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In recent years, substantial progress has been made in improving the power conversion efficiency of
perovskite solar cells (PSCs). However, persistent defects continue to impede their further advancement.
Although ionic liquids (ILs) have been extensively utilized for perovskite defect passivation, their
application, particularly in two-step methods, remains limited. In this study, we introduced formamidine
acetate (FAAc) as a liquid additive, incorporated into the Pbl, precursor solution to finely regulate
perovskite crystal growth. Utilizing a two-step method, we meticulously investigated the interaction of
FAAc with perovskite components, laying the groundwork for effective defect passivation. Our
systematic exploration delved into the nuanced influence of ILs on perovskite solar cells, including thin
film morphology, optical properties, defect density, and overall device performance. Importantly, ILs
facilitated the conversion of Pbl, into a perovskite material while reducing residual Pbl, during the
perovskite crystallization process, thereby significantly improving the performance of PSCs, including
device stability. Though defect passivation during perovskite formation facilitated the conversion of Pbl,

Received 5th February 2024, and the modulation of thin film morphology, the photoelectric conversion efficiency of the treated PSCs

Accepted 7th March 2024 approached an impressive 24.41%. Even after undergoing 2000 hours of aging in dry air, the efficiency
DOI: 10.1039/d4tc00500g remained at above 96% of the initial level. This research marks a pivotal step forward in the realm of
PSCs. Our findings not only showcase the potential of ionic liquids in the two-step preparation of PSCs

rsc.li/materials-c but also highlight their pivotal role in enhancing the efficiency and stability.

exceptional light absorption capabilities, tunable band gaps,
straightforward fabrication processes, and high PCE, which

Introduction

Over the past decade, perovskite solar cells (PSCs) have gar-
nered significant attention owing to their remarkable photo-
voltaic performance. Notably, the power conversion efficiency
(PCE) of single-cell PSCs has surged from a mere 3.8% to an
impressive 26.1%, placing them on par with commercially
available silicon solar cells."™ Consequently, PSCs have
emerged as a particularly promising technology due to their
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makes them the subject of extensive research.>® Generally,
the absorber is the crucial part of PSCs, and is generally
fabricated by a one-step antisolvent method and a two-step
sequential deposition method.’™*" After comparison, the latter
without the toxic antisolvent is found to be superior due to the
control over crystal quality, improved film morphology and
scalable operation, especially for commercialization."”>" In
the two-step method, perovskite thin films are obtained
by infiltrating the organic ammonium salt in PbI, thin films.
Unfortunately, undesired crystal orientations, non-radiative
recombination and excess PbI, would be generated during
the formation of perovskite thin films, which restrict the PCE
and stability of PSCs."*™® Therefore, the fabrication of Pbl,
thin films lays an important foundation to obtain excellent
perovskite thin films after reacting with organic ammonium
salts in the two-step method.

To modulate PbI, thin films, a range of approaches have
been adopted, including solvent engineering and additive
engineering. In particular, additive engineering is an effective
way to modify the PbI, porosity and perovskite
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crystallization.”®*' It was reported that hexamethylphosphor-
amide (HMPA) with high binding affinity and high boiling
point was incorporated into the Pbl, precursor to modify the
morpgology and internal structure of the PbI, layer, which
helped the infiltration of the second-step organic salt to form
the perovskite thin film with uniform surface, large grains and
reduced defects.”” Chen and coworkers found that the modified
PbI, thin film with 4-(aminomethyl) benzonitrile hydrochloride
(AMBNCI) facilitated the fabrication of compact perovskite
films with large grains and pinhole-free structures,> which
leads to the passivation of defects of Pb**, modulation of the
energy level array and alleviation of nonradiative recombina-
tion. Fang’s group introduced pentafluoroanilinium trifluoro-
methanesulfonate (PFAT) into PbI, precursor solutions to
modulate the nucleation and crystallization of the PbI,
films.>* PFAT facilitated the secondary growth of Pbl, clusters
and early formation of perovskite phases. With the reduced
Gibbs free energy of the porous Pbl,, the perovskite was crystal-
lized with preferential orientation, enlarged grains, reduced
defects and decreased Pbl, residues, resulting in an impressive
PCE of 24.52% with an enhanced fill factor (FF) of 82.8%.

Among the multitude of additives to regulate the growth of
perovskite films, ionic liquids (ILs) have gained widespread
recognition. ILs are particularly appealing due to their non-
volatile nature, making them an environmentally friendly
choice. Moreover, ionic liquids possess other commendable
characteristics, such as a simple chemical structure, high
carrier mobility, and excellent thermal and chemical
stability.>> >’ Consequently, ILs as additives in perovskite film
formation have attracted much attention. In particular, forma-
midine acetate (FAAc) is extensively employed as the additive in
PSCs, owing to its low molecular weight and low melting point.
Dong’s group modified perovskite films by introducing FAAc
and obtained uniform perovskite films with enhanced crystal-
line quality, film morphology and low trap states.>® Moreover,
FAAc is also an effective interfacial additive between the elec-
tron transport layer (ETL) and perovskite layer, such as TiO,/
perovskite and SnO,/perovskite.”>*° The connection of the FA*
between the ETL and perovskite promotes electron transport,
and the amino group (-NH,) and carboxyl group (-COOH) of
FAAc passivates the defect at the ETL/perovskite interface,
resulting in the improved device performance. However, it is
important to note that there has been limited research regard-
ing the use of ILs in the regulation of perovskite crystals using
the two-step method. As a result, there is a pressing need for
further exploration and a deeper understanding of how ILs can
be effectively employed in the two-step process. Such research
may hold the key to unlocking even greater advancements in
perovskite solar cell technology, with the potential to signifi-
cantly impact the field of renewable energy and environmental
sustainability.

In this study, FAAc was employed as an additive to regulate
the growth of Pbl, thin films for the subsequent crystalli-
zation of perovskites. Our investigation focuses on several
key parameters, including IL’s action mechanism, film mor-
phology, perovskite film photovoltaic properties and device
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performance. Nuclear magnetic resonance spectroscopy
(NMR), X-ray photoelectron spectroscopy (XPS) and Fourier
transform infrared spectroscopy (FTIR) were used to analyze
the chemical interaction characteristics between C—=O and
Pb**, as well as N-H bonds in FAAc and the I~ anions, which
provided a basis for the defects formed during the crystal-
lization process of the perovskite. X-ray diffraction (XRD)
analysis confirmed that the introduction of ILs promotes the
transformation of Pbl, and organic cations into a perovskite,
consequently reducing the residue of Pbl, in the final product.
This reduction significantly enhanced the stability of the PSCs.
Furthermore, the addition of ILs greatly improved the morphol-
ogy of perovskite films, and from the scanning electron micro-
scopy (SEM) and atomic force microscopy (AFM) results, the
modified films were found to have a larger grain size and lower
surface roughness. The enhanced film quality and the passiva-
tion of defects by ILs contribute to the suppression of non-
radiative carrier recombination. As a result, the extended
carrier lifetime led to improved device performance. Finally,
the PSCs modified with ILs achieved a champion PCE of
24.41%, surpassing that of control devices by 22.12%. This
study provides an in-depth exploration of the crystallization
mechanism of IL-modified perovskites, showcasing the
potential of ILs in the two-step preparation of photovoltaic
devices. It advances our understanding of how ILs can be
applied to enhance the performance of PSCs.

Results and discussion

In accordance with previous literature, perovskite films were
fabricated by a traditional two-step method, as illustrated in
Fig. S1 (ESI{).>" The Cs-doped Pbl, solution was spin-coated on
the SnO,/ITO substrate to form a Pbl, film after drying for 1
min. The organic salt solution (FAI, MAI and MABr) was then
spin-coated on the surface of the Pbl, film, forming the control
perovskite film after thermal annealing. For the IL-modified
perovskite film, FAAc was introduced into the Pbl, precursor
solution, the structural formula of which is presented in Fig. S2
(ESIT). The schematic representation of the perovskite layer
treated with FAAc reveals that the primary modification mecha-
nism involves the coordination of the carbonyl group (C—0) in
FAAc with the uncoordinated Pb** ions. This coordination
effectively passivates Pb defects within the perovskite structure.
Furthermore, a strong hydrogen bond forms between the N-H
bond in FAAc and the iodine (I) ions, leading to a reduction in I
defects, as depicted in Fig. 1a.

This result was subsequently confirmed by a series of
chemical analyses. The initial characterization was performed
using XPS, and the full spectrum of XPS is shown in Fig. S3
(ESIt). In the XPS spectra of Pb (Fig. 1b), the control perovskite
film exhibits two distinct peaks at 143.4 eV and 138.5 eV,
corresponding to Pb 4f;,, and Pb 4f,, signals, respectively. In
contrast, the perovskite films modified with FAAc display a
noticeable shift in Pb 4f peaks towards lower binding energy.
Specifically, the 4f;/, peak shifts to 143.2 eV, and the 4f;/, peak
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shifts to 138.3 eV. This shift is primarily attributed to the
interaction of C—O in FAAc, which contributes electrons to
form chelating bonds with Pb>" ions. It is worth noting that the
control perovskite film shows obvious Pb0 peaks at 141.4 eV
and 136.4 eV, and the Pb0 peak of the IL-modified film
disappears, indicating a reduction in the residue of unreacted
Pbl, after the addition of ILs. This outcome underscores the
effectiveness of ILs in enhancing the purity and stability of the
perovskite structure. The XPS spectra of I are depicted in
Fig. 1c. In the control perovskite film, two discernible peaks
are evident at 630.8 eV and 619.3 eV corresponding to the
binding energy of I 3d;,, and I 3ds,, respectively. Notably, the
positions of these two I 3d peaks shift towards lower binding
energies following the modification with FAAc, indicating a
strong chemical interaction between FAAc and I within the
perovskite structure. The XPS data provided compelling evi-
dence of the strong chemical interaction between FAAc and the
constituent elements of the perovskite. This interaction was
pivotal in passivating defects within the perovskite material
and impeding the migration of ions. To gain deeper insights
into the interaction between ILs and perovskites, FTIR was
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performed on both FAAc and FAAc/PbI, solutions. The results
showed that the characteristic peak associated with the C=0
bond in FAAc initially appeared at the wavenumber of
1712 cm . Upon the introduction of Pbl,, the vibration fre-
quency of C=0 was proven to be increased on account of the
shift in C=o0 vibration to 1719 cm ™', suggesting that the C=0
group donates an electron pair to coordinate with the under-
coordinated Pb atoms, forming a robust C—O-Pb chelate bond
(as demonstrated in Fig. 1d).

To further validate these findings, NMR spectroscopy was
employed to investigate the bonding interactions between FAAc
and the perovskite. In the **C NMR spectra, a noticeable shift is
observed in the C=O0O peak, moving from 176.8 ppm in FAAc to
177.4 ppm in FAAc-Pbl,. This shift provides additional evidence
of the interaction between the COO- group in FAAc and
residual Pb®>" ions (as illustrated in Fig. 1e). In addition,
'"H NMR spectra were obtained to explore the interaction
between FAAc and I ions. For the FAAc and FAAc-Pbl,
solution, the amino hydrogen spectrum in FAAc shifted
from 7.72 to 7.78 ppm owing to the strong N-H- - I hydrogen
bond between the FAAc and I™ (Fig. 1f). In summary, the
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Fig. 1 (a) Schematic diagram of FAAc passivation Pb defects and | defects.
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The high-resolution XPS spectrum of (b) Pb 4f scan and (c) | 3d scan from

control and FAAc-modified perovskite films. (d) FTIR spectrum of FAAc and FAAc-Pbl, solutions in magnified forms. (e) **C and (f) *H NMR spectra of FAAc

and FAAc-Pbl, solutions.

This journal is © The Royal Society of Chemistry 2024

J. Mater. Chem. C, 2024, 12, 5175-5183 | 5177


https://doi.org/10.1039/d4tc00500g

Published on 07 March 2024. Downloaded on 2/21/2026 9:52:54 AM.

Paper

View Article Online

Journal of Materials Chemistry C

nm

d,,. =710 nm

[ Control

500

1000 1500 2000

Size (nm)
d,,.=1060 nm [ FAAc
500 1000 1500 2000
Size (nm)

Fig. 2 Top-view SEM images of (a) control and (b) FAAc modified-perovskite films. The grain size distribution of (c) control and (d) FAAc modified-
perovskite films. AFM images of (e) control and (f) FAAc modified-perovskite films.

combination of XPS, FTIR, and NMR analyses provides a
comprehensive understanding of the intricate chemical inter-
actions occurring between FAAc and the perovskite material.
These interactions play a pivotal role in defect passivation and
ion migration inhibition within the perovskite structure, mak-
ing these findings highly significant in the context of
perovskite-based materials and their potential applications.
As shown in Fig. 2a and b, our investigation into the
transformation of FAAc modified perovskite films involved
acquiring top-view images of both the control and FAAc mod-
ified perovskite films using SEM analysis. Compared with the
original perovskite film (Fig. 2a), the FAAc modified film
exhibited higher quality of perovskite grains, marked by a
decrease in Pbl, and an increase in grain size (Fig. 2b). It is
worth noting that the presence of pinholes can be clearly
observed in the unmodified perovskite film, which is detri-
mental to the charge transport. In contrast, the FAAc-modified
film displayed a conspicuous absence of pinholes, resulting in
a denser structure. The enhancement in film quality primarily
stems from the regulation of grain nucleation and growth
mechanisms.>* The hydrophobic properties are also a criterion
of the perovskite film quality. The contact angle test was
conducted, as depicted in Fig. S4 (ESIf). The modified film
exhibited a notably higher contact angle, indicating that the
FAAc modification enhanced the film’s hydrophobic proper-
ties, which improved the stability. To understand the mecha-
nism by which ILs improve perovskite films, we performed
SEM testing to examine the top view of Pbl, films before and
after treatment with ILs, as illustrated in Fig. S5 (ESIt). The
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FAAc-modified film showed larger pores, which is conducive to
better penetration of organic salts into the Pbl, film to promote
the formation of the perovskite structure. Furthermore, FAAc
was uniformly distributed in the Pbl, film, as indicated by the
presence of N and O elements on the energy dispersive spectro-
metry (EDS) spectrum (Fig. S6, ESIT). Statistical analysis of the
grain size demonstrated a substantial increase, with the aver-
age grain size increasing from 710 nm (Fig. 2c) to 1080 nm
(Fig. 2d). The grain size enhancement is a direct result of the
interaction between ILs and the perovskite. The introduction of
FAAc can lead to a chemical interaction with Pbl,, thus delaying
the crystal nucleation process of the perovskite, which in turn
increases the grain size of the perovskite. This interaction plays
a pivotal role in regulating the uniform growth of the perovs-
kite, effectively restraining non-radiative carrier recombination
at grain boundaries, and thereby enhancing its transport
performance. As shown in Fig. 2e and f, AFM further verified
that FAAc can effectively regulate the increase of perovskite
grains, which is consistent with the SEM results.

To gain a more profound insight into the impact of FAAc on
perovskite films, we obtained XRD patterns of both controlled
and FAAc-modified perovskite films. As shown in Fig. 3a, the
diffraction peak at 14.02° corresponds to the (110) crystal plane
in the perovskite and the position of the diffraction peak
remained largely unaltered before and after modification,
which indicated that ILs have negligible effect on the lattice
change of perovskite after modification. At the same time, it is
crucial to emphasize that in comparison to the control perovs-
kite film, the diffraction peak intensity corresponding to PbI, at

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) X-ray diffraction spectra of control and FAAc-modified perovskite films. (b) UV-visible absorption spectra of the control and FAAc-modified
perovskite films. (c) PL and (d) time-resolved PL spectra of the glass/control and FAAc-modified perovskite samples. EQE-EL measurements of (e) control

and (f) FAAc-modified PSCs under different bias voltages.

12.70° significantly diminishes after FAAc modification. This
reduction indicates the effective mitigation of PbI, residues in
the presence of ILs, corroborating the findings from the SEM
analysis. This reduction in Pbl, residues is of paramount
importance for enhancing the stability of the device.**** Sub-
sequently, in the ultraviolet-visible (UV-vis) and photolumines-
cence (PL) test results, the control and FAAc-modified
perovskite films exhibit nearly identical absorption thresholds
and photoluminescence positions, further revealing no discern-
ible effect on the lattice structure, aligning with the XRD
results. Importantly, the UV-vis absorption spectrum highlights
an enhanced light absorption capacity of the FAAc-modified
film, which enhanced light capture and reduced carrier non-
radiative recombination (shown in Fig. 3b). In addition, the PL
and TRPL test results showed that FAAc-modified films exhib-
ited enhanced PL emission and longer carrier lifetimes com-
pared to control films, meaning that carrier non-radiative
recombination is reduced, which is consistent with UV-vis
test results (Fig. 3c and d). The above results underscored
the positive impact of FAAc-induced defect passivation, opti-
mizing the quality of the perovskite film while effectively
inhibiting carrier non-radiative recombination. Subse-
quently, we further investigated the effect of FAAc on redu-
cing the non-radiative recombination center under identical
bias voltage. The electroluminescence intensity of the FAA-
modified device was significantly enhanced compared with
the control device (Fig. 3e and f), indicating the effective

This journal is © The Royal Society of Chemistry 2024

inhibition of non-radiative recombination consistent with
the results of PL.

To evaluate the trap state density (ng.p) in the device, we
prepared a pure electronic device (ITO/SnO,/perovskite/PCBM/
Au) to test the space charge limiting current (SCLC) curve. The
dark J-V curve can be divided into three areas, namely Ohmic,
TFL (trap-filled limit) and child regions. n,p, is calculated using
the threshold voltage (Vrgy) at the point of the Ohmic and TFL
regions following the equation:

2ee0 VTEL
el?

Mirap = (1)
where ¢, is the vacuum permittivity, ¢ is the relative permittivity,
e is the elementary charge, and L is the thickness of the
perovskite film.** The Vyg of the control device was 0.479 V
(Fig. 4a), while the Vyp, of the FAAc-modified device was
significantly reduced to 0.131 V (Fig. 4b). The ., value before
and after modification can be calculated as 3.57 x 10" cm >
and 9.76 x 10" cm™? (shown in Fig. 4c). The above test results
further verified the previous conclusion that the introduction of
FAAc into perovskites can effectively inhibit the formation of
defects, which in turn can inhibit the carrier non-radiative
recombination and enhance the charge transport performance.
The Mott-Schottky curve obtained using capacitance and
voltage values played a crucial role in our comprehensive
analysis of the carrier combination and transport in the device.
The results revealed that the device internal potential (V)
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Fig. 4

(a) and (b) Dark J-V curves of the devices with the structure of ITO/SnO,/control or FAAc-modified perovskite/PCBM/Au. (c) Statistics for defect

density computed from the dark J-V curves. (d) Mott—Schottky plots of control and FAAc-treated devices. (e) Nyquist plots and (f) J-V curves under dark

conditions of control and FAAc-treated devices.

increases from 0.95 V to 1.00 V after FAAc modification
(Fig. 4d), which caused an increase in the open-circuit voltage
(Voe) due to the enhanced carrier extraction and transmission
rate.>® Simultaneously, the electrochemical impedance spectro-
scopy (EIS) test was carried out at a bias voltage of 0 V to discuss
the charge transport performance (Fig. 4e). The arcs in the
high- and low-frequency regions represent the charge transfer
resistance (R.) and the composite resistance (R..), respectively.
The test results indicated that the FAAc-modified device exhib-
ited a reduced R and an elevated R,.. compared to the control
device, which signified enhanced charge transportation and
effectively mitigated charge recombination. In addition, the
decrease in the dark current density for the FAAc-modified
device further indicated that the charge transfer was enhanced,
concurrently leading to a reduction in the leakage current
(Fig. 4f).

In order to delve deeper into the influence of FAAc on the
device performance, we prepared control and FAAc-modified
PSCs with a planar structure of ITO/SnO,/perovskite/Spiro-
OMeTAD/Au, as visually represented in Fig. 5a. From the
cross-sectional SEM images of both complete devices, it can
be observed that the grains of the FAAc-modified perovskite
layer can grow better in the vertical direction and they are
significantly larger and the number of grain boundaries is
significantly reduced, in accordance with the previous top-
view SEM results (Fig. 5b and c). To determine the optimal
FAAc concentration for enhancing the device performance, we
performed experiments on modified devices with different
concentrations, and the device photovoltaic parameters were

5180 | J Mater. Chem. C, 2024, 12, 5175-5183

obtained and are shown in Table S1 (ESIt). With the optimal
FAAc concentration, the photovoltaic parameters of the device
have significantly improved. Compared with the PCE of 22.12%
for the control device, the FAAc modified device reached a
champion PCE of 24.41%, for which the V,. is 1.193 V, J. is
25.28 mA cm %, and FF is 80.92% (Fig. 5d). To verify the
repeatability of ILs to improve device efficiency, we prepared
40 control devices as well as FAAc-modified devices and mea-
sured their photovoltaic performance, as shown in Fig. S7
(ESIY). Through the statistics of V., Js¢, FF and PCE, it can be
seen that the improvement of PCE is mainly due to the
improvement of V,. and FF, while J,. has not changed much.
Through the bar chart of PCE, we can more intuitively see that
the efficiency of FAAc modified devices is significantly
improved and has good reproducibility (Fig. S8, ESIT). And we
tested the external quantum efficiency (EQE) of the solar
spectrum, and the results were consistent with the J. values
obtained in the J-V curve of FAAc-modified PSCs (Fig. 5e). The
steady-state PCE of PSCs before and after FAAc processing was
evaluated using maximum power point tracking, and the
results showed that the devices exhibited up to 21.45% and
24.28% steady-state PCE before and after processing, respec-
tively (Fig. 5f).

While the PCE remains a pivotal metric for characterizing
PSCs, it is crucial to address the equally important aspect of
their long-term operational stability.*® First, we placed control
and FAAc-modified perovskite films in a 50% relative humidity
(RH) environment for 50 days at room temperature. Through
XRD analysis performed both before and after storage, a

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) The schematic diagram of the device structure. Cross-sectional SEM image of the (b) control and (c) FAAc-modified perovskite device
structures. (d) J-V curves of the control and FAAc-modified PSCs. (e) EQE and the integrated Js. of FAAc-PSCs. (f) Steady-state PCE at the maximum
power point for the control and FAAc-modified PSCs. (g) Stability test of devices.

significant increase in the signal intensity of PbI, at 12.7°
degrees was observed in the control film after 50-day storage.
However, for FAAc-modified films, the Pbl, signal enhance-
ment was not obvious at 12.7°, indicating a substantial
improvement in film stability (as represented in Fig. S9, ESIT).
Under the same conditions, we measured UV-vis absorption by
leaving the film for 50 days, and the results showed that the
absorption attenuation of the FAAc-modified perovskite film
was much lower than that of the control film (Fig. S10, ESIt).
Therefore, the introduction of FAAc into the PbI, layer to
achieve crystallization regulation of the perovskite can reduce
the residual Pbl, in the perovskite layer, and thus enhance
the overall stability of the perovskite film. The increase in the
stability of FAAc-modified perovskite films indicates that
the hydrophobic capacity of the film is enhanced, which echoes
the increase of the contact angle of the film after the modifica-
tion mentioned above. Fig. 5g shows the PCE values of an
unpackaged control device and an FAAc modified device over
time. The results show that the durability of the device after the
unpackaged FAAc treatment is greatly improved, maintaining
96% of its initial PCE even after 2000 h in a dry environment.

This journal is © The Royal Society of Chemistry 2024

This remarkable enhancement in durability bodes well for the
practical and long-term application of FAAc-modified PSCs.

Conclusions

In summary, the introduction of FAAc effectively passivates the
defects generated during the perovskite crystal crystallization
process. This strategic addition resulted in significant improve-
ments in perovskite thin film morphology, manifesting as
larger grain sizes and the elimination of pinholes. This trans-
formation was confirmed through NMR, XPS analysis, and
FTIR, collectively affirming the substantial interaction between
FAAc and perovskite materials. By passivating defects with ILs
and refining the surface characteristics of perovskite films, the
non-radiative recombination of charge carriers was notably
suppressed, and the charge transport properties were
enhanced, thereby improving the overall performance of photo-
voltaic devices. Moreover, the stability of the FAAc-modified
device showed remarkable improvement. Notably, FAAc-
modified PSCs achieved a champion PCE of 24.41%, surpassing
the efficiency of the control device of 22.12%. This achievement
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highlights the significance of our research, advancing our
understanding of defect passivation mechanisms employed
using ILs and providing valuable insights into the practical
application of ILs in the two-step preparation of perovskite
photovoltaic devices.
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