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1. Introduction

lonic liquid-modified perovskite films for
enhanced solar cell stability

Udit Tiwari, @ *3® Jordan Cole, @12 Zheshen Li, ©¢ Alex Walton, @4
Liam P. Dwyer, @®"9 Ben F. Spencer, @ Sergey Zlatogorsky@h and Karen L. Syres@*a

Halide perovskites have emerged as promising candidates for photovoltaic applications due to their
remarkable device efficiencies. Despite this progress, their commercial viability is hindered by structural
instability under high temperature and humidity. Here, the stability of mixed-halide perovskites is enhanced
by incorporating the ionic liquids (ILs) 1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF,) and
1-butyl-3-methylimidazolium chloride (BMIMCLl). The resistance of the IL-modified films to heat and
moisture is investigated using X-ray photoelectron spectroscopy (XPS), near edge X-ray absorption fine
structure (NEXAFS), hard X-ray photoelectron spectroscopy (HAXPES) and near-ambient pressure X-ray
photoelectron spectroscopy (NAP-XPS). Additionally, the role of a SnO, electron transport layer (ETL) is
investigated for improving the stability of the IL-modified films. Results indicate that the IL-modified
perovskite films on SnO, demonstrate enhanced thermal stability, withstanding temperatures of at least
300 °C. BMIMBF4-modified films demonstrate superior thermal stability, attributed to the formation of an
IL overlayer which protects the underlying perovskite layer. Conversely, in BMIMCI-modified films, BMIM*
and Cl ions diffuse into perovskite grain boundaries, enhancing crystallinity and neutralising surface
defects. HAXPES results show that IL-modification protects the perovskite films from surface degradation.
NAP-XPS results indicate that BMIMCl-modified films show greater resistance to water penetration than
BMIMBF4-modified films. It is inferred that the combined use of ILs and SnO, significantly enhances the
thermal and moisture stability of perovskites, advancing their potential for commercial application.

perovskite thin films is crucial for ensuring their long-term
performance and commercial viability. Several strategies have

Halide perovskite solar cells (PSCs) have emerged as
frontrunners in next-generation photovoltaic technology due
to their high efficiency and ease of fabrication." Despite these
advantages, their practical deployment is hindered by their
susceptibility to environmental stressors such as high
temperature and moisture.””® Addressing the instability of
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been explored to enhance perovskite stability, including
additive engineering, hydrophobic interlayers, and halide
substitution.*®” Among these, additive engineering has
shown particular promise in stabilising perovskite structures
and mitigating defects. In this study, we examine the impact
of incorporating ILs, BMIMCI (1-butyl-3-methylimidazolium
chloride) and BMIMBF,; (1-butyl-3-methylimidazolium
tetrafluoroborate) into mixed-halide perovskite CH;NH;PbI;_,-
Cl, (MAPbI; ,Cl,, methylammonium lead iodide-chloride)
thin films. Our objectives are twofold: first, to enhance film
quality by modifying the crystallisation process, and second,
to improve resistance to environmental stressors by using ILs
that may form protective layers through strong coordinate
bonds. We assess the effects of BMIMBF, and BMIMCI on the
crystallisation and stability of MAPbI;_,Cl, films, both with
and without a SnO, electron transport layer (ETL). ILs have
also been used as interfacial modifiers in devices (rather than
additives in the perovskite precursor solution) and this has
been shown to improve energy level matching and passivate
defects at interfaces.®® MAPbI,_,Cl, perovskite solar cells offer
distinct advantages over pure MAPbI; counterparts, including

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a significantly longer charge carrier diffusion length -
approximately ten times greater - which enhances charge
collection efficiency and reproducibility.'® Unlike MAPbI;,
which typically requires mesostructured cells for optimal
performance, MAPbI;_,Cl, can achieve high power conversion
efficiencies (PCEs) in planar device structures through
simpler fabrication methods."*

ILs are advantageous due to their broad liquid
temperature range, high carrier mobility, and thermal and
electrochemical stability.'> Their structural versatility allows
diverse interactions with perovskite materials, potentially
enhancing film quality and stability. Previous studies have
demonstrated that incorporating ILs into PSCs can improve
device performance by creating halide complexes or
optimising energy level alignment at interfaces."*'* Snaith
et al. reported that BMIM" cations effectively bind to surface
sites vulnerable to heat and moisture, thus improving PSC
stability."> Their work showed that devices with 0.3 mol%
BMIMBF, achieved a high PCE of 19.8%. Building on this,
our study explores 0.3 mol% IL-modified perovskite films on
exposure to high temperatures and moisture. When exposed
to stressors such as heat, UV light and moisture, pure
MAPDI; (CH3;NH;3PbI;) can decompose into MAI (CH3NH;I) +
Pbl,. MAI can further decompose into CH;NH, + HI, and
Pbl, can further decompose into Pb + I,.'® MAPbI;_,Cl, used
in this study can also form the corresponding Cl species e.g.
CH;3NH;Cl (MACI) + PbCl,, and possibly mixed halide species
such as PbICL"

It has been reported that BMIMBF, enhances device
performance by integrating BF, ions into the perovskite
lattice. Previous studies indicate that BF, ions reduce trap
density, recombination rates and  extend
photoluminescence lifetime."®'® The role of chlorine ions in
MAPbI;_,Cl, perovskites remains debated. Some studies
suggest that CI” ions do not integrate into the Pbl; lattice but
instead enhance performance through indirect mechanisms,
such as improved charge transport or enhanced
crystallinity."72%?! Other studies support the incorporation
of ClI” ions into the lattice, affecting material properties.****
Our investigation focuses on how BMIMCI, a chloride-
containing IL, influences MAPbI;_,Cl, crystallisation and the
effects of excess Cl™ ions on the incorporation of CI into the
perovskite lattice. By comparing BMIMCI and BMIMBF,, we
aim to isolate the specific contributions of the chloride anion
to perovskite film quality and stability.

Our study highlights the role of imidazolium-based ILs,
BMIMBF, and BMIMC], in enhancing the stability of mixed
halide perovskite MAPbI;_,Cl, films against moisture and
heat. We find that the IL-modified perovskite films deposited
on SnO,-coated substrates demonstrate resistance to thermal
degradation, maintaining their structural integrity even at
elevated temperatures of up to 300 °C. We attribute this
enhanced thermal stability to the interaction between the IL
and the SnO,. 300 °C was chosen as the testing temperature
to induce degradation and assess the stabilising effect of the
IL modification. Hard X-ray photoelectron spectroscopy

lower
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(HAXPES) results show that IL-modification protects the
perovskite films from surface degradation. The moisture
endurance of these IL-modified films, assessed via near-
ambient pressure X-ray photoelectron spectroscopy (NAP-
XPS), superior resistance to water exposure,
particularly for the BMIMCl-modified perovskite. This
improved stability aligns with the hypothesised interaction
mechanisms between the ILs, perovskite and SnO,, further
underscoring the potential of ILs in prolonging the
operational lifespan of perovskite-based devices. The findings
presented here contribute to understanding how ILs and
SnO, may help mitigate degradation pathways in perovskite
films, offering insights that could aid in the development of
more durable perovskite solar cells.

reveals

2. Experimental

2.1 Materials and deposition

MAPDI;_,Cl,  perovskite  precursor ink (I101) in
dimethylformamide (DMF) was purchased from Ossila Ltd.
(Sheffield, UK), and all other chemicals were sourced from
Sigma-Aldrich  (Gillingham, UK), Thermo Scientific
(Abingdon, UK) or Ossila Ltd. Films were fabricated on
titanium foil substrates, which were cleaned sequentially
(details in SI). The substrates were divided into two sets: one
set was spin-coated with a 15% SnO, solution in H,O (50 pl,
3000 rpm, 30 s) and annealed at 150 °C for 40 minutes, the
other set was not coated with SnO,. The perovskite precursor
ink was heated at 70 °C for 2 hours to ensure complete solute
dissolution. Two perovskite solutions were prepared, one
containing 0.3 mol% BMIMCI and the other containing 0.3
mol% BMIMBF, and heated at 70 °C for 10 minutes. These
two solutions, along with the pure perovskite ink, were spin-
coated onto six titanium substrates (three with SnO, and
three without) at 3000 rpm for 30 seconds (see Fig. S1 in SI).
The substrates were then annealed at 90 °C for 120 minutes
and stored in a nitrogen-filled glovebox. A fresh batch of
samples was prepared specifically for the ASTRID, HAXPES,
and NAP-XPS experiments.

2.2 XPS measurements

XPS measurements were conducted at the AU-Matline end
station at ASTRID-2, ISA, Denmark, using a Scienta electron
energy analyser. The ultra-high vacuum (UHV) chamber had
a base pressure below 1 x 107 Torr. XPS scans were taken
before and after heating samples to 100 °C, 150 °C, and 300
°C. Initial studies showed minimal X-ray beam damage
during the time needed to record a set of XPS scans,
therefore, the sample position was moved by 100 um at each
temperature setting to minimise any potential beam damage.
Photon energies used for the XPS spectra are listed in Table
S1. Core level scans were recorded at normal emission with a
pass energy of 20 eV. The combined beamline and analyser
resolution values for the core levels are 0.39 eV for C 1s at
380 eV, 0.32 eV for Pb 4f at 320 eV, 0.19 eV for I 4d at 120 eV
and 0.32 eV for Cl 2p at 320 eV. Spectra were charge-
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corrected to adventitious carbon at 285.0 eV. Data were
processed using Shirley background subtraction and
Gaussian-Lorentzian line shapes (GL30) in CasaXPS, with
binding energy (BE) values accurate to +0.1 eV.

2.3 Work function measurements

For work function measurements at AU-Matline, the
secondary electron cut-off (SECO) spectra for the films were
recorded using a 50 eV photon energy X-ray beam with
analyser pass energy of 20 eV. A negative bias was applied to
the samples using a 9 V battery. The applied bias was
measured to 2 decimal places for each work function
measurement. At the beginning of the AU-Matline
experiments, a Fermi edge was recorded from gold foil in
contact with the sample plate. This Fermi edge was fit using
SpecsLab Prodigy software and the work function value in
the Scienta analyser software was calibrated to this position.
Therefore, the BE of the Fermi edge was set to zero and the
work function becomes #iw - BEggco,> where #iw is the
photon energy and BEggco is the binding energy of the SECO.
In practice, the applied bias was subtracted from the
measured kinetic energy values, and the SECO spectra plotted
for all samples, as shown in Fig. S2 (a-f). Work function
values were extracted from the SECO spectra, determined by
the linear extrapolation of the secondary edge slope to the
kinetic energy axis.

2.4 NEXAFS measurements

NEXAFS measurements were performed on the AU-Matline
beamline at ASTRID-2, Aarhus, Denmark. Carbon K-edge
(280-320 eV) and nitrogen K-edge (395-420 eV) spectra were
recorded at 45° incidence with a base pressure of ~4 x 107*°
mbar. Spectra were acquired in constant final state mode at
100 eV pass energy, detecting Auger electrons at kinetic
energies of 270 eV (C K-edge) and 380 eV (N K-edge). Photon
energies at the beamline were calibrated with second order
incoming light with maximum errors of +0.1 eV for the whole
range and a typical error of 0.05 eV. The energy resolution of
the photon source varies with photon energy. Over the C K
edge the energy resolution is approximately 0.23 eV and over
the N K edge the energy resolution is approximately 0.36 eV.
Data analysis was carried out using Igor Pro software.

2.5 AR-HAXPES measurements

AR-HAXPES was used to study the elemental composition
and depth profiles of the films at the Henry Royce Institute,
Manchester, UK. The high-throughput HAXPES-Lab
instrument (Scienta Omicron GmbH) utilised a micro-
focussed Ga Ka metal jet X-ray source (9.25 keV) and an EW-
4000 electron energy analyser. Measurements were taken in
transmission mode at normal emission (0° w.r.t analyser
normal) and in angular mode at grazing emission (40° w.r.t
analyser normal). Core level spectra were recorded with a
pass energy of 200 eV and an analyser slit width of 0.8 mm.
The energy resolution of the spectrometer was previously
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determined by measuring the 16/84% width of the Fermi
edge from a gold foil.>> The resolution is approximately 0.8
eV for these pass energy and slit settings. At grazing
emission, a series of spectra were obtained over a range of
photoelectron emission angles (15-65° w.r.t the surface
normal), probing different sampling depths (see section 5
and 6 in SI).>*®* Quantification was performed using
theoretical sensitivity factors.””

2.6 NAP-XPS measurements

NAP-XPS measurements were conducted using a SPECS Focus
500 monochromated Al Ko source (1486.6 eV) and a SPECS
Phoibos 150 NAP analyser. Measurements were performed
under ultrahigh vacuum (UHV) and near-ambient pressure
(NAP) conditions, with the NAP cell filled with H,O vapour to
stabilise pressure at ~4.5 mbar (RH ~15%). Samples were
exposed to water vapor for ~10 hours, with 25 scans taken
for each core level at 25 °C. XPS spectra were recorded before,
during, and after exposure to water. The sample position was
moved by 300 um between sets of scans to minimise beam
damage. BE values were charge-corrected with reference to
the Sn 3ds,, peak at 488.0 eV. All spectra were processed with
Shirley background subtraction and fitted using CasaXPS
with GL(30) line shapes, with binding energy (BE) values
accurate to +0.1 eV.*® Survey spectra are taken at a pass
energy of 60 eV while the core level spectra were recorded at
30 eV pass energy. In the NAP cell, the FWHM of a Ag 3ds,
peak at pass energy 30 eV is approximately 0.8 eV.
Quantification was performed using built-in CasaXPS
sensitivity factors.

3. Results and discussion
XPS results

The C 1s XPS spectra for the two sets of samples (with and
without a SnO, layer) are shown in Fig. 2. In all the spectra,
peaks fitted at 285.0 eV are attributed to hydrocarbon
contamination®® or the IL aliphatic C-C bonds (labelled C4
in Fig. 1). The peaks fitted at 286.0 eV correspond to an
aliphatic C-N bond. In the perovskite films, this could arise
from the unreacted/dissociated precursor CH3;NH;I
(MAI).**? In the perovskite films modified with ILs, the
286.0 eV peak could also originate from the aliphatic C-N
bond (C3 in Fig. 1) within the BMIM group.>®

The peaks at 286.6 eV can be attributed to both the
perovskite C-N bond (in the perovskite lattice) and the
aromatic C-C-N carbons (labelled C2 in Fig. 1) in the ILs.>**
The imidazolic N-C-N carbon (labelled C1 in Fig. 1) exhibits
a peak at 287.3 eV.>*® However, in pure perovskite films, the
peaks at 287.3 eV at 300 °C are likely associated with the
formation of methylamine (CH3NH,) due to the thermal
decomposition of MAI (CH3;NH3I) and/or perovskite. The
peaks at 287.7 eV can be assigned to C=O groups formed
due to surface oxidation of the film.** Similarly, high energy
peaks in the range of 288.5 eV to 289.5 eV can be assigned to
the O-C=O0 group, indicating oxidative decomposition.>*°

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Binding Energy Peak Assignment

285.0 eV Adventitious carbon or C4

286.0 eV C-N in CH3NH3sl or C3 in BMIM group

286.6 eV C-N in Perovskite or C2 in BMIM group

287.3 eV C-N in CH3NH, or C1 in BMIM group

287.7 eV C=0
288.5-289.5 eV 0-C=0

Fig. 1 Chemical structure of the BMIM cation showing 4 distinct carbon environments labelled 1-4 (left) and the C 1s peak assignments (right).

All the peak assignments in the C 1s spectra are tabulated in
Fig. 1.

The XPS spectra for pure perovskite films, with and
without the SnO, layer (Fig. 2(a) and (b)), show peaks for
MAI, perovskite, C=0, and O-C=O up to 150 °C. As
temperature increases, the MAI peak intensifies, indicating
perovskite degradation. At 300 °C, C=0 and O-C=—O peaks
disappear, and a CH3;NH, peak at 287.3 eV emerges,
confirming the decomposition of perovskite into
methylamine. The SnO,/BMIMBEF,-perovskite film (Fig. 2(f))
retains the perovskite peak (286.6 eV) even at 300 °C, while
in the BMIMBF,-perovskite film (Fig. 2(e)), this peak is
stable only up to 150 °C, giving way to new low BE peaks
at 282.3 eV and 283.7 eV at 300 °C. The SnO,/BMIMBF,-
perovskite film also shows a low BE peak at 283.7 eV at
300 ©C. These emerging features could indicate the
formation of boron-carbide bonds, indicating significant
chemical changes in the films at higher temperatures.*’
Similarly, in the BMIMCIl-perovskite film (Fig. 2(c)), the

perovskite peak persists only up to 150 °C while the SnO,/
BMIMCl-perovskite film (Fig. 2(d)) retains the perovskite
peak even at 300 °C. This suggests that both SnO, and IL
in combination play a part in preserving the perovskite
under higher temperature, but IL/SnO, alone does not.

Fig. 3 illustrates the I 4d spectra of the six films. Each
graph shows spectra taken before heating and at the three
temperature settings. The two peaks arise from the spin-
orbit splitting (splitting energy = ~2.0 eV) of the d orbital
and are assigned to I 4d;, and I 4ds,. Components were
fitted to the data by constraining the areas of the I 4d;,
and I 4ds,, to the correct ratio (2:3). For some films, this
resulted in a poor fit to the experimental data for the
higher BE peak (I 4dj;). Doublets are often difficult to fit
using Voigt curves and since we focus here on shifts in BE,
the fit is sufficient to follow the trends in the data. BEs of
the I 4ds, component for all films, plotted in Fig. 3, are
provided in Table S2 of the SI. The perovskite I 4ds, peak
position has been reported in previous studies at ~49.5

Perovskite SnO,/Perovskite

BMIMCI-Parovskite BMIMBF,-Perovskite
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Fig. 2 High-resolution C 1s core level XPS spectra of the pure ((a) and (b)) and IL-modified ((c)-(f)) perovskite films deposited on Ti foil ((a), (c) and
(e)) and SnO, coated Ti foil ((b), (d) and (f)). Peak intensities are normalised to the intensity of the adventitious carbon peak. BEs of fitted peaks are
shown next to each spectrum and a summary of C 1s peak assignments is shown in Fig. 1.
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Fig. 3 High-resolution | 4d core level XPS spectra of pure ((a) and (b)) and IL-modified ((c)-(f)) perovskite films deposited on Ti foil ((a), (c) and (e))
and SnO, coated Ti foil ((b), (d) and (f)). The dotted lines represent the raw data and the coloured areas represent the fitted components. Spectra

have been normalised to the intensity of the | 4ds,, peak.

eV.>>*! The BE values exhibit relatively stable behaviour as
the samples are heated to 100 °C, but undergo a non-
uniform shift in BE as the temperature is raised to 150 °C,
with BEs ranging from 48.7 eV to 49.5 eV. In contrast, a
clear upward shift in BE values is observed when the
temperature is raised to 300 °C indicating a change in the
chemical environment of iodine, possibly indicating
dissociation from the (Pblg)™ octahedra of the perovskite
lattice. Of particular interest is the observation that the
SnO,/IL-modified perovskite films (d & f) exhibit the
smallest increase in BE after heating to 300 °C. The I 4d
spectra for all samples at 300 °C show a noticeable increase
in the FWHM. It has previously been observed that I 3d
spectra of degraded perovskite samples show an increased
FWHM and this was attributed to the loss of iodine from
the perovskite crystal structure in the form of I, or HL."> We
speculate that the broadening of the I 4d peaks in our data

1678 | RSC Appl Interfaces, 2025, 2, 1674-1689

could indicate that I" ions are migrating away from their
position in the perovskite lattice. Ion migration in
perovskites has been extensively studied and can be driven
by light, temperature and instability of the perovskite.****
The broadening is least pronounced in the IL-modified
films with SnO,, suggesting that the IL-SnO, interaction
helps to stabilise the perovskite structure and further
supports the enhanced thermal stability of the films.

The Cl 2p XPS spectra of the films, shown in Fig. 4, reveal
a characteristic doublet structure for Cl 2p;, and Cl 2py,
components. Cl 2p;, peaks between 197.5 and 198.5 eV
correspond to the perovskite structure,’’>>* while those
between 198.9 and 199.4 eV are attributed to inorganic
chloride,*® potentially from unreacted or decomposed PbCl,.
Peaks at 199.9 to 200.9 eV indicate organic chlorine, possibly
from CH3NH;Cl formed during thermal degradation. In the
perovskite film (Fig. 4a), Cl 2p doublet peaks from perovskite

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 High-resolution Cl 2p core level XPS spectra of pure ((a) and (b)) and IL-modified ((c)-(f)) perovskite films deposited on Ti foil ((a), (c) and
(e)) and SnO, coated Ti foil ((b), (d) and (f)). Cl 2pz/, peaks between 197.5 and 198.5 eV correspond to the perovskite structure, peaks between
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perovskite films, the B 1s level is shown in the same spectrum and arises from the BF,4 anion.

and organic chlorine are observed pre-heating. The
perovskite peaks are visible up to 150 °C but shift to higher
BE at 300 °C, suggesting chlorine detachment and potential
PbCl, formation. The SnO,/perovskite film (Fig. 4b) lacks
organic chlorine peaks and exhibits a similar shift from
perovskite to inorganic chloride peaks after 150 °C. For the
BMIMCl-modified perovskite films we also expect a Cl signal
due to the presence of Cl from the IL. The CI 2p signal from
pure BMIMCI has been reported in the literature at 197.2 eV
(ref. 47) but we do not observe any features at this BE. This
suggests that the Cl” ions have either been incorporated into
the perovskite or may have formed organic/inorganic species
(and now contribute to those peaks). The SnO,/BMIMCI-
perovskite film (Fig. 4d) shows significant organic and
inorganic Cl species prior to heating but retains a stable

© 2025 The Author(s). Published by the Royal Society of Chemistry

perovskite doublet up to 150 °C, with a lower-intensity
perovskite doublet still present at 300 °C. In contrast, the
BMIMCl-perovskite film (Fig. 4c) maintains perovskite peaks
only until 150 °C; at 300 °C these peaks disappear and
inorganic chloride peaks dominate, indicating significant
decomposition into lead halides.

For the BMIMBF,-modified perovskite films, the BE
window was widened during XPS measurements to display
both CI 2p and B 1s in the same spectrum. In the BMIMBF,-
perovskite film (Fig. 4e), a distinct B 1s peak at 193.9 eV is
observed both before and after heating to 100 °C, with no Cl
2p peaks present. This B 1s peak indicates the presence of
the BF, ion from the IL. The absence of a Cl 2p signal and
the observation of a strong B 1s signal could indicate that the
perovskite Cl atoms are buried beneath the IL BF, ions. At
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150 °C, perovskite Cl 2p doublet peaks appear at 198.5 eV
and 200.1 eV, while the B 1 s peak shifts to 192.1 eV,
indicating a change in chemical environment. The
appearance of the Cl 2p peaks suggests there is some
rearrangement in the layer and the Cl atoms are no longer
buried beneath the BF, ions. The shift of the B 1s peak to
lower BE could indicate interaction of the BF, anion with
perovskite at high temperature to form boron-carbide bonds.
Low BE peaks were also observed in the C 1s spectra for the
BMIMBF,-modified perovskite films at high temperature
which supports this assignment. At 300 °C, the Cl 2p peaks
shift by +0.4 eV, suggesting decomposition of the perovskite
into lead halides. In the SnO,/BMIMBF,-perovskite film
(Fig. 4f), a sharp B 1s peak is observed up to 150 °C, with no
Cl 2p peaks visible. At 300 °C, the B 1s peak broadens and
shifts to 192.4 eV, while Cl 2p peaks emerge, revealing a
higher-intensity inorganic chloride doublet (198.9 eV and
200.5 eV) and a lower-intensity perovskite doublet (198.5 eV
and 200.1 eV). Again, this indicates the interaction of the
BF, anion with perovskite at high temperature. We propose
that at room temperature, BMIMBF, forms a protective
overlayer that attenuates the Cl signal coming from the
perovskite beneath it. Imidazolium based ILs have been
shown to form a layer of cations at the IL-vacuum interface
with alkyl chains of the cations facing outwards towards the
vacuum.?® The sudden appearance of the Cl 2p peaks at high
temperature indicates the disintegration of the protective
overlayer, leading to the exposure of the underlying
perovskite layer.

Work function measurements

The work function of the perovskite and IL-modified
perovskite films was assessed using SECO measurements, the
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Fig. 5 Work function values of pure and IL-modified perovskite films
as a function of temperature. Solid lines represent the films with a
SnO, layer while the dashed lines represent films without the SnO,
layer.
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results of which are plotted as a function of temperature in
Fig. 5. The work function values were extracted from the
SECO spectra (refer to Fig. S2 in SI) with an uncertainty of
+0.05 eV. The work function values of the perovskite closely
align with the literature-reported value of ~3.90 eV.*® The
SnO,/perovskite film exhibits a work function of 4.1 eV before
heating. This value remains constant at 4.1 eV up to 150 °C,
then slightly decreases to 4.0 eV after heating the sample to
300 °C. Similarly, the perovskite film also maintains a
constant value of 4.0 eV until 150 °C, after which it decreases
to 3.7 eV when heated to 300 °C. This decrease in the work
function values after heating the samples to 300 °C may be
attributed to the thermal decomposition of the perovskite as
observed in the XPS analysis. The nearly constant work
function values in the SnO, coated sample could suggest that
SnO, serves as a thermally stable ETL.

Prior to heating, the BMIMCI-perovskite film has the same
work function as the pure perovskite film at 4.0 eV. Upon
increasing the temperature to 100 °C, the work function
reduces to 3.4 eV. This suggests that heating is important for
the interaction of BMIMCI with the perovskite. The work
function decreases further to 3.1 eV as the temperature is
increased to 150 °C. However, upon increasing the
temperature to 300 °C, the work function increases slightly to
3.4 eV. The SnO,/BMIMCIl-perovskite film demonstrates a
lower work function of 3.8 eV up to 100 °C, decreasing to 3.2
eV as the sample is heated to 150 °C, and subsequently rising
to 3.5 eV with further heating to 300 °C.

Prior to heating, both the BMIMBF,-modified perovskite
films show a work function of 3.7 eV, lower than that
measured for the pure perovskite and BMIMCI-modified
perovskite films. For the BMIMBF,-perovskite film, the work
function decreases to 3.4 eV and 3.2 eV after heating the
sample to 100 °C and 150 °C, respectively. Upon further
increasing the temperature to 300 °C, the work function
undergoes an upwards shift to 3.6 eV, similarly to the
BMIMCI films. In contrast, the SnO,/BMIMBF,-perovskite
film exhibits a consistent work function of 3.7 eV up to 100
°C. Beyond this point, the work function decreases to 3.4 at
150 °C and subsequently rises to 4.0 eV upon heating the
sample to 300 °C.

Previous studies on the modification of ETLs with ILs
have reported a reduction in the work function of
ETLs.">*°° This reduction is attributed to the introduction
of dipoles on the ETL surface by the ILs. Noel et al*’
reported a reduction in work function of both the SnO, ETL
as well as the perovskite layer due to the doping of BMIMBF,
in SnO, However, they associated the reduction in the
perovskite work function to the shifting of the SnO, work
function and could not identify any change in work function
without the SnO, layer. Whilst the nature of the interaction
between the SnO,, IL and perovskite is difficult to determine
conclusively from the XPS and work function data presented
here, computational studies in the literature have calculated
the strength of interaction between the BMIM" and BF,  ions
with SnO, and perovskite, and this helps to explain our data.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Liu et al.’>" used density functional theory (DFT) calculations
to show that the BF, anion has a stronger bond to SnO,
whereas the BMIM" cation has a stronger bond to perovskite
(using formamidinum lead iodide, FAPbI;, as the perovskite
in their calculations), which results in the formation of a
dipole layer at the interface between the perovskite and SnO,.

We attribute the lower work function values in the IL-
modified films to the interaction between the ILs and the
perovskite and/or the substrate. In the case of the BMIMBF,-
modified films, the BF, anions can effectively bind to the
substrate, passivating the substrate/perovskite interface, as
demonstrated by Liu et al.>" and Zhang et al.*’ (in the case of
KBF,). By doing so, these anions may remove some of the
under-coordinated sites at the substrate/perovskite interface,
which are known to be where photogenerated charge carriers
are often trapped and lost to nonradiative recombination.’"
It is well-established that a positive surface dipole decreases
the work function,’® therefore, we suggest that the dipole
caused by the interactions of the BF, anions with the
substrate and the BMIM" cations with the perovskite reduces
the effective work function of the BMIMBF,-modified
samples.

The thermal energy from heating the films may facilitate
the bonding between BF, ions and the substrate, therefore
decreasing the work function as the sample is heated to 150
°C. We propose that as the temperature increases to 300 °C,
the BF, ions are able to disassociate from the substrate,
neutralising the dipole and leading to an increase in the
work function of the BMIMBF,-modified films. This may also
be linked to the sudden appearance of Cl 2p peaks in the
XPS spectra as the proposed BMIMBF, overlayer is disrupted
at high temperature. The migration of BF, ions away from
the surface, rather than their loss from the film, is indicated
by the observed shift of the B 1s peaks to lower BE after
heating to 150 °C and 300 °C in the XPS measurements. DFT
calculations have found that BF, ions have a strong bond
with Sn0,," so it is likely that a much higher temperature is
required for the BF, ions to break free from the SnO, surface
compared to the Ti foil substrate. This would explain why the
Cl 2p peaks are only observed after the SnO,/BMIMBF,-
perovskite film is heated to 300 °C, whereas they appear at
150 °C in the BMIMBF,-perovskite film without SnO,. This
also coincides with the appearance of the low BE boron-
carbide peaks at 300 °C in the C 1s spectra as the BF, ions
begin to interact with the perovskite film.

In the case of BMIMCI-modified films, the reduction in
work function could be due to the chemical passivation of
the perovskite film itself. This might result from the absence
of dipole formation at the interface. It has previously been
shown that Cl” ions can diffuse into a perovskite lattice at a
perovskite/SnO, interface, resulting in a better-matching of
energy levels at the interface.”®> We hypothesise that BMIM"
and CI” ions are able to diffuse into the perovskite grain
boundaries, leading to an improvement in the crystallinity of
the perovskite films. This may in turn reduce lattice stress
and lower the work function.”*® The work functions of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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BMIMCl-modified films show a similar decreasing trend as
the BMIMBF,-modified films, decreasing up to 150 °C and
then rising as the temperature is increased to 300 °C. We
propose that the diffusion of BMIMCI into the perovskite
grain boundaries is facilitated as the temperature is
increased to 150 °C, causing a decrease in the work function.
It is not clear what causes the increase in the work function
upon heating to 300 °C, but we tentatively suggest this could
be due to thermal degradation. It must be noted that the
magnitude of work function increase after heating the
samples to 300 °C is smaller in the BMIMCIl-modified films
as compared to the BMIMBF,-modified films. The constant
values of work function up to 100 °C in all the films
deposited on SnO, indicates the effectiveness of SnO, in
preventing perovskite lattice stress, which can be induced by
differences in thermal expansion coefficients of the
perovskite and substrate.>*>?

NEXAFS results

The carbon K-edge and nitrogen K-edge NEXAFS spectra
recorded from a pure BMIMBEF, film are shown in Fig. S3 in
SI. These spectra were obtained during a previous beam run
at the MAXLAB facility in Sweden (refer to (ref. 56) and
details therein) and are used here for comparison with the
IL-modified perovskite films. Limited literature is available
on the NEXAFS of perovskites, and to our knowledge, none
exists on IL-modified perovskite films. The C K-edge
spectrum of the pure perovskite film is shown in Fig. 6a. The
spectrum reveals two distinct signals at 285.0 eV and
approximately 289.5 eV, denoted by Roman numerals I and
III. Feature III is associated with C-N o* bond transitions
and has been documented in prior NEXAFS studies on
perovskites.””*® The perovskite structure contains no
unsaturated carbon bonds, so no n* peaks are anticipated in
the NEXAFS spectra. Feature I at 285.0 eV is tentatively
assigned to hydrocarbon contamination or X-ray beam
damage. This feature has been a subject of debate and has
been extensively discussed by Huang et al.°” In their research,
Huang et al. noted an increase in the intensity of the 285.0
eV signal upon repeated scanning of the same position on
the perovskite sample, suggesting that beam damage could
be causing this feature. However, they did not conclusively
attribute this peak to beam damage as they also observed a
weak peak at ~285 eV using bulk-sensitive fluorescence yield
measurements and so they conclude the origin of the peak is
uncertain. Other studies have attributed this feature to C-N
o* bond transitions (which wusually appear at higher
energies), while others have linked it to unspecified C—=C
n* transitions.’®>® The C K-edge spectra of the IL-modified
perovskite films reveal three distinct features, denoted as I,
II, and III in Fig. 6a. Feature I, located at 285.0 eV,
corresponds to adventitious carbon or beam damage.
Feature III, observed at 289.5 eV, is attributed to C-N o*
transitions within the perovskite structure, as observed in
the pure perovskite film. The second feature (II) identified
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Fig. 6 (a) C K-edge and (b) N K-edge NEXAFS spectra of pure and IL-modified perovskite films.

at 286.7 eV is associated with C 1s — =n* transitions,
attributed to excitation from the carbon atoms within the
imidazolium ring of the BMIM' cation. This observation
aligns with the signal observed in the pure BMIMBF,
NEXAFS spectrum (Fig. S3).

In the SnO,/BMIMCl-perovskite film, both the perovskite
peak (feature III) and the IL peak (feature II) have nearly
identical intensities, with a minor feature at ~285.0 eV,
which is associated with adventitious carbon/beam damage.
Conversely, in the BMIMCI-perovskite film, the IL peak
exhibits the highest intensity, accompanied by a relatively
prominent adventitious carbon/beam damage peak, and a
lower intensity perovskite peak relative to the SnO,/BMIMCI-
perovskite film. From the work function measurements in
the previous section, the two BMIMCI-modified films started
with different work function values prior to heating. We
hypothesised from the work function measurements that
BMIMCI is able to diffuse into the perovskite grain
boundaries. The similar intensities of the perovskite and IL
peaks in the C K edge spectra of the SnO,/BMIMCI-perovskite
film may imply a more balanced distribution of these
components compared to the BMIMCI-perovskite film. This
suggests that SnO, plays an important role in the interaction
between the IL and the perovskite material. The two
BMIMBF,-modified films, which exhibited the same work
function values before heating, also display very similar C
K-edge spectra. In these spectra, feature I (~285.0 eV) is very
small, indicating a higher resistance to beam damage or less
adventitious carbon in these films. The perovskite peak

1682 | RSC Appl Interfaces, 2025, 2, 1674-1689

(feature III) is strong and is comparable in intensity to the IL
signal (feature II).

Fig. 6b presents the N K-edge spectra of all the films.
The N K edge spectrum from the pure perovskite film
does not exhibit any =n* features, since the perovskite
structure contains no unsaturated nitrogen bonds. A sharp
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—&— SnO,/BMIMBF 4-Perovskite
1 —8— SnO,/BMIMCI-Perovskite
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Fig. 7 1/Pb ratios from HAXPES as a function of averaging sampling
depth for pure and IL-modified perovskite films on SnO,.
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feature at ~401.6 eV is exhibited by all the IL-modified
films and can be assigned to the N 1s — m* transitions
corresponding to the two imidazolium ring nitrogen atoms
as discussed for pure BMIMBF, in the SI. Broad o*
features can also be observed at higher photon energies.
The N K-edge results confirm the presence of the IL in
all the IL-modified films.
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HAXPES results

The analysis so far suggests that IL-modified perovskite films
on SnO,-coated Ti substrates show significant stability. To
explore their elemental distribution and bulk composition
further, these films were analysed using HAXPES. The
calculated I/Pb ratios, derived from both transmission and
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Fig. 8 High-resolution core level C 1s spectra of pure ((a) and (b)) and IL-modified ((c) and (d)) perovskite films on SnO, coated Ti foil measured
before exposure, during exposure and after exposure to 4.5 mbar water vapour at room temperature. Spectral intensities are normalised to the
intensity of the highest peak. BEs of fitted peaks are shown next to each spectrum and are assigned to the same chemical environments as

described in Fig. 1.
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angular modes are plotted against average sampling depth in
Fig. 7 (see sections 5 and 6 of SI for further explanation). It is
important to note that the sampling depths for I 2p and Pb
3d levels differ due to their distinct photoelectron kinetic
energies, so the average sampling depth is used in Fig. 7 (see
sections 5 and 6 of SI for calculation of sampling depths).
The spectra obtained from the transmission mode of the
analyser (Fig. S5 in SI) correspond to the deepest sampling
depth (~31.5 + 0.6 nm) achievable with HAXPES. The contour
plots of the I 2p;,, and Pb 3ds, core level spectral intensities
as a function of sampling depth, derived from the angular
mode data are presented in Fig. S6 in SI. The I/Pb ratios
plotted in Fig. 7 were calculated using slices from these
contour plots (see Tables S3 and S4 in SI).

In the SnO,/Perovskite film, the I/Pb ratio is 2.5 + 0.1 at
the maximum sampling depth of 31.5 + 0.6 nm, consistent
with the expected range of 2.5-2.9 for mixed halide
perovskites. As the average sampling depth decreases to 29.9
+ 0.6 nm, the ratio slightly increases to 2.7 + 0.2, remaining
within the expected range. This value persists at decreasing
probing depths of 29.0 + 0.6 nm and 28.0 + 0.6 nm. However,
at the shallowest sampling depths of 19.2 + 0.4 nm, 17.0 +
0.3 nm, and 14.5 + 0.3 nm, the I/Pb ratio progressively
decreases to 2.5 + 0.2, 2.4 + 0.2, and 2.0 + 0.2 respectively,
with the latter suggesting degradation of the perovskite into
PbI, at the surface. In the IL-modified perovskite films, the I/
Pb ratios consistently range from 2.7 to 2.8 across all
sampling depths, aligning with the nominal stoichiometry of
mixed halide perovskites. This consistency indicates the
structural integrity and stability throughout the IL-modified
films and may suggest that both ILs help to passivate defects
in the perovskite material and suppress its degradation.

NAP-XPS results

The moisture endurance of pure and IL-modified perovskite
films deposited on SnO,-coated Ti substrates was evaluated
using NAP-XPS. Alongside films prepared a week prior, a
fresh perovskite film was spin-coated onto a SnO,-coated Ti
substrate at the Henry Royce Facility and quickly transferred
for NAP-XPS measurements. This fresh film, referred to as
SnO,/fresh-perovskite, allowed for the examination of the
pure perovskite before surface degradation, while the week-
old film is now termed SnO,/aged-perovskite. Moisture-
induced degradation was studied by exposing films to water
vapour at 4.5 mbar, corresponding to 15% relative humidity
at 25 °C. XPS spectra were recorded before, during, and after
water exposure to assess moisture effects.

Fig. 8(a-d) presents the C 1s core level spectra for the four
films. In the SnO,/fresh-perovskite film (Fig. 8a), peaks at
285.3 €V, 286.0 eV, 286.6 eV, 287.5 eV, and 288.7 eV are
observed, corresponding to adventitious carbon, MAI, the
perovskite C-N bond, and hydrocarbon oxidation products
(C=0 and 0O-C=0), respectively. During water exposure, the
intensity of the MAI and adventitious carbon peaks increases,
suggesting the release of MA" ions. However, a reduction in
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MAI peak intensity post-NAP hints at a potential
reorganisation, possibly recovering the perovskite structure.
Despite some fluctuation during water exposure, the
perovskite peak remains dominant, highlighting the
resilience of the material. Peaks at similar BE are observed in
the SnO,/aged-perovskite film (Fig. 8b), but here the
adventitious carbon peak is the most intense, followed by the
MAI peak, indicating significant surface degradation. The
C-N perovskite peak shows reduced intensity compared to
the fresh film, and no significant changes in peak intensities
are seen during water exposure. The IL-modified perovskite
films (Fig. 8c and d) show C 1s spectra with peaks at 285.3
eV, 286.0 eV, 286.6 eV, 287.3 eV, 288.2 eV and 290.0 eV
corresponding to hydrocarbon contamination, aliphatic C-N
bonds (from both MAI and/or the BMIM group), perovskite
C-N and/or aromatic C-C-N bonds, imidazolic N-C-N
carbon, C=0 and O-C=O0 hydrocarbon oxidation products,
respectively. Both IL-modified films exhibit similar spectra,
with the 286.0 eV peak being the most intense. While the
adventitious carbon peak increases during water exposure,
the relative intensities of the perovskite and IL peaks remain
largely unchanged, indicating minimal impact on the IL-
modified perovskite films.

Fig. 9(a-d) illustrates the N 1s core level spectra for all
films. In the SnO,/fresh-perovskite film, a dominant peak at
402.6 eV and a weaker one at 400.5 eV are observed before,
during, and after water exposure, corresponding to nitrogen
in the perovskite and unreacted/dissociated MAI,
respectively.>*** The perovskite peak intensity slightly
decreases during water exposure but recovers post-exposure.
The SnO,/aged-perovskite film exhibits a low signal-to-noise
ratio in its N 1s spectra, with weak peaks at 402.6 eV
(perovskite) and 400.5 eV (MAI). Unlike the fresh film, these
peaks are of nearly equal intensity, suggesting significant
degradation before measurements. In the SnO,/BMIMBF,-
perovskite film, peaks are fitted at 402.9 eV (perovskite),
401.6 eV (imidazole nitrogen in the IL), and 400.5 eV (MAI)
before and after water exposure, with minor shifts during
exposure.’*?"*° The upward BE shift of the perovskite peak
relative to pure films may be a result of IL-perovskite
interactions. Furthermore, BE values for pure perovskite N
1s core levels have been reported in the literature in the
range of 402.5-402.9 eV.*>**%1°%> The Sn0O,/BMIMCI-
Perovskite film shows similar spectra with peaks at 402.8 eV
(perovskite) and 401.6 eV (imidazole nitrogen in the IL)
before and after water exposure, and a 400.5 eV peak (MAI)
appearing in the NAP scan. The absence of MAI features in
UHYV scans suggests that BMIMCI may have either facilitated
complete MAI conversion to perovskite during synthesis of
the film or prevented its dissociation. The IL-modified
perovskite films were deposited one week prior to the
experiment, at the same time as the aged perovskite films.
The N 1s spectra of the IL-modified films after one week of
aging closely resemble that of the fresh perovskite film,
indicating that the IL has effectively protected the
perovskite from degradation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 High-resolution core level N 1s spectra of pure ((a) and (b)) and IL-modified ((c) and (d)) perovskite films on SnO, coated Ti foil measured before
exposure, during exposure and after exposure to 4.5 mbar water vapour at room temperature. Spectral intensities are normalised to the intensity of the
highest peak. Green coloured peaks at ~402.6 eV are assigned to nitrogen atoms in the perovskite structure, orange coloured peaks at ~401.6 eV are
assigned to imidazole nitrogen atoms in the IL and blue coloured peaks at ~400.5 eV are assigned to nitrogen atoms in CHzNH3l (MAI).

The Pb 4f and I 3d core level spectra are presented and
discussed in the SI (Fig. S7 and S8, respectively). In the Pb 4f
spectra, the fresh perovskite film shows a +0.2 eV BE shift
during water exposure, possibly indicating the formation of
Pbl, as a result of degradation.®® The aged perovskite,
however, appears to exhibit Pbl, peaks from the outset,
indicating that degradation had already occurred prior to the

© 2025 The Author(s). Published by the Royal Society of Chemistry

measurements. During exposure of the aged perovskite to
water, a weak doublet appears that is consistent with metallic
lead.®® This results from the decomposition of lead halides
into metallic lead and halogen gas. The SnO,/BMIMBF,-
perovskite film shows some shifts in BE on exposure to water
but returns to its original BE after exposure. The SnO,/
BMIMCI-Perovskite film displays the most stable Pb 4f peaks,
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with only a minor BE shift during water exposure. This
suggests that the ILs may play a role in protecting or
regenerating the perovskite structure, preventing further
degradation. In the I 3d spectra, similar trends are observed.
The fresh perovskite film undergoes a small positive BE shift,
consistent with the Pb 4f results, and possibly pointing to the
formation of Pbl,. The aged perovskite film, already
degraded, shows only minor shifts in BE. The IL-modified
films exhibit larger BE shifts during water exposure, followed
by a return to near-original values after exposure.

The NAP-XPS results provide insightful perspectives into
the moisture tolerance of IL-modified films. A comparative
analysis of UHV scans before and after exposure to water
vapor reveals the BMIMCI film exhibits the most promising
behaviour in terms of moisture endurance. Notably, the Pb 4f
and I 3d spectra of the BMIMCI film exhibit no upward BE
shift, in contrast to the small positive BE shift observed in
the Pb 4f spectra of the fresh perovskite film and the I 3d
spectra of both the fresh perovskite and BMIMBF, films.
During UHV scans, the absence of MAI peaks in the N 1s
spectra of the BMIMCI film before and after water exposure,
indicates complete regeneration of the perovskite upon
removal from the water environment. This observation aligns
well with the I 3d and Pb 4f spectra, where BE values return
to pre-NAP levels after water exposure. In contrast, both the
fresh perovskite and BMIMBF, films exhibit a weak MAI
feature in both UHV and NAP scans.

The shifts in Pb 4f, N 1s, and I 3d peaks, initially to lower
BE during NAP and then to higher BE in the UHV scan post-
NAP, are very small but may be important (the fitted
components have an error of +0.1 eV in BE, so the shifts are
at the limit of what is statistically significant). This
phenomenon is more pronounced in the BMIMBF, film
compared to the BMIMCI film. These observations may be
explained using our initial hypothesis that the incorporation
of BMIMBEF, into the perovskite results in the formation of
an overlayer on the perovskite surface. The strong interaction
between BMIM' cations and I ions of the perovskite may
increase the miscibility of the BMIM group in water,
supported by previous findings indicating that halide ions
enhance the miscibility of BMIMBF, in water.” This may
lead to water intercalation with surface BMIM' cations. A
hydrogen bonding interaction between H' ions of water and
iodide ions of the perovskite may increase the BE of the I 3d
electrons and weaken the Pb-I bond causing a decrease in
BE of Pb 4f electrons. Weakening of Pb-I bonds may result in
a lowering of N 1s BE of MA' cations and facilitate the loss of
MA" cations from the perovskite lattice, which would explain
the observed increase in the intensity of the MAI peak in NAP
spectra. After water exposure, BMIM' cations may rearrange,
leading to the reformation of the overlayer and the reverse
BE changes. In the case of the BMIMCI film, the more
homogeneous distribution of BMIM" cations across the depth
of the film may not favour the intercalation of water
molecules. In imidazolium-based ILs, the anion has been
found to have a greater influence than the cation on the
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hydrophobicity/hydrophilicity of the IL.°® The hydrophobicity
of the anion affects the network formation of the water and
hence the miscibility of the IL.*> When water is added to ILs,
the cation-anion networks are broken and new water—cation/
anion networks are formed. Chang et al. used molecular
dynamics simulations to show that the addition of water to
BMIMBF, alters its structural organisation by disrupting the
cation-anion network.”® Feng et al. used molecular dynamics
to show that changing the anion from BF, to Cl  alters the
water distribution in the IL and slows the diffusion of cations
and water molecules.”’ They attribute this to the stronger
electrostatic interaction of the Cl” anion with the other
particles in the IL/water mixture. Therefore, the Cl™ anion is
likely to play a role in protecting the BMIMCI-perovskite film
from water ingress. BMIMCI appears to be more effective in
protecting the perovskite from moisture ingress but leaves it
more prone to thermal degradation as observed in the XPS
analysis. The choice of anion in the IL is clearly an important
factor in determining the stability of the perovskite film. It is
worth mentioning, however, that an improvement in the
stability of the perovskite film does not necessarily lead to an
improvement in the efficiency of the device. Therefore, it is
important that the performance of IL-modified solar cells are
characterised alongside fundamental studies of stability.

The XPS results indicate that the mixed halide perovskite
ink utilised in this study exhibits some resistance to thermal
degradation up to a temperature of 150 °C. This is evident
from the presence of perovskite phase peaks observed in the
spectra recorded before and after heating to temperatures of
100 °C and 150 °C across all the studied films. The XPS
analysis further reveals the presence of the perovskite phase
in the IL-modified films deposited on SnO,-coated Ti
substrates even at 300 °C. This underscores the significant
role played by both the SnO, ETL layer and the ILs, BMIMCI
and BMIMBF,, in conferring stability to the perovskite even
at elevated temperatures of 300 °C. The results from the work
function measurements aid in comprehending how the two
ILs interact with the perovskite and the degradation of the
pure perovskite films upon heating to 300 °C. We hypothesise
that BMIMBF, forms a protective overlayer on the perovskite
surface, a process facilitated by the stronger interaction of
the BF, ions with the SnO, layer. This hypothesis explains
the superior thermal stability of the SnO,/BMIMBE,-
perovskite film. It is possible that this IL overlayer might act
as an interfacial modifier when incorporated into a device
structure, which might help to improve energy level matching
and passivate defects at interfaces. In contrast, BMIMCI is
able to diffuse into the perovskite grain boundaries,
neutralising some of the surface defect sites and enhancing
the crystallinity of the film. Constant work function values
observed up to 150 °C in all the films with an underlying
SnO, layer indicate that SnO, is important in mitigating
lattice stress induced by differences in the thermal expansion
coefficients of the perovskite and the Ti substrate.

The NEXAFS results confirm the presence of the
perovskite phase in the pure perovskite film before heat

© 2025 The Author(s). Published by the Royal Society of Chemistry
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treatment. NEXAFS spectra show individual and distinct
features corresponding to the IL and perovskite. The relative
intensity of these features indicate that the SnO, layer may
be significant in facilitating the incorporation of BMIMCI
into the perovskite. NEXAFS results confirm the stability of
both BMIMBF,-modified perovskite films, aligning with
observations from XPS and work function analyses. The
HAXPES findings illustrate that the observed degradation in
the pure perovskite film is predominantly a surface
phenomenon, with the I/Pb ratio decreasing from the
nominal perovskite stoichiometry to the lead halide ratio as
the probing depth decreases. Consistent I/Pb ratios obtained
from HAXPES measurements for the IL-modified films across
different probing depths further affirm the superior stability
of the IL-modified films across the depth of the film. The
NAP-XPS findings indicate that the IL-modified films
demonstrate favourable stability when exposed to water.
Specifically, the BMIMCIl-modified films may show greater
resistance to moisture penetration compared to the
BMIMBF,-modified films.

Heat and moisture are key environmental stressors
contributing to the instability of perovskite solar cells. Our
results indicate that IL-modified perovskites have increased
stability to both. These results are particularly valuable
because there is an extensive body of literature discussing
the performance of IL-modified perovskites, however, there
are very few fundamental studies that focus on their
structural stability. Our study bridges this gap by providing a
deeper understanding of how these modifications affect the
structural integrity of perovskite films.

4. Conclusions

A combination of surface science techniques has been
employed to investigate the stability of ionic liquid-modified
mixed-halide perovskite films against heat and moisture. XPS
results demonstrate that the MAPbI;_,Cl, is stable up to 150
°C, with perovskite phase peaks present before and after
heating. IL-modified films on SnO, show even greater
thermal stability, maintaining the perovskite phase at 300 °C.
Work function measurements reveal that both SnO, and the
ILs (BMIMCI] and BMIMBF,) play key roles in this stability.
BMIMBF, appears to form a protective layer over the
perovskite surface, while BMIMCI integrates into the grain
boundaries, enhancing crystallinity. For the IL-modified
films, HAXPES results show consistent I/Pb ratios across
different depths, whereas the pure perovskite exhibits
degradation at the surface level. NAP-XPS results illustrate
that the IL-modified films exhibit improved moisture
resistance, with BMIMCI-modified films showing greater
protection. This study bridges a crucial gap by focusing on
the structural stability of IL-modified perovskites, offering
valuable insights into how these modifications enhance both
thermal and moisture resistance and advancing their
potential for commercial application.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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three show the perovskite and IL-modified perovskite films
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three show the samples deposited directly onto Ti substrate
without a layer of SnO,; Table S1: Photon energies used in
acquiring the XPS spectra on the AU-MATline beamline;
Table S2: Binding energies of the I 4ds,, component for each
sample, used to plot the I 4d spectra in Fig. 3 of the main
text; Figure S2: SECO spectra and corresponding work
function values of samples before and after heating. Solid
lines represent the samples with a SnO, layer while the
dashed lines represent samples without the SnO, layer; Fig.
S3: C K-edge (a) and N K-edge (b) NEXAFS spectra of
BMIMBF,; Fig. S4: Sample configuration for measuring
photoelectrons from different photoelectron emission angles
(0); Table S3: Analyser angular ranges from which the
HAXPES data was binned and corresponding photoelectron
emission angles (from the surface normal); Fig. S5 High-
resolution (a) I 2ps/, and (b) Pb 3ds, core-level spectra of the
pure and IL-modified perovskite samples measured using the
transmission mode of HAXPES. Here the peaks are intensity
normalised with respect to Pb 3ds/,; Fig. S6 Contour plots
showing I 2p;, and Pb 3ds, core level intensities from
angular mode measurements. The contour plots show the
+25° angular range from the analyser on the y axis (an arrow
indicating increasing sampling depth is shown) and binding
energy on the x axis; Table S4: I/Pb ratios of the films as a
function of the HAXPES probing depth; Fig. S7 High-
resolution core level Pb 4f spectra of pure and IL-modified
perovskite samples measured before exposure, during
exposure and after exposure to 4.5 mbar water vapour at
room temperature; Fig. S8 High-resolution core level I 3d
spectra of pure and IL-modified perovskite samples measured
before exposure, during exposure and after exposure to 4.5
mbar water vapour at room temperature. See DOI: https://doi.
0rg/10.1039/D5LF00206K.
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