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ABSTRACT ARTICLE INFO
Perovskite devices based on methylammonium have been promising in the photovoltaic Keywords:
industry. A major challenge encountered with these devices lies in correlating their Automated SEM segmentation,
processing conditions, microstructure, and the overall photovoltaic performance. In Eﬂaxg%?loy
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particular, this paper addresses the challenge of accuracy in relating these properties by
employing an automated SEM image Python segmentation approach that quantifies grain
morphologies. The results derived from the segmentation technique assure
reproducibility and bridge the gap between film fabrication, microstructure, and the
properties. The resulting films were prepared by two-step spin coating and two-stage
thermal annealing procedures, resulting in a planar inverted perovskite with architecture
ITO/ PTAA/MAPDI3/Ceo /BCP/Ag. The fabricated films exhibit a tetragonal structure with
high crystallinity, which is characterized by a conspicuous (110) plane. The results display
fairly good homogeneity and large grain sizes averaging 212 nm, indicating a wide direct
band gap of 1.52eV as displayed by the Tauc plots. The films show values of absorption
coefficients exceeding 104 cm'. Generally, the resulting device has a high-power
conversion efficiency of 13.91%, demonstrating that the automated SEM segmentation
technique is a powerful tool useful in optimizing perovskite device processing
parameters. Insights in this study, therefore, provide information on the enhancement of
overall morphology-performance correlation leading to high-quality-film photovoltaic
devices.
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high crystallinity from XRD analysis and fairly large grain
sizes of over 200 nm from SEM characterization (Castro-
Méndez et al., 2019).

1. Introduction

Perovskite devices based on methylammonium have
been promising in the photovoltaic industry due to their
strong absorption, ease of fabrication, band-gap tuning
and low-temperature  solution-based  processing
techniques as compared to their silicon counterparts

With all these developments in the perovskite
technology, studies still show that there is overreliance

(Min a., 2021; NREL, 2023). These noble traits advance
the traditional solution-based based solar cell processing
pioneered by dye-sensitized cells (Gratzel, 2003). Single-
junction MAPDbI; devices have achieved high power
conversion efficiencies exceeding 25% and 34.6% in
tandem configurations with enhanced material
compositions, device architecture and interface
engineering over the past few decades. (Zanatta, 2022;
NREL, 2023). Among the various types of perovskite
materials, MAPbI; possesses an optical bandgap in the
range of 1.5 eV to 1.55 eV, strong absorption coefficients
exceeding 104 cm-1, properties which are very crucial
for effective light absorption capabilities over the
ultraviolet - visible spectrum. (Mehri Ghasemi et al.,
2025; Zhang et al., 2023). The material has always shown
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on qualitative grain morphology, which is biased and
rather time-consuming in nature. This leads to
insufficient reproducibility, consumes time, and lacks
systematic correlation (Saliba et al., 2016) with device
performance since unbiased quantification of grain size
and shape metrics still remains underexplored.

This study addresses this gap by introducing
automatic Python-based SEM image segmentation,
leveraging different modules to extract several hundred
grains, and gives a high-throughput microstructural
insight, introduces a buffer layer in the device to
enhance stability, and correlates all these features to
the device performance metrics. (Noman et al., 2024).
This noble approach produced reproducible morphology-
performance relations that offer an accurate
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quantitative framework for optimizing perovskite film
processing techniques, which improves on the overall
device efficiency and stability, very crucial in designing
more viable, stable, and scalable applications (Stranks,
2020).

2. Materials and Methods

2.1. Substrate Preparation

ITO-coated glass substrates (Biotin) measuring 20mm
by 15mm with sheet resistance of 15Q/sq were cleaned
in soap water, acetone, distilled water, and finally in
isopropanol (IPA, anhydrous, 99.8%, Sigma Aldrich) for 15
minutes each in a sonicator. The substrates were then
dried under a nitrogen stream for 5 minutes and treated
with UV ozone for 20 minutes to increase wetting of the
surface and make it dust-free according to Panjan et al.
(2022).

2.2.  Perovskite Film Synthesis

A 1 Molar(M) of MAPbI; precursor solution was
prepared by dissolving 158.97 mg MAI (99.99%, Sigma
Aldrich) and 461.01mg Pbl, (99.99%, TCI) precursor salts
in a solvent mixture of Dimethyl formamide (DMF,
anhydrous, 99.8%, Sigma Aldrich) of 6:1 v/v used as
received without further purification. The precursor
solution was stirred overnight using a magnetic stirrer to
obtain a clear solution (Li et al., 2020). It was then
filtered using a 0.22 pm thick polytetrafluoroethylene
(PTFE) filter and spin-coated in two sequential steps:
1000 rpm for 15s followed by 5000 rpm for 25s. 60 pL of
chlorobenzene (anhydrous, 99.5%, Sigma Aldrich) was
then dripped onto the film 5 seconds before the end of
spinning to evaporate the solvents and boost
crystallization, as well as prevent moisture absorption.
The resulting film was then annealed partially on a hot
plate at 60 °C for 10 minutes and 100 °C for 15 minutes
in a nitrogen-filled glovebox.

2.3.  Perovskite Device Fabrication

A 5 mg/mL solution of poly [ {bis (4-phenyl) (2,4,6-
trimethylphenyl) amine] (PTAA, 99.99%, Sigma Aldrich)
in chlorobenzene was set to spin on top of ITO coated
glass substrate at 5000 rpm for 30 seconds to form a hole
transport layer (HTM), this layer blocks surface traps
(Pan et al., 2020). It was then annealed on a hot plate
at 100 °C for 10 minutes to form a uniform film according
to Traiwattanapong et al. (2024).

MAPDI; (214 nm) layer was deposited on top of the
hole transport layer as described in section 2.2. It was
then followed by evaporating a 20nm buckminster
fullerene (C60, 99.99%, Sigma Aldrich) at high vacuum
(~10-6 Torr) and spin-coated at 2000 rpm on top of the
perovskite layer to form the electron transport layer
(ETM). Approximately 7 nm bathocuproine (BCP, 99.99%,
Sigma Aldrich) was thermally evaporated to form a
buffer layer to prevent defects and improve charge
movement to the top silver electrode (Sakomura et al.,
2020). Finally, an 80 nm silver electrode was thermally
evaporated to form the top contact, followed by UV-
curable epoxy and a 2mm glass coverslip to provide
mechanical protection to the device. The silver
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electrode forms a path for hole collection and creates
ohmic links with the HTM (Cao et al., 2023).

2.4. Characterization Techniques
2.4.1. X-ray Diffraction (XRD)

The XRD technique was employed in the analysis of
the crystal structure and phase purity assessment of the
films. The XRD measurements were taken using a
diffractometer with Cu Ka radiation with 1 = 1.54064A
where diffraction patterns were recorded over a wide
range of 10° to 60° with a continuous scan mode. The
resulting XRD patterns were utilized in identifying
crystallographic phases, determining the preferred
orientation, and computing crystallite size and
microstrain using Scherrer and Williamson-Hall methods.

2.4.2. Scanning Electron Microscopy (SEM)

This technique was used in investigating the surface
morphology of the fabricated films. The SEM
micrographs were scanned at an accelerating voltage of
5 -10 kV under high vacuum at different scale factors.
The acquired images were then mapped on python
environment for further segmentation via the watershed
technique method after noise reduction using the
thresholding method. Segmentation results displayed
grain size distribution, number of detected grains,
circularity, and solidity, as well as film thickness.

2.4.3. UV-Vis Spectroscopy
A commercial UV-Vis spectrophotometer was used to
assess the optical properties of the fabricated films by
measuring the absorbance and transmittance in a 40-
900nm wavelength range. The measurements generated
from this method yielded an absorption coefficient and
optical bandgap estimated from Tauc plot analysis.

2.4.4. Current Density-Voltage (J-V)

J - V scanning was conducted in forward and reverse
bias conditions under AM 1.5G solar illumination (100
mW/cm?). These measurements revealed the
photovoltaic performance parameters such as short
circuit current density (Js), open circuit voltage (Voc),
fill factor (FF) and short-circuit current density (Jy),
open-circuit voltage (V,), fill factor (FF) and power
conversion efficiency (PCE).

3. Results and Discussions

3.1. Structural Properties

The result in Fig. 1(a) shows the XRD pattern of the
fabricated MAPbI; device, where the intensity (a.u) was
plotted against diffraction angle (26). Dominant
diffraction peaks were labelled in accordance to their
respective Miller(hkl) indices such as (110), (211), (220),
(310), (312) and (314), with the strongest peak evident
at approximately 14.128°, corresponding to (110) plane,
which is a unique identity of tetragonal perovskite phase
MAPDbI; at room temperature. The peaks at ~14° (110),
28° (220), and higher-order planes align with the
tetragonal structure (space group 14/mcm) Niu et al.
(2021). Similar indexed peaks have been observed
elsewhere in the literature (Kumar et al., 2022),
verifying the crystallographic identity and phase purity
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of MAPbI; as supported by comparing the peaks with the
JCPDS reference data.

The (110) orientation is very crucial for charge
transport, as the Pb-I-Pb network along this direction
enhances high carrier mobility (>20 cm? V' s'') (Tan et
al., 2022), which is consistent with the high fill factor
(63.8%) observed in this study. It is also instrumental in
determining lattice characteristics of the film as it
indicates a fairly larger interplanar spacing as compared
with the higher -indexed planes, for instance, (220) or
(310), allowing for more overlap between lead and
iodide orbitals. This enhances charge delocalization and
suppresses scattering. In addition, the wider lattice
spacing gives room for a more open framework by
reducing internal strain and defect formation, thereby
leading to an improvement in crystallinity and low non-
radiative recombination pathways (Guo & Jiang, 2024).

The results in Fig. 1(b) show an inverse
proportionality between d-spacing and 26 angles, and
this clearly shows smaller interplanar distances at higher
diffraction angles, consistent with Bragg’s law. These
findings are closely related to the results reported
elsewhere in the literature (Pandey et al., 2021), which
also relate a reduction in d-spacing values with a
progressive increase in diffraction angles in perovskite
materials.

Fig. 1(c) represents the correlation between d-
spacing and the labeled Miller indices. As is evident,
there was a progression from lower-order (110) planes
toward higher-order indices such as (314), which is a
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progressive decrease in d-spacing, signifying tighter
atomic packing in these crystallographic orientations.
The notable decline in d-spacing from approximately 6.3
A (110) to around 2.1 A (314) confirms the crystal lattice
planes’ expected hierarchical ordering in the MAPbI;
tetragonal crystal structure. Lower-index planes (110 &
211) have larger spacing reflecting fundamental lattice
dimensions, while higher-index planes (310, 312, 314)
have smaller spacing that reflects higher-angle planes
with denser atomic arrangements. These findings are
comparable with those reported elsewhere, which
demonstrate decreasing lattice spacing with increasing
Miller indices for MAPbI;. For instance, Saliba et al.
(2016) also confirmed the reported relation of Miller
indices with lattice parameters in perovskite structures.

Fig. 1(d) shows the Full Width at Half Maximum
(FWHM) of selected peaks ((110), (220), and (310))
plotted against Miller indices. The FWHM, which was
measured in reciprocal space (A-1), provides critical
information on crystal quality, grain size, and strain.
Smaller FWHM, such as at (110), indicates larger
crystallite domains, lower lattice strain as well as better
crystallinity, whilst larger FWHM at higher Miller indices
(220, 310) is a suggestion of smaller crystallite sizes,
increased lattice strain or even imperfections at higher-
order reflections. The increasing trend of FWHM with
higher Miller indices is attributed to reduced domain size
or increased structural disorder at higher-order planes,
and has an implication that the films are of greater
sensitivity to micro strain at these crystallographic
orientations.
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Fig. 1: X-ray Diffraction Pattern of MAPDIs (a), lattice spacing for MAPbI; (b), d-spacing for corresponding Miller indices (c), and FWHM vs
three dominant Miller indices (d).

The experimentally observed peaks in this study
were compared to the JCPDS reference data to ascertain
the phase purity of the film. The observed peak positions

align closely with the JCPDS (Table 1) reference data
(A26 < 0.15%), and this is a confirmation of the phase
purity of the resulting perovskite films. However, there
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is a relative deviation of the intensities from the
reference values, particularly for the (211) reflection,
which is weaker than expected. Generally, the gradual
deviation signifies the presence of the preferred
orientation rather than secondary phases, which is also
strongly anchored by the formation of the tetragonal
(110) reflection with a high crystallinity.

The crystallite sizes at different peak orientations
(Table 2) were computed from the XRD peak broadening
from the Full Width at half maximum (FWHM) by
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Where D is the crystallite size, K is the shape factor,
A is the X-ray wavelength, B is the Full width at Half
Maximum, and 0 is the Bragg’s angle.

The analysis of the (110), (211), (202), (310), (312),
and (314) reflections yielded an average crystallite size
of approximately 4113 nm, as evident in Fig. 2, with a
gradual decrease in crystallite size observed with
increasing diffraction angle, which is very consistent

employlng. the Scherrer method, which s with size-dependent broadening.
mathematically expressed by Eq. 1 below.
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Fig. 2: Scherrer plots showing the variation of crystallite size with diffraction angle (26) for MAPbIs thin films derived from the Scherrer
equation. The trend indicates a gradual decrease in crystallite size with increasing 260, consistent with size-dependent peak broadening.

The Scherrer method only accounts for the
crystallite size and not micro-strain, as it assumes that
peak broadening (Ulhakim et al., 2024) is dominated by
finite crystallite size with a negligible contribution from
lattice strain (Kim et al., 2019).

By employing the Williamson-Hall (W-H) method,
expressed by Eq. 2 below.

B cosf = ';—A+4ssin9

(2)
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Table 1: Comparison of the observed experimental peaks in this study and JCPDS (Card No. 96-451-8044) reference peak intensities for
tetragonal MAPbI3 (Cu Ka, A = 1.5406 A). Intensities are normalized to the (110) peak (100%). Al shows the deviation of observed intensity from
the reference, highlighting preferred orientation effects.

Miller 20 (Reference, °) Reference Observed Observed intensity (I A26 Al(%)
indices(hkl) intensity, (I ref) 20 values obs) (%) (%)
(%)
(110) 14.10 100 14.12 100.0 +0.02 0.0
(211) 23.50 40 23.54 8.8 +0.04  -31.2
(220) 28.40 55 28.51 50.4 +0.11 -4.6
(310) 31.90 30 31.93 33.9 +0.03 +3.9
(312) 40.50 20 40.62 11.8 +0.12  -8.2
(314) 43.10 15 43.24 13.4 +0.14  -1.6
Table 2: Crystallite sizes for different peak orientations at different Full Width at Half Maximum (FWHM) values computed from the Scherrer
method
Miller 20 (°) FWHM (°) FWHM (rad) 0 (rad) Crystallite
indices Size (nm)

(hkl)

(110) 14.12 0.130 0.00227 0.1234 61.3

(202) 28.50 0.169 0.00295 0.2488 48.4

(211) 31.93 0.221 0.00386 0.2787 37.3

(310) 40.67 0.359 0.00627 0.3550 23.6

(312) 43.25 0.239 0.00417 0.3775 35.8

(314) 50.41 0.208 0.00363 0.4399 42.1

Where B denotes Full Width at half Maximum of the peak
(FWHM), 6, the Bragg’s angle, k the shape factor (0.9),
A X-ray wavelength, D the crystallite size and € is the
micro strain in the crystallite, the crystallite size was
interpreted as the y-intercept given by kA/D and Micro-
strain derived from the slope of the graph (g), the
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crystallite size and micro-strain were estimated by this
method since it accounts for strain broadening. This
resulted into crystallite size of 78.21 nm (Fig. 3c) and
micro-strain of 3.936x10* (0.0394%) from linear
regression fit.
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Fig. 3: Top View of the original SEM micrograph of MAPbIs at 10,000X scale factor (a) and corresponding segmented SEM image depicting grain
boundaries with 439 detected grains and distinct crystallite regions(b) Williamson- Hall analysis for MAPbI; films with linear fit (R?=0.2965) to
determine Crystallite size and Micro-strain; the slope represents strain (€), whilst intercept corresponds to crystallite size (D)(c).

The value of the crystallite size obtained from the
W-H approach was bigger as compared to Scherrer
method because the method accounts for strain
broadening (Williamson et al., 1953), which is not
considered in the Scherrer method. The low micro-strain
value, which is typically less than 0.1 %, is an indication
of good crystalline quality with minimal lattice
distortions (Rahman & Edvinsson et al., 2020). The long
deposition time (10 mins) and annealing temperature
(100°C) generally enhance crystallinity by promoting
grain growth, resulting in larger crystallite sizes and
reduced microstrain (Yu et al., 2022) due to improved
atomic ordering and stress relaxation. Conversely,
higher spinning speeds tend to yield thinner films with
finer grains and elevated microstrain, as rapid solvent
evaporation limits crystal growth and induces lattice
distortions. These results, in general, suggest a
nanocrystalline film with relatively small crystallites and
excellent perfection (Zhang et al., 2022), which are

consisted with previously reported MAPbI; thin films of
comparable preparation conditions.

3.2.  Morphological Analysis

Fig. 3(a) shows a SEM micrograph of polycrystalline
MAPDI; scanned at a scale factor of 10,000X at an
accelerating voltage of 5kV. In Fig. 3(b), the image is
segmented, and a total of 439 grains were detected. The
size distribution histogram with a bin width of 8.5 nm
indicates that the film has a mean diameter of 205+47
nm (Fig. 4a), which is an indication of a non-nucleation-
dominated growth due to the optimized annealing
temperature, and a slightly bimodal distribution
suggested by a large standard deviation (+47 nm). Since
the grains are of favorable size (>200 nm), it implies that
there is low grain boundary density that may reduce non-
radiative recombination and therefore, improve charge
transport, but may slightly reduce film coverage as film
thickness of 100-300 nm is known to be ideal for solar
cells (An et al., 2021).
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Fig. 4: Grain Size distribution histogram showing mean, standard deviation, and bin width of 8.5 nm (a) and Shape characteristics plots with
blue dots denoting grains and red trendline showing linear correlation (b)

The annealing profile also played a significant role,
as the exposure time of 10 minutes at annealing
temperatures of 100°C provided enough time for grain
boundaries to merge effectively. The aspect ratio data
shown in Fig. 4(b) (1.1 to 0.3 circularity) reveal dominant
equiaxed grains (1.0 - 1.1) as most of the grains are
crowded in this region, resulting in isotropic crystal
growth (Nie et al, 2015) during the 100°C annealing

Original SEM Image

5kV 30000x

Fig. 5: Cross-sectional view of the original SEM micrograph at 10,000X (a)

— 800 nm

temperature. This is an indication of nearly perfect
grains, which offer a very efficient surface for sunlight
absorption, thus enhancing the device performance. The
presence of some irregular grains (0.3- 0.5) was likely
due to incomplete coalescence during spin-coating and
local stoichiometry variations, such as Pbl,-rich domains;
thus, more time should be allowed for the complete
coalescence during annealing.

Segmented Grains (201 detected)

Segmented Grains (180 detected)

and 30,000X scale factor (c), and Corresponding SEM image

segmentation with 201 (b) and 180 (d) detected grains showing grain boundaries and distinct crystallite regions.
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dots denoting grains and red trendline showing linear correlation (b)&(d)

In Fig. 5(a), the SEM image was scanned at a scale
factor of 10,000X and depicts a dense and continuous
film with a relatively uniform distribution of grains. From
automatic image segmentation in Python, a total of 201
grains were identified (Fig. 5b). The resulting size
distribution histogram in Fig. 6(a) shows that the average
grain thickness is 219 + 61 nm, with most grains falling
within the 150-300 nm range. This range is considered
optimal for planar inverted architecture since it is known
to balance strong light absorption and efficient carrier
diffusion. Very small grain sizes below 100nm experience
a high density of grain boundaries, which result in
increased trap - assisted recombination (Li et al., 2025),
whilst excessively large grain sizes more than 500 nm
result in non-uniform film coverage and reduced
interfacial contact (Liu et al., 2023). In this study, the
results lie within the ideal range for minimized
recombination and optimized charge transport.

Fig. 6(b) shows grain shape characteristics, including
circularity and solidity, where most grains exhibited
circularity values close to 1.0 and high solidity,
demonstrating a well-defined, compact morphology with
minimal edge roughness. These metrics reflect high
crystalline quality and low morphological disorder,
which are normally associated with enhanced open-
circuit voltage (V) and fill factor (FF) (Shaik et al.,
2023).

A noticeable decrease in circularity and solidity was
observed in grains exceeding 300 nm in diameter, and
this suggests a minor aggregation or incomplete crystal

boundaries, which is very common in films without
controlled crystallization steps (Wanyonyi et al., 2024).
Cross-sectional scanning electron microscopy (SEM)
imaging at a magnification of 30,000X in Fig. 5(c) was
conducted to quantify the grain structure of the
methylammonium lead iodide (MAPbI;) perovskite film.
Through automatic image segmentation and analysis
shown in Fig. 5(d), a total of 180 distinct grains were
detected. These grains yielded a mean grain size of 214
+ 63 nm, indicating a moderately uniform crystalline
structure.

The histogram of the grain size distribution in Fig.
6(a) revealed that most grains were concentrated within
the 150-250 nm range, and this is a suggestion of a
narrow dispersion with limited presence of either very
small or exceptionally large grains. Specifically, the size
distribution representation exhibited a peak around 200
nm, and this signifies a prevalence of intermediate-sized
grains. The depicted uniformity in grain size is very
crucial as it reduces grain boundary density and hence
minimizes charge carrier recombination and enhances
carrier diffusion lengths (Kumar et al., 2022).

The shape characteristics in the scatter plot (Fig. 6d)
showed a significant proportion of the grains falling
within a near-spherical to sub-rounded geometry. This
indication is very advantageous in achieving dense film
packing and enhanced film continuity. These results
indicate high crystallinity with a positive impact on light
harvesting and charge transport by the perovskite layer
(Choi et al., 2020)
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3.3.  Optical Properties
3.3.1. The Reflection, Absorption, and
Transmission Spectra
Fig. 7(a) shows plots of Transmittance (%T),
Reflectance (%R), and Absorbance (%A) spectra of the
fabricated perovskite material. In the reflection
spectrum, the reflectance remains nearly zero between
400nm and 600 nm, with the minimum occurring around
700nm, showing that the material absorbs the major part
of the incident light within the visible range and has
minimal optical losses that may result from reflection.
This strong light absorption coincides with the photon
energies beyond the band gap (-1.52 eV) of the material.

The notable small rise in reflectance for the values
100 - T + T T T T T T
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above 700 nm is attributed to the effects of optical
interference or the onset of low absorption as the photon
energy reduces below the bandgap.

The blue curve (A) shows a strong absorption
between 400nm and 750nm. However, there is a notable
sharp decline in absorption beyond 760 nm, and this
marks the band-edge of the material. This is a unique
behavior of MAPbDI; - based perovskites since they possess
strong light-harvesting capability in the visible regime
due to their direct band gap nature. The sharp
absorption onset is an indication of high crystallinity and
reduced defect- induced sub-bandgap states.
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Fig. 7: Reflection, Absorption, and Transmission spectra (plots of TRA; black, red, and blue curves respectively) (a), Absorption coefficient vs
Photon energy for the different Samples (b), and Tauc plot for MAPbIs indicating the extrapolated bandgap of the fabricated absorber (c).

The black curve (T) indicates that there is a
persistent low transmission in the visible regime at high
absorbance, indicating efficient light harvesting.
Notably, there is a gradual increase in transmission
beyond 750nm, and this corresponds to wavelengths with
photon energies below the bandgap in the regions where
the material becomes more transparent. The property is
important since, while the material absorbs sufficient
light in the visible to near infrared regions, it also
permits transmission for longer wavelengths, reducing
thermal losses and enhancing the overall photovoltaic
performance.

This overall analysis of reflectance (R), absorbance
(A), and transmittance (T) spectra reveals the material’s
strong potential as an absorber component in next-
generation solar photovoltaic modules. The peaks
identified in the UV-Vis spectrum correlate with
electronic transitions within the MAPbI; thin film and
hence, offer very important insights into its optical
properties and electronic structure.

3.3.2. UV-Vis Absorption Edge Analysis

Fig. 7(b) displays the absorption coefficient (a) as a
function of photon energy for four samples. All the
samples show a pronounced increase in absorption near
1.6 eV, which is a unique characteristic of a direct
bandgap semiconductor. The absorption onset observed
was in close agreement with previous reported data on
methylammonium lead iodide (MAPbI;), which typically
showed a band gap energy in the range of 1.515 to 1.65
eV (Noh et al., 2013; Xing et al., 2013).

The absorption coefficient for all the samples
exceeded 104 cm-1 at energies above 1.6 eV. This high
absorption coefficient value was a defining feature of
hybrid halide perovskites and indicates the material’s
capability to absorb most of the incident visible light
within a very short wavelength. The strong absorption
was mainly due to the high oscillator strength of
electronic transitions involving the lead (Pb) 6p and
iodine (I) 5p orbitals, as well as the influence of spin-
orbit coupling in the conduction band (Sahare et al.,
2025).

Comparing the four samples, it is evident that
sample 3 has the highest absorption in the energy
regions, indicating that the films are of superior quality,
a property that can be attributed to larger grain sizes,
enhanced crystallinity, and reduced trap-assisted
density. The higher absorption in the sample agrees well
with the results reported elsewhere in the literature
(Jeon et al., 2014), which indicate that superior film
morphology promotes light harvesting due to low
scattering losses and defects.

On the other hand, sample 2 indicates the lowest
absorption; this may be due to poor film morphology,
incomplete surface coverage, or increased defect
concentrations, which may lead to more pronounced
sub-gap absorption or non- radiative recombination.
Reports from literature (Das Adhikari et al., 2025) argue
that MAPbI; films with incomplete surface coverage or
pinholes show reduced absorption and photovoltaic
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performance as a result of back reflection and parasitic
absorption, as supported elsewhere (Tonui et al., 2018).

The progressive increase in the absorption
coefficient above the band edge is normal for direct
band gap materials and indicates the quality of the
transitions. The spectral features of all the samples also
confirm the absence of significant secondary phases
(Hansen, 2023) like Pbl,, which would have manifested
as additional absorption peaks around 2.4 eV.

The absorption behavior of all four samples confirms
that MAPbI; possesses an ideal band structure for solar
energy conversion. The large absorption coefficients and
direct bandgap make MAPbI; (Subha et al., 2023) suitable
for ultrathin absorber layers that allow for the
fabrication of high-efficiency solar cells with thicknesses
below 500 nm. The variation in absorption among the
samples in this study underlines the importance of
precise control over film deposition parameters such as
solvent composition, precursor ratio (MAI: Pbl,), spin-
coating speed, as well as annealing temperature (Saliba
et al., 2016).

The optical band gap of the fabricated perovskite
thin films was determined using the Tauc method, based
on the absorption coefficient (a) extracted from UV-Vis
transmission and Reflection data. Complementary
methods such as modulated surface photovoltage (M-
SPV) have been used extensively in validating the onset
of band gap and sub-gap transitions, reports elsewhere
in the literature (Omondi, 2018). Tauc analysis from
plots of (ahu)? versus energy of photons(hu) was
extracted for all the samples, as evident in Fig. 7(c),
where a linear fit of the near-absorption edge on the
energy axis gave an estimation of bandgap values within
a narrow range of 1.51 eV to 1.52 eV, with an average of
1.52 eV. The obtained bandgap satisfied the known
range of bandgap of MAPbI; which has been reported
elsewhere in the literature to fall within the 1.50 - 1.55
eV range (Kojima et al., 2009; Subha et al., 2023).

The small deviation between the absorption onset at
1.6 eV and the Tau-derived bandgap of 1.52 eV basically
shows that there is a sharp increase in absorption, a
value usually smeared by Urbach tails due to sub-
bandgap states (De Wolf et al., 2014). Additionally, the
Tauc method is an extrapolation that represents the
immediate band-to-band transition. Excitonic effects
between 10 -50 meV binding energies may also appear at
the absorption edge, making activation slightly higher
than the actual bandgap (Even et al., 2014). Absorption
offset of 50 meV - 100 meV is typical in high quality
MAPDI; films (Mehri Ghasemi et al., 2025; Green et al.,
2022). Thus, the difference of approximately 0.08 eV
observed in this study is consistent with the intrinsic
optical behavior of perovskites and can be attributed to
excitonic absorption, slight crystallite size differences,
local film thickness variations, and tail-state
distribution, but not error in the measurements, as it
may be due to minor stoichiometric imbalances during
spin-coating. The resulting bandgap value of 1.52eV falls
within the Shockley-Queisser limit for single junction
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solar cells (1.34- 1.5 eV), suiting MAPbI; for photovoltaic
applications. (Shao & Loi, 2021; Soltani et al., 2025). The
slightly lower bandgap of MAPbI; enables it to capture a
broad portion of the solar spectrum from Ultraviolet to
near-infrared regions as compared to wider band gap
counterparts such as MAPbl; ranging from 2.2 eV to 3.0
eV, hence, a favorable candidate for enhancing
photocurrent generation (Shao & Loi, 2021; Soltani et
al., 2025).

3.4, Electrical properties

Fig. 8 shows J - V characteristics and the
photovoltaic performance metrics of the resulting
perovskite device, scanned in the forward and reverse
bias conditions to evaluate hysteresis effects, frequent
in single-cation perovskite devices. Subsequent scanning
in both forward and reverse directions yielded -23.33
mA/cm? and -23.36 mA/cm? for short circuit current
densities, respectively. The negative sign is an indication
of power withdrawal from the device during testing.
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Fig. 8: J-V Characteristic curves for both forward and reverse
conditions.

Recent optimized studies have been used to
contextualize the resulting PCE of 13.9% with V. = 0.93
V, Jsc = 20.7 mA/cm? and FF = 63.8% for an average grain
size of 212 +54 nm in Table 3. Based on MAPbI; Tipparak
et al. (2025) reported a quantum-dot passivated device
with a V. of 1.08 V, J,cof 20.7 mA/cm?, FF = 72.6 %, and
PCE of 16.1 % for grain sizes in the 200 - 400nm range.
Additionally, Kim et al. (2023) reported Vo = 1.21 V, J
=21.2 mA/cm?, FF =

The device yielded an open circuit voltage (Voc) of
0.9338V and 0.8985 V for forward and reverse bias
conditions, respectively. Theoretically, the values are
lower than the limit for MAPbI; (~1.2 V), and this may be
due to some levels of non-radiative recombination
resulting from interface defects or mobile ion
accumulation at interfaces, a known issue in perovskites
(Chen et al., 2023). However, experimental results from
previous studies show Voc values ranging from 0.9 V to
1.05 V, aligning well with this study (Kumar & Ranjan,
2021). The device yielded a maximum power point
voltage (Pmax) Of 13.91 mW/cm? and 12.25 mW/cm?
under forward and reverse bias conditions, respectively.
under forward and reverse bias, respectively, and
voltage at maximum power point (Vypp) of 0.68 V and
0.66 V in forward and reverse scans, respectively, a
further demonstration of the impact of scan direction on
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performance parameters of the device. The fill factor
(FF) was found to be 63.83% under forward bias (Fig. 9)
forward bias and 58.35% under reverse bias, indicating a
moderate level of hysteresis, a common trait in high-
efficiency MAPbI; cells, often achieving FF values in the
range of 70-80% (Kim et al., 2023). However, slightly
lower, the obtained FF in this study still falls within the
range reported in perovskite devices without advanced
interface engineering or additive passivation. The
reduced FF in the reverse scan direction was initiated
with capacitive and ionic effects within the perovskite
layer, which perturb charge collection dynamics (Filipoiu
et al., 2022).
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Fig. 9: Fill factor and efficiency for the resulting device

The overall power conversion of the device is
recorded at 13.91% and 12.25% for forward and reverse
scans, respectively. These results are in agreement with
the early MAPbI;-based devices with PCEs of 12 - 15%
reported elsewhere (Kojima et al., 2009) but fall short
of the state-of-the-art >20% efficiencies, attainable via
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compositional engineering and interface modification
(Jagadamma & Wang, 2021). The declining PCE in
reverse scan shifts the focus on the impact of hysteresis,
indicating the need for further optimization.

As evident from Fig. 10 (a) and Fig. 10 (b), the series
and shunt resistances were analyzed from the J- V
curves, resulting in a higher fill factor for low values of
series resistance and higher fill factors for high values of
shunt resistance. For instance, in Fig. 10 (a), the FF is
higher (61.2%) at a shunt resistance (Rsh) of 0.72Q.cm?
and lower (59%) at 0.61 Q.cm?. At higher shunt
resistance, leakage currents fall, limiting recombination
and saving on open circuit voltage, while maintaining the
fill factor of the device (Kumar & Ranjan, 2021). In Fig.
10(b), there is a clear indication that rising Rs lowers FF,
for example, as the series resistance (Rs) increases from
0 Q.cm? to 0.6 Q.cm?, the FF is subjected to a fall from
61.2% to 59.0%. This is a result of the losses that occur
when charges move through each device layer and
contact. A sufficient drop in series resistance impedes
current near the maximum power point, making the FF
and device efficiency lower (Jeon et al., 2014). To
enhance perovskite devices, it is vital to simplify the
electronic states. In this study, silver nanowires in the
electrodes lower the series resistance (Tan et al., 2020)
by enhancing FF by about 5 %, crucial in larger devices
where the issue of lateral resistor losses matters the
most (Tan et al., 2022). This result agrees well with
previous studies showing that Rsh helps ensure that
devices operate smoothly and reliably. For example, Wu
et al. (2024) found that controlling the interface to
eliminate defects raised both Ry, and FF values, as high
Rsh is necessary for perovskite solar cells since a defect
or hole formed during film deposition can be a big
problem in the long run.

Table 3: Comparative Analysis of MAPbI3-Based Perovskite Solar Cell Performance

Study & Journal Year Architecture / Key Innovation E; (eV) Grain Voc (V) Jsc FF PCE
Size (mA/cm?2) (%) (%)
(nm)
This Work 2025 ITO/PTAA/MAPDIz/Ceso/BCP/Ag 1.52 212 0.93 23.3 63.8 13.9
Inverted (p-i-n); Automated Python 54
SEM analysis
MAPDIs PSCs-Aging 2023 Aging Treatment 1.57 ~300- 1.21 21.5 80.8 21.1
Treatment (Chem. Two-step deposition; 60-day aging 500
Eng. J.) improves FF
MAPbIs QDs-CsFA 2025 MAPbIs QDs on CsFA Perovskite 1.56 200- 1.08 20.7 72.6 16.1
PSCs (ACS Appl. QDs as a passivation layer 400
Energy Mater).

The low series resistance from the fabricated device
is an indication of sufficient charge collection and
reduced overall resistance in the device, attributed to
the hole transport layers (PTAA), which allow for good
hole mobility, better contact of holes with the
perovskite, and reduced resistive losses (Guo et al.,
2021). The key reason for the imbalance of shunt
resistance is either the presence of thin film cavities or
the migration of ions, which may lead to mild hysteresis
and temporary variations in the device operation (Gao et
al., 2022; Er-raji et al., 2024). The comparable
difference between forward and reverse scan metrics
indicates the presence of some hysteretic levels, a
normal issue due to ion migration, interfacial charge

accumulation, and trap states, yet to be addressed fully
in MAPbI; (Unger et al., 2014). The fill factor and Voc
were particularly affected, and while the Jsc remains
consistent, the overall PCE shows a drop of about 2% in
the reverse scan. This is in line with reports by Chen et
al. (2023), who emphasized the role of slow-moving ionic
species in enhancing internal electric fields, affecting
the J-V curve depending on scan direction.

A number of strategies, such as the use of mixed
cations of MA/FA/Cs, inclusion of passivation additives
such as KI, C4H12N, and introducing more stable
transport layers such as NiO,, PCBM, have been put in
place to suppress hysteresis and improve stability as
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reported elsewhere in the literature (Sivakumar et al.,
2023). Such strategies could increase the FF beyond 75
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% and raise efficiencies towards the 18 -21% range for
MAPbI;-based devices.
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Fig. 10: (a) Variation of FF with Shunt Resistance (Rs1); (b) Variation of FF with Series Resistance (Rs).

The bar chart in Fig. 11 shows a typical power
conversion efficiency (PCEs) for four perovskite solar cell
samples, under both forward and reverse scans. From
the results, it is clear that there is a variation in
performance metrics based on the direction of scanning.
For example, sample 1 has a PCE of 13.4% in reverse bias,
and when forward biased, PCE rises to 13.7%. Sample 2
demonstrates a comparable trend at 12.2% when
reversed and 13.9% when followed forward. In the
reverse bias condition, acceleration of PCE is higher in
sample 3 (11.5%) as compared to the forward bias, with
a value of 10.3%.
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Sample 4 shows an identical trend with the reverse
scan performing slightly better (11.4%) than the forward
(11.2%) scan. This is a suggestion of ferroelectric effects;
ion migration and charge build up that occur at the
perovskite layer (in agreement with Lyu & Park, 2020).
PTAA, as a hole transport material, shows less hysteresis
than TiO, due to its smooth energy alignment and fewer
traps (Min et al., 2021; Wei et al., 2023). Significantly,
there was not much difference detected between
reverse and forward scans in all the samples, implying
that the device structure is stable under transient ionic
actions and likely to be reliable over time.
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Fig. 11: Average power conversion efficiencies for different samples of the fabricated device.

The overall hysteresis evident in the J-V scans
suggests that ion migration and interfacial defects
remain significant, as it limits further limit the device
stability and performance. Trap states and defect-
induced recombination pathways under illumination
have been quantified in recent studies via MSPS,
indicating a reduction in transport length within 12 hours
of light soaking as reported elsewhere (Awino et al.,
2020). These prominent issues can be addressed through
more advanced interface engineering, surface
passivation, and grain growth strategies, which offer a

clearer pathway to bridge the efficiency gap toward
state-of-the-art MAPbI; devices and meet the long-term
reliability standards required for commercial viability
(Sakhatskyi et al., 2022)

4. Conclusions

In this study, the properties of the fabricated films
were analyzed comprehensively by correlating them
with the overall photovoltaic metrics of the resulting
planar inverted device. The fabricated films exhibit a
tetragonal structure with high crystallinity, which is
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characterized by a conspicuous (110) plane. The results
display fairly good homogeneity and large grain sizes
averaging 212 nm, indicating a wide direct band gap of
1.52eV as displayed by the Tauc plots. The films show
values of absorption coefficients exceeding 10* cm,
average crystallite size of 41nm, as well as low
microstrain of 3.936x10* derived from Williamson- hall
analysis, indicating excellent crystalline quality with low
lattice distortions. Generally, the resulting device has a
high power conversion efficiency of 13.91%,
demonstrating that the automated Python segmentation
technique is a powerful tool useful in optimizing
perovskite device processing parameters.

From the results in this study, we propose the
implementation of defect passivation and interface
engineering, such as self-assembled monolayers at HTM,
and the introduction of a Lewis base in the precursor to
raise Voc and FF by suppressing non-radiative
recombination  for  better  results. Secondly,
compositional and morphological optimization should be
used to substitute MA* with FA*/Cs* mixtures for
improved stability and control of the bandgap. Future
work should make use of solvent vapor annealing or
volatile crystallization guides to facilitate the growth of
larger and more uniform grains, guided by the
automated Python SEM image segmentation. Finally,
more advanced characterization techniques such as
time-resolved photoluminescence and EIS should be
implemented for accurate  quantification  of
recombination and ion migration. These improvements
can further be validated through accelerated stability
tests and industrial-scale deposition techniques such as
blade and slot-die coating to address the key challenges
outlined for commercial viability.
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