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Abstract

Perovskite solar cells offer promising efficiency compared to traditional tech-
nologies. In this study, NiOy and ZnO were employed as charge transport lay-
ers using a magnetron sputtering process within a p-i-n architecture (ITO-
/NiO/CsPbl;/ZnO/Au). This approach produced uniform, low-defect inter-
faces and supports low-temperature, scalable fabrication suitable for flexible
substrates. Our investigation, using techniques such as X-Ray Diffraction (XRD),
UV-Visible spectroscopy, Scanning Electron Microscopy (SEM), and Atomic
Force Microscope (AFM), revealed the formation of uniform layers deposited
by the magnetron sputtering process. The photoactive CsPbl; layer was de-
posited via a spin coating solution process. UV-Visible spectroscopy revealed
strong absorbance in the wavelength range of 400 - 750 nm, corresponding to
a band gap of 1.67 eV. XRD analysis confirmed the crystalline structure of both
transport and active layers. Surface morphology studies revealed that CsPbl;
formed large grains with good coverage, which contributed to improved de-
vice performance. AFM analysis revealed uniform surface coverage with low
surface roughness values of 0.7 nm and 3.4 nm for NiOy and ZnO, respectively.
The best-performing device achieved a power conversion efficiency of 7.8%,
with an open-circuit voltage of 0.82 V, a short-circuit current density of 14.25
mA/cm?, and a fill factor of 67%. These results demonstrate the potential of
combining sputter-deposited transport layers with solution-processed perov-
skites for efficient, scalable photovoltaic devices.
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1. Introduction

Solar cells (SCs) are devices that convert solar energy into electrical power and are
central to sustainable energy technologies. Traditional SCs are predominantly sil-
icon (Si)-based, which currently achieve power conversion efficiencies (PCE) up
to ~26% under standard test conditions [1] [2]. However, their performance re-
mains limited by the Shockley-Queisser limit (~33%) and is further constrained
by the high manufacturing costs and energy-intensive fabrication processes [3].
These limitations have driven extensive research into alternative semiconducting
materials that are cost-effective and capable of achieving high efficiency [4].

In recent years, perovskite solar cells (PSCs) have emerged as promising alter-
natives to traditional silicon-based photovoltaics due to their excellent optoelec-
tronic properties, low processing temperatures, and potential for high efficiency
[5]-[10]. Yet, issues such as phase instability, lead toxicity, and environmental
degradation remain significant obstacles [11] [12]. Among these, all-inorganic
perovskites like cesium lead iodide (CsPbl;) have attracted attention for their su-
perior thermal stability compared to their organic-inorganic counterparts [13]-
[15]. Despite their high efficiency, lead-based perovskites suffer from phase insta-
bility and lead toxicity, motivating the development of environmentally benign
lead-free alternatives such as MAGel; that can offer comparable optoelectronic
properties [16]. Additionally, CsPbl; metastable black phase transitioning to the
yellow §-phase under ambient conditions, strategies such as careful compositional
engineering, humidity-assisted synthesis, encapsulation strategies, and surface treat-
ments to stabilize the photoactive a-phase and mitigate toxicity [17]. For instance,
Wang et al. demonstrated that compositional engineering and humidity-assisted
synthesis effectively stabilize the photoactive a-phase of CsPbl; [18], while Jiang
et al. reported that encapsulation strategies using polymer barriers significantly
reduce the environmental risk of lead leakage [19] [20]. Besides CsPbl;, several
cesium-based perovskite absorbers such as CsSnl;, mixed-halide CsSnl;.,Bry, dou-
ble perovskites (e.g., Cs,AgBiBr;), and bismuth-based Cs;Bi.ls have been proposed
as lead-free alternatives [21]-[24]. However, these materials often suffer from is-
sues including Sn** oxidation, indirect band gaps, low carrier mobility, or limited
absorption, leading to relatively modest device efficiencies. In contrast, CsPbl; of-
fers a near-optimal bandgap, strong light absorption, and superior charge-transport
properties, making it a suitable benchmark absorber for evaluating sputtered transport
layers and ambient-processed device architectures in this work.

In our study, we tackled issues of interfacial instability and scalability by imple-
menting vacuum-compatible sputter-deposited NiOy as the hole transport layer
(HTL) and ZnO as the electron transport layer (ETL) in a p-i-n architecture
(ITO/NiO,/CsPbls/ZnO/Au), which provided uniform, dense, defect-suppressing
interfaces, excellent barrier properties, and supported low-temperature and scal-
able processing. Unlike prior studies integrating sputtered NiO,/ZnO with CsPbl;s
that rely on controlled environments or post-deposition recovery, this work demon-

strates ambient-air processing compatibility of CsPbl; with sputtered oxide transport
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layers. The incorporation of a PAN interfacial treatment in this work enables sta-
ble oxide-perovskite integration by alleviating sputter-induced interface degrada-
tion, emphasizing process robustness rather than optimized efficiency. This strat-
egy aligns with findings by Tan ef al, who emphasized the importance of scalable
deposition techniques for large-area PSCs [25], and Xie et al, who highlighted the
advantages of combining vapor-deposited contacts with solution-processed per-
ovskites for improved reproducibility [26]. Moreover, Hwang et al. demonstrated
that sputter-deposited NiOy enables uniform, pinhole-free films with enhanced
hole extraction, making it suitable for scalable perovskite device fabrication [27].
Similarly, Kim et al and Jariwala et al reported that sputtering-based transport
layer deposition improves film uniformity and device reproducibility while being
compatible with industrial-scale processing [28] [29]. On the other hand, the pho-
toactive CsPbl; layer, deposited via a spin coating solution process, revealed large
grains with good coverage, which contributed to improved device performance.
In addition, the perovskite absorber is completely fabricated under ambient con-
ditions, underscoring its environmental stability and potential for scalable pro-
duction. The best-performing device achieved a power conversion efficiency of
7.8%, with an open-circuit voltage of 0.82 V, a short-circuit current density of
14.25 mA/cm?, and a fill factor of 67%. Unlike most air-processed CsPbl; reports
relying on solution-based contacts, our perovskite film withstands sequential vac-
uum sputtering of NiOy and ZnO oxide layers as well as metal deposition while
maintaining a low dark current (~5 nA/cm™), with the low surface roughness of
sputtered NiOy (~0.7 nm) and ZnO (~3.4 nm) correlating with this excellent sput-
ter compatibility. These results demonstrate the potential of combining sputter-
deposited transport layers with solution-processed perovskites for efficient, scal-

able photovoltaic devices.

2. Experimental and Methodology

Materials: N, N-dimethylformamide (DMF, 99.99%), Dimethyl Sulfoxide (DMSO,
99.5%), Isopropanol (99.99%), Lead Iodide (Pbl,, 99.999%), Cesium Iodide (Csl,
99.9%), and Polyacrylonitrile (PAN, Mw = 150,000) were purchased from Sigma-
Aldrich. Dimethylammonium Iodide (DMAI 99.99%) and Sodium Fluoride (NaF,
99%) were purchased from Great Cell Solar Materials. Sputtering targets NiOy
(99.99%) and ZnO (99.99%) were purchased from Himet-Materials. The ITO-coated
patterned glass substrates were purchased from Ossila Corporation. All materials
were used without further purification.

Preparation of the substrates: The ITO glass substrates were meticulously washed
with detergent and deionized water for 15 minutes each. Later, the substrates were
successively cleaned in an ultrasonic bath with acetone and isopropanol for 20
min each. To increase the wettability of the substrates, all the substrates were sub-
jected to ultraviolet-ozone treatments for 25 minutes.

Deposition of transport layer: NiOj thin films were deposited using a modified

RF magnetron sputtering system with a high-purity NiOy target (99.99%, 2" dia x
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0.25" thick) installed at the cathode [29]-[31]. Unlike conventional DC sputtering
with Ni and oxygen gas, a pure NiOy target was used, and depositions were carried
out on pSi wafers, amorphous glass, and ITO-coated glass substrates. Prior to dep-
osition, substrates were cleaned in argon plasma for 20 minutes at 0.20 Pa and 400
V. During deposition, substrates rotated at 35 rpm, placed 10 cm from the target,
under 10 mTorr pressure, 60 W RF power, and 10 sccm Ar flow. ZnO thin films
were also deposited at room temperature on ITO glass using standard RF sputter-
ing with a 5 cm ZnO target, 75 W RF power, 1 Pa pressure, and 15 sccm Ar flow.
All processes were performed in the AJA magnetron sputtering system under a
base pressure of 107 Pa.

Deposition of active layer: Perovskite deposition recipe was explored and op-
timized using several reported techniques [32]-[35]. For PAN-treated CsPbl; films,
1.0 M precursor solution at a molar ratio 1:1:1 of CsI, Pbl,, DMAI, and 3 mg NaF
was dissolved in DMF, and PAN (65 mg in 0.5 mL DMF) was added before spin
coating with a spin rate of 2500 rpm for 30 s onto UV/O;-treated NiO,/ITO sub-
strates, followed by annealing at 210°C for 20 min.

Deposition of top electrode: Gold (Au) was deposited on both the working
and counter electrodes using a DC magnetron sputtering system. To define the
deposition areas, custom masks were created with a 3D printer. Prior to coating,
the substrates underwent a preparation process involving a bias strike and a bias
clean. The bias strike was performed using 30 W of RF power at 4 Pa for 10 sec-
onds, followed by a bias clean at 50 W of RF power under a lower pressure of 5
mT. After preparation, the Au target was struck using 50 W of DC power at 30
mT for 10 seconds. Since metal thin film deposition generally takes less time than
non-metals, the coating duration was limited to 60 seconds, with the argon gas
flow rate maintained at 15 sccm throughout the process.

Measurement and characterization: Surface morphology of the samples was
characterized using SEM 148 (ZEISS Sigma VP). The surface roughness of the
films was measured by a profilometer (Mahr Mcsurf 300 C). The thickness of the
films was measured by using an atomic force microscope (AFM, Veeco-3100).
XRD analyses of the film samples were characterized using a Brucker D-8 XRD
with Cu Ka X-ray 136 source apparatus using a step size of 0.04" with a scan range
of 30° - 70°. Devices, with an aperture-defined active area of 0.3 x 0.3 cm?, were
characterized in the air under an Air Mass 1.5 Global (AM 1.5G) solar simulator
with an irradiation intensity of 100 mW/cm? which was calibrated using a stand-
ard crystalline silicon solar cell (Oriel, Newport, USA). For the measurement of I-
V characteristics, we obtained the I-V curve through a forward scan (-0.5 to 1.2
V) with a step size of 50 mV.

3. Results and Discussion

Figure 1 illustrates the schematic representation of the magnetron sputtering pro-
cess used for the deposition of NiO and ZnO thin films. Sputtering, a vacuum-

based physical vapor deposition (PVD) technique, offers several key advantages
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such as high film uniformity, reproducibility, scalability, and precise control over
deposition parameters [36] [37]. In this process, an inert gas-typically argon (Ar)-
is introduced into a vacuum chamber, where a cathode (also referred to as the
“target”) is energized to initiate and sustain plasma. The target is composed of the
material intended for deposition onto the substrate. When the argon atoms in the
plasma lose electrons, they become positively charged ions. These ions are then
accelerated toward the negatively charged target, bombarding its surface with suf-
ficient kinetic energy to eject atoms or molecules from the target material. The
ejected species form a vapor cloud within the chamber, which travels toward the
substrate and condenses to form a uniform thin film. The properties of the films
are influenced by several sputtering parameters, such as the type of sputtering gas,
sputtering pressure, substrate temperature [38], and the thermal annealing ap-
plied to the deposited films [39]. Compared to other deposition techniques such
as thermal evaporation, sputtered films generally exhibit superior adhesion to the
substrate due to the high-energy impact of the deposited species. Energy Disper-
sive X-ray (EDX) analysis was employed to quantify the elemental composition,
as illustrated in Figure S1 for NiOy and Figure S2 for ZnO thin films. Addition-
ally, reactive sputtering, where oxygen or other reactive gases are introduced, can

be employed to deposit compound materials like NiOx or ZnO directly during the

N

sputtering process.
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Figure 1. Schematic deposition of NiOx and ZnO thin films using
the magnetron sputtering method.

Figure 2 presents the X-ray diffraction (XRD) patterns of NiOy, ZnO, CsPbl;
films, and the absorbance spectra of CsPbl; films. For thin film characterization,
Grazing Incidence X-ray Diffraction (GIXRD) was employed instead of symmet-
ric diffraction to restrict X-ray penetration to the film surface and prevent inter-
ference from the substrate. It was observed that a longer deposition time was
necessary to obtain discernible diffraction peaks. No significant peaks appeared
after 30 minutes of deposition on porous Si (p-Si) substrates. However, with one

hour of deposition, a prominent diffraction peak around 42° was detected for NiO,,
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corresponding to the (200) plane, consistent with previous reports [29] [30] [40].
For ZnO, a single intense peak corresponding to the (100) plane was identified in
both recipes studied [39] [41] [42]. The high intensity of this peak, relative to the

substrate background, indicates strong crystallinity in the ZnO thin film.
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Figure 2. X-ray pattern of (a) NiOx; (b) ZnO; (c) CsPbl; films; (d) Absorbance of CsPbls
films.

The CsPbl; films demonstrated in Figure 2(c) have high sensitivity to ambient
humidity during formation. CsPbl; films were prepared under ambient air condi-
tions at a relative humidity of approximately 28% and a temperature of ~24°C. At
humidity levels above 40%, the films rapidly transitioned to the yellow, non-pho-
toactive §-phase. This transformation was confirmed by XRD, which showed peaks
distinct from those of the black cubic a-phase. When the relative humidity was
maintained below 30%, the stable photoactive a-phase was preserved, displaying
characteristic diffraction peaks at 13.52° and 28°, corresponding to the (100) and
(200) planes, respectively [34] [43]. Further structural analysis was conducted us-
ing the Williamson-Hall (W-H) method, which accounts for both size- and strain-
induced broadening of XRD peaks. The total peak broadening (Sow) can be ex-

pressed as:
ﬁtutal = ﬂsize + ﬂstrain

The Scherrer equation was applied to estimate the average crystallite size (D):
Ki 1

D=
ﬁtotal cos6

where D is the average crystallite size, K'is the shape factor (~0.9), A is the X-ray
wavelength, Sousis the full width at half maximum (FWHM) in radians (corrected
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for instrumental broadening), and @is the Bragg angle.
The strain-induced broadening is described as:

ﬂstrain =4¢-tand

From the XRD data, the average crystallite size of CsPbl; thin films ranged from
23.12 nm to 31.62 nm, indicating well-formed grains. Crystallite sizes of ZnO and
NiOy thin films were found to be 22.84 nm and 24.18 nm, respectively.

Micro strain values were calculated to be 9.2 x 10~ for CsPbls, 5.96 x 107 for
ZnO, and 3.93 x 107 for NiOy. Corresponding dislocation densities were deter-
mined as 1.89 X 1073,2.02 x 107, and 1.71 x 10~ nm™?, respectively. These findings
affirm the good crystallinity in sputtered thin films, crucial for high-performance
optoelectronic applications.

The introduction of PAN did not alter the band gap of the CsPbl; samples, ac-
cording to their ultraviolet-visible absorption spectra, as shown in Figure 2(d).
The CsPbl; film’s absorption margins were around 740 nm (1.67 eV), and this
value was comparable with the material’s theoretically calculated band gap.

Figure 3 shows the surface morphology of the NiOy, ZnO, and CsPbl; thin films,
as observed using a ZEISS Sigma VP Scanning Electron Microscope (SEM). For
the NiOy film, SEM images reveal a uniform layer of densely packed nanograins
covering the ITO substrate. These grains exhibited an average size of approxi-
mately 22 nm. With increased deposition time, the NiO, surface morphology be-
came more homogeneous, indicating improved film coverage and reduced surface
defects, factors beneficial for efficient hole transport in solar cell applications. The
ZnO film displayed a fine granular texture, consisting of a well-distributed net-
work of nearly spherical particles with an average diameter of around 20 nm.
Grain size was found to increase with longer deposition times, which suggests en-
hanced crystal growth and packing density during film formation.

For the CsPbl; film, EDX analysis was used to quantify the elemental composi-
tion, as illustrated in Figure S3, and the compositional data are summarized in
Table S1. The CsPbl; perovskite film exhibited larger grain sizes and fewer grain
boundaries, implying a reduced density of trap states and improved charge transport.
In contrast, the Polyacrylonitrile (PAN)-assisted film had a smoother, more com-
pact surface with minimized pinhole formation. Surface roughness measurements
using a Mahr Mcsurf 300 C profilometer confirmed these observations, with the
PAN-assisted film showing a roughness of 18 nm. Overall, the SEM analysis con-
firms that optimized deposition parameters and surface additives can significantly
enhance film uniformity, grain size, and morphological integrity-all critical fac-
tors for achieving high-performance and stable perovskite PSCs.

Figure 4 illustrates the surface topography of the transport layers, both two-
dimensional and three-dimensional, obtained using Atomic Force Microscopy
(AFM). The surface morphology and roughness of these films were analyzed to
understand their suitability as transport layers in perovskite SCs. For NiOy films,
deposition durations of 10, 30, 60, and 240 min were studied. A clear trend was

observed where film thickness increased nearly linearly with deposition time,
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Figure 3. Surface morphologies of (a) NiOx;
(b) ZnO; (c) CsPbl; films analyzed by scan-
ning electron microscopy.

Figure 4. Surface topography of (a) two-dimensional and (b)
three-dimensional NiOy; (c) two-dimensional and (d) three-
dimensional ZnO thin films analyzed by atomic force mi-
croscopy.

yielding values of 35 nm, 50 nm, 75 nm, and 200 nm, respectively. Correspond-
ingly, the surface roughness decreased with time, from 1.15 nm for the 10-minute
film to 0.77 nm for the 240-minute film, as shown in Figure 4(b). The smoother
surfaces observed at longer deposition times are beneficial, as they provide a more
uniform platform for perovskite layer growth, reducing the chances of pinhole
formation and improving device performance. In the AFM images, NiO; films

showed a granular texture with fine, evenly distributed grains. The uniformity and
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smoothness improved with longer sputtering durations, indicating better film qual-
ity and coverage, and optimized the deposition time to 100 min.

Similarly, for ZnO films, four deposition conditions were tested: high-pressure
sputtering at 5, 30, and 60 minutes, and low-pressure sputtering at 60 minutes.
The resulting film thicknesses were 25 nm, 80 nm, 180 nm, and 250 nm, respec-
tively. The ZnO surface morphology was characterized by densely packed, spher-
ical grains across all conditions. AFM confirmed that both high- and low-pressure
recipes produced well-formed films, but longer sputtering times increased both
grain size and film thickness, contributing to denser and smoother films. Surface
roughness values for ZnO also showed improvement with increased deposition
time, and the minimum roughness of 3.4 nm was observed for the deposition time
of 60 minutes, as shown in Figure 4(d). The compact and uniform grain distribu-
tion in ZnO films is crucial for ensuring effective electron transport and minimiz-
ing recombination losses in the solar cell architecture [44]. Overall, the AFM and
profilometry data confirm that sputtering deposition provides controllable and
high-quality thin films of NiOx and ZnO, with tunable roughness and thickness,
both essential parameters for optimizing the interface quality in PSCs.

The schematic diagram of the planar p-i-n solar cell configuration (ITO/NiOy-
/CsPbls/ZnO/Au) illustrates the planar structure of the device as shown in Figure
5(a). Indium tin oxide (ITO) serves as the transparent conducting anode. NiOy
acts as the hole transport layer (p-type), facilitating hole extraction. The central
layer, CsPbl;, is a perovskite material responsible for light absorption and charge
generation. ZnO functions as the electron transport layer (n-type), enabling elec-
tron extraction. Finally, gold (Au) forms the top electrode, completing the circuit
for charge collection. This architecture promotes efficient charge separation and
collection in perovskite solar cells. The energy band diagram of this planar device
is shown in Figure 5(b). The work functions of ITO (used as a front contact) and
Au (used as a back contact) were —4.6 eV and —5.1 eV, respectively [45] [46]. The
lowest unoccupied molecular orbital (LUMO) levels and the highest occupied mo-
lecular orbital (HOMO) levels of the ZnO, CsPbls, and NiOx were —4.1 eV, —3.9
eV,and -1.5eV,and -7.4eV, 5.6 eV, and —5.2 eV, respectively [47]-[50]. Through
this optimized energy band alignment, the electrons and holes generated in the
CsPbl; absorption layer can efficiently move to the Au electrode and ITO elec-
trode, respectively. Figure 5(c) shows the current density-voltage (J-V) character-
istics of the device. The devices show a very low leakage current density of 5
nA-cm?, as shown in Figure S4, and the enhancement of approximately four or-
ders under 1 Sun illumination. The performance parameters, including open cir-
cuit voltage (V..), short-circuit density (J.), fill factor (FF), and PCE, were 0.82 V,
14.25 mA/cm?, 67%, and 7.8%, respectively. For comparison, recent studies em-
ploying a similar device architecture have reported power conversion efficiencies
of up to 12.2% for CsPbl;-based perovskite solar cells, indicating that while higher
efficiencies are achievable, they often rely on more tightly controlled processing

or additional interface optimization [51]. From the J-V curve analysis, the series
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and shunt resistances were determined to be 8.12 Q-cm? and 1778 Q-cm?, respec-
tively. The J.c and V.. both show consistency with the dark and illumination char-

acteristics.

Energy (eV)
5
@)

- =N
o (8]
T T
—~
o
-~
1 1

Current Density (mA/cm?)
(6)]

0.2 0?4 0.6 0.8
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o
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o

Figure 5. (a) Schematic diagram of the planar p-i-n solar cell
configuration (ITO/NiOx/CsPbls/ZnO/Au); (b) Energy level di-
agram of the device, (c) J~V characteristics of the solar cell.

4. Conclusion

In summary, both electron and hole transport layers were deposited via magne-
tron sputtering, and the transport and photoactive layers were optimized through
XRD, UV-Visible spectroscopy, SEM, and AFM analyses, with the final device
characterized using a solar simulator to evaluate its overall performance. The pho-
toactive CsPbl; layer, deposited via a spin coating solution process, exhibited strong
absorbance in the 400 - 750 nm range with a band gap of 1.67 eV, and XRD anal-
ysis confirmed the crystalline structure of both the transport and active layers.
Surface morphology and AFM analyses revealed that CsPbl; formed large, well-
covered grains with low surface roughness. Both transport layers displayed low

surface roughness values of 0.7 nm and 3.4 nm, suggesting excellent interfacial con-
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tact with other layers. This approach resulted in devices achieving a power conver-
sion efficiency of 7.8%, an open-circuit voltage of 0.82 V, a fill factor of 0.67, and
a short-circuit current density of 14.25 mA-cm?, with optimized layer thicknesses
of 40 nm (NiOy), 420 nm (CsPbl;), 40 nm (ZnO), and 80 nm (Au). Our deposition
technique not only demonstrates reliable performance but also provides a path-
way to explore alternative device architectures. Our study establishes a sputter-
compatible, ambient-air-processed CsPbl; device architecture in which a PAN in-
terfacial layer enhances oxide-perovskite integration, advancing prior reports by
prioritizing fabrication tolerance, interface stability, and a reliable “vacuum-solu-
tion-vacuum” process, thereby demonstrating sputtering as a scalable and robust
fabrication route rather than a record-efficiency approach. Moreover, the method-
ology described here is anticipated to advance the scalability and reproducibility of
solar cell fabrication, paving the way for broader application and industrial rele-
vance. Future enhancements will investigate the influence of substrate temperature
during deposition and post-deposition annealing treatments on film crystallinity
and interface quality. These studies are expected to further improve device efficiency

and stability by optimizing microstructural and electronic properties.
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Appendix

Energy Dispersive X-Ray (EDX) Spectroscopy

The NiOx film was slightly more dominated by Nickel. It was expected due to the
well-known fact that achieving a stoichiometric ratio of NiOx is difficult. If the film
appears green, the p-type character of the film is preserved and good enough for
photovoltaic application. It should also be taken into consideration that oxygen,

as a sputtering gas, was not provided in our deposition.
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Figure S1. EDX analysis of NiOx thin film.

Although the atomic percentage for the ZnO was almost equally distributed be-
tween the two elements, as summarized in Table S1, it was also slightly dominated

by the Zn for the same reason, i.e., not using oxygen as a sputtering gas.
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Figure S2. EDX analysis of ZnO thin film.

Table S1. eZAF smart quant results.

Compounds Element Weight (%) Atomic (%)

(0] 7.18 12.53

NiOx Ni 9.43 4.49
Si 83.39 82.98
(0] 18.66 48.38

ZnO
Zn 81.34 51.62
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Continued

C 7.97 40.77
N 4.82 21.17
I 21.00 10.17

CsPbls

(e] 1.92 7.38

Cs 8.70 4.02

Pb 55.59 16.49

Although the signals were noisy, the EDX report of the CsPbl; perovskite shows
the presence of all the elemental components of CsPbl; perovskite and polyacry-
lonitrile (PAN), ie, Cs, Pb, I, C, N, and O. The appearance of Carbon, Oxygen,
and Nitrogen also confirmed that PAN is not serving here as an additive. Instead,

it is taking the role of a defect passivator by staying on the film surface.
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Figure S3. EDX analysis of CsPbI; thin film.
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Figure S4. Dark and illuminated I-V characteristics.

DOI: 10.4236/jmp.2026.177039

904 Journal of Modern Physics


https://doi.org/10.4236/jmp.2026.177039

	Sputtered Transport Layers Enabling Ambient-Air Processed CsPbI3 Perovskite Solar Cells
	Abstract
	Keywords
	1. Introduction
	2. Experimental and Methodology
	3. Results and Discussion
	4. Conclusion
	Author Contributions
	Funding
	Conflicts of Interest
	References
	Abbreviations
	Appendix

