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Improved Stability of FAPbI3-Based Mixed-Cation
Perovskite Solar Cells Fabricated Using

Facile Cation Injection Technology
Soo Beom Hong and Hyung Wook Choi

Abstract—Compositional engineering adding organic and inor-
ganic cations is considered one of the effective ways to improve
the optoelectronic performance of PSCs. However, investigations
of mixed-cations in PSCs are still a nascent area of research. In
this study, an anti-solvent suitable for the preparation of mixed-
cation perovskite was first adopted. We presented a simple surface
engineering technique for manufacturing mixed-cation perovskite
by injecting cations through the process of post-treatment of the
adopted anti-solvent treated pure FAPbI3 film with methylammo-
nium iodide (MAI) solution. The prepared mixed-cation perovskite
film showed uniform particle size, particle growth, and significantly
improved short-circuit current, charge coefficient, device efficiency
and device stability.

Index Terms—Photovoltaic cells, thin films, optoelectronic and
photonic sensors.

I. INTRODUCTION

L EAD halide perovskite was first reported in 2009 as a
photosensitizer for dye-sensitized solar cell structures and

began to attract the attention of researchers [1]. Perovskite has
advantages that include high power conversion efficiency (PCE),
low cost, long carrier diffusion length, tunable bandgap, and
very low exciton binding energy [2]. Currently, lead halide
perovskite is one of the most promising candidates to replace the
crystalline silicon-based solar cells that have dominated the huge
photovoltaic market [3]. An organic-inorganic metal halide per-
ovskite material has an ABX3 structure, where A is a monovalent
organic cation [(CH3NH3

+ (MA+) or CH3(NH2)2+ (FA+)]) or
inorganic cation (Cs+ or Rb+), B is a divalent metal cation
(Pb2+ or Sn2+), and X– is a halide anion (Cl–, Br–, I–) [4]. By
tuning the material composition of ABX3, we can determine the
optoelectronic properties of perovskites. Adjusting the material
composition of A can increase the chemical stability [5], and
altering the composition of B can change the light absorption
spectrum, energy level, and transport properties [6]. In addition,
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changing the composition of X provides the option of adjusting
the bandgap [7]. FAPbI3 has recently been highlighted as a
material for perovskite solar cells (PSCs), and this material has
a narrow band gap of approximately 1.43–1.50 eV and excel-
lent light absorption [8]. However, preparing efficient, stable
high-quality FAPbI3 films is difficult because of its unstable
phase stability. The α-phase of FAPbI3 is easily transformed
into a “yellow” δ-phase FAPbI3. This transformation results in
limited film stability and photovoltaic performance [9], [10].
Another factor that changes the photovoltaic performance of
the film is the amount of PbI2. Excessive PbI2 delays electron
transport, lowers the efficiency owing to the reduced charge rate
and low short-circuit current density (JSC), and promotes the
degradation of PSCs under continuous illumination, a factor
that negatively affects device performance [11]. However, in
the case of PSCs with an appropriate amount of PbI2, de-
fects in the perovskite film can be protected to the benefit of
the efficiency of PSCs and can help with low charge carrier
mobility and reduced electron injection into titanium dioxide
(TiO2) [12], [13]. Therefore, optimizing the amount of PbI2
plays an important role in PSC fabrication. One way to increase
the phase stability of perovskites is to add anions or cations
to the perovskite chemical structure [14]. Small amounts of
MA+ induce high crystallization in FA-based perovskite films,
resulting in a more structurally stable composition than FAPbI3.
In addition, the finished mixed-cation perovskite film has a low
hysteresis coefficient and improved device performance [15],
[16]. However, FAxMA1-xPbI3 mixed-cation perovskite leads
to shape-related phase separation, low crystallinity, and poor
film morphology and crystal structure. Therefore, a new method
for manufacturing mixed-cation perovskites is needed.

The anti-solvent process is one of the most widely used
methods for producing high-quality perovskite films by im-
proving the crystallization of the film and uniformity of the
surface [17]. The typical anti-solvents used by researchers to
increase device efficiency are chlorobenzene (CB), toluene (TL),
and diethyl ether (DE) [18]. A method of reacting the finished
perovskite film once more using a mixture of cations or anions
is called a post-treatment method. Post-treatment improves the
optoelectronic properties of the film by promoting crystallite
regrowth and improving the surface morphology and structure of
the film to produce a high-quality film. In addition, the amount of
unreacted PbI2 remaining is controlled by reacting the unreacted
PbI2 [19].

In this study, a mixed-cation perovskite thin film was prepared
by surface treatment of the film using the methylammonium
iodide (MAI) post-treatment method. The prepared film had
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Fig. 1. Schematic illustration of the fabrication process for obtaining a high-quality particle morphology and high crystallinity perovskite using the methylam-
monium iodide (MAI) post-treatment method.

improved phase stability and reduced surface defects; therefore,
the absorbance due to grain growth also increased. In addition,
by studying the amount of MAI added to the film, the effect of
the added MAI on the film was analyzed, and an optimized
film was successfully produced. In summary, we improved
the solar performance bysuppressing particle size growth and
surface defects through an anti-solvent process using TL and
MAI post-treatment. This process also contributed to the effi-
ciency improvement by passivating the perovskite and leaving
an appropriate amount of PbI2. The optimized mixed-cation
perovskite solar cell increased the fill factor (FF), open-circuit
voltage (VOC), and Jsc. In addition, the efficiency increased by
2.37% on average.

II. EXPERIMENTAL SETUP

A. Reagents and Materials

Fluorine-doped tin oxide (FTO) glass (7 Ω sq−1) was
purchased from Wooyang GMS (Pyeongtaek, South Korea).
Titanium diisopropoxide bis(acetyl-acetonate), 1-butyl alcohol
(99%), ethyl alcohol (≥99.5%), acetonitrile (99.93%), lead
iodide (PbI2, 99.999%), N,N-dimethylformamide (DMF,
99.8%), dimethyl sulfoxide (DMSO, ≥99.9%), 2-propanol
(IPA; 75 wt%), 22,77-tetrakis[N,N-di(4-methoxypheny
l)amino]-99-spirobifluorene (spiro-OMeTAD, 99%), bis(tri
fluoromethane)sulfonimide lithium salt (Li-TSFI; ≥ 99.0%),
chlorobenzene (99.8%), toluene (99.9%), diethyl ethyl
(≥99.7%), and 4-tertbutylpyridine (98%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Formamidinium
iodide (FAI), methylammonium iodide (MAI), methylam
monium hydrochloride (MACl), and titanium nanoparticle paste
(18NR-T) were purchased from GreatCell Solar (Queanbeyan,
Australia). All reagents were used as received without further
purification.

B. Device Preparation

FTO-coated glass was ultrasonically washed with acetone,
ethanol, and distilled water to remove impurities. FTO was used
as the substrate for the device fabrication. The FTO was exposed
to ultraviolet (UV) ozone for 20 min. The TiO2 compact layer so-
lution (55 μL of Titanium diisopropoxide bis(acetyl-acetonate)
in 1 mL 1-butanol) was spin-coated on FTO-coated glass at
3000 rpm for 20 s and annealed at 125 °C for 12 min. The
mesoporous TiO2 layer was spin-coated at 3000 rpm for 20 s
using a TiO2 paste solution (18NR-T / ethanol 1:6 v/v), followed

by annealing at 480 °C for 60 min. The perovskite FAPbI3
precursor solution was prepared by mixing lead iodide (1.4 mol)
and formamidinium iodide (1.4 mol) in an DMSO: DMF (10:1
v/v) solvent system. MACl was added to the prepared precursor
solution and stirred for 30 min. The solution was spin-coated
onto mesoporous TiO2 at 4500 rpm for 20 s. 10 s before the end
of spin coating, 200 μL of CB, TL or DE was slowly dropped
onto the center of the spinning film. The prepared film was
annealed at 80 °C for 5 min and at 100 °C for 10 min. For MAI
post-treatment, IPA and MAI (5, 10, 15, 20 mg) were stirred
for 1 h. The post-treatment solution (50 µL) was dropped onto
the surface of the prepared FAPbI3 surface for 5 s and rotated
at 4500 rpm for 20 s. The MAI post-treated films were then
annealed at 100 °C for 5 min and 140 °C for 10 min.

C. Device Characterization

An Agilent 8453 UV-visible (UV-vis) spectrophotometer
(Agilent 8453, Agilent Technologies, Santa Clara, CA, USA)
was used to measure the UV-vis absorption spectra. The phases
of the perovskite films were analyzed using Cu Kα radiation (λ=
0.1542 nm) with a Rigaku DMAX 2200 X-ray diffraction (XRD)
system (Rigaku, Tokyo, Japan). Cross-sectional and surface data
of the perovskite layer were obtained using scanning electron
microscopy (SEM, Hitachi S-4700, Tokyo, Japan). The J-V
curve data of the PSC was obtained using a solar simulator (Po-
laromix K201, Solar simulator LAB 50, McScience K3000, Mc-
Science, Suwon, Korea) at 1 illuminance of sunlight (AM1.5G,
100 mW cm−2).

III. RESULTS AND DISCUSSION

Fig. 1 shows the step-by-step process for preparing mixed-
cation perovskite films using the MAI post-treatment method.
First, a perovskite precursor solution containing MACl, FAI, and
PbI2 in a DMF and DMSO solvent mixture was spin-coated on
an FTO substrate, underwent an anti-solvent process using TL,
and then was annealed to form a FAPbI3 film. Then, MAI post-
treatment was performed. The solution for MAI post-treatment
was prepared by dissolving MAI (0, 5, 10, 15, and 20 mg) in
1000 mL IPA. For the convenience of discussing the results,
the manufactured films are denoted as MAI-0, MAI-5, MAI-10,
MAI-15, and MAI-20.

The various solvents used in the anti-solvent process affect
the perovskite films in the early stages of crystallization [20].
Therefore, proper solvent selection plays an important role in
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Fig. 2. Scanning electron microscopy (SEM) images of films with different anti-solvent solvents. (a) Diethyl ether (DE), (b) chlorobenzene (CB), and (c) toluene
(TL).

Fig. 3. (a) Ultraviolet-visible (UV-vis) absorption spectra of perovskite films treated with different anti-solvents toluene (TL), diethyl ether (DE), and
chlorobenzene (CB). (b) J-V curves.

producing high-quality perovskite films. The surface morphol-
ogy and uniformity of the films were investigated using SEM.
Fig. 2 shows SEM images of perovskite thin films prepared
using DE, CB, and TL as anti-solvent solvents. The DE-treated
films had small grain sizes and pinholes, whereas the CB-and
TL-treated films had relatively large grain sizes and almost no
visible pinholes. The average particle diameters of the perovskite
films treated with DE, CB, and TL were approximately 570
nm, 614 nm, and 641 nm, respectively. The particle size was
larger than that of the film. These results indicated that the type
of anti-solvent affected the perovskite surface and crystallinity.
Therefore, among the anti-solvents, TL was the most useful for
improving surface area coverage and increasing particle area.

Fig. 3(a) shows the results of UV-vis spectroscopy measure-
ments to evaluate the light absorption capacity of the films
prepared using various anti-solvents. The UV-vis absorption
spectra cover a wide range of wavelengths from the visible to
the near-infrared region. The UV-vis absorbance performance
of the films decreased in the order of TL, CB, and DE. The
absorption spectrum of the CB-treated film was broader than
that of the DE-treated film because of the chemical reaction
between the precursor solvents [21]. In addition, the TL-treated
film induced the perovskite precursor into a metastable region
rather than a supersaturated region, thereby exhibiting excellent
light absorption; thus, the TL-treated film exhibited the highest
light absorption coefficient [22].

Fig. 3(b) shows the current density-voltage (J-V) curves for
three different cells treated with different anti-solvent solvents.
Further details on the photovoltaic properties are presented in
Table I. The PCEs for films treated with DE, CB, and TL were

TABLE I
PARAMETERS AT THE HIGHEST PERFORMANCE OF THE DEVICE

ACCORDING TO THE TYPE OF ANTI-SOLVENT

13.45%, 14.34%, and 15.94%, respectively. Films treated with
TL had the highest efficiency with the highest JSC and FF. This
result may be due to better uniformity of the perovskite film and
less sharp grain boundaries. These results were representative
of the effect of anti-solvents on PCE. Therefore, subsequent
mixed-cation perovskite films should use TL as the most suitable
anti-solvent.

The surface morphology and uniformity of the films were con-
firmed using SEM. Fig. 4 shows SEM images of perovskite thin
films subjected to post-treatment with various concentrations of
MAI solutions. In Fig. 4(a), the surface of MAI-0 had small
crystals and a particle distribution that indicated non-uniform
growth, and the particle size of the perovskite film increased as
the amount of MAI increased. For a detailed analysis of the MAI
post-treated films, the particle distribution was investigated by
calculating the average particle size. The calculations confirmed
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Fig. 4. Scanning microscopy (SEM) images of films post-treated with methylammonium iodide (MAI)at various concentrations (mg mL-1). (a) MAI-0, (b)
MAI-5, (c) MAI-10, (d) MAI-15, (e) MAI-20, and (f) cross-sectional SEM image of a post-treated film.

Fig. 5. (a) X-ray diffraction (XRD) pattern according to the concentration of the film post-treated with methylammonium iodide (MAI). (b) Extended XRD
region around 13.9°. (c) Formation process of mixed-cation FAXMAI1-XPbI3 perovskite prepared using MAI post-treatment.

that the average particle size was approximately 562 nm for
MAI-0, 703 nm for MAI-5, 860 nm for MAI-10, 1240 nm
for MAI-15, and 1560 nm for MAI-20. Films prepared using
MAI-10 had larger particles and less coverage compared to
those prepared using other concentrations of MAI. However,
as the amount of MAI added increased to 15 mg mL−1, the
size and number of pinholes also increased. This increase in
particle size implied improved optoelectronic parameters. The
increase in the size of the pinholes was due to the shrink-
age of the perovskite particles and structural stress caused by
the high MAI concentration. [23]. As a result, the main cause of
the morphological deformation of the perovskite surface was the
MAI concentration. Therefore, the MAI post-treatment method

strongly affected the crystallinity and surface morphology of
the FAPbI3 films. In short, the film treated with an appropriate
amount of MAI improved the photoelectric performance by
increasing the light absorption owing to the improved particle
size and dense particle distribution

The crystallinity and phase characteristics determined by
XRD of the perovskite film prepared using the MAI post-
treatment method are shown in Fig. 5(a). The diffraction peaks
at 13.9° and 27.8° corresponded to the (001) and (002) planes
of FAPbI3 perovskite, respectively. There were no significant
changes in the XRD patterns of MAI-0 and 5, even though the
MAI post-treatment method was applied to the latter sample.
When the amount of MAI was increased to 10 mg, the intensity
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Fig. 6. (a) Ultraviolet-visible (UV-vis) absorption spectra of the mixed-cation perovskite film FAxMAx-1PbI3 treated with different concentrations of
methylammonium iodide (MAI). (b) Magnified fingerprint area of UV-vis absorption spectra for the MAI-0 and MAI-10 film.

Fig. 7. Performance of solar cells post-treated with various concentrations of methylammonium iodide (MAI) (a) Best J-V curve of the device, (b) Average of
10 power conversion efficiencies (PCEs) of the device.

of the perovskite peak increased sharply, indicating that the crys-
tallinity of the perovskite film was greatly improved. However,
the peak intensities of MAI-15 and 20 decreased slowly. This
decrease in peak intensity is because the annealing temperature
and time affect the film formation as the amount of MA+ cations
injected into the

FAPbI3 film increases. [24] In the case of MAPbI3 film, it
starts to decompose slowly when the annealing temperature
rises above 120 degrees. Therefore, the peak intensity decreases
and PbI2 also begins to appear in MAI-20. These results were
consistent with the results of the previously investigated particle
morphology changes. In Fig. 5(b), as the MAI concentration
increased, the FAPbI3 main peak moved from 13.9° to 14.2° to
coincide with the MAPbI3 main peak. This peak shift proved
that the FAXMAI1-XPbI3 film was formed.

In Fig. 5(a), the peak near 12.6° was the peak for un-
reacted PbI2. Films treated with the post-treatment solution
without MAI had higher PbI2 peaks compared to the con-
trol film without post-treatment. However, after the addition
of MAI, the PbI2 peak decreased and then increased again
in MAI-20. These results indicated that PbI2 was detected
because excessive amounts of MAI adversely affected per-
ovskite formation. In summary, the surface morphology, mi-
crostructure, and optoelectronic properties of the film were
improved by adding an appropriate amount of PbI2 using the
MAI post-treatment method [13], [19]. The schematic reaction

mechanism of the MAI post-treatment method is presented
in Fig. 3(c) [25].

As shown in Fig. 6(a), the absorbance was improved in the
entire wavelength range as the amount of MAI increased in the
UV-vis absorption spectra. However, after MAI-10, the extinc-
tion coefficient and absorbance both decreased. This decreased
absorbance was caused by the increased pinhole size and crystal
shrinkage due to the excessive amount of MAI. [26] The spectra
of MAI-0 and MAI-10 were compared in detail by magnifying
the fingerprint region of UV-vis absorbance in Fig. 6(b), and
this magnified region confirmed the improved photoelectric
performance of the MAI post-treatment film. As shown in the
above SEM and XRD results, these results were influenced by
the grain size increase, surface uniformity, and grain growth of
the perovskite film.

Fig. 7(a) shows the solar performance with the J-V curve
of PSCs measured by the solar simulator. Fig. 7(b) shows the
average PCE of the device. The performance parameters for
the post-treatment results with various concentrations of MAI
are summarized in Tables II and III. The Jsc of the highest
performing device (MAI-10) was 23.40 (mA cm−2), and this
value was an improvement compared to the value (22.74 mA
cm−2) of the device without MAI treatment (MAI-0). This result
was confirmed by the strong light absorption and was consistent
with the result of the UV-vis absorbance graph presented above
that was closely related to surface defects and trapping. The
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Fig. 8. Forward and reverse dependent J-V characteristics observed for FTO/Tio2/Perovskite/HTM/Au PSCs (a) MAI-0, (b) MAI-10.

Fig. 9. Stability comparison of mixed-cation PSCs prepared by post-treatment with MAI (a) MAI-0, (b) MAI-10.

TABLE II
PARAMETERS AT PEAK PERFORMANCE OF THE POST-TREATMENT UNIT

ACCORDING TO THE AMOUNT OF METHYLAMMONIUM IODIDE (MAI)

TABLE III
AVERAGE PARAMETERS OF THE POST-TREATMENT UNIT ACCORDING TO THE

AMOUNT OF METHYLAMMONIUM IODIDE (MAI)

VOC data in Table III increased from 0.91 V for MAI-0 to
1.00 V for MAI-10. This result proved that the surface shape
was improved by the MAI post-treatment process. The FF value
increased from 72.45% to 74.7% as the concentration of MAI
increased from MAI-0 to MAI-10. The PCE values of MAI-0,
MAI-5, MAI-10, MAI-15, and MAI-20 were 15.94%, 16.58%,
17.24%, 13.91%, and 9.79%, respectively. These results were

consistent with the results mentioned earlier for the values that
determine efficiency. The accuracy of the experimental results
was verified using the average PCE of the device. As a result, the
MAI post-treatment method improved the surface morphology
and increased the particle size, resulting in better optoelectronic
performance.

The hysteresis curve is closely related to ion movement. This
means that changes in the components of perovskite have a large
effect on the hysteresis curve. [27], [28] Also, since hysteresis
is related to power conversion efficiency and stability, reducing
hysteresis is one way to increase efficiency and stability. [29]
Fig. 8. shows the hysteresis curves obtained from the forward
scan (FS) and reverse scan (RS) of films prepared with and with-
out the MAI post-treatment process. In the case of MAI-0, the J-
V curve appears to decrease sharply when compared to MAI-10.
Hysteresis index (defined as HI = (PCErev − PCEfw)/PCErev.)
Also, MAI-0 is 0.26 and MAI-10 is 0.09, which is about 3 times
difference. [30] These results suggest that the preparation of
mixed-cation perovskite by injecting cations through the MAI
post-treatment process had an effect on the improvement of the
stability of PSC.

One of the important research challenges of PSC is the sta-
bility of the device. To study the effect of MAI post-treatment
on device stability, the time-dependent changes were recorded at
regular intervals and presented in Fig. 9. All devices were stored
in an air glove box at room temperature (26 °C) and a relative
humidity of ∼40%, and PCE performance measurements were
taken at room temperature (24 °C), in air. As a result, devices
manufactured through post-treatment with MAI-10 show better
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stability than MAI-0. Additionally, the PCE of the devices
post-treated with MAI-10 remained ∼90% even after 15 days.

IV. CONCLUSION

In summary, we present a novel approach for producing
mixed-cation perovskite films while controlling the amount of
unreacted PbI2 by efficiently treating the surface of the film using
the MAI post-treatment method. After the anti-solvent process
with TL, 10 mg mL−1 of MAI was dissolved in IPA solution on
the prepared FAPbI3 film, and then the post-treatment process
was performed. The reaction of unreacted PbI2 and a mixture of
cations and anions in a more suitable material composition was
mixed to produce a mixed-cation perovskite film. The FAPbI3
film had non-unform small particles before MAI post-treatment,
whereas the film had large particles and high crystallinity after
MAI post-treatment. In addition, the hysteresis index was more
than three times that of the untreated film, and the PCE of
the device was maintained at ∼90% even after 15 days. As a
result, the device fabricated by the MAI post-treatment method
showed improved optoelectronic properties and high efficiency
and excellent stability.
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