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ABSTRACT: Perovskite solar cells (PeSCs) were fabricated by using
CsxFA1−xPbI3−xClx as the photoactive layer, and the effects of different proportions of
cesium chloride (CsCl)/formamidinium iodide on perovskites were investigated.
Cesium (Cs) can stabilize the α phase of the perovskite, while chlorine (Cl) can
increase the size and crystallinity of perovskite crystals and reduce non-radiative
cladding, thereby improving the performance of the overall device. The maximum
power conversion efficiency (PCE) measured for Cs0.2FA0.8PbI2.8Cl0.2-based PeSCs was
18.9%. To further improve the photovoltaic characteristics of PeSCs,
Cs0.2FA0.8PbI2.8Cl0.2-based PeSCs were introduced into different concentrations of
phenethylammonium iodide (PEAI) to modify the interface between the NiOx hole
transport layer (HTL) and the perovskite photoactive layer, which can simultaneously
promote excellent crystallinity of the perovskite layer and passivated interfacial defects,
reducing recombination near the perovskite/HTL interface in PeSCs, thereby increasing
the efficiency of the device. Compared with the control Cs0.2FA0.8PbI2.8Cl0.2-based PeSC, the PCE of PeSC with the PEAI (10 mg/
mL)-modified NiOx/perovskite interface increased significantly from 18.9 to 20.2%.

1. INTRODUCTION
As a novel solar photovoltaic device, the power conversion
efficiency (PCE) of lead-based halide perovskite (LHP) solar
cells (PeSCs) have increased from the initial 3.8 to 25.7%.1−3

Although great achievements have been made, some significant
challenges remain, including reproducibility and environment
stability. LHP films can be prepared by conventional low-
temperature solution methods. Due to its low formation
energy, defects were easily generated in the interior, surface,
and grain boundaries of the films, which will trap photo-
generated charges, resulting in non-radiative recombination
energy loss. It also accelerates the degradation process of the
device, limiting the open-circuit voltage and overall perform-
ance of the device.4 Although LHP has demonstrated its own
high-defect tolerance,5 these defects also affect the energy band
matching between the LHP photoactive layer and the
corresponding carrier transport layer.6,7 In addition, vacancy
defects caused by ion migration can also cause hysteresis in the
forward and reverse scanning of the device,8 and a large
amount of ion migration can also lead to material degradation.9

Therefore, reducing or passivating these defects were crucial
for fabricating efficient PeSCs. To reduce surface/internal
defects in LHP films, various modification/passivation
methods have been proposed, including the use of modified
preparation processes,10,11 additive doping,12,13 component
engineering,14,15 solvent processes,16,17 and interface modifi-
cation passivation,18,19 which can reduce the density of defect
states of LHPs. Among these techniques, interfacial mod-
ification/passivation engineering is a widely used and very

effective method for defect reduction. This method could add
a suitable modification/passivation layer between the transport
layer/LHP photoactive layer or the transport layer/electrode,
and the following improvements were usually achieved: (1)
adjust the energy-level matching between the interfaces, reduce
the charge transport barrier, and improve the charge transport
capacity; (2) it can effectively control the LHP nucleation and
grain growth, and by preparing large grains to reduce the
channels of defects in grain boundaries and internal grains to
achieve the purpose of self-passivation; (3) the designed
modified layer containing hydrophobic groups can effectively
prevent the intrusion of water vapor, and an organic molecular
modification layer containing the Lewis base or Lewis acid
functional group can passivate/modify the defects caused by
insufficient coordination of metal cations and halide anions of
LHP, respectively; (4) the introduction of 2D materials on the
surface of three-dimensional (3D) LHPs to form mixed-
dimensional LHPs can not only passivate defects on the LHP
surface but also use the hydrophobic characteristics of 2D
LHPs to prevent the intrusion of moisture in the air, thereby
improving the stability of LHP to humidity. Among them,
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organic ammonium halide salts, such as phenethylammonium
iodide (PEAI), have been successfully used to passivate LHP
grain boundaries and surface, improve the photovoltaic
performance of the PeSCs, and obtained more than 25%
efficiency certification value.20−24 Degani et al.22 also proposed
the PEAI dual-interface modification method and the
incorporation of ionic liquids into the LHP photoactive
layer, thereby making the device both efficient and stable, with
a maximum PCE of 23.7%.

In PeSCs, FAPbI3 as an ideal LHP material has the narrower
band gap of 1.48 eV and the broader optical absorption range
compared to MAPbI3 (1.57 eV), which was able to reach the
theoretical PCE of PeSCs.25,26 However, the LHP black phase
(α-phase) of photoactive FAPbI3 was thermodynamically
stable only above 150 °C, which readily degrades to the
non-photoactive LHP yellow δ-phase at room temperature.
This makes FAPbI3-based PeSCs challenging for practical
applications.27−30 Studies have shown that photoactive α-
FAPbI3 LHPs can inhibit the phase transformation by partially
incorporating mixed cations such as methylammonium (MA+),
cesium (Cs+), rubidium (Rb+), guanidinium (Gu+), potassium
(K+), and other cations into FAPbI3.14,31−40 In particular, the
incorporation of Cs+ can effectively achieve better stability of
the α-FAPbI3 LHP structure, which was attributed to the
lattice contraction caused by the interaction of FA+, I−,41,42 and
entropic stabilization.43 Recently, we found that the addition of
chloride anion (Cl−) could improve the crystallinity, grain size,
PCE efficiency, and α-phase stability of FAPbI3-based
PeSCs.12,31,39,40,44−48 Pham et al.44 reported that the addition
of CsCl/MACl effectively stabilized the structure, morphology,
crystallinity, and grain size of cubic supercell FAPbI3, thereby

enhancing the carrier lifetime. The optimized PeSC with 10
mol % CsCl exhibited the best PCE of 21.98%.

In this work, CsxFA1−xPbI3−xClx LHPs with different
proportions of cesium chloride (CsCl)/formamidinium iodide
(FAI) were synthesized to reveal the influences on the
morphological, structural stability, and optical properties. This
approach effectively increases the grain size and film quality,
thereby improving the charge mobility and reducing the non-
radiative carrier recombination at grain boundaries. In
consequence, we achieved a PeSC PCE of 18.9% for a LHP
film made with an optimal CsCl/FAI (0.2/0.8) composition
ratio. Moreover, in order to improve the device efficiency and
stability of PeSCs, by introducing PEAI to modify the NiOx/
LHPs interface, a high-quality LHP and passivating interface
defects were obtained, promoting carrier transport and
extraction abilities. The PEAI-treated Cs0.2FA0.8PbI2.8Cl0.2
PeSC exhibited PCE enhancements ranging from 18.9 to
20.2% and superior stability compared to control
Cs0.2FA0.8PbI2.8Cl0.2 PeSC.

2. EXPERIMENTAL SECTION
2.1. Materials. Cesium chloride (CsCl, 99.99%), lead

iodide (PbI2, 99.9985%), nickel(II) formate dihydrate, ethyl-
enediamine (99%), ethanolamine (98%), ethylene glycol
(99%), and bathocuproine (BCP, 98%)) were purchased
from Alfa Aesar. Formamidinium iodide (FAI) and phenethy-
lammonium iodide (PEAI) were purchased from FrontMate-
rials. Dimethyl sulfoxide (DMSO, 99.9%), N,N-dimethyl
formamide (DMF, 99.8%), and fullerene (C60, 99.95%) were
purchased from Uni-Onward. The patterned FTO-coated glass
substrate (7 Ω sq−1) was purchased from Ruilong.

Figure 1. Schematic illustration of the (a) LHP solar cell configuration, (b) cross-sectional SEM image, and (c) energy-level alignment. Inset shows
the chemical structure of the PEAI.
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2.2. Materials Fabrication. To prepare the NiOx
precursor, 932 mg (6.27 mmol) of nickel formate dihydrate
with 0.668 mL of ethylenediamine and 0.603 mL of
ethanolamine was dissolved in 10 mL of ethylene glycol string
at 60 °C for 2 h and then stirred for 24 h at room temperature.
The PEAI solutions were prepared by dissolving PEAI in IPA
solvent with different concentrations of 5, 10, 15, and 20 mg/
mL. CsCl was combined with FAI at different proportions
(CsCl/FAI = 0.05/0.95, 0.1/0.9, 0.15/0.85, 0.2/0.8, and 0.25/
0.75) to obtain mixed CsxFA1−xPbI3−xClx halide LHPs. For a
stoichiometric ratio of CsCl/FAI = 0.2/0.8, the 1 M precursor
solution of Cs0.2FA0.8PbI2.8Cl0.2 LHP was prepared by
dissolving PbI2 (1 mmole; 461.01 mg), FAI (1 mmole;
137.58 mg), and CsCl (0.2 mmole; 33.67 mg) in 1 mL of
anhydrous DMF/DMSO (4/1 vol/vol) at room temperature
of 25 °C for about 24 h.

2.3. Solar Cell Fabrication. FTO-coated glass substrates
were cleaned sequentially with acetone, ethanol, and
isopropanol for 15 min in an ultrasonic cleaner, followed by
drying and 15 min ultraviolet ozone treatment. The NiOx
precursor was spin-coated onto a patterned FTO-coated glass
at 4500 rpm for 90 s and annealed at 120 °C for 10 min on a
hot plate in air, followed by baking in an oven at 350 °C for 10
min. The 50 μL PEAI solution was spin-coated onto the NiOx
hole transport layer (HTL) at 5000 rpm for 30 s to form a
modified layer and transferred into a nitrogen-filled glovebox.
Thereafter, a two-step method at 1000 rpm for 10 s and 5000
rpm for 40 s of 80 μL of LHP precursor solution was used to
deposit the LHP film on pure NiOx or PEAI-modified NiOx
layers, respectively. Toluene (100 μL) was used as an
antisolvent and dropped on the spinning film 20 s prior to
the end of the second step. After deposition, the substrate was
annealed at 100 °C for 10 min on a hot plate to form a
Cs0.2FA0.8PbI2.8Cl0.2 LHP film. Subsequently, the 20 nm-thick
C60 electron transport layer and 5 nm-thick BCP electron
blocking layer were sequentially deposited onto the LHP film
under high vacuum. Finally, 100 nm-thick Ag was thermally
evaporated on the top of PeSCs to form the top electrode, as
shown in Figure 1a. The structure of the PEAI-modified PeSC
is shown in the cross-sectional scanning electron microscopy
(SEM) image in Figure 1b, in which the PEAI-modified NiOx
layer was about 30−40 nm and the Cs0.2FA0.8PbI2.8Cl0.2 LHP
layer thickness was determined to be ≈500 nm. The energy
band diagram of the PeSC and the charge transport behavior
occurring in the PEAI-modified NiOx layer were shown in
Figure 1c. The PEAI-modified interlayer can significantly
alleviate the lattice mismatch between NiOx and LHP, thereby
suppressing the formation of interfacial defects, promoting
high-quality crystal nucleation and growth of LHP films, and
improving the PCE and stability of inverted planar PeSC.

2.4. Characterization. Optical absorption and photo-
luminescence (PL) spectra of the LHP films were conducted
using a UV−Visible−Near Infrared (UV/VIS/NIR) spectro-
photometer (V-770, Jasco, Japan) and a fluorescence
spectrophotometer (F-7000, Hitachi, Japan). The lasing
spectra and carrier lifetime were studied using an imaging
spectrometer (iHR320, Horiba Jobin Yvon, France), where a
375 nm pulsed laser was used as the pumping laser. The phases
and crystallinity of the LHP films were characterized by a X-ray
diffractometer (X’Pert PRO MRD, PANalytical, the Nether-
lands). The surface morphologies of the LHP films and the
cross-sectional structure of PeSC were taken using a field-
emission SEM (FESEM, Sigma, ZEISS, Germany). The J−V

curves of PeSC photovoltaic properties were recorded using a
Keithley 2420 sourcemeter with a solar simulator (MFS-PV-
Basic, Hong-Ming Technology Co., Ltd., Taiwan) under
illumination of air-mass (AM) 1.5 G standard sunlight at
100 mW cm−2, calibrated with an NREL standard silicon
reference cell (PVM-894, PV Measurements Inc., USA). The
photoactive area of PeSC was 0.04 cm2. The external quantum
efficiency (EQE) was tested using a QE measurement system
(LSQE-R, LiveStrong Optoelectronics Co., Ltd., Taiwan)
equipped with a UV−vis−NIR spectrophotometer (LAMBDA
35, PerkinElmer, USA) and a 150 W xenon lamp (XES-204S,
San-Ei Electric Co., Ltd., Japan) as a light source.

3. RESULTS AND DISCUSSION
The X-ray diffraction (XRD) patterns of the LHP films
depending on the CsCl/FAI proportions are shown in Figure
2. Figure S1 depicts the XRD patterns of the pure FAPbI3 and

pure CsPbCl3 LHP films. The pure FAPbI3 LHP film annealed
at 100 °C had its characteristic peak at 2θ = 11.54°,
corresponding to the d-hexagonal phase.49 The diffraction
peaks at 22.22 and 45.49° of pure CsPbCl3 LHP films
correspond to their (110) and (220) planes, which resemble
with the cubic phase of CsPbCl3 [JCPDS no. 18#0366]. Two
dominant peaks of LHPs were located at around 14 and 28°,
originating from the (110) and (220) planes of the 3D LHP
phase, respectively. As the CsCl/FAI proportion increases, the
δ-phase peak gradually decreased, which enhanced the
diffraction intensities of the (110) and (220) peaks. At the
same time, the full width at half-maximum (FWHM) of the
(110) peak was narrowed, and the (001) plane of the PbI2
phase becomes weaker, indicating that the as-prepared films
were completely converted into stable α-LHP and enhanced
crystallinity. It was evident that the Cs0.2FA0.8PbI2.8Cl0.2 LHP
with a CsCl/FAI proportion of 0.2/0.8 obtains the highest
(110) peak intensity and narrow FWHM, indicating its
enhanced crystallinity and larger grain size. The CsCl/FAI
proportion was further increased to 0.25/0.75, the FWHM of
Cs0.25FA0.75PbI2.75Cl0.25 LHP was no longer narrowed, and the
peak intensity tended to decrease. This indicates that too much
CsCl can neither further increase the grain size nor enhance
the crystallinity. When the CsCl/FAI proportion was 0.05/
0.95, the Cs0.05FA0.95PbI2.95Cl0.05 LHP film showed a δ-phase
peak at 11.8° and a PbI2 peak (12.7°). Normally, to obtain
stable α-FAPbI3 LHPs, an annealing temperature higher than

Figure 2. XRD patterns of the LHP films with different proportions of
CsCl/FAI.
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150 °C was required.33,40,46. Due to the low proportion of CsCl
and the low annealing temperature of 100 °C (all samples in
this experiment were annealed at 100 °C), the crystallization
temperature was insufficient to form stable α-FAPbI3, resulting
in the degradation of the Cs0.05FA0.95PbI2.95Cl0.05 LHP film into
a poor δ-phase.

The SEM surface morphologies and size distribution charts
of the obtained LHP films with different CsCl/FAI
proportions were further analyzed, as shown in Figures 3 and

S2. It can be observed that the grain size of the LHP not only
increases with the increase of the CsCl/FAI proportions but
also reduces the defects and pores. Among them, the
Cs0.2FA0.8PbI2.8Cl0.2 LHP film with the CsCl/FAI proportion
of 0.2/0.8 obtained a denser and more uniform surface
morphology. When the CsCl/FAI proportion was increased to
0.25/0.75, it can be found that the grain size becomes smaller
and the grain boundaries become more, showing a poorer
surface morphology. The average particle sizes of
C s 0 . 0 5 F A 0 . 9 5 P b I 2 . 9 5 C l 0 . 0 5 , C s 0 . 1 F A 0 . 9 P b I 2 . 9 C l 0 . 1 ,
Cs0 . 1 5FA 0 . 8 5 PbI2 . 8 5Cl 0 . 1 5 , Cs 0 . 2 FA0 . 8 PbI 2 . 8Cl 0 . 2 , and
Cs0.25FA0.75PbI2.75Cl0.25 LHPs were 327, 202.9, 180.8, 140.5,
and 128.2 nm, respectively.

Figure 4a shows the UV−vis absorption spectra of LHP
films with different proportions of CsCl/FAI. Affected by the
structural instability, although the Cs0.05FA0.95PbI2.95Cl0.05 LHP
film has better optical absorbance property, the XRD shows
that the as-prepared LHP film was δ-phase and does not form a
photoactive phase. For the CsCl/FAI proportions from 0.1/0.9
to 0.2/0.8, it can be seen that the optical absorbance of the
LHP films obtains more light and a slightly blue shift, which
should be beneficial to improve the solar cell performance,
where the Cs0.2FA0.8PbI2.8Cl0.2 LHP film had the best optical
absorbance. However, the use of Cs0.25FA0.75PbI2.75Cl0.25 LHP
film with a CsCl/FAI ratio of 0.25/0.75 weakens the light
absorption, resulting in a decrease in crystallinity due to the
substitution of FA by Cs. The PL spectra of the LHP films with

different proportions of CsCl/FAI are shown in Figure 4b. The
PL emission peak exhibits a blue shift with increasing CsCl/
FAI proportions due to FA+ ion substitution, which was
consistent with the absorption spectra. In addition, the
Cs0.2FA0.8PbI2.8Cl0.2 LHP film with a CsCl/FAI ratio of 0.2/
0.8 had the highest PL emission peak intensity (the peak was
ca. 778 nm), which proves that there were fewer internal traps,
better crystallinity, and slower charge recombination rate. To
quantitatively analyze the carrier lifetime, biexponential decay
model was used to fit the PL decay curves, where a fast and a
slow component trace fitted with function: I(t) = A1 exp(−t/
τ1) + A2 exp(−t/τ2). The fitting parameters of time-resolved
PL curves are shown in Figure 4c and listed in Table S1. We
found that the Cs0.2FA0.8PbI2.8Cl0.2 LHP film with a CsCl/FAI
ratio of 0.2/0.8 exhibits the longest PL lifetime (160.4 ns) as
compared with other compositions, suggesting the retarded
charge recombination inside the film.

To investigate the exact effect of different CsCl/FAI
proportions on the photovoltaic performance of PeSCs, 30
PeSCs were fabricated. As shown in Figure 5, the statistical
results of photovoltaic parameters of PeSCs with different
CsCl/FAI proportions were counted. Figure 6 shows the J−V
curves of the best PeSC for each case, and the corresponding
photovoltaic performance parameters are summarized in Table
S2. From the statistical count of photovoltaic parameters, it can
be seen that as the CsCl/FAI proportions increases, the
average Jsc, FF, and PCE of the PeSCs under each case increase
significantly, whereas Voc does not increase significantly.
Therefore, the overall short-circuit current density (Jsc), fill
factor (FF), and PCE of Cs0.2FA0.8PbI2.8Cl0.2 PeSC based on a
CsCl/FAI proportion of 0.2/0.8 were higher than those of
other conditional PeSCs. This indicates that the introduction
of CsCl was believed to play an important role in improving
the photovoltaic parameters. Based on the champion,
Cs0.2FA0.8PbI2.8Cl0.2 PeSC had the best photovoltaic properties,
it yields a PCE of 18.9% with a Jsc of 22.7 mA cm−2, a Voc of
1.04 V, and a FF of 79.8%. This was attributed to the better
crystallinity, suitable grain size, and better optical properties of
the Cs0.2FA0.8PbI2.8Cl0.2 LHP film, which could more
effectively separate electrons/holes and reduce non-radiative
recombination. However, PeSCs with CsCl/FAI ratios of 0.05/
0.95 and 0.25/0.75 have poor photovoltaic properties, mainly
due to the appearance of δ-phase (small amount of CsCl) and
smaller grain size (redundant CsCl), respectively, resulting in
poor crystallinity and optical properties, as well as suppressing
charge carrier transport.

Based on Cs0.2FA0.8PbI2.8Cl0.2, the LHP film had a larger
grain size, a better crystallinity, and a higher absorbance,
resulting in better performance efficiency. The LHP film
(control) prepared at this proportion (CsCl/FAI = 0.2/0.8)
was selected for the device interface passivation strategy to
further improve the performance efficiency. Deposition of
PEAI between NiOx and LHP films to passivate the interface
helps to form high-quality LHPs and prepare large-grained
LHPs. Figure 7 presents the XRD patterns of LHP films
modified with various PEAI solution concentrations. The
(110), (203), (220), and (310) crystal planes of all LHP films
correspond to the diffraction peaks of 14.0, 24.4, 28.2, and
31.7°, respectively. Compared with the control LHP film, the
diffraction peak intensities of the (110) and (220) planes of
the PEAI-modified LHP film were significantly enhanced,
indicating better crystallization and the larger grain sizes of the
LHP film. The PEAI-modified LHP film with a PEAI

Figure 3. (a−e) Top view SEM images of the LHP films with
different proportions of CsCl/FAI.
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Figure 4. (a) Absorption, (b) PL, and (c) time-resolved PL spectra of the LHP films with different proportions of CsCl/FAI.

Figure 5. Statistical data of (a) Voc, (b) Jsc, (c) FF, and (d) PCE for PeSCs prepared with different proportions of CsCl/FAI.
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concentration of 10 mg/mL and the diffraction peak of LHP
crystal orientation (110) and (220) were the strongest, and
other diffraction peaks were also significantly improved
compared with other concentrations, indicating that it has
the best crystallization. When the PEAI concentration
increased to 15 and 20 mg/mL, the diffraction peak of its
LHP crystal phase (110) decreased, which may be caused by
excessive organic cation PEA+.

The enhanced crystallization of LHP films based on the
introduction of PEAI was confirmed by the XRD character-
istics. This inference was intuitively reflected in SEM images.
Figure 8 shows the SEM surface morphology of LHP films
modified with various PEAI solution concentrations. It can be
found that PEAI-modified LHP films exhibit enlarged grain
films at a PEAI concentration of 10 mg/mL. However, as the
concentration was 15 and 20 mg/mL, the crystallinity of LHPs
was not better, mainly because too much organic cations
(PEA+) in PEAI leads to more surface defects. Therefore, spin-
coating a layer of PEAI with a suitable concentration between
NiOx and LHPs can obtain high crystallinity and high-quality
LHP films, which can reduce defects and facilitate the
preparation of efficient PeSCs.

Figure 9a measures the absorption spectra of LHP films
modified with various PEAI solution concentrations. At the
absorption wavelength between 650 and 700 nm, when the
PEAI concentration was from to 10 mg/mL, the optical

absorption increasingly enhanced, mainly based on the
increased crystallinity and grain size of the LHP film, with
fewer surface defects, which could improve the Jsc of PeSCs.
The best optical absorbance was obtained at a solution
concentration of 10 mg/mL of PEAI. However, when the PEAI
concentration was increased to 15 and 20 mg/mL, due to
excessive PEA+ organic cations, the optical absorbance
decreased, which in turn reduced the photovoltaic properties
of PeSCs. Figure 9b shows the PL spectra of the LHP films
modified with various concentrations of PEAI solutions, which
were consistent with the absorption spectra analysis, and their

Figure 6. Typical J−V curves of PeSCs prepared with different
proportions of CsCl/FAI.

Figure 7. XRD patterns of the LHP films modified with various PEAI
solution concentrations.

Figure 8. (a−d) Top view SEM images of the LHP films modified
with various PEAI solution concentrations.

Figure 9. (a) Absorption and (b) PL spectra of the LHP films
modified with various PEAI solution concentrations.
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peaks were located around 778 nm. When the PEAI
concentration was 10 mg/mL, the PL peak intensity was the
strongest, indicating that its LHP film has better crystallinity
and fewer defects and pores, which has been confirmed by
XRD and SEM.

Figure 10 explores the dependence of the performance of
PEAI-modified PeSCs on PEAI concentration, in which Jsc
significantly increased after PEAI treatment, its PCE was
higher than that of control PeSC, and the best performance
was obtained at a solution concentration of 10 mg/mL. The
effect of PEAI solution concentration on J−V curves of best-
performing PeSCs for each case is exhibited in Figure 11, and
the corresponding photovoltaic parameters are listed in Table
S3. Overall, PEAI at a solution concentration of 10 mg/mL

appeared to be the best choice for the best photovoltaic
performance, exhibiting a PCE of 20.2%, a Jsc of 25 mA cm−2, a
Voc of 1.04 V, and a FF of 77.5%. PEAI-modified LHP films
with large grain size, high crystallinity, and high optical
absorbance achieve high performance. It was also noted that
the PEAI modification especially enhances the Jsc and FF of
PeSC by improving the NiOx/LHP interface contact proper-
ties, passivating surface defects and favoring carrier transport.
However, when the concentration was 15 and 20 mg/mL, the
surface passivation layer formed due to the excess organic
cation PEA+ increased with the increase of the concentration.
Therefore, the formed thicker PEAI layer may increase the
resistance due to the enhanced insulating properties, leading to
low FF and degrading the photovoltaic performances of PeSCs.
A comparison of the Cs and Cl-treated CsFA-based PeSCs
considered in other works is given in Table 1. It could be
found that the performance of CsCl and PEAI-treated CsFA-
based PeSCs in this study is still on par with other works due
to the different overall PeSC device structures.

Modification/passivation of the interface between NiOx
HTL and LHP photoactive layer using PEAI could improve
the crystallinity and optical absorbance, which improve the Jsc
of PeSCs from 22.7 to 25 mA cm−2. In addition, the EQE of
PEAI-modified PeSC was significantly improved between 350
and 750 nm, as shown in Figure 12a, indicating that PEAI
modification not only improves LHP layer crystallinity, reduces
carrier recombination, but also improves carrier transport and
extraction abilities. As shown in Figure 12b, after 168 h of
storage in nitrogen, the control and PEAI-modified PeSCs
maintained 86 and 76% of their initial efficiencies, respectively,
demonstrating that the introduction of PEAI modification
could effectively improve their stability.

Figure 10. Statistical data of (a) Voc, (b) Jsc, (c) FF, and (d) PCE for PeSCs modified with various PEAI solution concentrations.

Figure 11. Typical J−V curves of PeSCs modified with various PEAI
solution concentrations.
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4. CONCLUSIONS
In conclusion, we developed a method for the preparation of
LHP films via CsCl and FAI dual-organic cations and halogen
anions. By using different CsCl/FAI proportions of CsCl/FAI,
LHP films with different CsxFA1−xPbI3−xClx compositions
were obtained. When CsCl/FAI was 0.2/0.8, the prepared
Cs0.2FA0.8PbI2.8Cl0.2 LHP film had the best optical absorbance,
the diffraction peak intensity of the LHP crystal phase (110)
was the strongest, indicating the optimal crystallinity, and long
PL carrier lifetime (160.4 ns), which could more effectively
separate electrons/holes and reduce non-radiative recombina-
tion, achieving in 18.9% PeSC performance. To further
improve the PCE of the PeSC, the deposition of PEAI on
NiOx facilitates to passivate defects of NiOx and LHP interface,
prevent carrier transport to the NiOx/LHP interface, and
improve the crystallinity, optical absorbance, and stability.
PeSCs prepared with a concentration of 10 mg/mL PEAI
coating displayed a PCE enhancement from 18.9 to 20.2% and
a prolonged device lifetime. Under storage in a nitrogen
glovebox for 168 h, a PEAI-modified PeSC retained 86% of its

initial PCE. The implementation of PEAI was confirmed to be
an effective modification/passivation strategy to boost the
photovoltaic efficiency and stability of PeSCs.
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Table 1. Performance Summary of Cs and Cl-Treated CsFA-Based PeSCs

materials perovskite Jsc (mA cm−2) Voc (V) FF (%) PCE (%) ref

CsCl CsxFA1−xPbI3 22.81 1.118 76.4 19.20 45 (2019)
CsCl Cs0.20FA0.80PbI3-(Cl) 24.10 1.10 77.6 20.6 46 (2019)
CsCl CsxFA1−xPbI3 23.85 1.09 79.0 20.59 48 (2020)
CsCl CsxFA1−xPbI3 24.93 1.112 79.3 21.98 44 (2021)
PbCl2, BASCN Cs0.1FA0.9Pb(I0.9Br0.1)3 22.6 1.09 77.6 19.12 50 (2022)
MACl, BASCN Cs0.1FA0.9Pb(I0.9Br0.1)3 23.1 1.17 82.5 23.0 50 (2022)
CsCl, PEAI Cs0.2FA0.8PbI2.8Cl0.2 25.0 1.04 77.5 20.20 his work

Figure 12. (a) EQE spectra and (b) normalized PCE stability
evolution (N2-filled glovebox) of PeSCs with and without PEAI
treatment.
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