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layer engineering for sputter-
resistant transparent perovskite solar cells with
improved transmission and efficiency

Abhijit Singha,†a Ananta Paul,†b Subir Manna,c Chinmaya Kumar Sahoo,d

Vishnu Kumar,c Anil Kottantharayil,e Sudhanshu Mallick,b K. R. Balasubramaniam *a

and Dinesh Kabra *c

The identification of an optimal sputter buffer layer with higher transmission and conductivity remains

a critical challenge in the fabrication of transparent perovskite solar cells (T-PSCs). It plays a vital role in

protecting the underlying layers during highly energetic radio frequency (RF) magnetron sputtering,

a process known to induce surface damage, while facilitating excellent light transmission. This study

explores five metal oxides (MOs) – Y2O3, SnO2, WO3, MoO3, and Pr6O11 – as potential sputtered buffer

layers for the fabrication of efficient T-PSCs applicable for both substrate and superstrate configurations

in tandem solar cells. The d-block metal oxides exhibited the highest optical average transmission (Tav)

values of ∼86% and ∼88% across the visible and near-infrared (NIR) ranges under substrate and

superstrate illumination conditions, respectively. Moreover, WO3 facilitates an improved defect-free

electronic coupling at the spiro-MeOTAD and IZO interface. As a result, the champion T-PSCs having Eg
∼1.6 eV and an active area of 17.5 mm2 achieved the highest power conversion efficiency (PCE) of 19%

with an optimal buffer thickness, which effectively balances protection and low contact resistance.

Concurrently, WO3-based device shows an excellent transmission of ∼42% in the wavelength range of

300–1200 nm and ∼77% in the NIR range (800–1200 nm), which will be suitable for tandem

applications. Additionally, the average transmission of ∼26% and ∼11% in the wavelength range of 300–

900 nm and 390–780 nm, respectively, will be applicable for building-integrated PV (BIPV) applications.

By coupling with 23% efficient monocrystalline passivated emitter rear contact (PERC) Si solar cells,

a combined efficiency of 26.71% is achieved in four-terminal (4T) tandem configurations. Stability tests

showed that the champion devices retained 90% efficiency after ∼90 days under inert conditions and

80% under harsh thermal and moisture exposure for ∼45 days. These results highlight the critical role of

the buffer layer in advancing T-PSCs, offering improved performance and stability for scalable

photovoltaic technologies.
Broader context

This work presents a systematic investigation into the inuence of orbital electron-engineered, sputter-protected buffer layers on the performance of transparent
perovskite solar cells (T-PSCs) employing an n–i–p conguration. The functionality of these buffer layers is critically assessed across both substrate and
superstrate congurations, which are pivotal for advancing high-efficiency four-terminal (4T) and two-terminal (2T) tandem solar cells. Through an in-depth
analysis of the electronic interactions between the valence orbitals of metal oxide buffer layers and the hole transport layer (HTL), this study identies
optimal materials that simultaneously enhance optical transmission, minimize contact and series resistance, and improve the ll factor. These synergistic
effects enable the realization of efficient and stable T-PSCs suitable for tandem integration. By elucidating the critical role of interfacial electronic coupling and
material properties, this work not only demonstrates the practical potential of perovskite tandem architectures but also establishes a robust platform for future
innovations in scalable, high-performance photovoltaic technologies. Such advancements are poised to accelerate the widespread adoption of next-generation
solar energy solutions.
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Introduction

Organic–inorganic lead halide hybrid perovskite solar cells
(PSCs) have achieved remarkable advancements in power
conversion efficiency (PCE), starting from 3.8% to 27.0% since
their emergence in 2009.1–4 This swi evolution in PCE has
made them the fastest-evolving photovoltaic technology to date.
Key attributes such as a high absorption coefficient, longer
carrier diffusion lengths, simple solution processing, and easy
bandgap tunability underscore their potential as sustainable
energy sources.5–9 The excellent band gap tunability further
enables their applicability inmulti-junction or tandem solar cell
congurations. In tandem architectures, transparent perovskite
top cells are integrated on top of narrow bandgap absorbers
using either mechanically stacked four-terminal (4T) or mono-
lithically integrated two-terminal (2T) congurations. Such
arrangements are designed to synergistically enhance overall
PCE.10–13 Notably, current efforts focus on augmenting the effi-
ciency of crystalline silicon (Si) solar cells through perovskite-
based tandem congurations, leveraging their proven PCE
performance.13–15 Recent milestones, such as Longi's reported
34.6% efficiency in monolithic 2T Si/perovskite tandems with
an active area of 1 cm2, underscore their practical viability and
potential as a benchmark for future developments.16 Further-
more, Longi's achievement of 30.1% efficiency in commercial
M6 silicon wafers, along with QCells' demonstration of 28.6%
efficiency in M10 wafers, highlights the remarkable progress
towards the practical application of perovskite-based tandem
solar cells.17,18 This introduction sets the stage for exploring the
transformative role of perovskite materials in advancing
photovoltaic technology, particularly in tandem congurations
aimed at achieving higher efficiencies and sustainability in
solar energy production.

Transparent electrodes (TEs) play a critical role in trans-
parent perovskite solar cells (T-PSCs), ensuring efficient charge
collection while allowing light transmission for tandem appli-
cations. The performance of T-PSCs is strongly inuenced by TE
properties, specically low sheet resistance, high carrier
mobility, and high optical transmittance.19 Various materials
have been explored, and carbon-based electrodes, such as CVD-
deposited graphene, achieved 12.02% efficiency (You et al.) and
6.2% efficiency (Lang et al.), though they are limited by the
conductivity-transparency trade-off.20,21 Silver nanowires (Ag-
NWs) have also shown promise. Guo et al. reported 8.49%,
Yang et al. reported 10.64%, and Han et al. reported 7.3%,
though achieving <20 U−1 with >80% transmittance remains
a challenge.22–24

Thus, transparent conductive oxides (TCOs) have emerged as
compelling candidates. However, conventional TCOs such as
indium tin oxide (ITO) and uorine-doped tin oxide (FTO) are
extensively employed as bottom TEs, their application as top
TEs is constrained by intrinsic limitations. FTO requires high-
temperature processing, while ITO suffers from reduced NIR
transmission.25 Alternatives include hydrogenated indium
oxide (IO:H, Fu et al., 14.2% efficiency), zirconium-doped
indium oxide (IZrO, Aydin et al., 15.6% efficiency), and
© 2025 The Author(s). Published by the Royal Society of Chemistry
indium zinc oxide (IZO, Shen et al., 18.1% efficiency).26–28

Aluminium-doped zinc oxide (AZO, Fu et al., 16.1%) provides an
indium-free option but has lower conductivity and long-term
stability issues.29 Dielectric–metal–dielectric (DMD) structures,
such as MoOx–Ag–MoOx and SnOx–Ag–SnOx (Yang et al. and
Zhao et al., both 11.5% efficiency), offer improved stability,
though balancing optical transparency and photovoltaic
performance remains challenging.30,31

Metal oxide-based TEs can be deposited through a number
of deposition techniques, including radio-frequency (RF) sput-
tering, solution-based sol–gel spin coating, pulsed laser depo-
sition (PLD), thermal vapor transport, etc.32–35 Among these
methods, RF sputtering is particularly favoured due to its ability
to enable high-quality, uniform, and scalable lm deposition at
room temperature, with precise control over lm properties. In
contrast, techniques such as sol–gel spin coating (Stojanoska
et al.), thermal vapour transport (Karn et al.), and pulsed laser
deposition (Ramamoorthy et al.) require high processing
temperatures, limiting their use in PSCs.33–35

The high kinetic energy of sputtered particles can damage
the underlying so organic charge transport layers (CTLs) of T-
PSCs, necessitating the use of a buffer or protective interlayer to
mitigate this damage.36,37 The selection of an appropriate buffer
layer is therefore critical, not only for protecting CTLs but also
for enhancing photovoltaic performance as an additional
passivation layer at that interface. Additionally, achieving an
optimal balance between the transparency and conductivity of
TEs oen requires higher sputtering power, which further
increases the risk of damaging organic layers.38,39 Consequently,
the design of robust buffer layers is essential to reduce such
damage and enable the reproducible fabrication of high-
efficiency T-PSCs. Several studies have explored different
buffer layer strategies for this purpose. Zhang et al. employed
a combination of solution-processed ZnO nanoparticles and
atomic layer deposition (ALD)-assisted ZnO as a buffer layer for
ITO deposition.40 Fu et al. and Warner et al. utilized IO:H
transparent electrodes in conjunction with thermally evapo-
rated MoO3 buffer layers of tailored thickness in n–i–p PSC
architectures.26,41 Aydin et al. incorporated a ZnO nanoparticle
and bathocuproine (BCP) combination as a buffer layer for IZrO
deposition in p–i–n structured PSCs.27 Werner et al. and Shen
et al. also applied thermally evaporated MoO3 as a sputter buffer
layer for IZO deposition, while Fu et al. used ZnO nanoparticles
for AZO deposition in p–i–n PSCs.28,29,42 Kranz et al. adopted
thermally evaporated MoO3 as a sputter buffer layer in n–i–p
devices.43

Therefore, transition metal oxides (MOs) have emerged as
promising buffer layer materials especially in n–i–p transparent
PSCs due to their wide bandgap and excellent optical trans-
parency.44,45 Their compatibility with simple and reproducible
thermal evaporation techniques makes them a strong
contender. Additionally, the straightforward integration of
thermal evaporation into existing vacuum-basedmanufacturing
lines makes it particularly attractive for large-area device fabri-
cation. Furthermore, the method allows precise control over
lm thickness and uniformity, which is essential for main-
taining device consistency in commercial production. However,
EES Sol., 2025, 1, 1160–1172 | 1161
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thermal evaporation of MOs is highly sensitive to ambient
conditions, oen resulting in non-stoichiometric lms with
oxygen vacancies.46 Interestingly, these vacancies can be bene-
cial in n–i–p PSCs, as they introduce bandgap states that
promote hole injection despite the n-type nature of the material.

AlthoughMoO3 has been widely employed as a sputter buffer
layer in the development of T-PSCs, its integration oen results
in a reduced ll factor (FF) and decreased transparency of the
bottom cell, thereby limiting the overall performance of tandem
congurations.47–49 Consequently, there remains a notable gap
in research and understanding regarding suitable buffer
materials for n–i–p architecture-based T-PSCs beyond conven-
tional MoO3.49 To address this, alternative transition metal
oxides such as tungsten oxide (WOx) and niobium oxide (NbOy),
have been explored. Park et al. demonstrated that modifying
WOx with NbOy improved the PSC ll factor from 70.4% to
78.8%, achieving a peak PCE of 18.9% with the absorber
perovskite band edge at 800 nm and an active area of 7.07
mm2.49 Despite this FF enhancement, these materials exhibited
lower open circuit voltage (VOC) and transparency, with
a maximum VOC of 1.02 V and peak transmission of ∼75% even
aer anti-reection coating (ARC) insertion. Consequently,
their 4T Si/perovskite tandem efficiency reached only 26% with
an active area of 7.07 mm2. Magliano et al. incorporated vana-
dium oxide (V2Ox) as a sputter buffer layer, demonstrating
improved optical transmittance and stability; however, the
efficiency is slightly lower compared to conventional MoOx.50

These ndings underscore the critical need for suitable buffer
layer materials to enhance the performance of n–i–p
architecture-based T-PSCs.

In this work, we conducted a systematic investigation to
identify a suitable buffer layer for T-PSCs through comprehen-
sive analyses of carrier lifetime, contact resistance, photo-
luminescence, and PV performance for deployment in both
superstrate (2T) and substrate (4T) tandem congurations.
Various transition metal oxides with distinct valence orbitals (s,
p, d, and f) were employed to elucidate the electronic interac-
tions between spiro-MeOTAD and the IZO layer. Our ndings
reveal that d-orbital-based metal oxides facilitate enhanced
coupling and interfacial passivation at the HTL/TE interface.
This leads to improved optical average transmission (Tav ∼86%
and ∼88% in the wavelength range of 300–1200 nm under the
substrate (4T) and superstrate (2T) illumination conditions,
respectively), reduced contact resistivity (∼0.17 U cm2), and
superior PCE. Among the investigated materials, all d-orbital-
based metal oxides demonstrated higher PCE compared to
others. Notably, WO3, a d-orbital transition metal oxide,
enabled the development of T-PSCs having a bandgap of
∼1.6 eV and an active area of 17.5 mm2 with an impressive
efficiency of 19% and the highest average optical transmission
of ∼42% across the wavelength range of 300–1200 nm. Addi-
tionally, the champion T-PSC shows ∼77% average trans-
mission in the NIR range (800–1200 nm) and ∼26% in the
wavelength range of 300–900 nm, which conrms its superior
suitability for tandem and building-integrated PV (BIPV)
applications, respectively. The four-terminal tandem congu-
ration of champion T-PSCs and monocrystalline passivated
1162 | EES Sol., 2025, 1, 1160–1172
emitter rear contact (PERC) Si solar cells resulted in 26.71%
efficiency. Moreover, stability analyses are performed on the d-
block metal oxide-based T-PSCs under various environmental
conditions, including dark storage, continuous heating at 65 °
C, and continuous illumination. The WO3-based buffer layer
demonstrated superior stability, attributed to the reduction of
non-radiative recombination channels at the HTL/TE interface.
This study provides a pathway for the development of efficient
and stable n–i–p architecture-based perovskite tandem solar
cells.

Results

The primary challenge in fabricating T-PSCs is the efficient
deposition of top TEs while preserving their structural integrity,
i.e., without damaging the so organic CTLs (e.g., spiro-
MeOTAD) and/or the perovskite photo-absorber. In this study,
a custom-built RF magnetron sputtering physical vapour
deposition (PVD) tool is employed to deposit indium zinc oxide
(IZO) TEs. Sputtering inherently involves high-energy particle
bombardment, which oen damages spiro-MeOTAD and
underlying perovskite layers, leading to defect formation and
reduced device performance.36,37 To mitigate these effects,
a buffer layer is typically introduced to absorb the energy from
the sputtered particles, thereby preserving the structural
integrity of the adjacent layers. The key criteria of an efficient
buffer layer are to facilitate smooth charge transport through
tunnelling while ensuring high optical transparency. This work
focuses on the fabrication of n–i–p architecture-based T-PSCs,
utilizing a triple cation perovskite absorber material with the
composition Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3, which has
a bandgap (Eg) of ∼1.6 eV.

Fig. 1(a) illustrates the device structure: glass/SnO2/
perovskite/spiro-MeOTAD/MOs. The cross-sectional eld emis-
sion scanning electron microscopy (FESEM) image depicting all
the complete layer structure of the T-PSCs, along with absorp-
tion analysis of the perovskite layer, is shown in Fig. S1. Our
primary objective is to improve device performance and optical
transmission beyond the perovskite band edge for applications
in both 4T (substrate) and 2T (superstrate) tandem solar cell
congurations. Hence, ve different MOs [e.g., yttrium oxide
(Y2O3), tin oxide (SnO2), tungsten oxide (WO3), molybdenum
oxide (MoO3) and praseodymium oxide (Pr6O11)] with diverse
electronic congurations, encompassing elements from the s,
p, d, and f blocks of the periodic table, are chosen as buffer
layers for this study [Note: Y2O3 is classied under the s-block
category owing to its analogous electronic conguration and the
unavailability of corresponding s-block metal oxides.] This
systematic study employs investigation of the optoelectronic
properties of the MO layers, including parasitic absorption loss,
transmission characteristics, contact resistance and the elec-
tronic interaction with the adjacent layers. This preliminary
analysis ensures a deeper understanding of the material's
behaviour with CTLs and TEs, laying a solid foundation for the
subsequent fabrication process. All the MOs are deposited via
the thermal evaporation method on a 20 × 20 mm2 glass
substrate to characterize the optical and electrical properties.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optoelectronic study of the s, p, d, and f valence electron-based metal oxides. (a) Device structure of the T-PSCs up to MO buffer layers
(glass/SnO2/perovskite/spiro-MeOTAD/MOs), transmission spectra of MOs under (b) bottom and (c) top side illumination respectively, (d)
schematic representation of the transfer length method (TLM) setup, where Rc represents contact resistance, RT represents total resistance, and
Lt represents the transfer length and (e) variation of the contact resistance across different MOs at the spiro-MeOTAD/MO/IZO interface.
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Fig. 1(b) shows the transmission spectrum of all the MOs
(i.e., Y2O3, SnO2, WO3, MoOx, and Pr6O11) in the range of 300–
1200 nm when light is shining from the glass/MOs side, which
is applicable for a 4T tandem conguration. The average
transmission (Tav) of the MO lms is 84.02% (Y2O3), 85.47%
(SnO2), 86.41% (WO3), 85.41% (MoO3), and 84.23% (Pr6O11),
respectively, which is also shown in Fig. S2. Among all the MOs,
the maximum Tav is observed for WO3. The transmission
spectrum for WO3 is also higher in the NIR region than in the
other MOs due to the lower parasitic absorption of WO3. On the
other hand, we also studied the transmission of the MOs when
the light is shining from the MOs/glass side, which is applicable
for the 2T tandem conguration, which is shown in Fig. 1(c).
© 2025 The Author(s). Published by the Royal Society of Chemistry
The average transmission (Tav) for this case is as follows:
85.56% (Y2O3), 86.92% (SnO2), 87.57% (WO3), 87.32% (MoO3),
and 85.87% (Pr6O11). Here, also, WO3 provides the highest Tav,
among all the MOs (Fig. S2). One notable observation is that
when light is incident from the MOs/glass side, the average
transmittance (Tav) is higher compared to illumination from the
bottom (glass/MOs) side. This is due to the lower reection
losses in the MO layers compared to the glass substrate, as the
MO layers exhibit anti-reective properties, which is shown in
Fig. S3. Furthermore, the PV performance of the T-PSCs
depends on the overall resistance of the device; thereby, the
contact resistance (Rc) of the newly introduced interface HTL/
buffer layer/IZO needs to be characterized. The Rc value of the
EES Sol., 2025, 1, 1160–1172 | 1163
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ve different MOs is estimated using the transfer length
method (TLM). The TLM is commonly employed to assess
contact resistance (Rc), sheet resistance (Rsheet), and specic
contact resistivity (rc).

Fig. 1(d) shows the schematic representation of the TLM
experimental setup. The side view of the device architecture of
TLM analysis is shown in Fig. S4. In this technique, co-planar
and parallel electrodes of length L and width Z are placed at
varying distances d on a conductive layer with uniform Rsheet,
situated on an insulating substrate. The I–V characteristics are
measured between consecutive electrode pairs across the entire
TLM array. This method operates under the assumption of
ohmic contact between the conductive layer and the electrodes.
The total resistance (RT) is calculated for each interelectrode
distance and plotted against d. From this linear plot, as
described in the equation51
Fig. 2 Radiative intensity of the perovskite thin films with varying MO inc
190 with different MO-based perovskite thin films, (inset: a PL image of th
PL analysis.

1164 | EES Sol., 2025, 1, 1160–1172
RTðdÞ ¼ Rsheet

Z
d þ 2Rc (1)

Rsheet

Z
can be deduced from the slope and the Rc between the

electrodes. Rsheet and Rc calculated from the TLM measure-
ments are reliable only if the current is conned in one single
layer. Thus, to determine Rc at the HTL/MOs/IZO interface, it is
necessary to conne the lateral current in the MO layer. The
contact resistance of the ve different MO layers is shown in
Fig. 1(e). The overall Rc follows the order: Pr6O11 > Y2O3 > SnO2 >
MoO3 > WO3. The WO3 lm shows a minimum Rc value of ∼3,
which corresponds to a contact resistivity of∼0.17 U cm2 (active
area 0.058 cm2).

The inuence of the optical properties resulting from the
incorporation of various MOs was investigated using photo-
luminescence (PL) imaging and intensity-dependent steady-
state PL (SSPL) analysis. The experimental setup for PL
orporations. (a)–(e) PL intensity distribution over a pixel area of 160 ×

e corresponding sample), and (f) linear fitting of the fluence-dependent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Carrier lifetime analysis of the perovskite thin films with varying
MO incorporation. TCSPC decay spectra of the perovskite thin films
having different MO layers under (a) bottom and (b) top side illumi-
nation conditions.

Table 1 Bi-exponential fitting parameters of the TCSPC analysis of
perovskite thin films having different MOs

MOs Illumination side A1 A2 s1 s2 Avg. s (ns)

Y2O3 Bottom 0.77 0.47 9.4 21.46 16.5
Top 0.5 0.6 5.74 19.75 17.1

SnO2 Bottom 0.38 0.55 16.2 54.08 45.9
Top 0.55 0.36 16.31 45.3 35.4

WO3 Bottom 0.22 0.57 30.47 121.5 112
Top 0.24 0.59 31.89 121.73 110.6

MoO3 Bottom 0.49 0.45 15.54 70.68 60.2
Top 0.7 0.19 24.15 81.28 51.3

Pr6O11 Bottom 0.75 0.01 13.05 194.63 34.5
Top 0.06 0.97 62.57 17.09 25.6
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imaging is illustrated in Fig. S5. Fig. 2(a–e) show the distribu-
tion of PL intensity (PLI) over a pixel area of 160 × 190 and the
corresponding PL images (inset) for perovskite lms having
different MOs, namely Y2O3, SnO2, WO3, MoO3, and Pr6O11,
respectively. Among these, lms with MoO3 and WO3 buffer
layers exhibited the highest PLI and showed uniform lm
coverage across the substrate, indicative of a well-deposited
layer with minimal local inhomogeneity. In contrast, lms
incorporating Y2O3, SnO2, and Pr6O11 buffer layers demon-
strated lower radiative intensity and inhomogeneity in their
distribution. The overall intensity distribution followed the
order: WO3 > MoO3 > SnO2 > Pr6O11 > Y2O3. Although MoO3 is
typically the preferred buffer layer in most n–i–p architecture-
based T-PSCs and also used for Si solar cells,52 our experi-
mental results reveal that WO3 surpasses MoO3 in terms of
radiative intensity and transparency as a buffer layer for PV
applications.

Fig. 2(f) presents the linear t of the uence-dependent SSPL
intensity. The tting results reveal a slope of 2 for perovskite
lms incorporating WO3, MoO3, and SnO2 MO buffer layers.
The Gaussian distribution of PL spectra at various uence levels
for perovskite thin lms having different MOs is illustrated in
Fig. S6. It is well established that a quadratic dependence of PLI
on uence (F), as indicated by the slope, suggests that the lm is
primarily governed by bimolecular recombination processes, as
described in eqn (2).53–55

PLI f F2 (2)

The bimolecular recombination process occurs when free
electrons and holes recombine radiatively, which is indicative of
high material quality. This process is highly desirable for
achieving efficient optoelectronic applications and ensuring
a higher quantum yield.56 In contrast, the Y2O3 and Pr6O11

metal oxide-based perovskite lms exhibit slopes of 1.8 and 1.9,
respectively. These values indicate the presence of non-radiative
recombination processes, which could adversely affect the
photovoltaic performance of the perovskite thin lms. Addi-
tionally, the impact of carrier lifetime due to the incorporation
of various MOs are investigated under both bottom (4T) and top
(2T) illumination conditions using transient single-photon
counting spectroscopy (TCSPC) analysis. The TCSPC decay
proles for the bottom and top illumination are presented in
Fig. 3(a) and (b), respectively. Consistent with the PL analysis,
the incorporation of d-block MOs resulted in higher carrier
lifetimes, attributable to reduced non-radiative recombination
pathways. Among the studied MOs, WO3 exhibited the highest
carrier lifetimes of ∼110 ns and ∼112 ns under bottom and top
illumination conditions, respectively. The tted carrier life-
times follow the same trend observed in the PL analysis,
ranking as WO3 > MoO3 > SnO2 > Pr6O11 > Y2O3. The tted bi-
exponential decay parameters of the TCSPC decay for all the
MO-based perovskite lms are tabulated in Table 1.

Parasitic absorption loss in the near-infrared (NIR) region is
a signicant challenge when aiming to achieve efficient tandem
solar cells. The parasitic absorption largely depends on the
thickness of the MOs; therefore, the quantitative optimization
© 2025 The Author(s). Published by the Royal Society of Chemistry
of layer thickness is crucial. Thinner MOs have reduced para-
sitic absorption but are more susceptible to sputtering damage
during fabrication. Conversely, thicker MOs can mitigate
damage but lead to increased parasitic absorption followed by
EES Sol., 2025, 1, 1160–1172 | 1165
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additional parasitic resistance. To address these competing
factors, we carefully varied the MO thickness that minimizes
parasitic absorption, sputtering damage and resistive losses
and struck a balance that enhances the overall performance and
durability of the device. Moreover, the PV performance is
analyzed by varying the thickness of each individual buffer
layer, ranging from 5 to 15 nm. The results show that only the
∼10 nm MO-based devices demonstrated better performance
for all the cases, while the ∼5 nm MO-based devices exhibited
an ‘S’-shaped J–V characteristic, which is denoted as the sputter
damage effect (Fig. S7). For comprehensive analysis, T-PSCs are
also fabricated without a buffer layer, exhibiting highly shunted
J–V characteristics (Fig. S8 and Table S2). The origin of the ‘S’-
shaped J–V characteristics is due to the increased series resis-
tance and poor charge transport at the interface, likely caused
by the insufficient thickness of the ∼5 nm MO buffer layer.57 It
is also noted that the ‘S’-shaped characteristics are basically due
to the double diode formation of a pseudo-Schottky diode with
Fig. 4 Photovoltaic properties of the varying MO incorporating T-PSCs.
mW cm−2) (c) and (d) EQE with Int. JSC and (e) and (f) transmission spec
illumination conditions.

1166 | EES Sol., 2025, 1, 1160–1172
the formation of a depletion layer at the interface.57–60 However,
Hiroyuki et al. reported that the TE sputter damage against
spiro-OMeTAD increases barrier height and leads to a poor FF
and thus J–V degradation (‘S’-shaped or shunted J–V).61 Hence,
an adequate thickness of the buffer layer becomes essential to
achieve the best performance from T-PSCs. Increasing the
buffer layer thickness beyond 10 nm results in reduced device
performance, primarily due to the higher series resistance of
the buffer layer, which is evident from the loss in the FF and
short-circuit current density (JSC). Notably, the FF mainly
decreases in devices with a ∼15 nm buffer layer compared to
those with a 10 nm layer (Table S1). Hence, the devices with
a buffer layer thickness of ∼10 nm show optimal performance,
and we have xed this for further analysis.

Fig. 4(a) presents the J–V characteristics of champion devices
based on ve different metal oxides (MOs) under 1-sun illumi-
nation (AM1.5 G, 100 mWcm−2) measured in the reverse scan
directions from the bottom side (glass/FTO). Among them, the
(a) and (b). J–V characteristics under 1-sun conditions (AM 1.5 G; 100
tra of the T-PSCs under (a, c, and e) bottom and (b, d, and f) top side

© 2025 The Author(s). Published by the Royal Society of Chemistry
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WO3-based MO outperforms all others, achieving the highest
PCE of 19% with VOC = 1.12 V, JSC = 23.75 mA cm−2, and FF =

71.4%. In comparison, the Y2O3-based MO shows a PCE of
12.2% (VOC= 0.98 V, JSC = 21.21 mA cm−2, and FF= 58.8%) and
the SnO2-based MO achieves a PCE of 13.9% (VOC= 1.08 V, JSC=
22.62 mA cm−2, and FF = 56.7%). The MoO3-based MO
demonstrates a PCE of 17.4% (VOC= 1.1 V, JSC= 23.64mA cm−2,
and FF = 66.8%), while the Pr6O11-based MO reaches a PCE of
13.2% (VOC = 0.96 V, JSC = 22.45 mA cm−2, and FF = 61%). The
J–V parameters clearly indicate that the d-block MO-based
device exhibits superior performance, achieving the highest
PCE among all the tested MOs. For baseline analysis, opaque
PSCs incorporating a bi-layer Au/Ag counter electrode are also
fabricated, as shown in Fig. S9. These devices achieved
a maximum PCE of 20.0%, with a VOC = 1.13 V, JSC = 23.78 mA
cm−2, and FF = 74.4% respectively (Table S3). The performance
of the opaque PSCs is consistent with that of previously reported
champion devices, based on triple-cation mixed-halide perov-
skites with a bandgap of 1.6 eV.3 These results conrm that the
performance of the T-PSCs is not affected by fabrication arte-
facts. Additional statistical evaluations were performed onmore
than 30 devices (Fig. S10). Although the champion cell exhibits
impressive PV performance, its efficiency is primarily con-
strained by a relatively low FF, which results from the higher
sheet resistance of the top TE and the larger active area of the
device. Table S4 presents a comparison between the current
study and previously published literature since 2020 featuring
the n–i–p architecture. It is evident that the PV performance and
active area reported here are comparable to, or in some cases
exceed, those in the referenced studies.

Fig. 4(b) presents the J–V characteristics of champion devices
based on different MOs under 1-sun illumination (AM1.5 G, 100
mWcm−2) measured in the reverse scan direction from the top
side (IZO side). A similar trend in the photovoltaic performance
is observed, i.e., the PSCs with d-block MOs perform well fol-
lowed by p, f and s blocks, respectively. Among all the MOs, the
PSC with WO3 buffer layers exhibits the highest PCE under both
substrate (4T) and superstrate (2T) illumination conditions. The
PV parameters of all the champion devices with different MOs
are tabulated in Table 2. The J–V characteristics and PV
parameters of all the champion devices measured in the
forward scan direction with different MOs under both bottom
and top illumination are illustrated in Fig. S11(a) and (b),
Table 2 J–V analysis parameters in reverse scan of the champion trans

Illumination side Device Scan JSC (mA cm−2)

Bottom (glass/FTO) Y2O3 RS 21.21
SnO2 RS 22.62
WO3 RS 23.75
MoO3 RS 23.64
Pr6O11 RS 22.45

Top (IZO) Y2O3 RS 17.61
SnO2 RS 18.55
WO3 RS 19.18
MoO3 RS 19.14
Pr6O11 RS 17.91

© 2025 The Author(s). Published by the Royal Society of Chemistry
respectively, and tabulated in Table S5. A signicant improve-
ment in the FF is observed for WO3-incorporating PSCs, which
can be attributed to reduced series resistance and enhanced
shunt resistance, as detailed in Table S6. The higher shunt
resistance can be further explained by the higher density of WO3

(7.16 g cm−3) thin lms compared to MoO3 (4.70 g cm−3),
leading to reduced sputter-induced damage.62,63 Moreover, X-ray
photoelectron spectroscopy (XPS) analysis is conducted on all
the MOs, and the deconvoluted O 1s spectra revealed that WO3

exhibits a higher concentration of oxygen vacancies compared
toMoO3 which is shown in Fig. S12 and Table S6. This increased
vacancy density indicates that WO3 possesses greater electrical
conductivity, which in turn enhances the p-type characteristics
of the spiro-MeOTAD HTL, thereby contributing to improved PV
performance. Additionally, it is noteworthy that most metal
oxides, except those from the d-block, require signicantly
higher power during thermal evaporation, which may be one of
the contributing factors to the lower performance observed in
PSCs incorporating these oxides.

The spectral response of all MO-based T-PSCs under bottom-
side illumination is evaluated using external quantum effi-
ciency (EQE) measurements, as depicted in Fig. 4(c). It is
observed that the Y2O3 and Pr6O11-based devices exhibit a dip in
the EQE spectrum within the wavelength range of 650–750 nm.
In contrast, the other MOs maintain consistent EQE perfor-
mance across this range without any noticeable photon loss.
The integrated JSC is further calculated from the EQE spectrum,
with the WO3-based device achieving the highest integrated JSC
of 22.10 mA cm−2 under front-side illumination, which
corroborates well with the J–V analysis. This superior JSC
performance of WO3 further emphasizes its advantage over the
other metal oxides (Table 2). We understand that there is
a slight mismatch between the current density obtained from
EQE and J–V analysis. This is similar to the observations re-
ported by Saliba et al., wherein there is a discrepancy in the Int.
JSC of 5–7%, where the JSC obtained from the EQE measure-
ments is lower compared to the JSC calculated from the J–V
analysis. This difference is attributed to the pre-bias measure-
ment condition or edge effects in the device's active area.64,65

Similarly, Fig. 4(d) presents the spectral response of MO-based
T-PSCs under top-side illumination, assessed using EQE
measurements. It is again observed that the Y2O3 and Pr6O11-
based devices exhibit an unusual dip in the EQE spectrum
parent PSCs of the five different MOs under AM1.5G illumination

VOC (V) FF (%) PCE (%) Int. JSC (mA cm−2)

0.98 58.8 12.2 20.70
1.08 56.7 13.9 21.64
1.12 71.4 19.0 22.10
1.10 66.8 17.4 21.96
0.96 61.0 13.2 21.08
0.98 58.8 10.1 16.18
1.08 56.9 11.4 17.05
1.12 71.6 15.4 17.74
1.10 66.7 14.1 17.54
0.96 61.0 10.5 16.44

EES Sol., 2025, 1, 1160–1172 | 1167
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within the 650–750 nm wavelength range. This behavior is
primarily attributed to interfacial defects arising from poor
electronic interaction between the MO, HTL and TE. Addition-
ally, the EQE spectrum below 400 nm is not present under top-
side illumination due to the absorption edge of the HTL and
IZO (Fig. S13). The integrated JSC is calculated from the EQE
spectrum, with the WO3-based device achieving the highest
integrated JSC of 17.47 mA cm−2 under top-side illumination,
closely matching the J–V data (Table 2).

Fig. 4(e) shows the transmission and reection spectra of T-
PSCs with different MOs while illuminating light from the
bottom side (4T). The average transmission (Tav) values are
40.94% for Y2O3, 40.52% for SnO2, 42.01% for WO3, 39.24% for
MoO3, and 41.02% for Pr6O11. In the NIR (800–1200 nm) region,
the average transmission (Tavg-NIR) is 74.48% for Y2O3, 73.12%
for SnO2, 76.48% for WO3, 71.65% for MoO3, and 74.14% for
Pr6O11. WO3 stands out with the highest overall average trans-
mission of 42% and the best NIR transmission of 76.48%,
demonstrating superior transparency and outperforming all
other MOs, particularly in the NIR region (Fig. S14). Fig. 4(f)
shows the transmission and reection spectra of devices with
different MOs while illuminating light from the top side (2T).
The average transmission (Tavg) values are 37.63% for Y2O3,
36.89% for SnO2, 38.28% for WO3, 35.79% for MoO3, and
37.42% for Pr6O11. In the NIR region, the average transmission
(Tavg-NIR) is 68.57% for Y2O3, 67.20% for SnO2, 70.29% for WO3,
64.39% for MoO3, and 68.02% for Pr6O11. WO3 stands out with
the highest overall average transmission of 38.28% and the best
Fig. 5 Stability analysis of the d-block MO-based T-PSCs. (a) Shelf-li
continuous 65± 5 °C placed inside a muffle furnace, (c) light stability test
state PCE tracking at a constant voltage under 1-sun illumination of the

1168 | EES Sol., 2025, 1, 1160–1172
NIR transmission of 70.29%, demonstrating superior trans-
parency and outperforming all other metal oxides, particularly
in the NIR region (Fig. S14). It is observed from J–V character-
istics that VOC of the WO3 buffer layer-based devices is slightly
higher than that of the others, which further supports the PL
analysis. PL imaging is conducted under open-circuit condi-
tions and focuses on detecting photons generated during the
radiative recombination of photogenerated charge carriers.
This imaging technique enables the examination of the spatial
distribution of charge carrier radiative recombination, allowing
for a detailed analysis of non-radiative recombination and other
resistive loss centers within the solar cells. The PLI analysis
facilitates the evaluation of the radiative recombination current
density (Jrad) using the above-stated mathematical relation,
enabling the identication of the origin of voltage loss in the
solar cell (Note 1). Reduced localized defects observed in PL
imaging are associated with higher local voltages and brighter
PL signals. Consequently, WO3 exhibits the highest PLI, due to
increased quasi-Fermi level splitting, thereby improving the
open-circuit voltage (VOC). This enhancement in VOC follows the
same trend as the PLI: WO3 > MoO3 > SnO2 > Pr6O11 > Y2O3. The
long-term stability of the highest-performing d-block MO-based
T-PSCs is investigated systematically.

Building on the enhanced transmission and efficiency of the
champion T-PSCs, these devices are integrated with mono-
crystalline PERC Si solar cells in a 4T tandem conguration.
Fig. S15 presents the EQE spectra of both standalone and
perovskite-ltered Si solar cells. Based on the int. current
fe stability inside an N2-filled glove box, (b) thermal stability test at
under continuous 1-sun illumination (with an LED lamp), and (d) steady
unencapsulated T-PSCs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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density derived from the ltered EQE spectra of the Si solar
cells, the performance of the 4T tandem conguration is
calculated, yielding a ltered efficiency of 7.71% compared to
the 23% efficiency of the standalone Si solar cells. The coupling
of 19% efficient T-PSCs with the Si solar cells resulted in
a combined efficiency of 26.71%, corresponding to an efficiency
enhancement of over 16% for the Si solar cells. The detailed
photovoltaic parameters are summarized in Table S8.

Fig. 5 shows the shelf or dark, thermal, light, and photo-
stability of the T-PSCs. Shelf-stability testing involved storing
devices inside an N2-lled glovebox for more than 2000 h. The J–
V analysis is conducted outside the glovebox during the shelf-
stability test at a successive interval. Fig. 5(a) shows that aer
ageing in an N2-lled glovebox, the WO3-based T-PSCs retain
∼90% of their initial efficiency up to ∼1600 h. On the other
hand, the MoO3-based device shows T90 for ∼600 h. The
thermal stability test is conducted on unencapsulated solar cells
with top IZO/MgF2 contact placed in a muffle furnace at 65± 5 °
C at ambient humidity (ISOS D2). Fig. 5(b) shows the thermal
stability studies of the d-blockMO-based T-PSCs. The PCE of the
WO3-based device retains ∼80% of its initial efficiency up to
∼1000 h. And the MoO3-based devices show similar thermal
stability for∼700 h only. Light soaking tests for unencapsulated
devices are conducted under continuous 1 sun (AM1.5G) illu-
mination conditions with an LED lamp in a vacuum chamber at
25 °C, as depicted in Fig. 5(c). The PCE of theWO3-based devices
retains 80% of its initial efficiency up to ∼200 h, whereas the
MoO3-based devices retain a similar efficiency only for ∼125 h.
These results suggest that T-PSCs with a WO3 buffer layer are
more stable compared to traditional MoO3-based PSCs under
various conditions. Furthermore, we have also performed
maximum steady-state PCE tracking at constant potential, i.e.,
tracking of photocurrent density and corresponding PCE under
continuous illumination. The PCE obtained from MPPT shows
a similar performance to that obtained from the J–V analysis for
both cases, and a negligible drop in device performance is
observed even aer >40 minutes as shown in Fig. 5(d).

Discussion

The fabrication of T-PSCs presents a signicant challenge in
protecting sensitive organic layers, such as spiro-OMeTAD and
the perovskite absorber, during RF magnetron sputtering. This
process can lead to defect formation and eventual device
degradation. As shown in Fig. S9, the champion opaque PSC
exhibits a PCE of 20%. However, replacing the opaque metal
electrode with an IZO top TE resulted in highly shunted J–V
characteristics, as illustrated in Fig. S8. To address this, a thin
(∼5 nm) buffer layer was introduced at the HTL/IZO interface,
which led to a slight improvement in PV performance; however,
the J–V curve still exhibited an ‘S’-shaped prole, indicating
interfacial defects. Increasing the buffer layer thickness to
∼10 nm resulted in further improvement, yielding enhanced J–
V characteristics with minimal VOC loss, as shown in Fig. S7.
Nevertheless, a reduction in the FF was observed, suggesting
that while thicker buffer layers improve device stability and
reduce shunting, they may also introduce resistive losses. These
© 2025 The Author(s). Published by the Royal Society of Chemistry
results highlight the critical role of an optimized buffer layer.
Such a layer serves to absorb the kinetic energy of sputtered
particles, thereby preserving the structural and electronic
integrity of the underlying organic materials. Furthermore, it
must maintain sufficient optical transparency and electrical
conductivity to support efficient device operation. Thus, careful
design and engineering of the buffer layer are essential for
realizing high-performance, stable, T-PSCs.

In this study, ve MOs, Y2O3, SnO2, WO3, MoO3, and Pr6O11,
having distinct valence electron congurations, are incorpo-
rated as potential sputtered buffer layers for the 4T and 2T
tandem applications of T-PSCs. Evaluations of their optoelec-
tronic properties revealed that WO3 exhibited lower parasitic
resistance and hence the highest optical transmission in the
Vis-NIR range (average transmission of∼42% in the wavelength
range of 300–1200 nm and ∼77% in the NIR range (800–1200
nm)) and lower contact resistance (∼3 U) making it the most
effective buffer layer which is shown in Fig. 1. PL imaging and
TCSPC analysis further indicated that devices with d-block MO
(e.g., WO3 and MoO3) buffers showed higher radiative intensity
and longer carrier lifetime with uniform lm coverage, corre-
lating with improved performance as evinced in Fig. 2 and 3.

It is important to emphasize that, in the case of MOs, oxygen
vacancies play a pivotal role in modulating their electronic
properties, particularly their conductivity. In their stoichio-
metric form, MOs typically exhibit low electrical conductivity
due to their inherently wide bandgap, which limits carrier
concentration. To enhance conductivity, it is necessary to
introduce non-stoichiometry, most effectively, by generating
oxygen vacancies that act as donor states within the bandgap.
XPS analysis clearly indicates that all studied MOs possess
signicant oxygen vacancy concentrations, ranging from
approximately 22% to 45% as shown in Fig. S12 and Table S6.
Among these, MoO3 and WO3 exhibit oxygen vacancy levels of
22.02% and 24.40%, respectively, which appear to provide an
optimal balance for achieving enhanced conductivity while
maintaining desirable optical properties as evinced in prior
studies. In addition to the role of oxygen vacancies, the Fermi
level position within the MOs critically inuences their perfor-
mance in PV devices. Specically, at the MO/spiro-MeOTAD
interface, it has been well established that a close energetic
alignment, or a slightly deeper Fermi level relative to the HOMO
of spiro-MeOTAD, facilitates efficient charge transfer.66 This
results in an energetically favourable ow of electrons from the
HTL to the MO, thereby creating an excess of holes within the
spiro-MeOTAD layer and enhancing its p-type character.66,67 In
this regard, MoO3 and WO3, with work functions of 6.6–6.9 eV
and 5.0–5.8 eV, respectively, exhibit particularly favorable
interactions with the 5.2 eV HOMO level of spiro-MeOTAD.68–71

Notably, WO3 demonstrates strong interfacial coupling with
spiro-MeOTAD, leading to signicant p-type doping effects that
improve charge extraction and overall device performance.
Consequently, we believe that there is no substantial modula-
tion of the effective work function of the HTL, as only a negli-
gible change in VOC is observed. Instead, the results suggest the
establishment of Fermi level pinning, which subsequently
facilitates enhanced hole extraction. It is therefore evident that
EES Sol., 2025, 1, 1160–1172 | 1169
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there exists a strong correlation between the d-block electronic
structure of the MOs with a precise Fermi level and their ability
to interact effectively with both spiro-MeOTAD and IZO TEs.
These synergistic interactions render MoO3 and WO3 particu-
larly advantageous for T-PSCs.

Furthermore, T-PSCs are fabricated using all MOs, and the
inuence of buffer layer thickness on PV performance is
examined. An optimal thickness of ∼10 nm is determined to
yield the best performance, while thinner layers result in
shunted J–V characteristics due to sputter damage and higher
thickness leads to parasitic resistance loss. Devices based on
WO3 achieved the highest PCE of 19%, signicantly out-
performing those using the other oxides. The J–V characteristics
and EQE measurements corroborated these results, demon-
strating that WO3 maintained superior performance than the
other d-block MOs, i.e., MoO3, which is normally used in n–i–p
architecture based T-PSCs across various tests as shown in
Fig. 4. The primary improvement exhibited in the FF and the
parasitic resistance of the device, which can be correlated with
the higher density of WO3 compared to MoO3, leads to lower
sputter damage. Long-term stability assessments are performed
on higher efficiency d-block MO-based PSCs. The WO3-based
devices show a higher PCE retention rate under all the different
storage conditions. It retained∼90% of its initial efficiency aer
∼90 days in an inert atmosphere and ∼80% aer extensive
thermal and moisture exposure for ∼45 days. Light soaking
tests and MPPT analysis conrmed the stable performance
under continuous illumination and operational bias, which is
shown in Fig. 5. Overall, this study emphasizes the critical role
of buffer layers in the fabrication of T-PSCs, with WO3 demon-
strating superior optical and electronic properties, which lead
to enhanced device performance and stability.

Conclusion

Buffer layers are essential for mitigating damage to sensitive
organic layers during RF magnetron sputtering, ensuring
structural integrity and enhancing the optical and electrical
properties of T-PSCs. T-PSCs incorporating d-block MOs, such
as WO3 and MoO3, exhibited enhanced radiative intensity,
longer carrier lifetimes, and uniform lm coverage, attributed
to the favourable electronic interactions between the d-block
orbitals and spiro-MeOTAD/IZO TEs. Among the studied MOs,
WO3 emerged as the most effective buffer layer, demonstrating
superior optical transmission, minimal parasitic absorption,
and low contact resistance, which collectively contributed to the
highest PCE of 19%. The optimized device exhibits an average
optical average transmission of ∼26% in the 300–900 nm
wavelength range and ∼11% within the visible spectrum (390–
780 nm), indicating its potential suitability for BIPV applica-
tions. It is noteworthy that there remains scope for further
enhancement of transmission by reducing the thickness of the
absorber layer, thereby allowing for improved optimization
between device efficiency and visible light transmittance.
Additionally, an optimal buffer layer thickness of ∼10 nm was
determined to effectively balance protection against sputter
damage and minimize parasitic resistance, ensuring optimal
1170 | EES Sol., 2025, 1, 1160–1172
device performance. Consequently, a Si/perovskite 4T tandem
solar cell with an efficiency of 26.71% is developed, achieving
a performance enhancement of over 16%. Long-term stability
assessments further validated the robustness of d-block WO3

metal oxide-based devices, which retained∼90% efficiency aer
∼90 days under inert conditions and ∼80% under prolonged
thermal and moisture stress for ∼45 days. These ndings
emphasize the pivotal role of WO3 in advancing T-PSC tech-
nology, showcasing its ability to enhance both performance and
durability and paving the way for its integration into tandem
applications and scalable photovoltaic technologies.
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