorbers. While experimental device integration is yet to be demonstrated, this research lays
the foundation for oxidized Cul-derived Cu,O as a potential candidate inorganic HTL for green photovoltaics and offers
thoughtful guidance for subsequent experimentation.
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Introduction

Perovskite solar cells (PSCs), known as a promising
third-generation photovoltaic technology, have drawn sig-
nificant attention due to their straightforward fabrication,
cost-effectiveness, and impressive efficiency, which has
surged from 3.8% to nearly 26.95% by attaining a deeper
understanding of photo-physics, the optimization of device
components, and controlling growth parameters.! In this
advancement of the PSCs, hole transport layers (HTLs)
play an essential role in effectively extracting holes and
inhibiting electron transfer, with commonly utilized HTLs
including Spiro-OMeTAD and PEDOT:PSS presenting
inspiring performance.> However, generally, these organic
HTLs are responsible for the initiation of degradation in
the perovskite layers of a PSC device.® In addition, they
present obstacles related to their high costs for organic
synthesis and sophisticated fabrication processes (requir-
ing complex air-sensitive processing steps).* More specifi-
cally, organic HTLs such as PEDOT:PSS can negatively
impact the stability of perovskite materials owing to their
high acidity due to its hygroscopic dopants. Moreover,
Spiro-OMeTAD faces challenges related to stability and
cost, which restrict its commercialization.

Nowadays, inorganic HTLs have emerged as viable
alternatives owing to their robust chemical stability,
facile fabrication approaches, and reduced costs. Mate-
rials including nickel oxide (NiO),” copper thiocyanate
(CuSCN),° copper iodide (Cul), and copper oxide (CuXO)7
exhibit promising optoelectronic properties which are
essential for perovskite-based solar cells.® Ni-based HTL
compounds may pose environmental and health risks
due to nickel's carcinogenic classification. Among all
materials, Cu,O displays notable optoelectronic proper-
ties, including high charge carrier mobility, low electron
affinity, and optimal band alignment with perovskites.” In
addition, it can establish efficient ohmic contacts with its
neighboring layers, thereby enhancing carrier transpor-
tation and device stability.!” Cu O is considered a green
and sustainable hole transport layer (HTL) due to its earth
abundance and non-toxicity. Moreover, a number of sim-
ple straightforward and inexpensive conventional environ-
mentally benign techniques can be used to create Cu, O
thin films,!! including sequential ionic-layer adsorption
and reaction (SILAR),12 electrochemical deposition,13
thermal oxidation,'* chemical dissolution,'’ reactive dc
sputtering,'® sol-gel spin coating,!” spray pyrolysis,'® and
metal-organic chemical vapor deposition.!” Compared to
NiOx, Cu,O avoids the use of heavy metals and offers
intrinsic p-type conductivity with favorable energy-level
alignment for efficient hole extraction.'? These features
collectively make Cu,O a promising green alternative for

scalable and sustainable perovskite solar cell develop-
ment. Cu,O as an inorganic HTL has several benefits to the
perovskite-based solar cell; however, maximum efficiency
with CuO-based p-i-n structure of Pb-halide perovskite
was only reported at 17.1%,%° which is much lower than
the efficiency attained with organic HTL. This suggests
that more research is necessary to enhance efficiency.'®
It has also been reported that, in 30% humidity, unmodi-
fied Cu,O retained 80% original efficiency after 30 days,
and modified Cu,O retained 90% original efficiency after
30 days, whereas Spiro-OMeTAD retained only 50% after
30 days.'” This paper presents a cost-effective method for
producing nanoscale CuO-Cu,O mixed thin films through
a one-step solution-processed spin coating technique for
application as HTL in a PSC. The structural and optical
characterization of these films was performed by cutting-
edge methods, including x-ray diffraction (XRD), field-
emission scanning electron microscopy (FESEM), energy-
dispersive spectroscopy (EDS), UV-visible—near-infrared
(NIR) spectroscopy, Fourier transform infrared (FTIR)
spectroscopy, and Hall effect measurement. In addition,
the impact of the number of deposition/coatings, tem-
perature variation, and variations in annealing time on
optoelectronic properties was analyzed. Finally, utiliz-
ing the experimental optoelectronic properties of CuO-
Cu,0 mixed thin film in n-i-p structured fluorine tin oxide
(FTO)/ZnOS/Cs,AgBi,_,Sb,Brs/Cu,O/Au, a theoretical
investigation was conducted using SCAPS-1D solar cell
simulator software. This is a less explored non-toxic and
easily fabricated absorber material for the application of
PSCs, which may decrease the production expenditure.?!
Sb doping with Cs2AgBiBr6 material reduces the bandgap
up to 2.22-1.86 eV and enhances stability with humidity
levels of 30-50% for about 120 days as an active absorber
layer for PSCs.?? Very good crystallinity was reported by
Yuan et al. in 20197 which is also compatible with other
layers (HTL and ETL) with their bandgap alignment.?*
In addition, the parameters for each individual layer have
been optimized for their role in the performance of the
device. We believe that the experimental and theoretical
methods used in this study will yield important insights
that will open the door for the production of high-effi-
ciency halide double-PSCs in the solar industry.

Experimental Methods

Materials and Thin Film Preparation

The precursor solution was prepared by all analytical grade
chemicals, which were purchased from different suppli-

ers. Copper(l) iodide 99.5% and acetonitrile (CH;CN)
99.9% Chromasolv gradient grade were purchased from
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Sigma-Aldrich, USA. Acetone, piranha solution (sulfuric
acid (H,SO.), and hydrogen peroxide (H,0,)) were pur-
chased from Merck, Germany. All commercially available
chemical reagents were used directly after delivery without
further purification.

A total of 150 mg Cul was mixed with 5 mL of acetoni-
trile to make a precursor solution. Then the solution was
stirred with a magnetic stirrer for about 10 min at 60°C.
The glass substrates were first cleaned with piranha solution
to dispel the gross contaminants. Then the glass substrates
were cleaned with acetone and distilled water and dried with
an air blower before film deposition. The precursor solution
was then spin-coated at 500 rpm for 10 s and 3000 rpm for
60 s on the glass substrate. The process was repeated to
fabricate thin films with various thicknesses. Then it was
annealed at 110°C for further crystallization for all samples
for 10 min. After that, the thin film was annealed at different
annealing temperatures (110°C, 250°C, 300°C, 350°C) for
30 min. Cul can react with O, and form CuO after heating at
250°C in air. All experiments were carried out with ambient
temperature at~25 +2°C, relative humidity about~45 +5%,
atmospheric pressure close to 1 atm, and oxygen concentra-
tion in the ambient environment ~20.9%. Device optimiza-
tion was conducted by SCAPS-1D software using the experi-
mental data of the prepared HTL thin films.

Characterization Studies

Different cutting-edge analytical instruments includ-
ing an X-ray diffractometer (Drywell XRD-7000, CuKo
(A=1.54178 A) radiation, and a Fourier transform infrared
(FTIR) spectrophotometer (PerkinElmer Spectrum Two,
wavenumber range 8300-350 cm™!) were used for this
research work. Electrical characteristics such as resistiv-
ity, carrier concentration, and carrier mobility were meas-
ured using a van der Pauw variable temperature Hall effect
measurement system (Ecopia HMS-3000, NO ID ASET:
HO36502). The optical properties (absorbance and opti-
cal bandgap) of these synthesized thin films were investi-
gated using a UV/Vis spectrometer (SPECORD 200 PLUS-
223E1128F, Analytik Jena, Germany) in the wavelength
range of 200-800 nm. The optical bandgap value (E,) of the
films can be computed through extrapolation of the (othv)?
versus hv curve since photon energy is E, when (ahv)?
becomes zero. For that purpose, the value of the optical
absorption coefficient (o) is calculated using film thickness,
transmittance, and reflectance data using a mathematical
correlation between these parameters. For FESEM analysis,
the Cu, O thin films were first gold (Au)-coated before being
introduced into the FESEM chamber, and then their overall
morphology was determined using an accelerating voltage
of 5-10 kV. The qualitative elemental analysis was carried
out using an EDS system attached to an FESEM instrument.
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SCAPS-1D software was used to observe the solar cell per-
formance of Cu,O as an HTL from the data experimentally
mined from this study.

Results and Discussion
Structural Properties

The structural characteristics of Cu,O thin films as ascer-
tained by XRD are displayed in Fig. 1. At 110°C, single-
coated film shows strong peaks at 25.6° and 52.6°, which
indicates a Cul layer with (111) and (222) hkl planes accord-
ing to the ICDD card no. 00-006-0246. At an annealing tem-
perature of 250°C, the single-coated film starts to crystallize
as CuO with fewer weak peaks for the (002), (111), and
(202) hkl planes at points 35.7°, 39°, and 59.5°, respectively,
which is supported by the ICDD card no. 01-088-8871. A
similar pattern with small, prominent peaks was seen at
35.5° and 38.7° for annealing temperatures of 300°C and
350°C, respectively. This resulted from the migration of
oxygen into the films, induced by the conversion of Cu,0.

The films fully convert to CuO when the sample is
annealed at 300°C. Annealing at 350°C maintains the CuO
composition.”> Cu,O begins to react with oxygen, form-
ing the CuO phase in the process: 2Cu,0+ 0O, — 4CuO.
Based on thermodynamic principles, the reaction's Gibbs
free energy at approximately 250°C is approximately
—3.73 kcal mol~!. Consequently, this reaction provides an
easy explanation for the CuO phase development at 300°C.2°
Conversely, for the double-coated film, when annealed at
110°C and 250°C, the film remains in the Cul phase accord-
ing to the ICDD card no. 00-006-0246. However, at 300°C
and 350°C, films exhibit CuO phase according to ICDD card
no. 01-088-8871. For double-coated film, the phase only
starts to change after 250°C annealing temperature. Hence,
for annealing at 250°C and 300°C both CuO and Cu,O
phases were present in the sample.

The structural calculation (crystallite size D, d-spac-
ing, microstrain (¢), dislocation density (8)) summary is
shown in Table I. Scherrer’s equation, D =0.91/Bcos6,
was used to calculate the crystallite size, where 0 is the
Bragg diffraction angle, § is the full width at half maxi-
mum (FWHM) in radians, D is the average crystallite size,
and 4 is the X-ray wavelength (1.5406 A for the CuKa
line). The calculation was done using the FWHM of the
main peak among the all peaks. Cu,O (x=1,2) and Cul
crystal sizes range from 41.25 nm to 80.60 nm, which
increases with the increase in the number of depositions,
resulting in larger grain sizes. This observation is consist-
ent with the XRD peaks’ increased constriction. A thinner
peak indicates a greater crystallite size and fewer crystal
defects, according to kinematic scattering theory. The
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Fig.1 XRD peak of (a) single-coated film and (b) double-coated film annealed at 110°C, 250°C, 300°C, and 350°C for 30 min each sample.

Table | Calculated crystal structural information of single- and double-coated thin films at different annealing temperatures for about 10 min

Deposition Annealing temp. hkl plane 26 (°) FWHM Crystallite size D (nm) d-spacing (A) Microstrain Dislocation
(radians) x (e) (10™)  density (8) (10'¥
1073 m2)
Single coating  110°C (111) 25.6 1.744 80.57+0.015 3.486 19.2 1.54
250°C (002) 357  3.489 41.27+0.045 2.512 27.09 5.87
300°C (-111) 357 2617 55.03+0.027 2512 20.31 3.30
350°C (—111) 357 3.489 41.27+0.012 2512 27.09 5.87
Double coating 110°C (111) 25.8 1.744 80.60+0.031 3.449 19.04 1.54
250°C (111) 25.6 1.744 80.57+0.041 3.475 19.20 1.54
300°C (-111) 357 2617 55.03+0.018 2.512 20.31 3.30
350°C (—111)  35.6 3.489 41.26+0.013 2.519 27.17 5.87

interplanar spacing can also be computed using Bragg’s
equation, d =nA/2sin6, in which n is an integer, 0 is the
Bragg diffraction angle, and A is the X-ray wavelength
(1.5406 A for the CuKa line).?” The d-spacing decreases
with the increase in the annealing temperature for both

single- and double-coated films due to the shrinking in the
crystallite size. It is important to remember that intersti-
tial atoms are linked to microstrain and lattice distortion,
which in turn affect crystal deformation. The microstrain
causes the XRD lines to broaden without changing the
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peak position. The calculation involves determining the
root mean square of the fluctuations in the lattice parame-
ters across the entire sample. It can be calculated by e = f
/ 4tan@. The dislocation density expresses the defects per
unit volume and vacancies, which can be determined by
the relation = 1/D?. The larger dislocation density was
observed at 250°C and 350°C for single-coated films and
for double-coated films at 350°C annealing temperatures.
Hence, the lower dislocation density represents the low
defect and better optoelectrical performances. At 250°C,
the lowest dislocation density was observed for double-
coated film. However, for both single-coated and double-
coated films, the change in annealing temperature is evi-
dent in the microstrain and dislocation density alteration.
The atomic ratios of Cu**(x=1,2) and 02, which can
result in interstitial defects, may have been responsible
for it. Additionally, as indicated in Table I, peak shifting
was also noted for the various Cu,O layers. This sug-
gests that the interlayer distance varied as a result of the
partial replacement of Cu** and 0%~ atoms in their refer-
ence lattice during the deposition and thermal annealing
processes.

FESEM and EDS

The FESEM image for Cu,O thin films with varying
annealing temperatures and coating numbers after 30 min
is displayed in Fig. 2. An important factor influencing the
microstructure of the films is the annealing temperature.
Figure 2a shows that the film, when it is formed (anneal-
ing temperature of 110°C), has an uneven grain size and
a rough mesoporous surface for both single and double-
coated films.

The film annealed at 250°C shows a consistent smooth
and regular granular film compared to the surface of films
annealed at 110°C as observed in Fig. 2b. However, the
grain size for the single-coated film is 48.63% smaller
than the double-coated film for the film annealed at 250°C.
When copper oxide was annealed at 300°C, the FESEM
image revealed dense, spherical formations with no obvi-
ous defects. The grain size of the film annealed at 300°C
was larger than even the grain size of the film annealed at
350°C from Fig. 2c, as this time it was completely changed
to CuO. The haphazard distribution of grains, in projection
and size, only suggests a random orientation of isotropic
and smooth grains.?

Figure 3a shows that the copper and oxygen percentages
for the film annealed at 250°C were approximately 53.99%
and 25.89%, respectively. In contrast, the oxygen percent-
age rose to 33.79% for the film annealed at 300°C as can
be seen in Fig. 3b. This indicates the film's crystal trans-
formation as a result of annealing in ambient conditions.

@ Springer

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR measurements are employed to identify vibrational
signatures of functional groups (e.g., C-H, N-H, C-0,
S—0) in perovskite solar cell components, enabling analysis
of chemical bonding, film formation, interfacial interactions,
and degradation mechanisms such as solvent coordination
or moisture-induced decomposition. In this study, FTIR was
specifically used to confirm the formation of Cu,O phases
and to assess the compositional characteristics of the depos-
ited thin films, which are critical for device stability and
performance. Thin films annealed at temperatures of 110°C,
250°C, 300°C, and 350°C were measured using FTIR analy-
sis for single and double coatings. Table II represents the
FTIR data and their corresponding bond stretching. Figure 4
provides the FTIR absorbance spectra of thin layers of Cu,O
deposited on a glass substrate in the range of 400-4000 cm™!
with single and double coatings by varying the number of
annealing temperatures.

It has been noted that the creation of Cul is preferred at
oxidation temperatures up to 250°C, while CuO is formed at
higher temperatures. This outcome shows a strong correla-
tion with the XRD measurements of the Cul (111) peak’s
appearance and increasing intensity. Moreover, we observed
a strong CuO peak at 487 cm™" for the single coating for
annealing temperatures of 300°C and 350°C.% In the case
of double-coated film for annealing temperatures of 300°C
and 350°C, there is a noticeably strong band at 495 cm™"
which confirmed the presence of CuO thin film, whereas at
250°C there is no observable peak.” This indicates that at
250°C, Cul film forms in the thin film. More specifically, an
absorption band of Cu,O at about 603 cm™! is detected for
temperatures up to 250°C. In addition, Cu-O stretching of
Cu,0 is linked to the strong peak at 610 em™! 303! Never-
theless, the creation of CuO near the surface as a result of
post-deposition oxidation in the atmosphere, which is known
to occur for Cu,O films, is a more likely explanation. In
other words, the absorbance percentage corresponding to the
Cu-0O bond stretching increases as the annealing tempera-
ture is increased, suggesting a more noticeable production
of cupric oxide at higher temperatures. A significant dif-
ference can be seen in FTIR patterns for single-coated and
double-coated films. In double-coated films, the number of
peaks, even some of which are unrecognized, is increased;
the cause of the phenomena is yet to be explored.

As can be seen in the figure, other peaks are observed at
1083 cm™! for single-coated film, and 1108 and 1261 cm™"
for double-coated film. The peak at 1592 cm™! is attribut-
able to C-O stretching vibration bonds. Peaks at 1465,
1482, 1573, and 1708 cm™~! can be attributed to C—H
and C=O0 stretching vibration bonds, respectively, and
peaks at 2362 and 2372 cm™! represent C=N stretching
vibration bonds. No additional peaks were found in the
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Fig.2 FESEM image for the
Cu, O thin films: (a, b) 110°C,
(c, d) 250°C, (e, f) 300°C, and
(g, h) 350°C for single- and
double-coated films, respec-
tively (inset picture from Fig. 2a
and b represents the cross-
sectional view of single- and
double-coated films).

Single Coat

Double Coat

(a) || (b) RS

41.15nm

2400-4000 cm™! range, so they are not depicted in the
image.?> When the thickness increases, the intensity of
these peaks also increases, suggesting that these groups
are not at the surface but rather in the bulk of the film.
Extending the pulse times of the reactant or precursor
could perhaps rectify this incomplete exchange. Addi-
tional bands corresponding to C—O stretching, C—H bend-
ing, and C=0, C=N, and O-H stretching (in cm™' ) may
correspond to adsorbed atmospheric gases.** Nevertheless,

their magnitude, which is at the instrument's noise limit,
prevents the extraction of reliable results.

Optical Properties

Figure 5 shows the UV-Vis transmission spectrum for
single-layered and double-layered Cu, O films using differ-
ent annealing temperatures. For single-coated film, it was
observed that transmission increases with the increase in
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Fig.3 EDS micrograph of Cu,O thin films: (a) 250°C, (b) 300°C for single- and double-coated films, respectively. (Inset: corresponding film

formation and elemental percentage).

annealing temperature. The lowest and highest transmis-
sion spectra occurred at 110°C and 350°C annealing tem-
peratures, respectively. From wavelengths in the range of
200-300 nm, lower transmission spectra were observed for
single-coated film compared to the visible-range spectra.
All transmission spectra gradually increased at higher wave-
lengths relative to lower wavelength.

Nonetheless, it is noted that the pattern suggests a mod-
est increase in transmission intensity with the increase in
the number of layers. This may be explained by the fact

@ Springer

that as the number of layers increases, so does the exposed
surface area and, in turn, the thickness of the film. The
lowest transmission was found for film annealed at 110°C
in the visible range, whereas below 400 nm, the lowest
transmission was observed for film annealed at 300°C.
However, in the wavelength range of 300-350 nm, there
is a sharp absorption peak observed for film annealed at
110°C and 300°C. The reason for these sharp peaks is
unknown. High transmittance (low absorbance) in the
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Table Il FTIR data with corresponding bond stretching

CuO stretching Single coating Double coating

wavenumber (cm™!) wavenumber

(em™)
Cu-O stretching of CuO 487 495
Cu-O stretching of Cu,0 603 610
O-H 767,902, 754, 877
Cc-0 1083, 1108, 1261
C-H bending 1573 1465, 1482
C-0 - 1708
C-N 2362 2372

UV-Vis range is required for photons to readily flow
through the HTL and be absorbed by the perovskite
absorber.

Determining the optical bandgap can also demon-
strate the phase change from Cu,O to CuO. The optical

Single Coat

—300°C

—250°C

Intensity(a.u)

—110°C

3000 2000 1000
Wavenumber(cm™)

4000

absorption coefficient (o) was evaluated using the relation:
ahv =A(hv — Eg)"?, where A is a material-dependent con-
stant, hv is the photon energy, and E, represents the opti-
cal bandgap. Following the method proposed by Roth, the
Tauc plot of (ahv)? versus hv was constructed, as shown
in Fig. 5c and d. The optical bandgap E, was obtained
by extrapolating the linear region of the (ahv)’~Av curve
to intersect the photon energy axis. The optical bandgap
of the films as they are fabricated and annealed at 250°C
and 300°C is almost the same, 2.20 eV and 2.22 eV, for
double-coated film, whereas it is 2.87 and 2.78 eV for
single-coated film. This is due to the mixed phase present
in the sample which supports the XRD results. Hence,
this ensures that mixed phases of Cu,O (Cu,0O and CuO)
are also present in the sample for 250°C and 300°C. After
annealing at 300°C, all samples present CuO as a predomi-
nant phase. However, all samples have a bandgap of more
than 2.0 eV which represents the Cu,O phase present in the
sample, which is in good agreement for application as an

Double Coat

—300°C

El
S
> |——250°C
n
c
Q
-—
£
—110°C V w
4000 3000 2000 1000

Wavelength(cm™)

Fig.4 FTIR absorbance spectra of Cu,O single- and double-coated thin films for 110°C, 250°C, 300°C, and 350°C annealing temperatures.
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Fig.5 (a-b) UV-vis transmittance for single-coated and double-coated thin films, (c-d) Bandgap calculation for single-coated and double-coated
films at 110°C, 250°C, 300°C, and 350°C annealing temperatures, respectively.

HTL for better performance.? For annealing temperature
of 350°C, the largest bandgap observed is about 2.47 eV
for the double-coated film compared to films annealed at
other temperatures. This is probably due to reducing the
crystallinity (as shown in Fig. 1 and Table I) which may
increase the bandgap as well. The higher annealing tem-
perature also induces pores in the thin film (as shown in
Fig. 2). Double-coated film for 300°C annealing tempera-
ture has a bandgap of 2.20 eV, which is in good agreement
for the simulation results obtained (18.18% power conver-
sion efficiency [PCE]) by Sing et al. in 2021.%* Hence, in
this work, this bandgap has been used to simulate the HTL
performances for perovskite solar cells, which shows bet-
ter performance (25.61% PCE) than the previous literature.

@ Springer

Hall Measurements

Table III below provides an overview of the copper oxide
films' crystalline structure, bandgap energy, resistivity, car-
rier concentration, and mobility.

The findings demonstrate that the annealing temperature
and number of depositions alter the copper oxide films’ crys-
tal structure, bandgap, resistivity, carrier concentration, and
mobility. At 110°C annealing temperature for both single-
and double-coated film a Cul structure formed according
to the XRD and FTIR results. The carrier concentration of
single-coated film annealed at 110°C was 1.39x 10" cm™>
and the resistivity was 1.27 X 103 Q-cm, which implies a
carrier mobility of 2.95 cm?>V~! 57!, which is quite low. On
the other hand, at same annealing temperature for double
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Table Il Hall measurements for Cu,O thin films

No. of coatings Variation of Concentration (n) Mobility () Resistivity (p) (-cm) Bandgap
samples cm™) (cm?/V s) (Eg) V)

Single coat (annealing time 30 min) 110°C 1.39E+15 2.95 1.27E4+03 2.65
250°C 1.74E+15 5.31 4.32E+04 2.87
300°C 1.73E+14 19.53 1.85E+03 2.78
350°C 6.03E+14 17.25 6.00E+03 2.70

Double coat (annealing time 30 min) 110°C 1.39E+16 8.46 5.30E-01 2.25
250°C 291E+15 24.66 6.51E+02 222
300°C 5.30E+14 26.72 3.88E-01 2.20
350°C 6.78E+14 24.39 1.21E+02 247

coating, the mobility (8.46 cm*V~! s7!) observed was higher
than for the single-coated film. This is due to a low resis-
tivity of 5.30% 107! Q-cm; however, the carrier concentra-
tion (1.39x 10'® cm ™) was 90% higher than for the single-
coated thin film carrier concentration (1.39x 10" cm™).
At 250°C annealing temperature for single-coated film, the
structure transformed from Cul to Cu, O phase. However,
for double-coated film it remains in the Cul phase. This is
because the thickness is greater than that of the single-coated
films which needed extra heat to change phase. After 250°C
annealing temperature for both single and double coatings,
the thin film’s carrier mobility increased for single-coated
film from 5.31 to 19.53 cm*V~" 5! and from 24.66 to 26.72
cm?V~! 57! for double-coated film. The film’s carrier con-
centration decreased from 1.74x 10" to 1.73x 10'* cm™
and 2.91 x 10" to 6.78 x 10'* cm™ for single- and double-
coated films, respectively, which can be explained by the
decrease in crystal defects and the enhancement of crystal
quality.

For the films annealed at 250°C and 300°C, the resistivity
trend is nearly identical due to an increase in carrier mobility
and a decrease in carrier concentration. At 300°C, the films
changed into CuO crystals, causing the carrier concentra-
tion to increase. On the other hand, the data indicate that the
film's carrier mobility increases as the carrier concentration
decreases. This is because the decrease in carrier concen-
tration will decrease carrier scattering and cause the carrier
mobility to increase. At 350°C, the mobility slightly decreases
about two units for each film as the resistivity increases from
1.85%10% to 6.00%x 10° Q-cm and 3.88x 10! to 1.21 x 10
Q-cm for both single- and double-coated films. Because of
the intrinsic potential of the space-charge area, photogen-
erated electron-hole pairs in the thin films can separate more
easily. However, the carrier concentration remains almost the
same as for the annealing temperature of 300°C. Overall, we
observed the highest carrier mobility 19.53 cm?V~! s™! for
single-coated thin film s and 26.72 cm*V~! s™! for double-
coated thin films. The reason behind the higher mobility at
an annealing temperature of 300°C is because the surface

becomes disturbed (mesoporous type) by the higher anneal-
ing temperature. Compared to conventional HTLs such as
Spiro-OMeTAD (~10_4—10_3 cm? Vg™l undoped) and
PEDOT:PSS (~0.1-1 cm? V™! s71), Cu,O offers significantly
enhanced hole mobility, enabling efficient charge extraction
and reduced recombination losses. Cu,0O-based HTLs can
exhibit mobilities between 10 and 30 cm? V~! s~!: however,
their long-term stability can be affected by photoinduced and
thermal oxidation (Cu* to Cu*), which degrades transport
properties. Additionally, unencapsulated devices are suscep-
tible to moisture-induced degradation of Cu,O films. Thus,
while the high mobility is advantageous, ensuring operational
stability requires effective encapsulation and interface optimi-
zation strategies. Finally, carrier mobility 26.72 cm*V~! 57!
for double-coated thin films was used for simulation, which
resulted in higher a PCE (25.45%) by SCAPS-1D software.

Device Simulation and Optimization

For the validation of experimental results, SCAPS-1D simula-
tion software was used. SCAPS-1D is a highly efficient and
user-friendly solar cell simulator, outperforming other tools
such as COMSOL, Silvaco, and AMPS.>>% It can simulate up
to seven different layers in a heterostructure system and oper-
ate under various ambient conditions, consistently aligning
well with experimental results.’” SCAPS-1D operates using
three fundamental equations: Poisson's equation and the con-
tinuity equations for electrons and holes, referred to as Egs.
(1-3).%

V2V=—g(p—n+ND—NA) )
V.JP =g(G—-R) )
VJ = qR-G) 3)
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Solving these equations allows for the calculation of
various parameters, including the energy band, defect
density, doping concentrations, AC characteristics, and
spectral response. The general equations for (2) and (3)
are expressed as,

Gx) = / pae"dA 4)
0
The current densities due to holes and electrons can

be attained by using equations (2) and (3), and can be
expressed as follows,

J, =—qu,pVV, —kTu,V, >
J, = —qu,nVV, +kTu,V, (©6)
where

V,=V-(-7)AG/g Q)

V,=V+7yAG/g ®

Here, p denotes hole concentration, n denotes electron
concentration, V denotes electrostatic potential, q repre-
sents electric charge, € represents permittivity, N, repre-
sents donor density, N, represents acceptor density, J, rep-
resents current density due to holes, J, represents current
density due to electrons, Vp denotes the effective potential
for holes, V  denotes the effective potential for electrons,
G represents generation rate, R represents recombination
rate, u, represents the mobility of holes, u, represents the
mobility of electrons, AG represents the variation in the
band structure, and y accounts for Fermi-Dirac statistics
(Table IV).

Influence of Thickness

The absorber material plays a pivotal role in perovskite solar
cells (PSCs), where thickness is a critical determinant of the
device's efficiency.*® The impact of absorber thickness on
device performance was explored by varying the thickness of
the absorber layer from 300 nm to 1500 nm while maintaining
ETL and HTL at their optimized thicknesses (shown in Fig. 6).
The photovoltaic parameter of current density (Jgc) experi-
enced a 23.02% increase from its initial value. However, due to
the change in absorber layer thickness, the fill factor (FF) and
open-circuit voltage (V) decreased from 90.14% to 89.76%
and from 1.48 volts to 1.46 V, respectively. With lower thick-
ness values, longer-wavelength photons exhibit low absorp-
tion, whereas shorter wavelength photons are absorbed more
efficiently. Consequently, the stable and higher value of Jg
was detected at the reduced thickness. When the thickness of
the PSC increases, its bandgap becomes smaller. This change
allows the material to absorb longer-wavelength light more
adequately, thereby generating more electron-hole pairs. With
the thickness surpassing the charge diffusion length, Jq. either
reaches a saturation point or decreases owing to the recombi-
nation of charge carriers.** Regarding the fill factor (FF), it
exhibited a decreasing trend because of the increase in series
resistance with increasing absorber layer thickness* which can

also be explained by following the Egs. (9) and (10).2*
_pb
r== ©))
12
R ~pb+? (10)

2

Table IV The initial physical parameters of ETL, absorber layer, and HTL were used to calculate the optimized device parameters

Parameters FTO ZnO Zn0OS Cs,AgBi,_,Sb,Brg Cu,O
Thickness, t (nm) 500 70 70 400 350
Bandgap, E, (eV) 35 33 2.83 1.8 2.17 (varied)
Electron affinity, x (eV) 4.00 4.00 3.6 3.58 3.2
Dielectric permittivity, €, 9.00 9.0 9.0 6.5 7.1

CB effective density of states, N, (cm™) 22x10'8 3.7x10'® 22x10'8 2.2x10" 2.02x10"
VB effective density of states, N, (cm™) 1.8x 10" 1.8x 10" 1.8x10" 1.8x 10" 1.10x 10"
Electron thermal velocity, V, (cm/s) 1x 107 1x 107 1x 107 1x 107 1x107
Hole thermal velocity, V,, (cm/s) 1x107 1x10’ 1x10’ 1x10’ 1x107
Electron mobility, p. (cm?/V s) 20 100 100 2 200 (varied)
Hole mobility, y, (cm?/V s) 10 25 25.0 2 80

Shallow uniform acceptor density, N, (cm™) 0 0 0 1x10" 9x10?!
Shallow uniform donor density, Ny, (cm™) 1x 108 5% 10" 2x 10" 1x10" 0

Defect density,, (cm™>) Ix 108 1x10% 1x10% 1x10™" 1x10"

References 38

39

40

41

42
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Fig.6 The variation in photovoltaic parameters with respect to the thickness of the light-harvesting layer, ETL, and HTL includes the following
aspects: (a, ¢, €) Ve and Jgc (b, d, ), FF and PCE, respectively.

where p, denotes sheet resistance, R¢ denotes series resist-
ance, r represents the internal resistance of light-harvesting
layer, a represents base area, b represents thickness of the
light-harvesting layer, L represents length, and p represents
the resistivity of the absorber layer. V,

The decrease in V¢ occurred owing to the decrease in
dark saturation current as the absorber layer’s thickness

increased.*® Another critical parameter, the power conver-
sion efficiency (PCE), also improved with increased thick-
ness. The PCE of the cell climbed from 19.68% to 23.74%
as the thickness was adjusted from 300 nm to 1500 nm. With
the thickness being reduced, reduction in the light absorp-
tion occurs, leading to low photogeneration which eventually
results in lower efficiency. With the increase in thickness,

@ Springer
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efficiency reaches saturation due to the saturation of light
absorption and the open-circuit current density. Beyond
1150 nm, minimal changes in all photovoltaic parameters
are apparent. This might be because the absorber layer is
considerably larger than the diffusion lengths.*’ Therefore,
1200 nm was determined to be the optimal thickness for the
absorber layer. At this optimal thickness, the photovoltaic
parameters Vc, Jgc, FF, and PCE were estimated to be 1.46
V, 18.1131 mA/cm?, 89.94%, and 23.80%, respectively.

The accurate choice of parameters for ETL and HTL is
vital in crafting highly efficient solar cells. Carefully select-
ing the ETL reduces recombination current and greatly
amplifies transmittance, resulting in remarkably enhanced
overall performance. The impact of varying the ETL thick-
ness from 10 nm to 100 nm was explored on the solar cell's
performance parameters. During this study, the thicknesses
of the HTL and the perovskite layer were maintained at
50 nm and 1150 nm, respectively. The output parameters
Voc, PCE, and FF experienced a rise in their values none-
theless, Jgc remained almost unaffected by the change in
thickness of the ETL layer. As an optimal thickness for the
ETL layer, 25 nm was selected because after 25 nm, the
photovoltaic parameters V., FF, and PCE reached a satu-
ration point. Similarly, alterations in the HTL thickness led
to minimal changes in photovoltaic parameters, indicating
that HTL thickness has little effect on device performance.
Based on practical considerations and data analysis, 50 nm
was the optimal HTL thickness.

The energy band alignment between the layers of the
Zn0OS/Cs,AgBi,_,Sb.Brs/CuxO solar cell structure (shown
in Fig. 7) plays a critical role in determining the charge
carrier dynamics and overall device performance. The hal-
ide double-perovskite absorber layer, Cs,AgBi;_,Sb.Brs,
possesses a bandgap of approximately 1.8-2.1 eV, with a

valence band maximum (VBM) near —5.38 eV and con-
duction band minimum (CBM) around —3.58 eV. Upon Sb
incorporation, the VBM slightly increases, which is favora-
ble for hole extraction. The Cu,O layer (Cu,0:CuO), exhib-
its a higher VBM (—5.37 eV) than the absorber, facilitating
efficient hole transfer from the perovskite to the hole trans-
port layer (HTL). Additionally, the downward CBM offset
between Cs,AgBi;_,SbiBrs and Cu, O forms a type II band
alignment that effectively suppresses electron backflow and
minimizes recombination losses at the interface. Meanwhile,
the ZnOS electron transport layer (ETL) aligns well with the
CBM of the absorber serves as an efficient hole-blocking
layer, promoting selective electron extraction. Collectively,
the band structure of this device configuration supports effi-
cient charge separation and transport, with the Cu,O HTL
showing excellent energy level compatibility for effective
hole extraction from the Cs,AgBi,_,Sb.Brs absorber.

Influence of Defect Density on Quantum Efficiency

The bulk defect density of the light-absorbing layer was
adjusted between 10'' cm™ and 10'7 cm™ to explain the
effects of varying bulk defect density on quantum efficiency
(QE). The outcomes are depicted in Fig. 8a. For defect den-
sities of 10! em™, 102 cm™, and 10'3 cm ™3, QE of approx-
imately 100% was noted for light wavelengths ranging from
360 nm to 450 nm. Minimal differences were observed for
bulk defect densities of 10" ecm™3, 102 cm™3, 103 cm ™3,
and 10" ¢cm.3 However, a notable change was detected at
defect densities of 10" cm™3, 10'° cm™3, and 10'7 cm™3. As
the bulk defect density increased, a corresponding decrease
in QE was evident. QE remained largely consistent across
all densities between 360 nm and 680 nm. After 680 nm, no
visible changes in QE were observed. The QE values were

(a) -3.20 (b) * 1 Band Alignment of proposed structure
-3.58 -
=]
— V=~ 0.55eV
2” s Ec
7} S0
— 3 CECECECECEE
[aa) %-14  Cs,AgBi, Sb,Brg (1200nm)
S0 a
5 &, |
6 \Cu,(o (50nm)  ZnOS (ZSnm)/ EV
= 02 04 06 08 1 12 14 16 18 2
-6.43 o Distance (um)

Fig.7 (a) Schematic diagram of VBM and CBM and (b) band alignment of the FTO/ZnOS/Cs2AgBil_, SbxBr6/CuxO device structure observed

in this work.
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Fig. 8 (a) Impact of bulk defect density on quantum efficiency and (b)

100% at a wavelength of 400 nm and 72% at 680 nm, for the
simulated structure with a bulk defect density of 10'* cm™.
A greater accumulation of charge carriers has been indicated
through the higher QE values, emphasizing the outstanding
performance of the simulated structure, especially under vis-
ible light conditions.*®

The overall simulated photoconversion efficiency was cal-
culated after thickness and other defect optimization (bulk
defect and interface defect) and using the experimental val-
ues of Cu,O thin films. Figure 8 presents the optimized J-V
characteristic curve for the optimized PSC, with the inset
displaying the relevant characteristic parameters. The opti-
mized IV curve analysis reveals key photovoltaic param-
eters: Voe=1.52 'V, Jgc=18.39 mA cm~2, FF=89.88%.
These photovoltaic parameters collectively result in the
optimized and experimental values of Cu,O thin films pro-
posed PSCs achieving a maximum PCE of up to 25.46 %.
This results comparatively highest among the all reported
PCE as per our knowledge which is depicted in the follow-
ing Table V.

It must be mentioned that the SCAPS-1D simulations
were conducted in partially idealized input parameters,

TableV Cs,AgBi;_,Sb Bry -based solar cell photovoltaic properties

(b) 2]

5 4
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NE 5 "Lot
2 5 !
% 4| Voc= 1520294 Volt
I Jsc= 18.39154 mA/cm?
"1 FF= 91.0477%
154 PCE= 254574 % |
-20 - T v - - T T T v
-02 00 02 04 06 08 10 12 14 186
V (Volt)

optimized current-voltage curve.

including high mobility of holes and low defect concen-
trations from literature benchmarks and measured values.
These are the conditions under which the potential per-
formance of the proposed device structure is estimated;
however, in reality, experimental efficiencies may be lower
due to actual conditions such as interface recombination,
material inhomogeneity, and higher defect concentrations.
Accordingly, the simulated results have to be treated as opti-
mistic forecasts for the purpose of guiding future experi-
mental activity.

Conclusion

This paper demonstrates a straightforward and scalable
method of synthesizing high-quality Cu,O thin films through
the oxidation of Cul layers that have been processed from
solution. The process enables the formation of good-quality
mixed Cu,O/CuO phases with good optoelectronic proper-
ties, including suitable bandgaps (1.65-2.20 eV), and high
visible absorption. Compared to conventional HTLs such as
Spiro-OMeTAD (~10_4—10_3 cm? Vgl undoped) and

Device structure Voc (V) Jsc (mA/ cm?) FF (%) n (%) References
PCBM/Cs,AgBi ¢Sby, 4Br¢/NiOx (Experimental) 0.28 1.07 31 0.09 49
mpTiO,/Cs,AgBi ;5Sb, ,sBr/PTAA/Au (Experimental) 0.59 0.94 51 0.28 50
NiO/Cs,AgBi,, 755by ,sBre/PCBM/Sn0O, (Simulation) 1.14 14.9 58.70 10.01 41
SpiroOMeTAD/ Cs,AgBi ;5Sb, ,sBr¢/ PCBM/ZnO (Simulation) 1.13 15.55 58.46 10.32 51
ZnOS/Cs,AgBi 755b ,5Brs(400 nm)/Cu,O (Simulation) 1.39 16.04 78.34 18.18 34
Zn0S/Cs,AgBi,_,Sb,Brs(400 nm)/Cu,O (Experimental + simulation) 1.52 18.39 89.88 25.46 This work
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PEDOT:PSS (~0.1-1 cm? V™! s71), Cu,O offers significantly
enhanced hole mobility, enabling efficient charge extraction
and reduced recombination losses. Structural and electri-
cal analyses indicate that film quality significantly enhances
under optimized coating and annealing conditions. Numeri-
cal simulations with realistic material parameters obtained
from the measured films predict that the optimized Cu,O
HTL should be able to maintain power conversion efficien-
cies above 25 % in idealized lead-free Cs,AgBi, _,Sb:Brs
perovskite solar cells. While these predictions are based on
modeled architectures and optimal input parameters, they
provide a strong motivation towards subsequent experimen-
tal verification. The inorganic nature and high hole mobility
of Cu,O make it suitable for use in devices where thermal
and chemical stability are critical, such as ambient-pro-
cessed Sn-based perovskites (MASnI; and FASnlIs) prone to
oxidation. This work presents a versatile, low-temperature-
processable, and thermally stable HTL strategy compatible
with a broad range of lead-free perovskites, thereby advanc-
ing the development of environmentally friendly, non-toxic,
and cost-effective perovskite solar cells.
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