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Abstract

Hybrid halogenated perovskites MAPb(I,_,Br,); are attracting increasing in-
terest due to their remarkable optoelectronic performance, particularly in so-
lar cells. However, their instability under ambient conditions remains a major
obstacle to their commercialization. This work presents a systematic study of
the structural, morphological, and optical properties of perovskite thin films
MAPDB(I,_,Bry); (x= 0 to 0.15) as well as their stability under ambient condi-
tions. The main objective is to identify the optimal I/Br ratio that maximizes
structural and optical stability without compromising electronic properties.
The films were prepared by centrifugation with toluene as an antisolvent, fol-
lowed by controlled thermal annealing. Degradation was monitored over sev-
eral weeks using characterization techniques such as X-ray diffraction (XRD),
UV-Visible spectroscopy, and photoluminescence. X-ray diffraction (XRD)
and UV-Visible spectroscopy analyses confirm the efficient incorporation of
bromine, resulting in lattice contraction and a controlled band gap widening
from 1.60 eV to 1.68 eV. The degradation evolution over 28 days shows that
while the MAPDI; pure form amorphizes in less than a week, the addition of
bromine significantly delays this process. The sample with 10% Br is identified
as the optimum, exhibiting exceptional electronic resilience with a fourfold
increase in photoluminescence intensity during aging.
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1. Introduction

Methylammonium lead iodide MAPbI; have revolutionized the field of photovol-
taics with efficiencies now exceeding 25% [1]. However, their extreme sensitivity
to humidity and oxygen remains the main obstacle to their commercialization [2].
Under ambient conditions, they MAPbI; undergo rapid decomposition, often at-
tributed to the infiltration of water molecules into the crystal lattice, causing the
breaking of hydrogen bonds between the organic cations and the inorganic cage
(3] [4].

To overcome this instability, halide engineering, particularly the partial substi-
tution of iodine (I") by bromine (Br), has become a standard strategy [5]. Bro-
mine, with its smaller ionic radius, induces a contraction of the crystal lattice,
which strengthens the cohesive energy of the network and limits the diffusion of
reactive species [6]. Furthermore, the ease of tuning the band gap by varying the
ratio of bromide, iodide, and chloride halides in, for example, perovskites
MAPbD(I,-,Br,); [7], makes these materials attractive for tandem solar cells [8] or
LEDs across the entire visible spectrum [9] [10].

Despite a wealth of literature, determining an optimal bromine ratio that guar-
antees both high crystal quality and maximum durability in humid environments
remains an active area of research. Recent studies suggest that while a high bro-
mine content improves structure, it can also induce phase segregation under illu-
mination [11]-[13]. This study focuses on a range of 0% to 15% Br to identify the
optimal stability threshold. We correlate structural, optical, and morphological
evolution over a 28-day period to demonstrate the superiority of the 10% Br com-
position.

2. Experimental Section

2.1. Materials and Reagents

Lead iodide (PbL, purity = 99.99%), lead bromide (PbBr,, 298%), methylammo-
nium iodide (MAI), and methylammonium bromide (MABr) were used as pre-
cursors without further purification. Dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO) solvents were used to prepare the solutions, while toluene was

used as an anti-solvent during deposition.

2.2. Preparation of Precursor Solutions

The precursor solutions MAPb(I,_,Br,); (x = 0, 0.05, 0.1, 0.15) were prepared by
precisely adjusting the molar proportions of Pbl, and PbBr; to obtain the desired
halogenated composition, while maintaining an overall 1:1 stoichiometric ratio
between total lead and the MA* cation. The total concentration was set at 1.3 M.
The salts were dissolved in a DMF/DMSO mixture (4:1, V:V) under magnetic stir-
ring at 65°C at 600 rpm for 1 h to obtain homogeneous and transparent solutions.
The solutions were then filtered using PTFE filters (0.45 pm) before deposition.

2.3. Thin Film Deposition

Fluorine-doped tin oxide (FTO) coated glass substrates were selected and succes-
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sively cleaned by ultrasound in distilled water, acetone, and isopropanol, then
dried under a nitrogen stream. Film deposition was performed by spin coating.
The deposition was performed by applying 100 pL of precursor solution to the
substrate. This was followed by a first rotation at 1000 rpm for 6 seconds, then a
second rotation at 4000 rpm for 30 seconds. During the rotation, precisely 20 sec-
onds after the start of the second rotation, 200 puL of toluene was deposited in
the center of the forming film to induce rapid crystallization. The samples were
then thermally annealed at 110°C for 30 minutes to promote complete formation
of the crystalline phase.

The exact conditions were not recorded by a continuous sensor, but the samples
were stored in the dark in a closed cabinet within a temperature-controlled labor-
atory at the Polytechnic University of Valencia (Spain) in May 2025. During this
period, the standard internal temperature was maintained at 22°C + 2°C and the
estimated ambient relative humidity within the cabinet was between 45% and 55%
RH.

2.4. Characterization Techniques

The crystalline structure of the thin films was studied by X-ray diffraction (XRD)
using the RIGAKU-Ultima IV diffractometer, with a Cu Ka source (1 = 1.5406
A). Angular scans were performed between 10° and 60°. The optical properties
were studied by UV-Visible spectroscopy using the Ocean spectrometer. Optics
HR4000 was used in the visible and near-ultraviolet spectral range to analyze the
absorption behavior of the films and estimate the optical band gap width as a
function of halogen composition. Photoluminescence measurements were per-
formed at room temperature to analyze radiative recombination processes. Sur-
face morphology and grain size were examined by scanning electron microscopy
(SEM).

3. Results and Discussion
3.1. Structural Analysis by X-Ray Diffraction (XRD)

The XRD diffractograms obtained for the thin films MAPb(I,_,Br,); show intense
and well-resolved peaks, attributed to the crystallographic planes typical of the
perovskite structure [14]. These results confirm the formation of the perovskite
crystalline phase for all the compositions studied.

Furthermore, no secondary peaks related to the presence of parasitic phases,
such as Pbl, or PbBr,, were detected on the diffractograms (Figure 1). This sug-
gests efficient conversion of precursors and good crystallization quality of the de-
posited films [14] [15].

The progressive increase in bromide content is accompanied by a systematic
shift of the diffraction peaks towards higher Bragg angles (26) (Figure 2). This
shift is attributed to the decrease in the crystal lattice parameter resulting from the
substitution of iodide ions (I") by bromide ions (Br~), which have a smaller ionic
radius. This behavior is consistent with Vegard’s law and has been widely reported

in the literature for mixed I/Br hybrid perovskites [14].
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Figure 1. XRD patterns obtained for different mixed halide perovskite films.

—— 15% Br|
| —10% Br
| 5% Br
| M\ . 0% Br
| I N o\

1 |\ Y AN
13 1|4 1I5 " 2|9 3|0 31

26 (°)

Figure 2. Diffractograms at MAPb(I:-.Brx); approximately 14° and 28°.

Furthermore, a decrease in the full width at half maximum (FWHM) of the
diffraction peaks is observed overall, which suggests an improvement in the crys-
tallinity of the films as well as an increase in the average size of the crystallites [16].

However, for compositions containing 5% and 10% bromide, a slight increase
in full width at half maximum (FWHM) is observed at positions 26 = 28.618" and
14.25°, respectively (Table 1). This change can be attributed to the appearance of
local crystal stresses or to a degree of structural disorder induced by the partial
substitution of iodide ions by bromide ions within the perovskite lattice.

The crystallite sizes, estimated using the Scherrer method, nevertheless confirm
the positive effect of moderate bromide incorporation on the crystalline quality of
the films MAPb(I,_,Br,)s.
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Table 1. Scherrer table of MAPb(I;-Bry)s.

Br (%) Plan 260(°) FWHM (°) Size D (nm)
(110) 14.183 0.311 25.544
0% (220) 28.484 0.200 39.722
(310) 31.968 0.249 31.905
(110) 14.215 0.308 25.793
5% (220) 28.618 0.248 32.034
(310) 32.015 0.242 32.828
(110) 14.250 0.311 25.544
10% (220) 28.642 0.247 32.163
(310) 32.074 0.232 34.243
(110) 14.273 0.294 27.021
15% (220) 28.686 0.239 33.240
(310) 32.137 0.220 36.111

The size of the crystallites D1is obtained using Scherrer’s formula:
DA
B-cos(0)

where:
D = crystallite size (nm)
K= form factor equal to 0.9
A = wavelength of X-ray radiation (1.5406 A for Cu Ka)
p=FWHM in radians
6 = Bragg angle (*) converted to radians (6= % x 26)

3.2. Optical Properties: UV-Visible Absorbance

UV-Visible absorbance spectra show a high absorption coefficient in the visible
region of the electromagnetic spectrum, characteristic of organometallic hybrid
perovskites and favorable to photovoltaic applications [14]. A progressive shift of
the absorption edge towards shorter wavelengths is also observed with increasing
bromide content (Figure 3), reflecting a broadening of the optical band gap of the
thin films MAPb(I,_,Br,); [14].

3.3. Photoluminescence (PL) Properties

The photoluminescence (PL) spectra recorded at room temperature show intense
and relatively narrow emission peaks for all the compositions studied. A progres-
sive shift of the emission maximum towards shorter wavelengths is observed with
increasing bromide content (Figure 4), consistent with the widening of the optical

band gap highlighted by UV-Visible absorbance measurements.
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Figure 3. Absorbance spectra of thin films MAPb(I:-.Bra)s.
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Figure 4. Normalized photoluminescence for perovskite films MAPb(I1-xBry)s.

The gap energy increases almost linearly with the bromide fraction x (Figure
5), in agreement with the results previously reported for MAPb(I,_Br.)s [14]. This
evolution reflects the changes in the electronic structure, in particular the shift in
the valence and conduction band levels induced by halogenated substitution.

Furthermore, the intensity of photoluminescence (PL) is closely linked to the
crystalline quality and morphology of thin films. A decrease in the density of non-
radiative defects as well as better passivation of grain boundaries promotes more
efficient radiative recombination, resulting in more intense PL emission [17] (Ta-
ble 2).

Figure 6 schows a progressive increase in the band gap energy MAPb(I,_,Br,)s
with increasing bromine content, reflecting the band gap widening by the partial
substitution of I" by Br*". Indeed, the band gap energy increases from 1.60 eV for
the bromine-free film (0%) to 1.68 eV for an incorporation rate of 15%.
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Figure 5. Normalized photoluminescence of MAPb(Ii-sBr»); as a function of energy.

Table 2. Band gap energy of MAPb(I:-.Br.)s.
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Figure 6. Variation of the band gap energy as a function of the Br concentration.

3.4. Surface Morphology (SEM)

The SEM images (Figure 7) show that the thin films are continuous and well-
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covered, composed of polycrystalline grains. The average grain size decreases
slightly as the bromide content increases. This behavior could be associated with
changes in nucleation and growth kinetics during solution deposition. A more
homogeneous morphology and better substrate coverage generally help limit non-
radiative recombination pathways, which may partly explain the trends observed
in photoluminescence (PL) measurements. These observations highlight the im-
portance of precise control of the halogen composition to simultaneously opti-

mize the structural, optical, and morphological properties of the films.

Figure 7. SEM images of thin films MAPb(I;-:Bry)s.

3.5. Structural Evolution (Monitored by X-Ray Diffraction over 21
Days)

The long-term stability of the films MAPb(I,_,Br.); was assessed by weekly moni-
toring of X-ray diffraction under ambient conditions.

To accurately assess the degradation kinetics without the substrate crushing ef-
fect, the XRD diagrams were normalized (Figure 8). Comparative analysis of the
curves after 3 weeks of exposure (green curves) highlights the superiority of the
10% Br sample. While the main perovskite peaks at approximately 14.2° and 28.5°
collapse almost completely for the pure compound (0% Br) and weaken for the
15% Br, they maintain their resolution and maximum relative intensity for the
10% Br composition. This result confirms the existence of an optimum at 10%
bromine, limiting network amorphization while avoiding the local mechanical

stresses suspected at the higher 15% concentration.

3.6. Optical Stability Analysis (Absorbance over 28 Days)

Monitoring by UV-Vis spectroscopy confirms structural trends while revealing
the surface condition of the films.

For the 0% Br sample A progressive blurring of the absorption edge and a dra-
matic increase in the baseline are observed after 14 days. This vertical shift may
not be an actual increase in absorption, but rather a sign of strong light scattering
caused by physical degradation and increased film roughness following its struc-

tural collapse.
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Figure 8. Diffractograms of fresh and 3-week-old thin layers MAPb(I:-.Bra)s.

For mixed compositions (5% - 15% Br), the absorption front remains stable and
sharp for at least 21 days. For the 10% Br sample, the spectrum retains its initial
profile even after 28 days, showing only slight scattering at the end of the period.
This could demonstrate that bromine not only stabilizes the internal structure but
also preserves the optical quality of the interface [15] [18] (Figure 9).

3.7. Photoluminescence Dynamics and Passivation (28 Days)

Photoluminescence (PL) spectra offer the finest understanding of electronic qual-
ity during aging.

A remarkable phenomenon of “humidity-assisted passivation” was observed
for all bromine-doped samples. By the second week, the PL intensity increased
significantly. This effect was maximal for the 10% Br sample, whose intensity was
four times greater than that of the undamaged film. This luminescence peak sug-
gests that controlled exposure to ambient humidity allows for the passivation of
surface defects or the rearrangement of grain boundaries, thereby reducing non-

radiative recombination.

DOI: 10.4236/mnsms.2026.164005

89 Modeling and Numerical Simulation of Material Science


https://doi.org/10.4236/mnsms.2026.164005

P.Y.Daoetal.

3 3 -
f—— 0% Br-Fresh 5% Br-Fresh
0% Br-Aged 1 week 5% Br-Aged 1 week
—— 0% Br-Aged 2 weeks| 5% Br-Aged 2 weeks|
(—— 0% Br-Aged 3 weeks 5% Br-Aged 3 weeks
0% Br-Aged 4 weeks 5% Br-Aged 4 weeks|
2+ 24
® 10}
o o
i=4 c
@ <
2 2
o o
0 7]
o
< 2
1 14
0 T T T T 0 T T T T
500 600 700 800 900 1000 500 600 700 800 900 1000
Wavelength (nm) Wavelength$ (nm)
3 3
[~ 10% Br-Fresh [—— 15% Br-Fresh
—— 10% Br-Aged 1 week |—— 15% Br-Aged 1 week
[—— 10% Br-Aged 2 weeks| I—— 15% Br-Aged 2 weeks|
—— 10% Br-Aged 3 weeks| |—— 15% Br-Aged 3 weeks|
[—— 10% Br-Aged 4 weeks| —— 15% Br-Aged 4 weeks|
24 2
8 8
5 5
g 2
g 2
8 8
< <
14 1
0 T T T T 0 T T T T
500 600 700 800 900 1000 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 9. Absorption of the different thin layers of MAPb(Ii-sBry); fresh and old.

However, after 21 days, a competition arises between this passivation and chem-
ical degradation. While the 15% Br sample experiences a rapid drop in PL inten-
sity by week 4, the 10% Br sample maintains robust emission. This crucial result
identifies the 10% Br ratio as the optimal threshold: it provides sufficient protec-
tion against moisture while avoiding excessive network stresses or microscopic

segregation that could occur at higher bromine levels (Figure 10).
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Figure 10. Photoluminescence of different thin layers of MAPb(Ii-:Bry)s fresh and old.

4. Conclusions

In conclusion, this study has allowed us to precisely quantify the influence of bro-
mine incorporation on the structural properties and environmental stability of
perovskite thin films MAPb(I,_Br.)s. Our results confirm that halide engineering
is a key lever for overcoming the intrinsic limitations of MAPbI; pure perovskite.

Structural analyses by XRD and optical analyses by UV-Vis demonstrated ho-
mogeneous integration of bromine within the lattice, enabling precise band gap
adjustment from 1.60 eV to 1.68 eV. This band gap control is essential for the
development of high-efficiency tandem solar cells. Morphologically, SEM images
confirmed that halogenated substitution preserves the uniformity and compact-
ness of the films, prerequisites for photovoltaic applications.

The major contribution of this work lies in the comparative monitoring of deg-
radation over 28 days. We have demonstrated that:

The MAPbI; pure form undergoes total amorphization in less than a week with-
out an intermediate crystalline phase.

The addition of bromine delays this process by strengthening the cohesion of
the crystal lattice through lattice contraction.

The 10% Br sample represents the optimal ratio, even surpassing the 15% sam-
ple in terms of electronic resilience. This 10% threshold allows for a beneficial
humidity-assisted passivation mechanism, tripling the lifetime of the photolumi-
nescence signal compared to the pure compound.

These findings suggest that there is a critical trade-off between structural rigid-
ity and the quality of electronic interfaces. Above 10% Br, although the structure
remains robust, emission properties begin to decline earlier, likely due to internal
network stresses.

This work paves the way for more precise optimization of photovoltaic devices
operating in humid environments. Future research could explore the impact of
this optimal 10% ratio under combined thermal and light stress, in order to vali-

date its viability for the industrial production of durable perovskite modules.
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