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ABSTRACT. In this work, we investigate the use of metal oxide bilayer ETLs, including ZnO/SnOz, ZnO/WOs,
and SnO»/WOs, to enhance charge transport and suppress recombination in planar PSCs. The proposed bilayer
architecture introduces improved interfacial contact, reduced defect density, and favorable energy level alignment
compared to single-layer ETLs. Perovskite films grown on these bilayers were carefully examined with XRD, FTIR,
SEM, UV-visible spectroscopy, photoluminescence, and impedance analysis. The films showed a stable tetragonal
rutile crystal structure and similar light absorption edges around 752 nm, while photoluminescence quenching (up
to 72.8% for ZnO/WQ:s) indicated more efficient charge extraction. Electrical measurements confirmed improved
ohmic contact and reduced resistivity, with ZnO/WOs showing the best performance. Among the studied devices,
the ITO/ZnO/WOs/MAPbI:/MoOs/Al configuration exhibited the best performance, achieving a power conversion
efficiency (PCE) of 2.80%, with an open-circuit voltage (Voc) of 481.9 mV, a short-circuit current density (Jsc) of
14.9 mA/cm2, and a fill factor (FF) of 0.39. In contrast, devices based on single-layer ETLs showed significantly
lower efficiencies, with ZnO and WOs yielding PCEs of 1.39% and 1.23%, respectively. Overall, the bilayer ETLs
facilitated smoother charge transfer, minimized recombination losses, and enhanced interfacial quality,
demonstrating a simple yet effective approach to boost the efficiency of perovskite solar cells compared to
conventional single-layer ETLs.
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INTRODUCTION

Perovskite solar cells (PSCs) with a hybrid organic—inorganic composition were first introduced
by Miyasaka in 2009 [1]. Due to their low cost, ease of fabrication, and excellent photoelectric
properties including superior light absorption, high charge carrier mobility, and long carrier
diffusion lengths, PSCs have had a significant impact on solar energy research [2, 3]. Today, PSCs
have achieved certified power conversion efficiencies (PCEs) exceeding 25.5% [4].

In a typical device architecture, PSCs consist of a working electrode (cathode), an electron
transport layer (ETL), a perovskite layer, a hole transport layer (HTL), and a counter electrode
(anode) [5]. The ETL and HTL play crucial roles in photovoltaic performance by collecting photo-
generated electrons and holes from the perovskite layer and transporting them to the cathode and
anode, respectively [6].

However, the conventional (n—i—p type) device structure commonly employs compact
titanium dioxide (TiO:) as the ETL and spiro-OMeTAD as the HTL. Although TiO: has favorable
band alignment, its low electron mobility can lead to inefficient charge separation at the perovskite
interface [7]. Various strategies have been explored to overcome the limitations of TiO:, such as
doping with inorganic elements (e.g., Y, Mg, Li, Zn) and surface passivation using reduced
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graphene oxide or PCBM [8-12]. Yet, these approaches have not fully addressed the performance
limitations of planar PSCs.

Recently, tin dioxide (SnO:) has emerged as a promising alternative ETL for planar PSCs.
SnO: offers advantages such as effective charge extraction, high carrier mobility, low-temperature
processing, and suitable band alignment with the perovskite absorber, all of which contribute to
improved device performance [13, 14]. Moreover, SnO: can mitigate typical hysteresis effects
and enable high PCEs. Tungsten trioxide (WOs) has also shown promise as an ETL material for
PSCs alongside TiO2, ZnO, and SnO-. WOs is an n-type semiconductor with an electron mobility
of 10-20 cm?/V-s, which is intermediate between that of TiO2 and ZnO [15, 16]. Its optical band
gap ranges from 2.7 to 3.2 eV, depending on its crystalline structure [17]. Additionally, WO
offers high visible-light transmittance and excellent chemical stability, surpassing those of ZnO
[18].

A review of the literature reveals that WOs has been less frequently studied as an electron
transport layer in PSCs. However, using a single ETL still poses a high risk of charge
recombination at the ETL/perovskite interface due to the absence of a strong built-in electric field
to efficiently separate photogenerated electron—hole pairs [19]. The most effective approach to
addressing the aforementioned challenges is to use a bilayer electron transport layer (ETL), which
can enhance electrical conductivity and intrinsic carrier mobility while reducing charge
recombination and surface and grain-boundary defects, ultimately resulting in improved power
conversion efficiency (PCE) [20-23]. Moreover, the carefully engineered energy structure of the
bilayer ETL helps prevent trap-assisted recombination at the PSC interface by enabling an
appropriate energy band alignment at the MAPDI; interface, thereby facilitating efficient electron
transport and hole blocking. Despite the advantages of bilayer ETLs in tuning the individual
properties of ZnO, SnO-, and WO and expanding the design options for PSCs, the literature still
lacks detailed experimental studies of the structural, electrical, and optical properties of ZnO/WOs
and SnO2/WO:; bilayers. In this work, we investigate how inserting WOs and SnO. ETLs affects
the properties and performance of ZnO/perovskite devices. Additionally, we conducted a
systematic comparative study of the charge dynamics of single- and bilayer metal-oxide ETLs
combined with MAPbL in planar perovskite solar cells (P-PSCs). In this study, we fabricated
PSCs  with the  following device architectures:  ITO/ZnO/MAPbI:/MoOs/Al,
lTO/SIlOz/MAPbI3/MOOs/Al, ITO/WO}/MAPbIs/MOO3/A1, ITO/ZHO/SI’IOz/MAPb13/M003/A1,
1TO/ZnO/WOs/MAPDbI;/Mo00Os/Al, and ITO/SnO/WO3s/MAPbIz/MoOs/Al.  Furthermore, we
employed various microscopic and spectroscopic techniques to comprehensively characterize all
the prepared devices.

EXPERIMENTAL
Preparation of ZnO thin film

Zinc acetate dihydrate (0.352 g) and an equimolar amount of ethanolamine (H>N(CH:).OH,
90 uL) were dissolved in 2-methoxyethanol (CHsO(CH:):OH, 3 mL) and stirred at 60 °C for
2 hours to obtain a clear, homogeneous, and transparent precursor solution. The sol was then
continuously stirred at room temperature in air for an additional 12 hours [24, 49]. After aging for
12 hours, the solution was spin-coated at 3000 rpm for 30 seconds.

Preparation of SnO; thin film

A measured amount of stannous chloride dihydrate was dissolved in 50 mL of absolute ethanol
and stirred on a hot plate for 20 minutes. Subsequently, 50 mL of NaOH solution was added
dropwise until the pH reached 9, and the mixture was then stirred at 60 °C for 2 hours. After aging

for 16 hours, the solution was spin-coated at 3000 rpm for 30 seconds.
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Preparation of WOz thin film

Three grams of sodium tungstate (Na2WO;-2H-0) were dissolved in 50 mL of deionized water
and stirred on a hot plate for 30 minutes. A measured amount of NaCl was then added to the
solution. Next, an aqueous solution of 35% HCI was added dropwise until the pH reached 1, and
the mixture was stirred at 100 °C for 1 hour. Afterward, the solution was aged for 24 hours and
then spin-coated at 3000 rpm for 30 seconds.

Preparation of perovskite solution

The perovskite precursor solution was prepared by dissolving Pbl. (461 mg, perovskite grade,
TCI) and CHsNHsI (159 mg, perovskite grade, TCI) in a mixture of N, N-dimethylformamide
(DMF, 800 pL) and anhydrous dimethyl sulfoxide (DMSO, 200 pL) [25].

Device fabrication

The representative bilayer ZnO/WOs/MAPbDI; solar cell device was fabricated as follows: The
indium tin oxide (ITO, Pilkington, thickness 1.1 mm)-coated glass substrates were sonicated for
30 minutes and then cleaned sequentially with deionized water, acetone, and isopropanol before
being treated with UV—-o0zone. The ZnO layer was deposited by spin-coating the precursor solution
onto the ITO-coated glass at 3000 rpm for 30 seconds, followed by annealing at 150 °C for 1 hour
under ambient conditions. After cooling to room temperature, the WOs solution was spin-coated
onto the ZnO layer at 3000 rpm for 30 seconds and then annealed at 350 °C for 1 hour under
ambient conditions. The perovskite layer was deposited by spin-coating at 1000 rpm for
15 seconds, then the spin speed was increased to 3000 rpm for an additional 15 seconds while
60 puL of chlorobenzene was dripped onto the substrate. The resulting dark-brown films were
thermally annealed at 100 °C for 10 minutes. Subsequently, MoOs was thermally evaporated
under vacuum (~10°Torr). Finally, aluminum was evaporated under high vacuum
(< 5 x 10 Torr). The active device area was defined by a shadow mask to be 0.04 cm?. This
fabrication procedure was applied to each of the six prepared devices.

Characterizations

Structural analysis was performed at room temperature using a Shimadzu-7000 X-ray
diffractometer with Cu Ka radiation (A = 1.5406 A). UV-Vis spectrophotometry was used to
measure the transmittance and absorbance of the prepared samples (Glass/ZnO, Glass/SnOx,
Glass/'WOs, ZnO/Sn0O:, Glass/ZnO/WOs, and Glass/SnO2/WOs) over a wavelength range of 250
to 900nm. Photoluminescence (PL) spectra were recorded with a Fluoromax-4
spectrofluorometer using an excitation wavelength of 580 nm from a 40 W xenon arc lamp.
Surface morphology of the thin films was examined by field-emission scanning electron
microscopy (FE-SEM). Electrochemical impedance spectroscopy (EIS) measurements were
conducted using an IME663 instrument (Metrohm Autolab) over the frequency range of 0.1-1
MHz at an applied voltage of 0.8 V. The photoelectric characteristics and current—voltage (1-V)
curves of the fabricated PSC devices were measured using a solar simulator and a Keithley source
meter unit (Model 2400) under AM 1.5G illumination at 100 mW/cm?. The light intensity was
carefully calibrated using a reference filtered silicon cell.
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RESULTS AND DISCUSSION
The XRD analysis

The prepared samples were analyzed by X-ray diffraction (XRD) using Cu Ko radiation (A =
0.15406 nm). The XRD patterns reveal the phase composition and crystallinity of the perovskite
thin films and of perovskite films deposited on various metal-oxide ETLs. As shown in Figure
1(a—g), all films exhibit prominent diffraction peaks corresponding to the (110) and (220) planes
at approximately 14.02° and 28.31°, respectively, which are characteristic of the tetragonal
perovskite structure [26, 27]. No significant differences were observed in the XRD patterns,
indicating that the crystal structures of the perovskite films are nearly identical across ZnO, SnO»,
WOs, ZnO/Sn0:z, ZnO/WOs, and SnO2/WOs ETLs. The perovskite films display a high degree of
crystallinity and phase purity, with no detectable secondary phases such as Pbl. or CHsNHaI.
Furthermore, perovskite films on the ITO/ZnO/SnO/MAPbL and ITO/ZnO/WOs/MAPbIs
architectures exhibit higher peak intensities compared to those on ZnO alone, indicating enhanced
crystallinity and larger grain sizes, as summarized in Table 1. In contrast, the crystallinity of
perovskite films on single-layer ZnO thin films is reduced compared to the ZnO/SnO: and
ZnO/WO; bilayer films.

This suggests that the ZnO single-layered films possess surface defects such as cracks and
pinholes at grain boundaries, as shown in Figure 5b. The improved crystallinity of MAPbI:
perovskite films attributed to the metal oxide (MO) layers is evidenced by the increased peak
intensities [28]. The average crystallite size (D) of the perovskite thin films and perovskite-based
ETL films was calculated from the (110) and (220) diffraction peaks using the Debye—Scherrer
equation (Equation 1) [29].

KA
~ Bcoso @

Where D is the average crystallite size calculated from the two dominant peaks, K is the shape
factor constant (equal to 0.9), and A is the X-ray wavelength used (Cu Ka, 0.15406 nm). f is the
full width at half maximum (FWHM) of the two dominant peaks, and 0 is the diffraction angle of
these peaks. Table 1 presents the calculated values of crystallite size, microstrain, and dislocation
density for the perovskite films on various ETLs, derived from XRD spectral fitting results.
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Figure 1. The XRD patterns a) MAPbI3; b) ZnO/MAPDI;, ¢) SnO2/MAPbI3, d) WO3 /IMAPbDI3,€)
Zn0O/SnO/MAPDI; f) ZNnO/WO3/MAPbDI;, g) SnO/WO3/MAPDI.
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The dislocation density (3), which is inversely proportional to the square of the crystallite size
and reflects the degree of lattice imperfections, is calculated using the following equation
(Equation 2).

1
=13 )
The micro-strain (¢) of perovskite-based ETLs can be calculated by the following Equation (3)
[30].
=t ©)
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Where f is the FWHM and 6 is the diffraction angle.

Micro-strain is a measurable parameter that quantifies the local distortion of atomic
equilibrium positions within the crystal lattice, caused by the presence of pores, point defects, or
dislocations at grain boundaries [31, 32]. Higher levels of micro-strain and dislocation density in
perovskite films on ETLs indicate greater crystalline disorder [33].

Therefore, perovskite films deposited on bilayer ZnO/SnO. and ZnO/WOs exhibit stronger
crystallinity, larger crystallite sizes, improved crystallographic orientation, and lower dislocation
densities compared to those on single-layer ZnO and WOs, as confirmed by the XRD data and
SEM micrographs.

Table 1. the crystal size, dislocation, and micro- strain perovskite thin film.

Thin film Average crystal size Dislocation density Micro-strain (x 102
(nm) (x 10°%)lines/m?

MAPbI3 46 0.4776 26.03
ZnO/ MAPbI3 32 0.9536 36.80
SnO2/ MAPbI3 41 0.5943 28.99
WO3/ MAPbI3 32 0.9284 36.22
Zn0/SnO2/ MAPDI3 43 0.5347 28.00
ZnO/WOs/ MAPbI3 41 0.5828 29.43
SnO2/WOs/ MAPDI3 35 0.8098 34.24

UV-Visible spectrophotometer analysis

A UV-Vis spectrophotometer was used to investigate the absorbance and transmittance properties
of perovskite thin films and perovskite films deposited on various metal oxide ETLS
(Glass/MAPDI;, Glass/ZnO/MAPDI;, Glass/SnO2/MAPDI;, Glass/WOs/MAPDIs,
Glass/ZnO/SnO2/MAPbIs, and Glass/SnO/WOs/MAPbL). As shown in Figure 2h, the perovskite
films exhibit strong light absorption across the full wavelength range of 400 to 900 nm. The
absorption spectra of perovskite films on glass and different ETL substrates are nearly identical,
with an absorption onset at approximately 752 nm, characteristic of the MAPbI; active layer. The
absorption intensity of the perovskite film is slightly enhanced when it is coated on various metal-
oxide ETLs. This improvement is attributed to the suppression of the Pbl. phase in the perovskite
active layer [34]. Additionally, the transmittance spectra of six different ETL films deposited on
glass substrates were analyzed, as shown in Figure 3i. Among them, the ZnO thin film exhibits
the highest transmittance, ranging from 80% to 100% in the visible region, exceeding that of other
thin films and the bare glass substrate. This high transmittance facilitates the passage of incident
photons into the device, allowing greater absorption by the active layer. Consequently, more
excitons are expected to be generated within the perovskite layer under sunlight, potentially
leading to higher device efficiency. Following the incorporation of ZnO/SnO:, ZnO/WOs, and
Sn0./WO:s bilayers, the transmittance slightly decreases compared to single-layer ZnO, SnO-, and
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WO:s films. This decrease is primarily due to the inherent absorption characteristics of SnO- and
WO:s in the 300-400 nm wavelength range.
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Figure 2. UV-Vis- NIR absorption spectra of perovskite film deposited on different ETLs a)
MAPbI3,b) ZnO/MAPbDI3, €) SnO,/MAPbI;, d) WO3/MAPbI;, €) ZnO/SnO,/MAPbDI;, f)
ZnO/WO3/MAPbI3, g) SnO/WO3/MAPDI; and i) Transmittance of different ETLs a)
Zn0, b) SnO,, ¢) W03, d) ZnO/SnO,, €) ZnO/WOs3, and f) SNO/WO; thin films.

Figure 3 shows plots of (ahv)? versus photon energy (hv) for perovskite films deposited on
different metal-oxide ETLs. Using the absorption data, the Tauc relation was applied to determine
the optical band gap energy (Eg) of the perovskite films with various ETLs. It is understood that
the optical absorbance depends on the difference between the photon energy and the band gap
energy [35]. The Tauc equation for semiconductor materials is given by Equation (4) [35]:
(Ahv)= = B(hv — Eg ) ()

Where h is Plank constant, v is photon frequency, Eg is band gap energy, B is a constant, n is
a factor which depend on electron transition property, and A is absorbance. The value of n is %
and 2 for direct and indirect band gap transition.
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Figure 3. The optical band gap of perovskite film with different metal oxides ETLs.
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Surface morphology analysis

The surface morphology of the perovskite film plays an important role in the performance of
planar perovskite solar cells (P-PSCs). As shown in Figure 4a-d, we investigated the surface
morphology of glass substrates coated with ZnO, Glass/ZnO/MAPbIs, Glass/ZnO/SnO./MAPbIs,
and Glass/ZnO/WOs/MAPbI; films using scanning electron microscopy (SEM).

Figure 4a-b shows a flake-like and agglomerated morphology characterized by irregularly
clustered particles distributed along the grain boundaries, together with large cracks and non-
uniform surface features. In Figure 4b, the film exhibits a highly porous sponge-like structure
with numerous interconnected pores and a relatively uniform surface distribution. Such
morphological characteristics suggest poor conductivity. In addition, several large pinholes are
clearly visible between particle aggregates, which may allow direct contact between the
perovskite absorber layer and the ITO electrode, thereby promoting severe charge
recombination.[39]

In contrast, Figure 4c-d shows improved morphology. The structure in Figure 4c exhibits
aggregated platelet- and rod-like features, with irregularly stacked particles and visible
microcracks. These cracks indicate that exposure to environmental factors such as heat, moisture,
and light can degrade the ETL layer, leading to reduced device durability and poor long-term
stability. Although the surface still appears rough and heterogeneous, it is comparatively better
than the films deposited on single-electron transport layers. Furthermore, Figure 4d reveals a
compact granular morphology consisting of closely packed nanosized grains with a smoother and
denser surface appearance. The clearly defined grain boundaries indicate enhanced crystallite
connectivity, which is expected to facilitate improved charge transport and reduced recombination
within the device Although the surface still appears rough and heterogeneous, it is comparatively
better than the films deposited on single electron transport layers. Furthermore, Figure 4d reveals
a compact granular morphology consisting of closely packed nanosized grains with a smoother
and denser surface appearance. The clearly defined grain boundaries indicate enhanced crystallite
connectivity, which is expected to facilitate improved charge transport and reduced recombination
within the device [36] This suggests that the ZnO/SnO: and ZnO/WOs bilayers help prevent
electron trapping and direct contact between the ITO electrode and the perovskite layer[37]. High-
coverage, high-quality perovskite films can effectively absorb and utilize light, thereby facilitating
charge excitation and enhancing photoelectric conversion and photovoltaic performance [39].
Furthermore, ZnO thin films without the perovskite layer exhibit a smooth, uniform nanorod
structure with no pinholes, as shown in Figure 5a. However, single-layer ZnO ETLs possess
visible pinholes at aggregation sites and particle boundaries, which may lead to severe charge
recombination due to direct contact between the perovskite absorber and the ITO electrode [38].
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Figure 4.SEM images of (a) I1TO/ZnO film, b) ITO/ZnO/MAPbIsfilm, C)
ITO/ZnO/SNO/MAPDI; film, d) ITO/ZnO/WO3/MAPbDI; film.

Photoluminescence (PL) studies

We studied the charge transport and recombination processes in PSCs using photoluminescence
(PL) to better understand how different bilayer electron transport layers—ZnO/SnO, ZnO/WOs,
and SnO»/WOs—affect device performance. For the PL measurements, we used an excitation
wavelength of 485 nm. As shown in Figure 5, the perovskite films show a strong emission peak
around 781 nm. Figure 5 displays the PL spectra for perovskite films deposited on various ETLs,
including single layers like ZnO, SnO:, and WOs, as well as bilayer combinations such as
Zn0/Sn0z, ZnO/WOs, and SnO2/WOs on glass substrates.

To quantify how effectively these ETLs quench photoluminescence, we calculated the PL
quenching efficiency (APL) using Equation (5).

APL = 1 — Zhblend 1100% (5)
PLpristin

As shown in Figure 5, the photoluminescence emission of the perovskite was quenched by
35.8% for ZnO/MAPbLIs, 41.1% for SnO/MAPDLIs, 36.5% for WOs/MAPbI;, 50.0% for
SnO2/WOs/MAPbL;, 55.8% for ZnO/SnO/MAPDLI:;, and 72.8% for ZnO/WOs;/MAPbDI,
respectively. As shown in Figure 5, only 35.8% and 36.5% of the PL intensity was quenched by
depositing ZnO and WO3 NPs on top, while more than 72.8% of the PL intensity was quenched
when ZnO/WO3/ MAPbI: NPs were deposited on top of the perovskite layer. This means
insufficient charge transfer from the perovskite to ZnO and WO3 NPs, whereas electrons in the
perovskite can be efficiently transferred to the ZnO/WOj3 layer [39]. These results suggest that
perovskite thin films deposited on metal oxide bilayers exhibit more efficient electron transfer
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from the perovskite to the ETLs compared to single-layer ETLs. This improved transfer indicates
a reduction of defects at the ETL/perovskite interface. The significantly lower PL intensity
observed for the ZnO/WOs bilayer highlights its important role in enhancing charge transfer and
suppressing recombination between electrons and holes [39].

Intensity (a.u)

=il < T
750 760 770 780 790 800
Wavelength (nm)

Figure 5. Photoluminescence of perovskite with ETLs: a) MAPbIs, b) ZnO,c) SnO,, d)WQOs;, €)
Zn0/SnOy, f) ZNO/WOs3, g) SNO2/WOs.

Electrical properties analysis
Current-voltage (I-V) Curve studies

The conductivity and charge transfer capabilities of six basic electron-only devices with the
configurations ITO/ZnO/Al, ITO/SnOz/Al, ITO/WOs/Al, ITO/ZnO/Sn0O2/Al, ITO/ZnO/WOs/Al,
and ITO/SnO./WOs/Al were evaluated under dark conditions using a solar simulator. The current—
voltage (I-V) characteristics, measured in the dark, are shown in Figure 6. The resistivity values,
determined from the slope of the 1-V curves, were found to be 5.1542 Q-cm for ITO/WQs/Al,
5.026 Q-cm for ITO/ZnO/Al, and 4.614 Q-cm for ITO/SnO-/Al films, respectively. These results
clearly show that ITO/SnO2/Al thin films exhibit higher electrical conductivity and lower
resistance compared to both ITO/ZnO/Al and ITO/WOs/Al thin films. This suggests that
ITO/SnO-/Al is more favorable for electron transport than the other two single-layer ETLs.

Furthermore, the resistivity values for devices with bilayer ETLs were 4.4968 Q-cm for
ITO/ZnO/WOs/Al, 4.5364 Q-cm for ITO/ZnO/SnO2/Al, and 4.5952 Q-cm for ITO/SnO2/WOs/Al.
Among these, the ZnO/WO:; bilayer shows the highest electrical conductivity, outperforming the
single-layer ZnO, SnO-, and WO:; films. This indicates an enhanced electron extraction and
transport ability in this bilayer ETL system. Previous studies have reported that thin layers of
SnO: and WOs can lower the work function of the underlying layers (e.g., ITO, Al, ZnO). This
reduction in work function enhances the electron-extraction capability of bilayers such as
ZnO/Sn0O: and ZnO/WO:s [40]. Consistent with these findings, the XRD and SEM results confirm
that perovskite films deposited on the ZnO/WOs bilayer exhibit higher crystallinity, smooth and
uniform morphology with fewer pinholes compared to other films. Additionally, the strong
photoluminescence quenching effect observed in perovskite films on metal oxide bilayer ETLs
indicates effective suppression of carrier recombination at the ETL/perovskite interface. These
factors contribute to improved conductivity, likely due to increased charge-carrier mobility at the
interface between the ETL and the perovskite layer.
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Figure 6. Linear sweep |-V curves of a) ITO/ZnO/Al, b) ITO/SnO./Al, ¢) ITO/WQO3/AI, d)
ITO/ZnO/SnOA/Al, €) ITO/ZnO/WOs/AI, f) SnO/WOs/Al thin films.

J-V characteristics of perovskite solar cell devices with different ETLs

To investigate their photovoltaic performance, planar perovskite solar cells (P-PSCs) were
fabricated using various metal oxide (MOs) ETLs, including single layers (ZnO, SnO2, WOs) and
bilayers (ZnO/SnO2, ZnO/WOs, SnO2/WOs). The current density—voltage (J-V) curves of the
PSCs with different ETLs are shown in Figure 7. The photovoltaic performance of the PSCs was
investigated using both single-layer (ZnO, SnO-, and WOs) and bilayer (ZnO/SnO2, ZnO/WOs,
and SnO2/WO:3) electron transport layers (ETLs). The results revealed that the choice of ETL
plays a crucial role in determining charge transport and overall device performance.

Among the single-layer ETLs, the ITO/ZnO/MAPbI:/MoOs/Al device achieved a Voc of
0.386 V, a Jsc of 11.591 mA/cm?, an FF of 0.291, and a PCE of 1.310%. This suggests that ZnO
provides effective electron transport, although the relatively low current density indicates some
charge recombination losses. The ITO/SnO/MAPbI:/MoOs/Al device showed the best
performance among the single-layer structures, delivering a Voc of 0.384 V, a Jsc of 13.617
mA/cm?, an FF of 0.277, and a PCE of 1.450%. Despite its slightly lower Voc and FF compared
to the ZnO-based device, the higher current density reflects more efficient electron extraction and
charge collection, leading to improved efficiency. The ITO/WOs/MAPbl:/MoOs/Al device
exhibited the highest Voc (0.399 V) and FF (0.292) among the single-layer ETLs, indicating
favorable energy-level alignment with the perovskite absorber. However, it generated the lowest
Jsc (10.577 mA/cm?) and PCE (1.234%), suggesting that WOs is less effective in electron
transport and charge collection than ZnO and SnOs-.

A significant improvement was observed when bilayer ETLs were employed. The
ITO/ZnO/WOs:/MAPbI:/M0oOs/Al device delivered the best overall performance, achieving a
VOC 0f 0.386 V, a JSC of 14.896 mA/cm?, an FF of 0.390, and a PCE of 2.801%. Similarly, the
ITO/ZnO/SnO/MAPbI:/Mo0s/Al device produced a higher VOC of 0.492 V, along with a Jsc of
14.789 mA/cm?, an FF of 0.382, and a PCE of 2777%. In comparison, the
ITO/SnO2/WOs/MAPbI:/MoOs/Al device showed moderate performance, with a Voc of 0.466 V,
a Jsc 0f 0.379 mA/cmz, an FF of 13.643 mA/cm?, and a PCE of 2.407%.

In particular, the ZnO/WO:; bilayer produced the highest efficiency, which can be attributed
to improved charge extraction and reduced carrier recombination at the ETL/perovskite interface.
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The WO:s interlayer serves as a buffer between ZnO and the perovskite absorber, improving
energy-level alignment and facilitating electron transport.

At the same time, the bilayer structure helps create a more uniform interface, reducing defect
density and suppressing trap-assisted recombination. These combined effects contribute to higher
current density, improved fill factor, and enhanced overall device efficiency. Similar findings
have been reported in recent studies employing ZnO—WOs composite ETLS in perovskite solar
cells [38]. Furthermore, previous studies have shown that interface engineering using bilayer or
modified metal-oxide ETLs can significantly enhance the optoelectronic properties of perovskite
solar cells by reducing interfacial defects and improving carrier selectivity. ZnO-based ETLs are
known for their high electron mobility and excellent transparency; however, interfacial defects
and instability can limit device efficiency. The introduction of WOs helps overcome these
limitations by improving conductivity, interface quality, and charge-transfer characteristics [41].
The observed increase in V_OC and FF for the bilayer ETL device is also consistent with earlier
reports showing that interfacial recombination in charge transport layers is a major factor limiting
the efficiency of perovskite solar cells. Reducing non-radiative recombination at the
perovskite/ETL interface can therefore substantially improve device performance [42]. The
present results confirm that the ZnO/WO:; bilayer ETL is an effective approach for enhancing
charge extraction, suppressing recombination losses, and improving the photovoltaic performance
of MAPbI: perovskite solar cells.

Overall, the device performance achieved in this study is lower than that reported for recently
published bilayer ETL-based perovskite solar cells [18, 20, 22]. This difference may be attributed
to several practical challenges encountered during device fabrication. In particular, exposure to
environmental factors such as moisture, temperature fluctuations, and light can degrade film
quality and increase defect formation, leading to reduced charge transport and higher
recombination losses. In addition, the limited availability of advanced fabrication and
characterization infrastructure constrained the optimization of processing conditions and device
architecture. Despite these limitations, the study provides useful insights into the role of single-
layer and bilayer ETLs in perovskite solar cells. The findings establish a foundation for future
work, where improved environmental control and access to advanced fabrication facilities are
expected to enhance both device performance and long-term stability.
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Figure 7. Current density —voltage (J-V) curves of perovskite devices with different metal oxide
ETLs.
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Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is used to investigate the charge dynamics of
perovskite solar cells at the ETL/perovskite interface or to study the electrochemical
characteristics of the electrode/electrolyte interface [42, 43]. The Nyquist plot presents the real
and imaginary components of the impedance data.

As shown in Figure 81, devices with bilayer ETLs such as ZnO/SnO., ZnO/WQOs, and
SnO2/WO:; exhibit smaller semicircles and consequently lower charge transfer resistance (Rct)
compared to single-layer ETLs like ZnO, SnO-, and WO:s at the electrode/electrolyte interface.
This indicates that bilayer ETLs facilitate more efficient electron transfer at this interface than
single ETLs. Moreover, ZnO/SnO2, ZnO/WOs, and SnO2/WOs thin films play an important role
in enhancing electron mobility and conductivity [44, 45]. Figure 811 shows Nyquist plots of PSCs
incorporating ZnO, SnO2, WOs, ZnO/Sn0O2, ZnO/WOs, and SnO/WOs as ETLs, measured in the
dark at an applied bias voltage of 0.8 V across a frequency range of 0.1 Hz to 1 MHz.

The Nyquist plots typically consist of two semicircles: a larger one at low frequencies and a
smaller one at high frequencies, consistent with previous reports [46, 47].

The equivalent circuit model representing the device’s internal structure includes a series
resistor (R_s) and two parallel resistors (R_tr and R_rec), as illustrated in Figure 8l111. Here, R_s
corresponds to the resistance of external wiring and substrates. The high-frequency semicircle is
generally attributed to the charge transfer resistance (R_tr) at the ETL/perovskite and
perovskite/HTL interfaces [48], while the low-frequency semicircle corresponds to the
recombination resistance (R_rec) at the ETL/perovskite interface [46, 49]. As shown in Table 3,
the fitted charge transport resistance (Rtr) and charge recombination resistance (Rrec) values
obtained from the impedance spectroscopy analysis of the prepared perovskite thin films are
summarized. These parameters provide insight into the movement of charge carriers within the
device and the extent of charge recombination losses. In general, lower Rtr values indicate more
efficient charge transport, while higher Rrec values suggest better suppression of charge
recombination and improved carrier collection efficiency [48].

Among all the investigated structures, the ZnO/SnO2/MAPbIs/Al film exhibited the lowest Rtr
value (876.5 Q), indicating the most efficient charge transport. This result suggests that the
Zn0O/SnO; bilayer ETL facilitates electron extraction and transfer more effectively than the single-
layer ETLs. The improved transport properties may be attributed to better energy-level alignment
and enhanced interfacial contact between the ETL and the perovskite layer, thereby reducing
transport-related losses [45].

The Rrec values reveal a similar trend. The ZnO/WOs;/MAPbIs/Al film showed the highest
recombination resistance (3509.4 Q), followed closely by the ZnO/SnO2/MAPbIs/Al film (3433.5
Q). These higher Rrec values indicate that the bilayer ETLs are more effective in suppressing
electron—hole recombination than their single-layer counterparts. The reduced recombination can
be attributed to improved interface quality and more efficient charge separation at the
ETL/perovskite interface [44, 46].

Among the single-layer ETLs, the SnO2/MAPbIs/Al film demonstrated relatively favorable
electrical characteristics, with a low Rtr value (988.51 Q) and a high Rrec value (3354.3 Q),
suggesting efficient electron transport and reduced recombination losses. In contrast, the
ZnO/MAPDIs/Al film exhibited the lowest Rrec value (2584.8 ), indicating greater
recombination losses, which may contribute to its comparatively lower device performance.

Overall, the impedance results demonstrate that incorporating bilayer ETLs improves charge
transport and suppresses carrier recombination more effectively than single-layer ETLs. In
particular, the ZnO/WO; bilayer combines the lowest transport resistance with a high
recombination resistance, indicating efficient charge extraction and reduced carrier losses. These
characteristics are consistent with the enhanced photovoltaic performance observed for bilayer
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ETL-based devices and highlight the importance of interface engineering in improving perovskite

solar cell performance [45, 46].

These EIS findings are further supported by SEM images, which show improved prevention
of charge accumulation at the ETL/perovskite interfaces in bilayer devices. Additionally, these
results are consistent with the I-V and PL analyses, confirming that bilayer ETLs achieve higher
charge-extraction efficiency than single-layer ETLs.

Table 3 shows the fitted values of, Ri- and Rrec for all prepared perovskite thin films.

Thin film Rir(Q) Rrec (2) Error %
ZnO/MAPbDI3/Al 1048.1 2584.8 3.1283
SnO2/MAPbDIs/AI 988.51 3354.3 2.1985
WO3/MAPbI3/AI 1059.9 3198.9 4.468

Zn0O/SnO2/MAPDIs/AI 876.51 3433.5 2.444
ZnO/WO3/MAPDIs/Al 1057.5 3509.4 2.248
SnO2/WO3/MAPbIs/AI 985.48 3355.9 2.181
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Figure 8. 1) Electrochemical impedance spectroscopic Nyquist plot of without perovskite layer a)
ITO/ZnO, b) ITO/SnO,,c) ITO/WO; d) ITO/ZnO/SNO,, e) ITO/ ZnO/WO;, f)
ITO/SNO./WO3 and 1l) with perovskite layer of a) ITO/ZnO/MAPDIS/AL
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ZnO/WO3/MAPDI3/ALT) ITO/SnO2/WO3s/MAPbDIs/AL, 111) Equivalent circuit model.
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CONCLUSION

In this study, a simple solution-processed method was employed to synthesize ZnO, WOs, and
SnO: semiconductor metal oxide nanomaterials. To improve the photovoltaic performance of
MAPbIs-based planar perovskite solar cells (P-PSCs), we designed bilayer electron transport
layers (ETLs) composed of ZnO/Sn0O., ZnO/WOs, and SnO»/WOs thin films. The structural,
optical, and electrical properties, as well as the morphology, of perovskite thin films on various
ETLs were thoroughly investigated. XRD analysis revealed that perovskite films incorporated
with different metal oxide ETLs—including ZnO, WOs, SnO:, and the bilayers ZnO/SnOs,
ZnO/WO:s, and SnO/WOs—exhibit tetragonal crystal structures. SEM results showed that bilayer
ETLs of ZnO/Sn0O: and ZnO/WOs significantly improved film quality by reducing trap density
and charge accumulation at the ETL/perovskite interface. Moreover, the surface morphology of
these bilayers was homogeneous and smooth with minimal pinholes, enhancing charge extraction
at the ETL/perovskite junction compared to single-layer ETLs. Photoluminescence spectra
confirmed that perovskite films on ZnO/SnO. and ZnO/WOs exhibited stronger quenching effects
than those on ZnO alone, indicating more efficient charge transport and extraction at the
ETL/perovskite interface. Additionally, electrical impedance spectroscopy demonstrated that the
Zn0/Sn0O: and ZnO/WO:s bilayers substantially reduce interfacial contact resistance and charge
accumulation at the perovskite/ETL interface. These combined advantages lead to a significant
reduction in surface recombination and an improved power conversion efficiency exceeding
2.8%.
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