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Transparent conductive oxides (TCOs) have been widely used as transparent electrodes in numerous

optoelectronic devices including perovskite/silicon tandem solar cells. A significant concern regarding

the application of TCOs is the sputter-induced damage to the underlying films. Understanding the

source of this damage and finding ways to mitigate it are crucial to improve the design of solar cells. In

this study, a systematic investigation was performed to determine the origin of TCO sputtering damage

on the perovskite/C60 stack using various optical filters and a series of sample structures. Our results

revealed that the steady-state photoluminescence intensity increased when the perovskite/C60 stack was

only exposed to plasma radiation. This finding suggests that sputtering damage originates from ion

bombardment rather than plasma radiation. X-ray diffraction analysis indicated that the plasma radiation

involved in the sputtering process could release the lattice strain in the perovskite film. Furthermore,

both simulations and experiments illustrated that sputtering damage was associated with the formation

of defects in the C60 layer and the dissociation of C]N bonds at the perovskite surface due to ion-

bombardment-induced phonon propagation. A method to mitigate this damage using a SnOx buffer

layer was experimentally confirmed, and its working mechanism was elucidated.
1. Introduction

In recent years, halide perovskites have garnered signicant
attention owing to their tunable bandgaps,1 high absorption
coefficients,2 long charge-carrier lifetimes3 and simple fabrica-
tion methods.4–8 The efficiency of single-junction perovskite
solar cells (PSCs) has witnessed remarkable growth, overcoming
26% within just a decade.9 Although crystalline silicon solar
cells currently dominate over 90% of the photovoltaic (PV)
market,10 their efficiency is approaching the practical limit
dened by Auger recombination, thermalization, and
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transmission losses.11 To further improve the conversion effi-
ciency of solar cells, tandem structures have emerged as
a promising solution.12 These structures involve adding a higher
bandgap absorber on top of silicon solar cells, enabling better
utilization of the solar spectrum and reducing thermalization
loss.11 Among the existing tandem combinations, monolithic
perovskite/silicon solar cells are the most promising candi-
dates, with their highest efficiency rapidly increasing from
13.7% (ref. 13) to 33.9% (ref. 14) over the last few years.

In single-junction PSCs, all layers are fabricated sequentially
from bottom to top on a glass substrate with a tin-doped indium
oxide (ITO) coating and nished with an opaque electrode; thus,
the cell performance can only be measured from the glass side.
When PSCs with an inverted structure (p-i-n) are applied as the
top cells in perovskite/silicon tandem solar cells, the hole-
transporting layer (HTL), perovskite layer, electron-
transporting layer (ETL), and electrode are fabricated sequen-
tially on the silicon bottom cells. The opaque electrode was
replaced with transparent conductive oxides (TCOs) to allow
illumination to enter the cell from the ETL side. In general,
TCOs are mostly prepared by sputtering, which offers advan-
tages such as high deposition rates, excellent adhesion, and
uniformity.15–18 However, the sputtering process of TCOs tends
to damage the underlying organic layers, particularly the
This journal is © The Royal Society of Chemistry 2024
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perovskite layer.19,20 Zanoni et al. reported that the accelerated
particles, together with side effects such as plasma radiation
and process-induced heat, can easily damage so organic
semiconductor layers, resulting in leakage currents, efficiency
deterioration and lifetime degradation.21 Mariotti et al. have
revealed that the plasma UV radiation during sputtering has
a negative impact on the path length of particles and the kinetic
energy of hitting substrate.22 Regarding the concern of perfor-
mance deterioration, various strategies have been proposed to
minimize the sputtering damage, such as inserting buffer
layer,23,24 using a so sputtering deposition by lowering sputter
power density,25 or adopting pulsed laser deposition as an
alternative technique.26,27 Although a so sputtering process
holds promise for minimizing sputtering damage, our investi-
gation on the optoelectrical properties of ITO revealed that
decreasing the sputtering power from 50 W to 30 W led to
a dramatic increase in the sheet resistance from 40 U sq−1 to
2000 U sq−1, resulting in a signicant series resistance loss and
ultimately deteriorating device performance. Therefore,
a holistic evaluation, balancing considerations of sputtering
damage with the intricate balance of optical and electrical
properties of TCOs, is necessary, especially for their application
in perovskite/silicon tandem solar cells. Use of a SnOx buffer
layer is a typical well-known approach to avoid sputtering
damage.12

The conventional understanding of the origin of sputtering
damage is attributed to high-kinetic-energy ion bombardment
and/or plasma radiation generated during the sputtering
process.21–23 However, two critical issues have been overlooked.
First, prior investigations did not address the structural alter-
ations in sputtering-prone layers, including defects, lattice
strain, and chemical bonds within lms or on their
surfaces.20,25,28 Second, although considerable attention has
been directed towards the combined effects of ion bombard-
ment and plasma radiation, the distinct inuence of each factor
on lms, stacks, and devices remains largely unexplored. To
address this gap, we utilized various optical lters to decouple
Fig. 1 (a) Sketches of the samples for PL measurement with and without
emission spectrum of oxygen/argon plasma.29

This journal is © The Royal Society of Chemistry 2024
ion bombardment and plasma radiation, allowing us to inves-
tigate their individual impacts on bare lms, layer stacks, and
complete devices. Our methodology aims to shed light on the
factors causing sputtering damage in perovskite-related devices
and the resulting structural changes in the susceptible layers.
Ultimately, this research will help us understand the mecha-
nisms underlying performance deterioration during TCO sput-
tering. Furthermore, this work can guide the optimization of
the sputtering process and the selection of appropriate buffer
layers prior to the fabrication of transparent electrodes.

In this study, steady-state photoluminescence (ssPL) spectra
of perovskite/C60 samples were investigated, and various optical
lters were applied during ITO sputtering. The aim was to
distinguish between the effects of plasma radiation and high-
kinetic-energy ion bombardment during sputtering. In addi-
tion, a simulation analysis of the penetration depth prole of
the incident ions in the perovskite/C60 stack was performed
using the Stopping and Range of Ions in the Matter (SRIM)
soware. The purpose of this analysis was to determine whether
the incident ions directly damaged the perovskite layer. More-
over, the energy-loss distribution of the incident ions was
calculated to gain insight into the energy transferred to the
perovskite/C60 lms. Finally, an efficient semi-transparent
perovskite solar cell was successfully fabricated by implement-
ing an SnOx buffer layer to effectively protect the perovskite/C60

stack.
2. Results and discussion

First, we studied the source of the sputtering damage during
ITO deposition through two experiments: (1) covering the
samples using an optical lter with a specic cutoff wavelength
in transmittance, and (2) exposing the samples directly to the
plasma. Sketches of the samples are shown in Fig. 1a. An optical
lter is the key tool for decoupling plasma radiation and ion
bombardment, allowing us to investigate their individual
impacts and shed light on the factors causing sputtering
optical filters. (b) Transmittance spectra of three filters and the optical

J. Mater. Chem. A, 2024, 12, 14816–14827 | 14817
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damage; however, it cannot be used as a buffer layer to mitigate
the damage. During the ITO sputtering process, the shielded
samples were only accessible to oxygen/argon plasma radiation,
because the lters blocked the bombardment of ions and other
particles. In contrast, the samples that were not covered with
a lter were exposed to the entire sputtering process, including
plasma radiation and high-kinetic-energy ion bombardment.
Three optical lters were utilized: corning glass (CG), quartz
glass (QG), and magnesium uoride-coated glass (MgF2). The
transmittance curves of these lters and the optical emission
spectra of the oxygen and argon plasma generated during
sputtering are shown in Fig. 1b. The CG lter allows photon
transmission with wavelengths above 250 nm, which enables
approximately 10% transmittance at the emission peak of
265.5 nm related to the oxygen plasma and up to 90% trans-
mittance at emission peaks ranging from 290 to 370 nm asso-
ciated with the argon plasma. The QG lter has a cutoff
wavelength of 160 nm, enabling up to 90% transmittance of
argon plasma at shorter emission wavelengths. The MgF2 lter
extends the minimum transmission wavelength to 110 nm,
which is transparent to strong oxygen plasma at approximately
131 nm.

PL spectroscopy is a suitable tool for studying the effects of
process variations on the nonradiative recombination in semi-
conductors. The higher the PL intensity at a given excitation, the
higher the fraction of radiative recombination and the lower the
Fig. 2 PL spectra of stacks shielded by (a) corning glass (CG), (b) quartz g
filter before and after ITO sputtering.

14818 | J. Mater. Chem. A, 2024, 12, 14816–14827
fraction of unwanted nonradiative recombination. As process
variations typically primarily affect nonradiative recombina-
tion, comparing absolute or relative PL intensities as a function
of sample geometry or processing is a simple but effective
strategy for evaluating changes in recombination without
requiring electrical contacts. Thus, we studied the absolute PL
spectra and quantum yields of the covered and uncovered
samples using a PL setup from QY Berlin. Therefore, we
distinguished between the effects of plasma radiation and ion
bombardment on the glass/ITO/2PACz/perovskite/C60 stack
during ITO sputtering, where 2PACz and C60 acted as HTL and
ETL, respectively. The exposure time to plasma radiation was
35 min, which was also the deposition time, implying that
a 110 nm ITO lm was deposited on top of either the lter or C60

at the end of the experiments. Notably, the transparency of the
highly transparent ITO increased as the layer thickness
decreased, indicating a potential shi towards the optical lter
with increased thickness as the exposure time increased,
although this outcome was inevitable. The transmittance curves
of both the 10 nm and 110 nm ITO lms deposited on the CG
lter are given in the ESI (Fig. S9†) for reference. In the early
stage of sputtering, the thin ITO lm exhibited almost complete
transparency to plasma radiation. However, it has become
challenging to accurately assess the impact of the exposure time
to plasma radiation on PL and determine the optimal exposure
time because of the inherent ltering effect of thick ITO.
lass (QG), (c) magnesium fluoride-coated glass (MgF2), and (d) without

This journal is © The Royal Society of Chemistry 2024
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Although pure plasma treatment without sputtering is an
alternative method, it fails to replicate authentic experimental
conditions effectively.

In Fig. 2a–c, it is evident that the PL intensities of the layer
stacks shielded by the optical lters exhibit an enhancement
under different plasma radiation conditions. However, the PL
intensity decreased signicantly when ITO was directly sput-
tered onto the C60 lm, as shown in Fig. 2d. The full width at
half maximum (FWHM) values before and aer ITO sputtering
in the four scenarios are listed in Table 1, with negligible
changes (see ESI†). The statistics of the PL intensity in the four
scenarios demonstrated the good reproducibility of the inten-
sity variation (Fig. S1†). The results reveal that sputtering
damage to the underlying stack primarily arises from ion
bombardment, and the resulting degradation far outweighs any
gain from plasma radiation. To examine the positive effect of
plasma radiation, the rate of change in the luminescence ux
density was plotted against the implied open-circuit voltage
(iVOC) of each sample before and aer ITO sputtering (Fig. S1†).
iVOC increased as the PL intensity increased when the ions were
completely blocked by the lters. This observation suggests that
Fig. 3 (a) XRD patterns of the control perovskite film, perovskite film c
plasma. (b) Magnified (200) plane diffraction peaks and ITO characteris
operation of the XRD patterns and the different magnifications of the x- a
of the original one.

This journal is © The Royal Society of Chemistry 2024
the oxygen/argon plasma radiation effectively suppressed the
nonradiative recombination in the glass/ITO/2PACz/perovskite/
C60 stacks. Given that previous reports have found correlations
between lattice strain and nonradiative recombination,30–32

further investigations were carried out to study the change in
lattice strain within perovskite lms. The ndings are discussed
in the next section.

X-ray diffraction (XRD) was carried out to study the variation
in the crystal structure and lattice strain in the perovskite lms
aer ITO sputtering under the above two conditions. Before the
XRDmeasurements, the C60 and top sputtered ITO layers on the
“plasma radiation & ion bombardment” sample were washed
away by dynamically spin-coating chlorobenzene (CB) solution.
The CB solution dissolved C60 but did not affect the perovskite
layer (Fig. S1†). In Fig. 3a, diffraction peaks corresponding to
the various crystal planes of the perovskite are observed in the
specially treated perovskite lms (red and blue lines) and the
perovskite control sample (purple line). The XRD patterns of all
samples contain the same typical perovskite peak at ∼14°,
corresponding to the (100) crystallographic plane. This obser-
vation indicates that ITO sputtering did not change the crystal
overed using an optical filter, and perovskite film exposed directly to
tic peaks. (c) Williamson–Hall plots for each sample. The zoomed-in
nd y-axes make the shapes of the magnified peaks different from those

J. Mater. Chem. A, 2024, 12, 14816–14827 | 14819
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structure of the perovskite. Furthermore, there is no evidence of
phase segregation, as no side peak was found at 11.6°, which is
related to the photoinactive hexagonal d-phase of FAPbI3.33 The
XRD patterns of the samples also included three specic peaks
of ITO (labeled #), which originated from the ITO-coated glass.
We observed that the diffraction peak of (200) broadened
slightly and red-shied to angles larger than 28.63° aer the
perovskite/C60 stack was treated with plasma radiation, as
depicted in Fig. 3b. In addition, the same broadening of other
four diffraction peaks was observed aer plasma radiation,
including (100), (110), (111), and (210), suggesting the presence
of lattice strain in perovskite lms.34

To estimate the lattice strain within the perovskite lms, the
Williamson–Hall (W–H) method was utilized to analyze the
diffraction peak broadening in-depth,35 which can be attributed
to the crystallite-size-induced broadening bL (1) and strain-
induced broadening be (2).

bL ¼ Kl

L cos q
(1)

where b is the FWHM of the diffraction peak, L is the crystallite
size, and l is the X-ray wavelength. The strain-induced broad-
ening be (2) is calculated from

be = C3 tan q (2)

where 3 is the strain and C is a constant value (typically z 4). If
both contributions are present, then the combined effects
should be determined by convolution. A simple sum is assumed
to be a convolution for simplication (3).

b cos q ¼ C3 sin qþ Kl

L
(3)

The size and strain components can be obtained from the
intercept (Kl/L) and slope (3) by plotting b cos q versus 4 sin q,
respectively. In general, the fabrication process determines the
crystallite size of the perovskites.36 In this study, the contribu-
tion of the bL component could be neglected because the
perovskite lms were prepared simultaneously using the same
spin-coating and post-annealing processes, resulting in the
same crystallite size. The W–H plots of the perovskite control
and the perovskite lm treated with plasma radiation are shown
in Fig. 3c, where the broadening diffraction peaks are consid-
ered as a function of the diffraction angle. The positive slopes of
the tting curves indicate the presence of lattice expansion in
both samples. The slope of the W–H plots of the perovskite lm
treated with plasma radiation was 0.10204 ± 0.00044, which
was smaller than the slope of 0.10492 ± 0.00063 for the perov-
skite control, suggesting relaxation of the lattice strain. In
principle, the release of lattice strain contributes to the yield of
higher iVOC due to the reduction in defect concentration and the
suppression of nonradiative recombination.30,32 In the previous
analysis of PL spectra, we observed an increase in the iVOC of the
glass/ITO/2PACz/perovskite/C60 stacks aer plasma radiation
and inferred that plasma radiation reduced nonradiative
recombination within the perovskite lms by releasing the
14820 | J. Mater. Chem. A, 2024, 12, 14816–14827
lattice strain.37 It also illustrates that ion bombardment was the
dominant cause of sputtering damage in this study, instead of
plasma radiation. However, in the absence of a reliable method
for decoupling the oxygen and argon plasma, we cannot deter-
mine whether oxygen plasma or argon plasma is the primary
source of sputtering damage. When examining the reasons
behind the relaxation of lattice strains due to plasma radiation,
we should recognize that the light-induced alterations in lattice
strain depend on various parameters, including photon
energy,38 wavelength,39 intensity, and duration of illumina-
tion.37,40 Given the potential of each of these factors to impact
lattice strain through distinct mechanisms, and considering
that plasma radiation was not identied as the primary
contributor to sputtering damage, we refrained from conduct-
ing a separate and comprehensive study in the present work.
Further research and analysis are necessary to compressively
address this unresolved aspect.

Single-junction PSCs were fabricated to evaluate the impact
of the plasma radiation. Both the control and the “plasma
radiation” PSCs have the same architecture given by glass/ITO/
2PACz/perovskite/C60/BCP/Ag. The control devices adhere to
a standard procedure, while the “plasma radiation” devices
undergo a slightly different manufacturing process. In the case
of the “plasma radiation” devices, aer preparing the glass/ITO/
2PACz/perovskite/C60 stacks, they were promptly covered with
CG lters. Subsequently, they were transferred to a sputtering
chamber for post-treatment with plasma radiation during ITO
sputtering. Importantly, it should be noted that the CG lters
effectively block ions during this process. Following the plasma
radiation treatment, the samples were returned to a glovebox
for deposition of the BCP/Ag layers. Compared with the control
devices, the “plasma radiation” devices exhibit an average effi-
ciency enhancement of more than 1%, as depicted in Fig. 4. The
enhanced efficiency (h) of PSCs following exposure to plasma
radiation can be attributed to the relaxation of lattice strain.
This relaxation effectively suppresses nonradiative recombina-
tion within the perovskite lms, thereby enabling a more effi-
cient collection of carriers, which results in an increase in the
open-circuit voltage (VOC) and ll factor (FF).

From the XRD results, it is difficult to determine whether ion
bombardment is damaging to the perovskite lm; therefore,
more detailed studies of perovskite lms have been performed.
Two sample congurations were investigated with PL: glass/
ITO/2PACz/perovskite/C60/(SnOx/)ITO stacks with or without
SnOx and glass/ITO/2PACz/perovskite stacks. The latter samples
were obtained by washing away the C60/(SnOx/)ITO lms of the
former one with CB, as shown in Fig. 5c. The sample employed
a commonly used buffer layer, SnOx, on top of C60 to mitigate
sputtering damage (see ESI† for more details on SnOx deposi-
tion). As shown in Fig. 5a, there was no degradation in the PL
intensity aer ITO sputtering in the sample containing SnOx

(solid lines). In contrast, the PL intensity of the sample without
SnOx is notably diminished (dashed lines). However, the results
only illustrate the damage to the entire stack without revealing
the impact on the perovskite lms individually. Therefore, the
second conguration, focused solely on the glass/ITO/2PACz/
perovskite stack, was studied to exclude any interference from
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a–d) h, VOC, FF, and JSC statistics of the control perovskite solar cells and cells treated with plasma radiation prior to the deposition of the
BCP/Ag layers.
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other lms, particularly C60. Aer washing away the C60/(SnOx/)
ITO lms, their PL spectra were re-measured and compared
with that of the control sample, which was an as-prepared glass/
Fig. 5 PL spectra of stacks (a) before and (b) after washing away C60/(SnO
on glass/ITO/2PACz/. (c) Schematic of the sample stacks and procedure

This journal is © The Royal Society of Chemistry 2024
ITO/2PACz/perovskite stack, as shown in Fig. 5b. We observed
that the PL signals of the sample containing SnOx and the
control sample almost coincided, whereas the PL intensity of
x/)ITO layers. The control sample was the as-prepared perovskite layer
for film removal.

J. Mater. Chem. A, 2024, 12, 14816–14827 | 14821
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the sample without SnOx degraded signicantly. This observa-
tion demonstrates that the absence of a buffer layer damages
the underlying perovskite lm aer the ITO sputtering. We also
observed that the PL intensity of the perovskite/C60/SnOx

sample was higher than that of the perovskite/C60 sample,
suggesting that the SnOx treatment enhanced the PL intensity.
SnOx is likely to have a much lower work function than bare C60,
which will move the Fermi level at the perovskite/C60 interface
up towards the conduction band of C60. This will reduce the
hole concentration in the perovskite at the interface, thereby
reducing the recombination rate at a given Fermi level splitting.
This leads to enhanced PL.

To determine whether sputtering damage to the perovskite
lm is associated with ion penetration, SRIM Monte Carlo
simulations were carried out to simulate the penetration depth
of the negative ions with an initial kinetic energy of 85 eV, which
was calculated from the voltage between the target and
substrate during ITO sputtering (see the ESI† for detailed
settings). Fig. 6a shows the ion distributions of oxygen, argon,
indium, and tin in the perovskite/C60 stack as a function of the
Fig. 6 Penetration depth profile of ions involved in sputtering plasma in (
atoms displayed on a black background and (b) the perovskite/C60/SnOx s
bombardment in (c) perovskite/C60 stack and (d) perovskite/C60/SnOx s

14822 | J. Mater. Chem. A, 2024, 12, 14816–14827
penetration depth. Oxygen and argon ions have penetration
depths of ∼3 nm, whereas tin and indium ions have maximum
penetration depths of ∼4 nm. All impinging ions eventually
stopped penetrating to a depth of less than 5 nm from the
surface and remained in the C60 lm. The white and red dots
displayed in the black background represent the moving ions
and stopped atoms ejected from their original site when colli-
sions transfer more than the displacement energy (Edisp). The
radial and spherical distributions of the atoms were attributed
to the penetration of the heavy and light ions, respectively. For
semiconductors, the typical values of Edisp are about 15 eV,41

which is signicantly lower than the initial kinetic energy of
ions. Subsequently, vacancies were created near the surface
owing to the collisions between the ions and lattice atoms as
well as the collisions between the recoiling atoms and other
lattice atoms. Recoiling atoms, also known as recoils, are atoms
that are knocked out of their lattice sites, thus creating vacan-
cies and interstitials.41 The SRIM soware predicts the number
of vacancies in the C60 layer le by the knocked-out lattice
atoms (Fig. S2†). Based on the PL and simulation results, we
a) the perovskite/C60 stack with the distribution of stopped and moving
tack. Energy loss distribution of ions and recoils after oxygen and tin ion
tack.

This journal is © The Royal Society of Chemistry 2024
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postulate that a large number of carriers may recombine with
the assistance of vacancy defects le by the knocked-out lattice
atoms near the C60 surface, leading to signicant degradation of
the PL intensity.

During the TCO sputtering process, the incident ions with
high kinetic energies collide with the lattice atoms close to the
sample surface, and part of the energy is transferred to the
atoms, leading to bond breakage or other structural
changes,19,20 while the remaining energy enables the ions to
penetrate deeper into the sample, eventually stopping move-
ment with the remaining energy released as phonons. Fig. 6c
shows the energy loss distribution generated from the SRIM
simulations. Oxygen ions, the most abundant species in the
plasma,42 generate phonons with 46.7% of their initial kinetic
energy of 85 eV, and the recoils contribute an additional 27.4%.
Tin ions, the heaviest atoms in the plasma, generated phonons
with 78.6% of their initial kinetic energy, and recoils contrib-
uted an additional 8.6%. Therefore, the total energy of phonons
was 63 eV per incident oxygen ion and 74 eV per incident tin ion
within the range of the phonon dispersion relation of C60.43 It is
well known that heat transport in dielectric solids is mainly
through the elastic vibration of the lattice, also described as
phonon propagation.44 According to the simulation results, the
impinging ions did not penetrate the C60 lm to reach the
perovskite surface; therefore, we speculate that the sputtering
damage on the perovskite lm is related to phonon propaga-
tion. Phonons are quantized lattice vibration modes and are
responsible for heat conduction in most non-metallic solids.45

In the ITO sputtering process, phonons propagate into the
perovskite layer in the direction of the lm thickness and heat
the perovskite surface. However, the energy of phonons reach-
ing the perovskite layer is less than the total energy obtained
from ions and atoms due to phonon scattering, including
scattering by imperfections,46 intrinsic-structure scattering
combined with internal-boundary scattering,47 and scattering at
solid–solid interfaces.48 Considering the low energy required to
break the chemical bonds in hybrid halide perovskites, such as
C–C bonds (3.73 eV), the elevated temperature was perhaps
already sufficient to dissociate the bonds at the perovskite
surface.49 Besides, previous reports have revealed that heat can
easily degrade the formamidinium cation (FA+) by breaking the
C]N double bonds.50–52 Investigation of the chemical bonds at
the perovskite surface aer ITO sputtering is discussed in detail
later.

When SnOx is introduced as a buffer layer, the extra 15 nm
thick solid lm naturally has a higher potential to protect the
underlying perovskite against ion bombardment. To compare
the effect of the thickness variations of the stacks, PL spectra
were obtained for the glass/ITO/2PACz/perovskite/C60 stacks
using 35 nm thick C60 lms, while the conventional thickness of
C60 was 20 nm. The reduction in PL intensity (Fig. S2†) aer ITO
sputtering demonstrated that the double layers of C60/SnOx

outperformed the single layer of C60 for the same layer thick-
ness. This is mainly because phonons lose a large amount of
energy in the SnOx layer and at the C60/SnOx interface because
of scattering. The ion distribution in the perovskite/C60/SnOx

stack as a function of target depth was also studied, as shown in
This journal is © The Royal Society of Chemistry 2024
Fig. 6b. These results demonstrate that all ions had a similar
maximum penetration depth of ∼3 nm; however, the penetra-
tion depth of the heavy ions was less than that in the perovskite/
C60 stack, which may be associated with the specic mass and
atomic radius. The specic mass of SnOx (6.85 g cm−3) is three
times higher than that of the C60 (1.65 g cm−3).53 The fact
reects that the impinging ions collide with more atoms per
unit volume and lose energy quicker in the SnOx lm, so the
heavy ions have a shorter penetration distance. Because the
radius of light ions is much smaller than that of heavy ions, the
penetration depth of light ions is less likely to be affected. From
the energy loss distribution depicted in Fig. 6d, we conclude
that the oxygen ions generated phonons with 53.8% of their
initial kinetic energy of 85 eV, and those produced by the recoils
accounted for another 17.4%. Tin ions generated phonons with
43.1% of their initial kinetic energy, and recoils produced
33.5%. Therefore, the total energy of the phonons is 61 eV per
incident oxygen ion and 72 eV per incident tin ion within the
range of the phonon dispersion curve of SnOx.54 Both energies
are smaller than the total energy of the phonons in the perov-
skite/C60 stack (63 and 74 eV). These results can be explained in
terms of Edisp, which refers to the minimum kinetic energy
required to permanently knock atoms away from the lattice
sites. The struck atoms gain energy from a collision, and this
energy and the energy of incident ions are released as phonons
only if they are lower than the Edisp of the lattice.41 The Edisp of
Sn is 22 eV, lower than the Edisp of C of 25 eV,55 which means the
incident ions and the struck atoms with kinetic energy between
22 and 25 eV could transfer energy to phonons in the C60, but
this is not the case in the SnOx. Therefore, the total energy of
phonons in the perovskite/C60 stack was slightly higher than
that of phonons in the samples with SnOx layers.

High-resolution X-ray photoelectron spectroscopy (XPS)
measurements were used to gain insights into the localized
chemical bonding changes on the surface of the perovskite
lms aer ITO sputtering. Fig. 7a compares the Pb 4f core level
spectra of three samples: perovskite control (as-prepared),
perovskite lms with C60, and C60/ITO washed away. The
binding energy (BE) of the Pb core level was affected by the
elements bonded to it. Specic peaks of Pb 4f7/2 (∼138.6 eV) and
Pb 4f5/2 (∼143.4 eV) were present in all samples. The BE of the
two Pb 4f peaks of the perovskite with C60 washed away (orange
curve) overlapped with the peaks of the perovskite control
(black curve), indicating that the chemical states of Pb were not
affected by washing away C60 with CB. A slight shi to a higher
BE for both the Pb 4f7/2 and 4f5/2 peaks was observed aer ITO
sputtering (blue curve). This can be attributed to the thermal
degradation of the perovskite because the Pb spectra shi
toward the direction of mixed halide perovskite decomposition
into PbI2 and PbBr2,56 which is triggered by the temperature rise
at the perovskite surface owing to phonon propagation. Fig. 7b
depicts the core level of N 1s, in which two peaks located at the
BE of ∼400.8 eV and ∼402.4 eV representing nitrogen in C]N
and C–N bonds conrm the presence of the FA+ and methyl-
ammonium cations (MA+), respectively.57 The nitrogen atomic
ratio of FA+ : MA+ in the perovskite control and the perovskite
with C60 washed away was calculated to be 0.85 : 0.15 (Fig. S3†).
J. Mater. Chem. A, 2024, 12, 14816–14827 | 14823
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Fig. 7 XPS spectra of (a) Pb 4f and (b) N 1s of three samples.
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However, the FA+ : MA+ ratio decreased to 0.82 : 0.18 aer ITO
sputtering, suggesting minor loss of FA+. Meanwhile, the
signals of carbon in C–N (∼288.5 eV) and C]N (∼286.7 eV)
bonds found in the C 1s core level spectra also proved the
coexistence of FA+/MA+,57 where a shoulder peak to the le of
the C]N bonds became apparent with ITO sputtering
(Fig. S4†). The deconvoluted C 1s peak of each sample and
integrated area under the deconvoluted peaks were tted using
Gaussian functions. The C 1s peak at a BE of ∼289.1 eV present
in all the samples should be associated with the double-bonded
oxidized carbon species O–C]O.58 The integrated area under
the O–C]O bond peaks increased slightly from 613 cps eV to
635 cps eV when the C60 layer was washed away. However, aer
the ITO sputtering, there was a pronounced increase in the
integrated area to 967 cps eV. From the SRIM simulation
results, we know that oxygen ions cannot penetrate through the
C60 lm and reach the perovskite surface; thus, the dramatic
increase in the integrated area under the peak of O–C]O bonds
is estimated to be associated with the formation of carbon
dangling bonds due to phonon propagation dissociating
chemical bonds, which immediately re-bond to the oxygen
atoms in the water from ambient air during the transfer of the
samples from the glovebox to the XPS spectrometer. The XPS
data for the deconvoluted peaks of the C]N bonds in the C 1s
core level spectra of the three samples are listed in Table 2 (see
ESI†). The ratio of the integrated area under the O]C–O/C]N
bond peaks did not change as C60 was washed away, suggesting
that this approach had a negligible effect. Aer the ITO sput-
tering, the ratio increases from 0.37 to 0.48. Analysis of the
C]N bonds in the C 1s core level spectra shows that there is an
increase in the O]C–O bonds and perhaps a minor loss of FA+

at the perovskite surface under the effect of ITO sputtering. The
peaks observed at a lower BE of ∼285.2 eV were attributed to
C–C and C–H bonds, which were detected in the contamination
of the perovskite surface. The intensities of these peaks
increased signicantly owing to the removal of C60 and C60/ITO
with residual impurities. The integrated area under the
14824 | J. Mater. Chem. A, 2024, 12, 14816–14827
deconvoluted peaks of the C–N bonds has not been discussed in
detail because it is strongly affected by residual impurities,
which are difficult to control during transportation. The spec-
tral levels of Cs 3d and I 3d for the three samples almost overlap
(Fig. S5†). The core spectral level of Br 3d shied slightly as C60

was washed away; however, no further shi was observed aer
the ITO sputtering. A shoulder peak at a BE of 530.2 eV in the
O1s core level spectra is associated with the ITO residues with
C60/ITO washed away,59 and the strong peaks at ∼533.0 eV
distinguished in all samples were responsible for the surface
absorbed water species. The results demonstrate that a minor
loss of FA+ owing to the dissociation of C]N bonds is the major
cause of ion-bombardment-induced sputtering damage to the
perovskite lm.

To evaluate the impact of the ITO sputtering damage at the
device level, we fabricated both opaque and semi-transparent
PSCs with distinct device architectures. The opaque devices
followed the glass/ITO/SAM/perovskite/C60/SnOx/Ag structure
with a 5 nm thick SnOx buffer layer. Meanwhile, semi-
transparent PSCs were fabricated with a glass/ITO/SAM/perov-
skite/C60/SnOx/ITO/Ag structure, employing both 5 nm and
15 nm buffer layers. Fig. 8 shows the JV curves derived from the
three devices, and the EQE results are presented in the ESI
(Fig. S6†). When 5 nm thick SnOx buffer layers were employed in
both devices, the opaque PSC showed an h of 18.8%, but
a pronounced S-shaped curve was observed in the semi-
transparent PSC, accompanied by a lower h of 11.6%. These
results clearly indicate that the S-shape is primarily attributed to
sputtering damage rather than variations in band alignment
stemming from the addition of the SnOx buffer layer. The
emergence of S-shapes in the JV characteristics is commonly
attributed to energetic barriers at the contacts15,20,60,61 for several
reasons, such as insulating interfaces,61 imbalanced charge
transport,62 unfavorable energetic alignment,63 and Fermi-level
pinning by interface states.64 We adapted the method
described in ref. 61 to reveal the origin of the S-shape. A semi-
transparent device with a 5 nm-thick SnOx lm, exhibiting
This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Current density–voltage (JV) curves of single-junction and
semi-transparent perovskite solar cells with SnOx buffer layers. Solid
and dashed lines represent the forward and reverse sweeps,
respectively.
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a pronounced S-shaped JV curve, was subjected to illumination
across intensities ranging from 0.1 to 1 sun. The obtained JV
curves were normalized at −0.1 V, where the current was satu-
rated (Fig. S11†). VOC increased as the illumination intensity
increased, and the curves crossed near the X-axis, suggesting
the presence of an extraction barrier for electrons. For
comparison, the same method was applied to a semi-
transparent device with a 15 nm-thick SnOx lm, revealing
a markedly reduced crossing in the non-S-shaped JV curves at
various light intensities. Therefore, the presence of an extrac-
tion barrier at the SnOx/ITO interface is the reason for the S-
shape observed in the JV curve of the semi-transparent device
with a 5 nm-thick SnOx lm, likely stemming from band
alignment issues at the interface. By increasing the SnOx

thickness to 15 nm, the S-shape disappeared, resulting in
a signicant enhancement of the short-circuit current density
(JSC), VOC, and FF of the semi-transparent PSC. This optimiza-
tion resulted in an optimal h value of 18.3%. This remarkable
improvement can be attributed to the effective protection of the
perovskite/C60 stack from sputtering damage achieved by
employing a 15 nm thick SnOx buffer layer, in contrast to the
5 nm thickness because the energy required a certain thickness
to be released aer the ion penetration motion stopped.

In conclusion, the ITO sputtering damage to the perovskite/
C60 stack was attributed to the defects created in the C60 layer
and the breakage of the C]N bonds at the perovskite surface
owing to the heat transfer from the sample surface to the
perovskite surface by phonon propagation. The defects and
dangling bonds likely act as recombination centers, compro-
mising device performance and long-term stability. The intro-
duction of an SnOx buffer layer with a critical thickness of
15 nm guarantees the presence of adequate phonon scattering
events within the SnOx layer. Moreover, the C60 surface becomes
the rst solid–solid interface reached by phonons during
propagation instead of the perovskite surface, where phonon
This journal is © The Royal Society of Chemistry 2024
scattering increases and thermal conduction deteriorates.
Consequently, the energy carried by phonons that ultimately
reach the perovskite surface is too low to initiate chemical bond
dissociation. We have summarized the following suggestions
on how to choose a buffer layer for perovskite/silicon tandem
solar cells: (1) high transparency can reduce parasitic absorp-
tion losses, (2) high specic mass can reduce the penetration
depth of impinging ions, (3) low displacement energy can
reduce the kinetic energy transferred to phonons, and (4) more
internal boundaries can increase the probability of phonon
scattering. In cases (3) and (4), a thicker buffer layer can better
support the prevention of phonon propagation.

3. Conclusion

In this work, our investigation revealed that the sputtering
damage of ITO to perovskite/C60 stacks primarily originates from
ion bombardment rather than plasma radiation. In contrast,
plasma radiation exhibits great potential for suppressing non-
radiative recombination within perovskite lms. Direct exposure
of the perovskite/C60 stack to plasma results in the generation of
vacancy defects within a few nanometers of the C60 surface
because of collisions between the impinging ions and lattice
atoms. These vacancies likely serve as centers for nonradiative
recombination, leading to the deterioration of iVOC and, conse-
quently, a reduction in device efficiency. XPS measurements
showed that C]N bonds at the perovskite surface dissociated
under plasma irradiation owing to phonon propagation, resulting
in a minor loss of FA+, potentially undermining the device
performance. The SnOx buffer layer mitigated the sputtering
damage mainly because of two aspects: (1) less kinetic energy was
transferred to phonons owing to better lm properties. (2) It is
difficult for phonons to propagate to the perovskite surface owing
to scattering within the SnOx layer and C60/SnOx interface. Overall,
we provide insight into the damage mechanism and the conse-
quent working mechanism of the SnOx buffer layer that shields
the perovskite from sputter damage. This work is important for
the future optimization of perovskite-based tandem solar cells
because further efficiency improvements of such tandem solar
cells depend on nding solutions for the compromise between
the optical and electrostatic properties of the buffer layer, as well
as its ability to block ions during the sputtering process.
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