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Abstract

In this study, mixed-halide perovskite thin films of methylammonium lead iodide chloride
(CH3NHsPbICl;) and methylammonium tin iodide chloride (CH3sNH3SnICl,) were fabricated us-
ing the doctor-blade coating technique and systematically investigated to evaluate the influ-
ence of partial chloride incorporation on their structural and optical properties. X-ray diffrac-
tion (XRD) and atomic force microscopy (AFM) analyses confirmed improved crystallinity and
increased grain size in both materials. CHsNH3SnICl; films exhibited smoother surface mor-
phology and higher phase purity, while CH;NH3PbICl, showed minor secondary phases such
as Pbl, and PbCl,. Fourier-transform infrared (FTIR) spectra revealed characteristic vibrational
modes of the methylammonium (CH3NHs*) cation, with slight shifts indicating lattice modifi-
cations due to CI™ substitution. UV-Vis absorption spectra showed absorption edges near 760
nm (Eg = 1.54 eV) and 830 nm (Eg = 1.55 eV) for CHsNHsPbICl, and CH3NH3SnICl,, respectively.
Photoluminescence spectra exhibited strong emissions at ~750 nm and ~820 nm, suggesting
reduced defect density and efficient radiative recombination. These findings highlight mixed-
halide perovskites as promising materials for stable optoelectronic applications.
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1. Introduction

The increasing global demand for clean and sustainable energy has stimulated
intensive research into novel photovoltaic materials, among which organometal
halide perovskites have emerged as promising candidates due to their superior op-
toelectronic properties, tunable direct band gaps, and high absorption coefficients
[1-3]. Even thin films (with thicknesses 300-500 nm) can offer excellent light har-
vesting, making these compounds particularly attractive for lightweight and flexible
photovoltaic devices. Modifying the halide composition (17, Br~, CI") enables precise
their band gap tuning, making them suitable for application in photodetectors,
light-emitting diodes (LEDs), lasers, and other optoelectronic platforms [4-6].

Micro- and nano-sized perovskites differ substantially in synthesis conditions,
such as precursor concentrations, nucleation and growth mechanisms, stabilization
strategies, and thermal treatment regimes. Nanostructured perovskites demon-
strate size- and morphology-dependent optical tunability, while microcrystalline
thin films show long-term structural and optical stability, making both techniques
valuable in photovoltaic and photonic technologies [7-9].

Within this class of materials, hybrid organic-inorganic perovskites based on the
methylammonium cation are of especially importance. Lead and tin-based perov-
skites, such as CH3sNH3PbXs and CH3NHsSnXs (X=I, Br, Cl) and their mixed-halide de-
rivatives, exhibit highly ordered crystal lattices and advantageous synthesis at ex-
tremely mild conditions [10-11]. However, their long-term stability remains a chal-
lenge, as pure iodide or chloride phases are prone to degradation due to moisture,
oxygen, and temperature variations.

To overcome these limitations, mixed-halide perovskites have attracted consid-
erable interest. Partial incorporation of iodide with chloride in lead-based perov-
skites (e.g., CHsNH3PbICly) improves structural stability, film morphology, increases
absorption edges, and decreases defect density [12-13]. In comparison with their
single-halide analogues, mixed-halide systems exhibit stronger photolumines-
cence, improved crystallinity, and higher phase stability, and developed resistance
to environmental degradation which are significant for optoelectronic and photo-
voltaic devices [6, 14].

Related stabilization strategies have been improved to tin-based systems, such
as CH3NHsSnICl,. While CHsNHsSnls exhibits a narrow band gap (Eg=1.3 eV) and
strong light absorption in the visible-near-infrared region, but prone to rapid deg-
radation due to the facile oxidation of Sn?* to Sn**. Incorporation of chloride into
the tin-iodide lattice partially reduces this oxidation, yielding CHsNH3SnICl; with en-
hanced crystallinity, smoother film morphology, and increased optical response
[15, 16]. Previously reported optical studies show that Sn-based mixed-halide per-
ovskites display wide band gaps (Eg=2.6-2.8 eV) and visible-range emission peaks,
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demonstrating the strong effect of halide substitution on structural and electronic
properties. However, the performance of CH3NHsSnICl, remain highly sensitive on
synthesis conditions, including solvent composition, precursor ratios, and anneal-
ing temperature, which determine film stability and reproducibility [17].

In this context, a direct comparative investigation of CH3;NH3PbICl, and
CH3NHsSnICl; is crucial for understanding the structural, optical, and morphological
features of mixed-halide perovskites. Such analysis not only defines the role of par-
tial chloride incorporation in stabilizing hybrid perovskite lattices but also provides
insights into their potential as functional materials for photovoltaic and optoelec-
tronic applications.

The present work aims to provide a comprehensive comparative analysis of
CHsNH3PbICl; and CH3NH3SnICl; hybrid perovskites, focusing on their structural and
optical characteristics. By correlating partial iodide- chloride substitution with
changes in crystallinity, lattice stability, band-gap modification, and reduction of
defect states. The novelty of this study lies in directly contrasting Pb- and Sn-based
mixed-halide systems under identical processing conditions, thereby revealing their
complementary advantages and limitations. This comparison establishes
CH3NHsPbICl; and CHsNHsSnICl; as promising candidates for stable, efficient, and
environmentally more sustainable optoelectronic and photovoltaic applications.

2. Materials and Methods
2.1. Materials

Methylamine solution (CH3NH;, 40 wt.% in H,0), hydroiodic acid (HI, 57%), di-
ethyl ether, tin (Il) chloride (SnCl;), and lead (Il) chloride (PbCl;, 99.99%) were ob-
tained from Karma Lab (lzmir, Turkey). Ethanol (299.9%), N, N-dimethylformamide
(DMF, 99%), and dimethyl sulfoxide (DMSO, 299.7%) were purchased from Sigma-
Aldrich. All chemicals were used without further purification.

2.2. Characterization Techniques

The structural, morphological, and optical properties of CH3NHsSnICl; and
CHsNH3PbICl; perovskite thin films were examined using complementary character-
ization techniques. Surface morphology and film uniformity were studied by atomic
force microscopy (AFM, NT-MDT) and optical microscopy (OM, Zeiss). Crystal struc-
ture was analyzed by X-ray diffraction (XRD, Rigaku MiniFlex) with Cu-Ka radiation
(A=1.5406 A), scanned over a 20 range of 20°-80° at a rate of 2°/min. Fourier-trans-
form infrared spectroscopy (FTIR, PerkinElmer, USA) was employed to identify func-
tional groups and vibrational modes in the 4000-400 cm™ range. Optical absorption
measurements were carried out using a Secord 250 Plus UV-Vis spectrophotome-
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ter, and photoluminescence (PL) spectra were recorded with a Cary Eclipse Varian
fluorescence spectrophotometer.

2.2.1. Preparation of Perovskite Layers

Synthesis of Methylammonium lodide (CHsNH;l). CHsNHsl was synthesized fol-
lowing a conventional acid-base neutralization route. Briefly, 20 mL of aqueous me-
thylamine solution (CH3NH,, 40 wt.% in H,0) was mixed with 60 mL of ethanol and
cooled in anice bath to 0 °C. Under continuous stirring 32 mL of hydroiodic acid (HlI,
57%) was added dropwise, and the reaction was maintained for 2 h at 0 °C.

Subsequently, the mixture was then removed from the ice bath, and volatile
components and excess solvents were evaporated under reduced pressure (~50
Torr) at 60 °C for 4 h. The resulting crude product was recrystallized from hot etha-
nol (~50 °C) and precipitated by adding 200 mL of anhydrous diethyl ether. The
white crystalline solid was collected by filtration and dried under vacuum, produc-
ing CH3NHsl for perovskite precursor preparation.

Preparation of CH3NH3SnICl; Thin Films. To prepare CH3NH3SnICl,, 0.19 g of syn-
thesized CHsNH;sl was dissolved in 0.5 mL of DMF to obtain a yellow solution. Sep-
arately, 0.42 g of SnCl, was dissolved in 0.5 mL of DMF under vigorous stirring. All
solution processing steps were carried out under a nitrogen atmosphere to prevent
oxidation of Sn?* ions. The CH3NHsl solution was heated to 60 °C and magnetically
stirred, after which the SnCl; solution was slowly added dropwise to ensure homo-
geneous mixing. The resulting mixture was stirred for 2 h to obtain a homogeneous
perovskite precursor paste.

The prepared precursor was then deposited onto pre-cleaned glass substrates
using the doctor-blade coating technique, followed by thermal annealing in a vac-
uum oven at 100 °C for 1 h to promote solvent evaporation, crystallization, and
formation of the CH3NH3SnICl; perovskite phase.

Preparation of CH3NHsPbICl, Thin Films. For the preparation of CHsNH;sPbICl;
thin films, 0.18 g of synthesized CHsNHsl was dissolved in a solvent mixture of 0.4
mL DMF and 0.1 mL DMSO. Separately, 0.49 g of PbCl, was dissolved in the same
DMF/DMSO solvent mixture under stirring. All solution processing steps were per-
formed under a nitrogen atmosphere to suppress oxygen-induced degradation of
the perovskite precursors. The PbCl; solution was slowly added dropwise to the
CHsNHsl solution under continuous stirring at 60 °C, ensuring homogeneous mixing.
The resulting precursor was stirred until homogeneous, complete dissolution and
formation of a uniform, transparent perovskite ink.

The homogeneous precursor was subsequently deposited onto pre-cleaned glass
substrates using the doctor-blade coating technique, followed by thermal anneal-
ing in a vacuum oven at 100 °C for 1 h to promote solvent evaporation, crystalliza-
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tion, and formation of the CH3NH3PbICl; perovskite phase. Thin films were depos-
ited on glass substrates (Figure 1, a-b).

a b

Fig. 1. Perovskite layers grown on glass substrates by the doctor-blade technique: (a)
CH3NH3Pb|C|2; (b) CH3NH3SI’1|C|2,

3. Results and Discussion
3.1. Optical Microscopy Analysis

The morphological features of CH3NH3PblICl; and CH3NH3SnICl, mixed-halide perov-
skite thin films were first examined by optical microscopy (Figure 2, a-b). Both
CHsNH3PbICl; and CHsNH3PbICl; films exhibit uniform coverage and smooth sur-
faces, confirming controlled crystal growth and homogeneous film formation.

Fig. 2. Optical microscope images of perovskite films grown by the doctor blade technique:
(a) CH3NH3Pb|C|2,‘ (b) CH3NH3SI’]|C|2,

The observed morphological uniformity indicates that partial substitution of io-
dide by chloride ions promotes developed film-forming ability, enhanced crystalli-
zation kinetics, and reduced macroscopic defects, which are essential for high-qual-
ity optoelectronic layers.

3.2. AFM Analysis

The surface topography and nanoscale morphology of the mixed-halide perov-
skite thin films were further examined by AFM (Figure 3, a-b). The CHsNH3PbICl;

2026031-37



Nuriyeva S.G., Jafarov M.A., Karimova A.H., Novruzlu F.
/ Journal of Physics & Space Sciences, 2026, v3 (1)

thin film has a granular microstructure and clearly defined grain boundaries, indi-
cating a polycrystalline morphology with average grain sizes in the range of approx.-
imately 150-300 nm.

In contrast, CHsNHsSnICl; thin films have smoother surface morphology with
larger grains with sizes approximately 500-900 nm. The presence of enlarged crys-
talline domains and the decrease in grain boundary density points more efficient
crystal growth and coalescence during film formation. Larger grains decrease the
density of interfacial trap states and suppress non-radiative recombination, thereby
enhancing charge transport and long-term structural stability.
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Fig. 3. 2D AFM images of perovskite films: (a) CHsNH3PbICl,; (b) CHsNHsSnICl;

Overall, in comparison with CH3NHsPbICl;, the CH3NHsSnICl; films show in-
creased crystallinity, lower surface roughness and reduced grain boundary density,
making them more suitable for optoelectronic applications.

3.4. XRD Analysis of CH;NH3PbICl; and literature comparison with CHsNHsSnICl,

Figure 4 demonstrates the XRD pattern of the CH3NHsPbICl; mixed-halide perov-
skite thin film. Phase identification was carried out using The Match! software in
combination with the Crystallography Open Database (COD). The recorded diffrac-
tion peaks, their assigned crystallographic planes, and phase attributions are sum-
marized in Table 1.

The diffraction results confirm the formation of well-crystallized CH3sNH3PbICl,,
with dominant peaks at 20 =14.04°, 29.10°, and 43.90°, characteristic of the tetrag-
onal mixed-halide perovskite phase. Secondary reflections at 26 =15.51°, 22.50°,
and 31.42° indicate the presence of a cubic CH3NHsPbCl; phase, while weaker peaks
at 20 = 35.18° and 39.12° indicate the presence of tetragonal CH3sNH3Pbl,Cl inter-
mediate composition. Minor residual phases of Pbl; and PbCl, were also observed,
suggesting incomplete halide interdiffusion or slight precursor segregation during
film formation.
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Fig. 4. XRD pattern of CH3NH3PbICl; perovskite thin film

Table 1. XRD diffraction peaks and phase attribution of CH;NH3PbICl; thin film

No 20 (°) Plane (hkl) Phase Attribution
12.38 (001) Pbl,
14.04 (001) Tetragonal CH3NH3PbICl;
15.51 (002) Cubic CH3NH3PbCls
22.50 (110) Cubic CH3NH3PbCls
24.52 (021) PbCl,
29.10 (110) Tetragonal CH3NH3PbICl;
31.42 (211) Cubic CHsNHsPbCl;
35.18 (210) Tetragonal CHsNH3PbI,Cl
39.12 (221) Tetragonal CH3NHsPbl,Cl
43.90 (111) Tetragonal CHsNH3PbICl,

Overall, CHsNHsPbICl, films are characterized by high crystallinity and good
phase purity, which is favorable for optoelectronic applications [18-23].

Although direct experimental XRD data for CHsNH3SnICl; were not available in
this study, literature reports indicate that tin-based mixed-halide perovskites ex-
hibit similar tetragonal perovskite reflections near 26 = 14°, 28-29°, and 42°, con-
sistent with a well-defined crystal structure [24-26]. However, in comparison with
Pb-based analogues, the Sn-based films typically show broader diffraction peaks
with reduced intensities, reflecting smaller crystallite sizes and partial structural
disorder due to the intrinsic chemical instability of Sn?* ions and their tendency to-
ward oxidation to Sn**. Although chloride incorporation enhances crystallization,
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reduces defect formation, and enhances phase stability in both Pb- and Sn-based
mixed-haled perovskites, the intrinsic instability of Sn?* might the long-term struc-
tural durability of CH3sNHsSnICl,.

3.5. FTIR Analysis

The FTIR spectra of CHsNH3PbICl; and CH3NH3SnICl; thin films were analyzed mo-
lecular structure and lattice dynamics, with focus on the vibrational modes of the
MA* cation and the effect of halide substitution. Both compounds display the char-
acteristic MA* absorption manifold, whereas small but systematic shifts and band-
width variations reflect differences in metal-halide bond polarizability, octahedral
vibrational density of states, and MA*---X (X=I/Cl) hydrogen-bond strength in the

Pb- and Sn-based lattices [28-29]. Figure 5 shows the FTIR spectra of (a)
CH3NH3Pb|C|2 and (b) CH3NH35n|C|2 thin films.
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Fig. 5. FTIR images of perovskite thin films: (a) CHsNH3PbICl;; (b) CHsNHsSnICl;

In both spectra, broad absorptions near ~3466-3479 cm™ correspond to O-H
stretching, originating from surface water or hydrates, which is commonly observed
for solution-processed perovskite films. Strong N-H stretching vibrations of the MA*
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cation occur between ~3126-3193 cm?, while symmetric and asymmetric C-H
stretching modes are observed around 2861-2925 cm™.

N-H bending vibrations are detected around ~1614-1636 cm™, along with defor-
mation modes of NH3* (~1457-1459 cm™) and CH3 bending (¥1375-1376 cm™). In-
ternal MA* cation vibrations are reflected by peaks at ~¥919-924 cm™ (C-N stretch-
ing) and 727-729 cm™, commonly attributed to MA* hindered rotation that is sen-
sitive to the inorganic cage potential [23, 29-31].

Furthermore, CH3NHsSnICl, displays an additional absorption band near ~597 cm"
! corresponding to a lattice mode dominated by Sn-X (X=I/Cl) stretching/defor-
mation within the SnXs octahedral framework. This feature, absent in
CH3NH3PbICl, highlights the various lattice dynamics of the tin-based mixed-halide
system. The comparative FTIR vibrational assignments of both perovskites are pro-
vided in Table 2.

Table 2. Comparative FTIR vibrational assignments of CH;NH3PbICl, and CH3NH3SnICl; per-
ovskites

S|g
Wave 2| c
i ]
number | Assignment | £ | £ Notes
(cm™) Z|Z
IT|x
OO
3466- O-H v Adsorbed surface moisture/hydrate-like species; may partially
3479 stretching overlap with high-frequency N-H modes
N-H Highly sensitive to MA*---X (X=I, Cl) hydrogen bonding and local
3126- . . . .
3193 stretching | v | v |lattice distortion
(MAY)
2861-2863, C-H W, Symmetric and asymmetric CH3 vibrations; weakly affected by B-
2924-2925 | stretching site substitution
N-H May overlap with H-O-H bending of residual water; position re-
1614-1636 bending Vv flects hydrogen-bond strength
1457- NH3* Strong coupling with inorganic cage potential and MA* orientation
. NE N
1459 deformation
1375- CH3 Internal MA* mode; weak sensitivity to halide substitution
) vV
1376 bending
919- C-N W Characteristic internal vibration of MA* cation
924 stretching
MA* (hin- Sensitive to dynamic disorder and octahedral cage symmetry
727-
dered vV
729 .
rotation)
Sn-X (X=I, CI) Low-frequency framework vibration specific to Sn-based perov-
~5g7 lattice _ly skite; reflects modified octahedral dynamics rather than “stabil-
deformation ity”
mode
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Overall, FTIR confirms that both CH3NH3PbICl; and CH3NHsSnICI2 retain the full
MA* vibrational fingerprint, while Pb?*>Sn?* substitution and mixed-halide coordi-
nation introduce measurable perturbations in band positions and linewidths, con-
sistent with modified hydrogen bonding, dynamic disorder, and inorganic cage vi-
brations. The additional ~597 cm™ lattice feature in the Sn-based film indicates a
distinct octahedral vibrational contribution associated with Sn-X bonding, highlight-
ing the sensitivity of mixed-halide perovskite lattice dynamics to B-site chemistry.

3.6. Absorption Properties and Band Gap Analysis

Hybrid organo-inorganic perovskites exhibit outstanding optoelectronic properties,
including direct band gap electronic structure, high absorption coefficients (a=10*10°
cm™ near the band edge), and the ability to modifying optical properties via halide com-
position. These characteristics make them excellent candidates for high-efficiency and
lightweight solar cells, photodetectors, and other optoelectronic devices. However,
their long-term stability remains limited due to sensitivity to moisture, oxygen, and
thermal fluctuations. Partial halide substitution, particularly the incorporation of Cl into
iodide-based frameworks, is widely adopted strategy to improve structural stability, re-
duce defect density, and modulate the electronic structure.

The UV-Vis absorption spectra of CH3NH3PbICl, and CHsNHsSnICl; thin films,
along with their corresponding Tauc plots, are presented in Figure 6 and Figure 7,
respectively.

Figure 6(a) illustrates a well-defined absorption edge around ~760 nm, charac-
teristic of a direct band gap transition with excitonic features. Compared with pure
CH3NHsPbls, this band edge is blue-shifted due to partial replacement of I by more
electronegative Cl ions, resulting in lattice distortion and band gap widening. The
broader absorption edge and reduced Urbach tail also indicates enhanced crystal-
linity and lower defect density. The optical band gap, calculated from the Tauc plot
(Figure 6(b)), was calculated to be Eg=1.54 eV, reliable with reported values for
mixed-halide lead perovskites [29, 32, 33].

The absorption spectrum of CHsNHsSnICl; (Figure 7(a)) shows a beginning, g near
830 nm, extending across the 820-880 nm the near-infrared region, consistent with
the narrower band gap characteristic of Sn-based perovskites. Compared to
CH3NHsSnls (Eg=1.35 eV), the CI" incorporation induces a clear blue-shift of the ab-
sorption edge and a slightly wider band gap of Eg=1.55 eV, as estimated from the
Tauc plot (Figure 7(b)). The sharper absorption edge also represents improved
structural order and reduced recombination pathways, confirming the advantage
of chloride substitution on the optoelectronic quality of the films [34].

Overall, both Pb- and Sn-based mixed-halide perovskites demonstrate band gap
widening and sharpening of the absorption edges upon partial Cl incorporation,
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Fig. 6. UV-Vis absorption and band gap analysis of mixed-halide CH3NH3PbICl, perovskite
thin films: (a) absorption spectrum of thin film; (b) Tauc plot of CHsNHsPbICl; thin film show-
ing the direct band gap (Eg=1.54 eV)
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Fig. 7. UV-Vis absorption and band gap analysis of mixed-halide CHsNHsSnICl, perovskite
thin films: (a) absorption spectrum of thin film; (b) Tauc plot of CH3NHsSnICl, showing the
direct band gap (Eg=1.55 eV)

highlighting the stabilizing role of halide mixing. These minor differences among
CHsNH3PbICl; and CHsNHsSnICl; originate from the distinct electronic configurations
of Pb?* (6s%) and Sn?* (5s2) cations and their different degrees of s-p antibonding
interaction with halide orbitals. Nevertheless, both systems benefit from partial
chloride-induced improvements in crystallinity, reduced defect density, and optical
tunability, which are crucial parameters for advancing next-generation perovskite
optoelectronic devices.

3.7. PL Analysis

PL spectroscopy is a sensitive, non-destructive method to assess the crystallinity,
defect states, and recombination dynamics in hybrid perovskite films.
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Fig. 8. Photoluminescence spectra of mixed-halide perovskite thin films: (a) CHsNHsPbICl,;
(b) CH3NHsSnICl,

The PL spectra of CH3NH3PbICl,, recorded under 500 nm excitation at room tem-
perature (Figure 8(a)), reveals a sharp and symmetric emission peak centered at
~720 nm. The narrow emission profile suggests effective radiative recombination,
a low density of non-radiative defect states, and high crystallinity of the film. The
partial incorporation of ClI" ions improves film morphology and reduces trap states,
leading to improved PL intensity and spectral sharpness. The observed blue shift
relative to CHsNH;Pblsis attributed to bandgap widening induced by lattice contrac-
tion, modified Pb-X orbital overlap, and altered MA*:--X hydrogen bonding (includ-
ing C-N---Cl interactions). Furthermore, analyses reveal that Cl" segregation across
grains can affect local emission behavior, resulting in slight PL shifts [25, 35].

The PL spectrum of CH3NHsSnICl; thin films (Figure 8(b)) exhibits a pronounced
emission peak at ~820 nm, associated with its direct band gap and near-infrared
emission properties. The sharpness and symmetry of the peak indicates enhanced
film crystallinity and minimized defect-mediated non-radiative recombination. Incor-
poration of Cl" ions into the Sn-l framework is known to retard Sn?* oxidation, leads
to improved structural order and more efficient radiative efficiency, yielding stronger
PL emission compared to pure CH3NH3Snls. Compared with pure CH3NHsSnls, the
emission peak is blue-shifted, consistent with chloride-induced widening of the elec-
tronic band gap in agreement with UV-Vis and Tauc analyses [13, 23, 36].

Overall, chloride incorporation in both Pb- and Sn-based mixed-halide perov-
skites improves PL by stabilizing the lattice, reducing non-radiative losses, and en-
hancing optical quality, making them more appropriate for photovoltaic and pho-
tonic applications.

The combined PL and UV-Vis results consistently show the band gap tuning
through controlled halide substitution enhances crystallinity, suppresses defect-re-
lated recombination, and strengthens both absorption and emission features, con-
firming that mixed-halide engineering is an effective strategy for optimizing overall
optical performance of perovskite absorbers and emitters.
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4. Conclusion

This study examined the structural and optical features of mixed-halide hybrid
perovskite thin films, CH3NH3SnICl; and CHsNH3PbICl,, with particular attention to
the role of partial iodide-to-chloride substitution in boosting material performance.
For CHsNHsPbICl,, XRD analysis verified the formation of a mainly tetragonal perov-
skite phase, along with minor contributions from cubic CHsNH3PbCls. The presence
of secondary phases of Pbl, and PbCl, were detected, suggesting partial phase in-
stability and response to degradation in ambient conditions, highlighting the met-
astable nature of mixed-halide lead perovskites under environmental exposure.

The FTIR spectra showed the characteristic vibrational modes of the organic
CH3NHs* cation, supporting the hybrid framework. Optical absorption measure-
ments revealed a sharp absorption edge at ~760 nm and a direct band gap of
Eg=1.54 eV, consistent with chloride-induced bandgap widening. The PL spectrum
showed a strong, narrow emission peak at 750 nm, confirming high crystallinity and
low non-radiative recombination. Nevertheless, the detection of secondary phases
highlights the necessity for further optimization of synthesis protocols to improve
phase purity and long-term stability.

In contrast, CH3sNHsSnICl; thin films showed increased structural integrity upon
Clincorporation. XRD and AFM data revealed larger grain size and higher crystal-
linity, while FTIR spectra confirmed characteristic CHsNHs* vibrational modes with
slight shifts indicating modified lattice interactions. UV-Vis analysis revealed a band
gap of Eg=1.55 eV with strong absorption near 830 nm. PL spectra revealed a sharp
emission peak in the near-infrared region at ~820 nm, blue-shifted relative to pure
CH3NHsSnls, indicating reduced defect density and improved crystal quality. Im-
portantly, the absence of pronounced secondary phases suggests more homogene-
ous halide incorporation and potentially enhanced structural stability in the Sn-
based mixed-halide system.

Overall, both Pb- and Sn-based mixed-halide perovskites show that partial I re-
placement with CI" improves optical band gap, crystallinity, and suppresses non-
radiative recombination pathways. While CH3NH3PbICl,, has strong optical absorp-
tion and efficient emission, its tendency to secondary-phase formation highlights
persistent stability challenges. Conversely, CH3NH3SnICl, has desirable band gap
tunability, high PL intensity, and better structural quality, making it a viable choice
for photovoltaic and optoelectronic applications.

In conclusion, chloride partial integration is an effective strategy for stabilizing the
perovskite lattice, improving optoelectronic quality, and modulating band gap fea-
tures. Although Pb-based perovskites remain high-performing but stability-limi-ted,
Sn-based mixed-halide analogs such as CH3NHsSnICl; provide significant potential for
developing ecologically friendly, efficient, and stable next-generation perovskites.
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