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AbstractTheCH3NH3PbI3-xBrx havebeen successfully synthesizedunder uncontrolled humidity using two-step spin coatingmethod continuedby Ostwald ripening (OR) treatment. The incorporation of Br in the CH3NH3PbI3 was done by diluting the previously formed ofCH3NH3PbI3 with various concentration of CH3NH3Br (MABr) solution. XRD analysis confirmed the formation of a tetragonalperovskite phase with reduced lattice parameters as the bromide concentration increased, indicating successful I- to Br- substitution.SEM and EDX characterization showed that moderate bromide incorporation (30-40 mg/mL) produced dense, uniform grains andhomogeneous halide distribution, while excessive MABr led to non-uniformmorphology and halide segregation, particularly underhumid conditions. Optical analysis revealed a gradual blue shift in the absorption edge, consistent with band gap widening due tolattice contraction. The photovoltaic performance measurements demonstrated that higher MABr concentrations caused decreasedcurrent density and fill factor, resulting from excessive bromide content and defect formation. These findings showed that controlledbromide incorporation through Ostwald ripening with MABr concentration of 20 mg/mL effectively enhances the structural quality,film stability, and photovoltaic performance of CH3NH3PbI3-xBr3 perovskite solar cells under humid environments.
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1. INTRODUCTION

Perovskite-based solar cell (PSC) is one of the most potential
third generation solar cells to replace silicon-based solar cells,
because they have high efficiency and a simpler and cheaper
fabrication process than the latter (Chen et al., 2015; Kojima
et al., 2009; Wu et al., 2021) . Perovskite, with a structure
of ABX3 (‘A’ and ‘B’ are various sizes of cations, while X is
the anion) has electrical conductivity, and special optoelec-
tronic properties that are easily tuned by adjusting the cations
and/or the anion (Kurniawidi et al., 2025; Saptari et al., 2024) .
CH3NH3PbX3 (‘X’ is halide, especially I) perovskites are so far
being the most developed for solar cell application in the past
ten years due to its high extinction coefficient (higher than 104
cm-1), sharp absorption edge, and tunable electronic structure
(Aftab et al., 2025; Wen et al., 2025) . However, there is still
need for improvement regarding the efficiency and stability of
the solar cell for practical and commercial fabrication.

In PSC device, perovskite as the light absorber was de-
posited on electron transfer material layer (ETL) such as TiO2,
ZnO2, SnO2, ZrO2, and while the perovskite active material

is excited by energy photon higher than its bandgap, it will
create exciton as the first step of electricity generation (Camizci
et al., 2025; Wali et al., 2025) . CH3NH3PbI3 perovskite can
be prepared through several techniques, such as one-step spin
coating (Im et al., 2014; Yang et al., 2020; Zhang et al., 2017;
Zhu et al., 2016) , two-step deposition (Kim et al., 2024; Ngoc
et al., 2024; Vidyasagar et al., 2018; Zhang et al., 2024) , vapor-
assisted solution technique (Li et al., 2025; Nguyen et al., 2023;
Yang et al., 2020) , and vacuum vapor deposition (Farooq et al.,
2022) . One-step spin coating method is the simplest and most
widely used technique to prepare the CH3NH3PbI3 on ETL for
PSC application, but usually quite difficult to result a homogeny
and less defect crystal according to the fast crystallization pro-
cess (Kim et al., 2024) . The high quality of perovskite film in
one-step deposition method was then achieved by applying
several modification techniques, such as using anti-solvent like
chlorobenzene or toluene during the deposition process which
need proper skill to apply to avoid problem of reproducibility
(Jeon et al., 2014; Taylor et al., 2021; Zhang et al., 2025b) .

The two-step method was then become a widely developed

https://crossmark.crossref.org/dialog/?doi=10.26554/sti.2026.11.1.298-310&amp;domain=pdf
https://doi.org/10.26554/sti.2026.11.1.298-310


Kusumawardani et. al. Science and Technology Indonesia, 11 (2026) 298-310

technique to synthesize the CH3NH3PbI3, since it is easier
to control the optoelectronic properties and morphology of
the perovskite (Elangovan et al., 2024; Kusumawardani and
Ikhsan, 2022; Zhang et al., 2024) . The strategy to control PbI2
layer and the deposition process are flexible and versatile, so
it is easy to obtain the full coverage of PbI2 layer which tends
to improve the CH3NH3PbI3 layer (Chen, 2017) . The good
reproducibility and high operability of the two-step method led
to many following works in more modified technique undergo-
ing to improve the quality of perovskite layer and enhance the
solar cell performance (Kim et al., 2024; Sinelnik et al., 2024) .
It was reported that the complex processes involved during the
perovskite formation could be achieved under specific atmo-
sphere. Among some environmental parameters, moisture has
become an important factor that influencing the CH3NH3PbI3
formation, thus having impact to material properties and de-
vice efficiency and stability (Ogunniran and Martins, 2021) .
The relative humidity under ambient atmosphere is being detri-
mental factor toward the performance of solar cells, because
the synthesis of CH3NH3PbI3 in such high humidity resulted
in a more non-uniform film consisting of crystal defect, crys-
tallinity reduction of the film, and also optical properties decay
(Wozny et al., 2015) .

Thus, fabrication of CH3NH3PbI3 must be performed un-
der controlled humidity using instruments that provide specific
synthesis parameters, which is a problem in some general lab-
oratories with limitations. The incorporation of small Br to
substitute I -CH3NH3PbI3-xBrx- have been successfully im-
proved the efficiency and the stability of perovskite solar cells,
because the infiltration of Br resulted in larger grain with less
pinhole (Yang et al., 2016) . Several research reported the syn-
thesis applying the Ostwald ripening process under ambient air
and the influences toward the CH3NH3PbI3-xBrx perovskites
properties and the solar cell performance. But there is no
exact or optimum I- amount replaced by Br- in a specific hu-
midity reported in the previous research. In this article, we
developed the facile synthesis of CH3NH3PbI3-xBrx under
tropical ambient humidity (over humid conditions) through
two-step spin coating (Chen et al., 2022; Ogunniran and Mar-
tins, 2021; You et al., 2014) . To avoid the detrimental effect
of the uncontrolled humidity, we conduct a post-treatment
to the resulted perovskite material by dissolving the formed
CH3NH3PbI3 thin film into CH3NH3Br containing solution
(Ostwald ripening process) to enlarge the crystal size with less
defect. The concentration of CH3NH3Br was varied to study
its influence on the conversion mechanism of unformed PbI2
to the CH3NH3PbI3-xBrx perovskite material, the properties
of CH3NH3PbI3-xBrx material and the performance of per-
ovskite solar cells based on synthesized CH3NH3PbI3-xBrx
material.

2. EXPERIMENTAL SECTION

2.1 Materials
The main materials used in this research are PbI2 (Merck),
CH3NH3I (Great Solar), CH3NH3Br (Great Solar), Dimethyl

Formamide (Flucka), Absolute Isopropanol (Merck), FTO glass
substrate (Great Solar), Pt counter electrode (Great Solar), and
Spiro-O-MeTAD (Great Solar). All materials were used with-
out further purification.

2.2 Methods
Thin films preparation: TiO2 paste made from TTIP in ethanol
(1:10 (V/V)) was coated to FTO glass substrate under spin-
ning at 3000 rpm for 40 s and annealed at 500 ◦C for 30
minutes to result a blocking layer (c-TiO2). The mesoporous
titanium dioxide (m-TiO2) was synthesized following previous
developed procedure Cahyorini et al. (2012) with slight modi-
fication. The electron transporting layer (ETL) was form on
previous FTO/c-TiO2 by adding the m-TiO2 paste in ethanol
(2/5 (w/w)) film at 3000 rpm for 40 s and calcined at 500 ◦C
for 30 minutes.

Synthesis of CH3NH3PbI3-xBrx through two step deposi-
tion method: First, the CH3NH3PbI3 as an active layer was
deposited of previous FTO/c-TiO2/m-TiO2 thin film through
two-step coating method. A 1 M of PbI2 (DMF) was spin
coated on the film at 4000 rpm for 30 s and dried on the hot
plate at 150 ◦C for 30 minutes. The conversion of PbI2 to
perovskite material was done by adding various concentration
of CH3NH3I (MAI) containing solution (in isopropanol) un-
der spinning at 4000 rpm for 30 s. The resulting film were
dried on the hot plate at 150 ◦C for 30 minutes to complete
the formation of CH3NH3PbI3 (Kusumawardani and Ikhsan,
2022) . The Ostwald ripening post-treatment was performed
to the TiO2/CH3NH3PbI3 film by adding the film with various
concentration of CH3NH3Br (MABr) in isopropanol (20–50
mg/mL) under spinning at 4000 rpm for 30 s to prepare
CH3NH3PbI3-xBrx. As comparison, the Ostwald ripening pro-
cess was also done using MAI at optimum concentration result
in CH3NH3PbI3. All the synthesis processes were performed
under over humid conditions (humidity of 70-80%). The ni-
trogen gas was applied to the thin film during the synthesis to
minimize the high humidity effect.

Fabrication of perovskite solar cells: Perovskite solar cells
are constructed by FTO (15 Ω, 2 mm thick) substrate glass
coated with TiO2/perovskite as photoanode and FTO (15 Ω,
2 mm thick) coated silver as photocathode. Spiro-O-MeTAD
was used as electrolyte and spin coated on the surface of pho-
toanode. The two glass substrate electrodes are joined and
interposed with a thermoplastic sealant film spacer (∼50𝜇m
thick) to avoid short circuiting.

Characterization: the resulted materials before and after
the Ostwald ripening process were characterized using XRD
(Rigaku 1000) to characterize the crystallinity, UV-Vis Spec-
trophotometer (UV-2600, Shimadzu) to observe the absorp-
tion of the materials, and SEM (Hitachi) to study the mate-
rial’s morphology. The solar cell performance measurement:
current-voltage density curves were measured using a Kethley
2200 instrument, with a solar simulator (10500 Abet Tech.)
emitted under 1.5 AM conditions and producing a beam in-
tensity of 100 mW/cm2. The current-voltage density was
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measured over an area of 1 cm × 1 cm under conditions with
illumination.

3. RESULT AND DISCUSSIONS

3.1 The CH3NH3PbI3 Perovskite Synthesized Through
Two-Step Deposition

The CH3NH3PbI3 perovskite has been successfully synthe-
sized on the surface of TiO2 thin film through two-step de-
position method under ambient high humidity. To study the
structure of resulting perovskite, the synthesized films were an-
alyzed using XRD and the results are shown in Figure 1. The
conversion efficiency of PbI2 to form the perovskite, the diffrac-
togram of resulted CH3NH3PbI3 were compared with XRD
pattern of PbI2 seed layer over titania films. The sharp main
peaks on 14.3◦, 23.6◦ and 28.8◦ confirmed the appearance
of CH3NH3PbI3 on the films prepared at MAI concentration
of 20 and 40 mg/mL, which correspond to (110), (211), and
(220) planes (Aftab et al., 2025; Jeon et al., 2014; Kim et al.,
2022) . The broader peaks at the same range were also found
in the films prepared at MAI concentration of 50 mg/mL, in-
dicated the low crystallinity of the perovskite and the initial
precursors. The PbI2 peaks characteristic at around 12.7◦ and
25.6◦ (Watthage et al., 2016) and MAI peaks at ∼20◦, 29◦,
and 33.5◦ were still found in the films prepared at all MAI con-
centrations, which are regarded as incomplete reaction. The
characteristics of TiO2 peaks at 25◦ and 33.5◦ were also found
in the XRD results, indicated that the CH3NH3PbI3 on the
TiO2 surface is not completely covering the TiO2.

Figure 1. XRD Difractogram of Perovskite Synthesized by
Two-Step Method at Various Concentration of MAI

The XRD analysis revealed that the higher concentration of
MAI (up to 40 mg/mL) in the second-spin coating step led to
the lower unformed PbI2 on the TiO2 surface. This result was
similar as reported in most research on synthesis of perovskite

using spin coating method both in one or two step (Cheng
and Ding, 2021) . However, the sharper peaks of perovskite
material can be obtained using lower precursor concentrations
(at around 20-25 mg/mL) while the synthesis performed un-
der controlled temperature and humidity (Liu et al., 2020b) .
However, the CH3NH3PbI3 have been successfully synthe-
sized under ambient conditions without sophisticated facilities
resulting in perovskite materials with moderate crystallinity.
The particle of the perovskites was determined using Scherrer
formula based on main peaks of XRD diffractograms, and the
results were listed in Table 1. It was revealed that there is no
specific trend in particle size relating to the change of MAI con-
centration, except that the highest particle size resulted from
the synthesis with 20 mg/mL MAI, even the crystallinity is
quite low with high peak of unformed PbI2.

Figure 2. UV/Vis Analysis Results of Perovskite Synthesized by
Two-Step Method at Various Concentration of MAI

The XRD data were then refined using Rietica v4.2 soft-
ware to determine the lattice parameter, crystal texture and
orientation and the data listed at Table 2. The refined tetrago-
nal lattice parameters (a and c) remain within a narrow range
of approximately 8.84-8.88 Å and 12.60-12.70 Å, indicating
that all samples preserve the characteristic tetragonal phase of
CH3NH3PbI3 without significant lattice distortion. A slight
contraction in the c-axis and stabilization of the a-parameter
with increasing MAI concentration suggests improved crystal
packing and reduced lattice strain at higher precursor ratios.
The I110/I220 area ratio increases progressively from 20 mg
to 40 mg, indicating enhanced (110) texture with rising MAI
concentration, and then decreases slightly at 50 mg, suggest-
ing a minor relaxation of the preferred orientation at higher
precursor loading. The orientation analysis-evaluated through
the texture coefficient (TC) shows a distinct trend of enhanced
preferential orientation along the (110) planes up to an opti-
mal concentration (≈40 mg), followed by a minor reduction at
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Table 1. Particle Size of Perovskites Synthesized at Various Concentration of MAI Based on XRD Analysis

Angle hkl
Perovskite Particle Size (±10 nm)

20 MAI 30 MAI 40 MAI 50 MAI
14.3 110 118 76 99 88
23.6 211 180 114 144 138
28.8 220 193 128 160 142

Table 2. Refines Lattice Parameter, Crystal Orientation, and Texture Coefficient of CH3NH3PbI3 at Various MAI Concentration

MAI Concentration (mg/mL)

20 30 40 50

Crystal phase tetragonal tetragonal tetragonal tetragonal
a (Å) 8.8453 8.8769 8.8775 8.8635
c (Å) 12.6541 12.6140 12.5633 12.6551
I110/I220 0.8671 1.2095 1.8415 1.2718
TC110 0.0279 0.0178 0.0127 0.0291

Figure 3. X-Ray Difractogram of Perovskite After Ostwald
Ripening Treatment with Various Concentration of MABr

Table 3. Bandgap Energy (Eg ) Synthesized at Various Concen-
tration of MAI

MAI Concentration Eg
(mg/mL) (eV)

20 2.07
30 2.12
40 2.16
50 2.03

higher loading.
The structural evolution on MAI variation from 20 to 50

mg/mL closely aligns with previous reported research which
demonstrated that an excess of MAI lead to the surface de-
fect passivation, enhancing crystallinity, and promoting the
preferential crystal growth along (110) and (220) planes to
improve carrier transport and reducing recombination (Kim
et al., 2024) . The controlled MAI concentration also results
in grain connectivity enhancement and lattice strain reduction
indicated by narrow a-c variation, consistent with previous re-
search (Elangovan et al., 2024) . In contrast, a different result
reported that excessive MAI content inducing PbI2 deficiency
and organic residue formation led to decline crystallinity and
orientation homogeneity (Ahn et al., 2016) . The present re-
sults in accordance with these findings that the 40 mg/mL MAI
provides the most favorable balance between lattice stability
and preferred orientation on (110) planes as theoretically ad-
vantageous for improved charge transfer and solar cell device
based on CH3NH3PbI3.

The optical properties of resulted perovskite were analyzed
using UV/Vis Spectrophotometer and the analysis results are
shown in Figure 2 which indicated that the absorption came
from every separate component in the thin films. Absorption
of UV-Vis light results in electron transition, which promotes
electrons from a lower energy of ground state orbital to a high
energy of excited state orbital. CH3NH3PbI3 material pre-
pared at various CH3NH3I concentrations have shown elec-
tronic transitions of 𝜋 → 𝜋∗ (absorption range of 200-400 nm)
and n𝜋 → 𝜋∗ (absorption range of 500–700 nm) transition
types (Catalán and Catalán, 2011; Sutrisno et al., 2018) . The
high intensity of n→𝜋∗ transition indicated that the prepared
perovksite material is highly active in visible area (Sugiyarto
et al., 2018; Xing et al., 2013) . Among synthesis results at
various concentrations of CH3NH3I, perovskite films prepared
at 30 and 40 mg/mL are comparable high. The high amount
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Table 4. Particle Size of the Perovskites After Ostwald Ripening Treatment with Various Concentration of MABr Based on XRD

Perovskite Particle Size (±14 nm)

Angle hkl 40 MAI 20 MABr 30 MABr 40 MABr 50 MABr

14.3 110 168 204 226 238 172
23.6 211 240 296 332 335 244
28.8 220 265 322 346 362 253

Table 5. Refines Lattice Parameter, Crystal Orientation, and Texture Coefficient of CH3NH3PbI3−xBrx at Various MABr
Concentration

Crystal Phase
MAX Concentration (mg/mL)

40 MAI 20 MABr 30 MABr 40 MABr 50 MABr

tetragonal tetragonal tetragonal tetragonal tetragonal tetragonal
a (Å) 8.7991 8.6396 8.6283 8.6259 8.6237
c (Å) 12.6538 12.6171 12.5887 12.5242 12.6042
I110/I220 1.8561 1.3384 1.2831 1.1176 0.7924
TC110 1.0000 0.9240 1.4070 1.8110 0.6940

of unformed PbI2 in the film prepared at CH3NH3I concentra-
tion of 20 mg/mL resulted in a lower absorption intensity. The
lowest absorption intensity of the film prepared at CH3NH3I
concentration of 50 mg/mL was caused by the high unformed
of precursor materials.

Further analysis of UV/Vis spectrum was done to obtain
band gap energy of the prepared thin films using Tauc formula
and the results listed in Table 3. It showed that the band gap
energy increased with the increasing of MAI concentration up
to 40 mg/mL and decline with the MAI concentration of 50
mg/mL. Thus, considering the better crystallinity of the film
prepared at 40 mg/mL than at 30 mg/mL and the moder-
ate band gap energy of perovskites prepared with 40 mg/mL
MAI, the next step of Ostwald ripening process to prepare the
CH3NH3PbI3 were performed to the film synthesized with
CH3NH3I concentration of 40 mg/mL.

3.2 Result of Ostwald Ripening Post-Treatment using CH3-
NH3Br

The Ostwald ripening (OR) treatment was applied to the cur-
rently synthesized of TiO2/ CH3NH3PbI3 to convert the un-
formed precursors become a high crystallinity of CH3NH3-
PbI3-xBrx. The XRD diffractogram results (Figure 3) showed
that OR is successfully being a dominant step to synthesize the
perovskite. In the OR process, the small crystal of CH3NH3PbI3
dissolved in the CH3NH3Br solution and formed a larger crys-
tal. At the CH3NH3Br concentration of 20 mg/mL, OR treat-
ment becomes the dominant reaction of the CH3NH3PbI3 for-
mation with the disappearance of unformed precursor peaks,
even there are still PbI2 peaks left. When the CH3NH3Br
concentration was increased to 30 and 40 mg/mL, the PbI2
peaks characterization disappeared and perovskite became the
dominant phase, which means all PbI2 have already converted

to perovskite. The higher CH3NH3Br concentration decreases
the total Gibbs free energy which lead to the increase of dense
and homogenous CH3NH3PbI3-xBrx formation. However,
the high CH3NH3Br concentration tends to be the perovskite
agglomeration layer due to the low intensity of the main per-
ovskite peaks. Further increased of CH3NH3Br concentration
(>40 mg/mL) resulted in an lower crystallinity layer since all
PbI2 seed have been converted and the excess of CH3NH3Br
might form the blocking layer above the perovskite as also
reported by (Yang et al., 2016) . The high humidity also con-
tributes to the perovskite particle agglomeration, where the
water vapor would moisture the crystal through methyl as hy-
drophobic site (Ogunniran and Martins, 2021) .

The particle size of the perovskite was determined based
on XRD spectra, and the results were listed in Table 4, which
showed that the Ostwald ripening treatment successfully dis-
solved the unformed precursors and small previously synthe-
sized perovskites using two-step methods to result a higher
crystal size with much better crystallinity. In addition, the
incorporation of Br into the perovskite crystal even led to a
much higher crystal size and crystallinity. The existence of
Br facilitates the fast dilution of previously formed perovskite
and unformed precursors and lead to the arrangement and self-
assembly the perovskite crystal (Yang et al., 2016) . But there is
an optimum concentration of the MABr for the OR treatment,
since a high concentration of MABr resulted in a layer that
blocks the dilution of the previously formed perovskite materi-
als and the diffusion of amine groups to achieve the unformed
PbI2 seeds. This result was in accordance with the research
reported by Kim et al. (2016) , which showed that the Ost-
wald ripening treatment successfully dissolved the unformed
precursors and small previously synthesized perovskites using

© 2026 The Authors. Page 302 of 310



Kusumawardani et. al. Science and Technology Indonesia, 11 (2026) 298-310

Figure 4. UV/Vis Absorbance Spectrum of Perovskite After
Ostwald Ripening Treatment with Various Concentration of
MABr

Figure 5. Band Gap Energy of Perovskite After Ostwald
Ripening Treatment with Various Concentration of MABr

two-step methods to result a higher crystal size with much
better crystallinity.

The XRD patterns of CH3NH3PbI3-xBrx thin films treated
with varying MABr concentrations through Ostwald ripening
post-treatment confirmed a stable tetragonal perovskite phase
as determined from the refinement data using Le Bail under
Rietiva v4.2 (Table 5). Both lattice parameters a and c de-
creased from 8.7991 Å and 12.6538 Å (0 MABr or 40 mg/mL
MAI) to 8.6259 Å and 12.5242 Å with 40 mg/mL MABr,
indicating contraction of crystal lattice due to partial substi-

tution of iodide with smaller anion. At excessive MABr (50
mg/mL), a slight increase in c suggested strain relaxation or
halide segregation. The similar trend with the results before the
OR post-treatment, the preferred orientation analysis showed
a dominant (110) texture at moderate MABr levels (TC110 =
1.41-1.81), while higher concentration reduced (110) orienta-
tion (TC110 = 0.69), implying reorientation and increased poly-
crystallinity. Thus, Br incorporation promotes lattice shrinkage
and texture optimization up to ∼40 mg/mL, consistent with
reported mixed-halide perovskite behavior (Jeon et al., 2014) .

The OR post-treatment also highly influences the optical
properties of the perovskites as absorption edges shifted from
around 600 nm to about 800 nm at all CH3NH3Br concen-
tration with a similar trend of the spectra (Figure 4). The
dominant phase of perovskites provides a higher activity of the
films in the visible area, as also reported by many researchers
(Al-janabi et al., 2025; Kim et al., 2024; Ming et al., 2024;
Zhang et al., 2025a) . The more homogenous perovskites crys-
tal with high particle size, means by the less crystal defect and
pinholes lead to a higher intensity of visible light absorption
(Yang et al., 2016) . The Tauc graphs (Figure 5) showed the
contrast trend to the previous step that the increasing concentra-
tion of MABr up to 40 mg/mL (2 eV) lead to the lower redshift
of the perovskites gap energy (1.84 eV at 20 mg/mL MABr)
and the highest redshift provided by the MABr concentration
of 50 mg/mL. The perovskite thin film with 0 mg/mL MABr
was prepared by OR post treatment using 40 mg/mL MAI to
form CH3NH3PbI3 resulted in a band gap energy of 1.6 eV.
Similar phenomena were reported by Yilmaz and Yerci that
found the band gap energy of CH3NH3PbI3-xBrx was 1.55 eV
at x=0 and raised with the increased of x (Eg = 2.30 eV at x=3)
(Yilmaz and Yerci, 2019) .

The increase in observed band gap energy with higher
MABr concentration after OR treatment is attributed to Br
substitution in the perovskite lattice. Since iodide with higher
ionic radius replaced by bromide, it induces lattice contraction
and change the overlapping orbital between Pb and halide and
lead to a wider energy gap between orbital 5p of halide (va-
lence band) and orbital 6p of Pb (conduction band) (Mehra
et al., 2024) . As a consequent, the optical band gap increases,
and provides a lower redshift of the absorption edge. Further-
more, at higher bromide concentrations, the Ostwald ripening
process promotes improved crystallinity and reduced defect
density, which diminished localized states within the band gap
and enhanced the precision of optical transitions (Yang et al.,
2016) . This compositional tuning mechanism enables band
gap modulation from approximately 1.6 eV for CH3NH3PbI3
to about 2.2 eV for CH3NH3PbBr3, consistent with previ-
ous reports on mixed-halide perovskites (Guo et al., 2025;
Sa et al., 2022). However, the excessive MABr concentration
(50 mg/mL) causes halide segregation, defect formation, and
structural relaxation, which lead to redshifted absorption and
reduced band gap.

The surface morphology of CH3NH3PbI3-xBrx films pre-
pared via Ostwald ripening with varying MABr concentra-
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Figure 6. UV/Vis Spectra of Perovskite After Ostwald Ripening Treatment at Concentration of MBr

tions was studied from SEM micrographs in Figure 6. At
20 mg/mL, the perovskite film exhibits relatively small and
irregular grains with noticeable voids, suggesting incomplete
crystal coalescence. Increasing the MABr concentration to 30
and 40 mg/mL results in larger, more compact grains with
reduced grain boundaries, indicating enhanced crystal growth
and improved film uniformity due to optimized halide diffusion
during ripening (Jeon et al., 2014; Zhou et al., 2015) . The exis-
tence of pinholes in the perovskite layer indicated the quality of
CH3NH3PbI3-xBrx thin film even after applying the Ostwald
ripening process, which highly related to the uncontrolled hu-
midity. Wozny et al. (2015) reported the influence of humidity
in the synthesis of formamidium lead-triiodide perovskite, the
higher humidity resulted in a more non-homogenous film con-
sisting of many pinholes, a film crystallinity reduction, and a
decay on optical properties. However, at 50 mg/mL, partial
grain coarsening and non-uniform morphology appear, likely
caused by excessive bromide content that disrupts balanced
nucleation and growth. These morphological improvements

at moderate MABr concentrations correlate with the observed
enhancement in crystal orientation and reduced trap-assisted
recombination in the films.

The EDX spectra (Figure 7) confirm the presence of con-
stituent elements (C, N, O, Ti, Br, Sn, and Pb) corresponding
to the CH3NH3PbI3-xBrx perovskite films synthesized at 20
and 40 mg/mL MABr. Both samples exhibit strong peaks of
Pb and I, along with clear Br signals, verifying successful incor-
poration of bromide into the perovskite lattice. Compared with
the 20 mg/mL film, the 40 mg/mL sample shows a significantly
higher Br content (6.68 wt% vs 0.19 wt%) and a corresponding
reduction in I intensity, confirming progressive I-→Br- substi-
tution during Ostwald ripening. The Ti and Sn peaks originate
from the underlying TiO2 compact/mesoporous layers and
FTO substrate, while the low C and N levels correspond to
methylammonium organic group. The increase in Br fraction
at 40 mg/mL suggests enhanced halide diffusion and lattice
modification, consistent with the observed lattice contraction
in XRD and the optical band gap widening associated with
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Figure 7. EDX Graph and Surface Elemental Analysis of CH3NH3PbI3-xBrx Synthesized at 20 (left) and 40 mg/mL (Right)
MABr

Figure 8. EDX FTIR Spectra of CH3NH3PbI3 (Red) and
CH3NH3PbI3-xBrx Synthesized at 40 mg/mL MABr (Black)

higher bromide incorporation. Both SEM and EDX analysis
results indicate that humidity strongly influences the surface
morphology and halide composition of CH3NH3PbI3-xBrx
films during Ostwald ripening. Under over-humid conditions,
moisture can partially dissolve the perovskite layer and pro-
mote ion migration, leading to non-uniform nucleation and

recrystallization (Chen et al., 2022; Ogunniran and Martins,
2021; You et al., 2014) . Overall, moderate bromide addition
improves both structural stability and environmental tolerance
against humidity-induced degradation.

The FTIR spectra of CH3NH3PbI3 and CH3NH3PbI3-xBrx
(40 mg/mL MABr) (Figure 8) both exhibit the expected C–H
and N–H vibrations of the methylammonium cation, confirm-
ing that the organic A-site remains intact. However, the Br-
substituted film shows a noticeably stronger broad absorption
between ∼3200-3600 cm-1, indicating enhanced hydrogen-
bonding or increased surface hydroxyl/adsorbed-water species,
which may reflect greater surface polarity or residual organics.
In the low-frequency region, the Pb–X lattice vibrations shift to
higher wavenumbers in the mixed-halide film, consistent with
the formation of shorter, stiffer Pb–Br bonds. This spectral shift
aligns with previous observations that halide substitution con-
tracts the perovskite lattice and increases bandgap (e.g., through
changed Pb–X bonding) in mixed halide perovskites. How-
ever, subtle differences are observed in the MAPbI3 spectrum
which exhibits sharper and more intense peaks compared to
CH3NH3PbI3-xBrx.This peak broadening in the mixed halide
perovskite suggests increased structural disorder arising from
the mixed halide occupation and a distribution of local envi-
ronments surrounding the MA+ cations (Fykouras et al., 2023;
Huang et al., 2024) . These results demonstrate that bromide
incorporation primarily affects the inorganic [PbX6]4- octahe-
dral framework rather than the organic component, with the
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Table 6. Device Performance of Perovskite Solar Cell

Solar Cell System
Isc Voc FF PCE

(mA/cm2) (V) (%) (%)

20mg/mL MABr 21.38 0.99 60.95 12.56 ± 0.04
30mg/mL MABr 20.76 0.98 54.97 11.64 ± 0.03
40mg/mL MABr 19.42 0.97 45.03 8.66 ± 0.05
50mg/mL MABr 15.94 0.98 41.42 4.27 ± 0.07

subtle spectral changes reflecting modified hydrogen bonding
interactions between the MA+ cations and the mixed halide
lattice without fundamentally altering the perovskite structure
(Gan et al., 2019; Verma and Jain, 2024) .

Figure 9. I-V of Perovskite Solar Cells at Variation
Concentration of MABr

3.3 The Perovskite Solar Cells based on CH3NH3PbI3-xBrx
The resulting perovskite materials were then applied in the
perovskite solar cells, and the performance of the PSCs was
measured as short-circuit current density (Isc) and open circuit
voltage (Voc) under standard global (AM 1.5 solar irradiation)
and the results showed in Figure 9. From the Isc vsVoc curve,
the fill factor (FF ) of the solar cell can be determined by the
following Equation 1.

FF =
VmaxImax

VocIsc
(1)

whereVmax and Imax are the voltage and current at the max-
imum power point of the I-V curve. The overall performance
conversion efficiency (PCE) of the solar cell determined using
Equation 2.

PCE =
VocIscFF
Pin

× 100% (2)

where Pin is the incident power irradiance. The photo-
voltaic parameters of CH3NH3PbI3−xBrx solar cells fabricated
with varying MABr concentrations are summarized in Table
6. The device incorporating 20mg mL−1 MABr achieved the
highest efficiency, with Isc = 21.38mAcm−2, Voc = 0.99V,
FF = 60.95%, and PCE = 12.56 ± 0.04%. This improvement
is attributed to the enhanced film crystallinity and compact mor-
phology that facilitate efficient charge transport and minimize
trap-assisted recombination. Increasing MABr concentration
beyond 30mg mL−1 led to a gradual decline in current den-
sity and fill factor, consistent with the structural data showing
bromide-induced lattice distortion and halide segregation. As
shown in Table 6 and Figure 9, the photovoltaic parameters
confirm this trend, where the 20mg mL−1 MABr devices ex-
hibit the most uniform and stable performance compared to
higher bromide concentrations. The decrease in PCE and Isc at
40 − 50mg mL−1 indicates that excessive bromide incorpora-
tion generates non-uniform grain growth and increased charge
recombination centers, reducing carrier collection efficiency.
These results are consistent with previous reports that mod-
erate halide substitution enhances perovskite film quality and
device reproducibility, while excessive bromide content desta-
bilizes the perovskite phase under humid conditions (Hoke
et al., 2015) .

The Ostwald ripening (OR) mechanism is a thermodynam-
ically driven process that minimizes the system’s total surface
energy by dissolving smaller, high-energy crystallites and re-
depositing the ions onto larger, lower-energy grains (Lin et al.,
2021; Mahmud et al., 2017; Yang et al., 2016; Zhu et al.,
2016) . This process is governed by the difference in chem-
ical potential between small and large crystals, described by
the Gibbs–Thomson relation. During OR treatment in the
CH3NH3PbI3-xBrx system, the small perovskite grains dis-
solve into the CH3NH3Br solution and recrystallize as larger
grains with lower interfacial energy. Increasing MABr concen-
tration reduces the total Gibbs free energy (ΔG < 0), promoting
thermodynamically stable crystal growth and improved crys-
tallinity up to the optimal 40 mg/mL concentration. However,
excessive bromide (>40 mg/mL) induces supersaturation and
lattice strain, leading to secondary nucleation and halide seg-
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Figure 10. Statistics of PCE, FF,Voc, and Isc from Three Best Variation of MBr Concentration (20, 30, and 40 mg/mL). The
Measurement was Conducted under Ambient Humidity, 1 Sun Illumination AM 1.5 Solar Light, 100 mW/cm2, and at 58-60
◦C.

regation, which elevate the system’s free energy and reduce
long-range crystallinity (Kim et al., 2016; Yang et al., 2020) .

This thermodynamic behavior directly influences the cor-
relation between grain size, crystallinity, and photovoltaic per-
formance. Larger, well-oriented grains formed under moder-
ate OR conditions reduce grain boundary density and defect
states, facilitating efficient charge transport and minimizing
trap-assisted recombination (Liu et al., 2020a; Zhu et al., 2016) .
Consequently, the perovskite film with 20-40 mg/mL MABr
exhibits the highest carrier mobility and fill factor, yielding the
optimal PCE of 12.56%. In contrast, excessive bromide incor-
poration (50 mg/mL) disrupts charge percolation pathways
by introducing grain coarsening and phase segregation, which
increase recombination losses and decrease photocurrent. The
observed relationship follows a parabolic correlation model
between crystallite size and device efficiency, where optimum
energy conversion is achieved at intermediate grain size and

highest orientation uniformity.
The reproducibility of perovskite solar cells based on pre-

pared CH3NH3PbI3-xBrx, the solar cells performance was mea-
sured on 30 sample devices based on MABr concentration
of 20, 30, and 40 mg/mL. Figure 10 presents the statistical
distribution of the photovoltaic parameters (Isc , Voc , FF, and
PCE) for CH3NH3 PbI3-xBrx solar cells fabricated with dif-
ferent MABr concentrations (20, 30, and 40 mg/mL). The
20 mg/mL MABr-treated device exhibits the highest average
performance with a PCE of approximately 12.5%, Isc above
21 mA cm-2, and FF exceeding 60%, indicating optimal halide
incorporation and superior film uniformity. Increasing MABr
concentration to 30 mg/mL leads to a slight reduction in all
parameters, suggesting moderate bromide substitution intro-
duces minor charge-transport resistance and grain-boundary
recombination. At 40 mg/mL, the values of Isc , FF, and PCE
decrease significantly, reflecting reduced carrier extraction effi-
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ciency due to excessive bromide content and structural disorder,
consistent with the SEM and XRD results. The relatively sta-
bleVoc across all samples (0.97-1.00 V) indicates that bromide
incorporation primarily affects charge transport rather than the
energy alignment at interfaces. These statistical trends confirm
that moderate bromide levels (≈20 mg/mL) provide the best
balance between morphology, crystallinity, and photovoltaic
performance under ambient humidity.

4. CONCLUSIONS

CH3NH3PbI3-xBrx thin films were fabricated through an Ost-
wald ripening process with varied MABr concentrations to
investigate the influence of bromide incorporation on struc-
tural and device performance. XRD characterization verified
the formation of a tetragonal perovskite phase with progressive
lattice contraction and enhanced (110) orientation up to 40
mg/mL MABr, confirming the substitution of I- by Br- within
the crystal lattice. Surface and elemental analyses revealed that
moderate bromide addition yielded compact, well-connected
grains and uniform halide distribution, whereas excessive bro-
mide resulted in grain coarsening, halide segregation, and mor-
phological degradation under humid conditions. The optical
results showed a tunable band gap associated with the degree
of bromide incorporation, consistent with the observed struc-
tural modification. Among all compositions, the device with
20 mg/mL MABr achieved the best photovoltaic output (PCE
= 12.56%), attributed to balanced crystallinity, reduced defect
density, and efficient charge extraction. Overall, these results
demonstrate that precise control of bromide content through
Ostwald ripening is essential for optimizing film morphology,
structural integrity, and stability of perovskite solar cells in
humid environments.
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