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Abstract:
Perovskite layers are key nanoscale absorbers in a wide range of optoelectronic devices, driving intense
research into their deposition control, crystallization kinetics, and interfacial nanoengineering. In this work,
we investigate the effects of nanosecond-pulsed Nd:YVO4 laser irradiation (355 nm) on the structural and
optical properties of perovskite layers integrated with TiO2 nanoparticles. Nanoscale modifications induced
by laser processing are systematically analyzed through optical transmission, photoluminescence (PL),
surface morphology, and elemental composition measurements. The results reveal laser fluence as a decisive
parameter: Low fluence deteriorates optoelectronic performance by forming a defective surface dead layer
via increased nanoscale roughness, whereas higher fluence enhances optical transmittance through controlled
nanoscale ablation and film thinning. Moreover, the incorporation of a mesoporous TiO2 nanoparticle scaffold
plays a critical role in maintaining bandgap stability during laser exposure, underscoring its protective function
against localized thermal decomposition. These findings demonstrate that laser-matter interactions at the
nanoscale can be precisely tuned to engineer perovskite layers for targeted optoelectronic device applications.
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1. Introduction

Halide perovskites (ABX3) have revolutionized optoelec-
tronics by bridging the gap between the low-cost process-
ability of organics and the high performance of inorganic
semiconductors. In just over a decade, their power conver-
sion efficiency (PCE) has surged from 3.8% to over 26%,
rivaling developed silicon technologies [1, 2]. This rapid
progress is underpinned by the material’s tunable crystal
chemistry, where compositional engineering such as the
shift from methylammonium (MA) to more stable formami-
dinium (FA) and mixed-cation (Cs/FA/Rb) formulations has
significantly enhanced film quality and phase stability [3, 4].
Furthermore, adjusting the halide composition allows for
precise bandgap tuning, though this is often accompanied
by challenges like phase segregation under illumination [5].
The superior optoelectronic properties of perovskites, in-
cluding high absorption coefficients, long carrier diffu-
sion lengths, and low exciton binding energies, make them

ideal for diverse applications beyond photovoltaics, such as
light-emitting diodes (PeLEDs) and high-sensitivity X-ray
detectors [6–8]. Despite their relative “defect tolerance,”
the performance of polycrystalline films is frequently lim-
ited by surface and grain boundary defects. These under-
coordinated sites act as non-radiative recombination centers,
limiting open-circuit voltage and serving as entry points for
environmental degradation [9–12]. Consequently, surface
engineering has become essential for passivating these de-
fects and blocking moisture ingress.
While chemical passivation methods (e.g., 2D/3D het-
erostructures) are effective, they risk solvent damage or in-
troduce unwanted residues [10]. Physical methods, particu-
larly laser-based processing, have emerged as a powerful al-
ternative. Laser treatment offers localized, non-contact, and
solvent-free modification, enabling high surface tempera-
tures without overheating the underlying substrate [13]. De-
pending on the fluence, the interaction can be photothermal-
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melting the surface to enlarge grains or photochemical. In
the low-fluence regime, lasers can heal defects, though ex-
cessive roughening can create a dead layer that quenches
photoluminescence [11]. At higher fluences, controlled ab-
lation thins the film and removes degraded surface layers,
thereby minimizing self-absorption and restoring optical
performance [14]. This precision also allows for scribing
required for module interconnection [15]. Ultimately, laser
engineering provides a scalable route to decouple the ther-
mal requirements of the perovskite from the limitations of
the device stack, offering a promising pathway for commer-
cial optimization.

2. Experimental details
Film preparation: In optoelectronic devices, the perovskite
layer primarily functions as the light absorber and is typ-
ically deposited onto a transparent mesoporous semicon-
ductor, such as titanium dioxide (TiO2). The fabrication
process began with sequential cleaning of Glass/FTO sub-
strates using a diluted detergent, deionized water, and iso-
propanol for 15 minutes each in an ultrasonic bath. Fol-
lowing this, the substrates were dried and subjected to UV-
Ozone treatment for 20 minutes. A compact TiO2 layer
was then applied via spin-coating a solution of titanium
acetylacetonate in anhydrous ethanol, followed by sintering
at 500 °C for 30 minutes. To create the mesoporous layer,
a paste of TiO2 nanoparticles (PST-20T, IRASOL) was di-
luted in anhydrous ethanol and spin-coated at 4000 rpm for
30 seconds. This layer was then heated at 100 °C for 10
minutes and sintered at 500 °C for 30 minutes. Finally, the
triple-cation perovskite (Cs0.05FA0.81MA0.14PbI2.55Br0.45)
was deposited by applying 30 µL of a 1.45 M precursor
solution (in DMF:DMSO) using a two-step spin program:
Accelerating to 1000 rpm for 10 seconds, followed by 6000
rpm for 30 seconds. The samples were subsequently vacu-
umed and annealed at 100 °C for 40 minutes.
Laser processing of films: Laser treatment on perovskite
films was carried out using an Nd:YVO4 nanosecond UV
(355 nm, Eagle) laser. The laser beam was defocused at a
distance of 3 cm. The desired conditions for laser applica-
tion are listed in Table 1.

Characterization
The optical properties of the films were investigated us-
ing a Perkin–Elmer UV–Vis–NIR spectrometer to acquire
transmission spectra. To evaluate the surface morphology
and elemental composition, scanning electron microscopy

(SEM) images and energy-dispersive X-ray spectroscopy
(EDX) data were collected with a TESCAN field-emission
SEM instrument. Additionally, photoluminescence (PL)
measurements were performed using an Avantes TEC-2048
spectrometer, exciting the samples with a 405 nm diode
laser.

3. Results and discussions

Optical transmission properties
The optical transmission spectra of the perovskite thin films
subjected to various laser fluences are presented in fig-
ure 1. The spectra were recorded in the wavelength range
of 400−1100 nm to evaluate the impact of laser energy on
the optical properties of the material.
Spectral features and interference all samples exhibit a char-
acteristic absorption edge in the visible region (below ∼ 700
nm), corresponding to the fundamental bandgap absorption
of the perovskite material [5]. Notably, in the near-infrared
region (above 700 nm), where the material becomes trans-
parent, distinct sinusoidal oscillations (interference fringes)
are observed. The presence of these Fabry-Pérot interfer-
ence fringes indicates that the films possess a smooth sur-
face and uniform thickness, allowing for the constructive
and destructive interference of light reflected between the
air-film and film-substrate interfaces [16]. The periodicity
and amplitude of these fringes provide qualitative informa-
tion regarding the film thickness and surface roughness,
which vary significantly with laser treatment.
The transmittance spectra reveal a complex dependence on
laser fluence, particularly in the transparent region (> 700
nm). The evolution of transmittance can be categorized into
three distinct regimes based on the applied energy density:

• Low Fluence Regime (50 and 100 mJ/cm2): Surpris-
ingly, irradiation at lower fluences results in a decrease
in transmittance compared to the reference sample (No
laser). At 50 mJ/cm2, the transmission is the low-
est among all measured samples. This reduction in
transmittance at low energies suggests that the laser
interaction is dominated by surface roughening or the
generation of defects rather than effective material re-
moval [17]. The energy deposited is likely sufficient to
induce partial decomposition or evaporation of the or-
ganic components (such as methylammonium) without
completely removing the inorganic framework. This
process leads to a porous or roughened surface mor-
phology and the creation of light-scattering centers.

Table 1. Applied laser power parameters.

Pulse repetition rate
(kHz)

Q pulse width
(µs)

Beam width
(µm)

Scan speed
(mm/s)

Pulse energy
(mJ/cm2)

80 8 56 4500 50

40 20 122 5000 100

40 18 150 6000 150

50 9 337 17000 250

40 14 308 13000 300
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Figure 1. UV-Vis spectrum of FTO/c-TiO2-nanoparticles TiO2/PSK/ under
different laser powers.

Consequently, increased optical scattering losses out-
weigh any potential benefits from thinning, resulting
in lower overall transmission.

• Intermediate Fluence (150 mJ/cm2): At a fluence of
150 mJ/cm2, a distinct transition is observed where
the transmittance exceeds that of the reference sample
across the transparent region. At this energy thresh-
old, the mechanism shifts from surface modification
to material ablation. The laser energy is now sufficient
to overcome the binding energy of the material, caus-
ing the effective evaporation of the perovskite layer.
The reduction in film thickness becomes the dominant
factor, leading to a net increase in light transmission
despite the concurrent increase in surface roughness.

• High Fluence (200 mJ/cm2): The highest transmittance
is recorded at 200 mJ/cm2. The curve is significantly
elevated compared to all other samples, particularly in
the 700−1100 nm range. This behavior confirms the
dominance of the ablation mechanism. The high laser
energy density causes substantial thinning of the per-
ovskite layer. According to the Beer-Lambert law, as
the optical path length (thickness) decreases, transmit-
tance increases [14]. A critical observation is that there
is no significant shift in the absorption edge position
across all samples. Regardless of the laser fluence, the
onset of absorption remains constant in the wavelength
range below 700 nm. This indicates that while the
laser treatment alters the physical thickness and sur-
face morphology (affecting scattering and magnitude
of transmission), it does not significantly modify the
fundamental bandgap energy or the chemical composi-
tion of the remaining perovskite scaffold.

Analysis of non-scaffolded films figure 2 presents the optical
transmission spectra of perovskite layers deposited directly
on glass/compact TiO2 (without a mesoporous scaffold),
subjected to varying degrees of laser treatment. To quantify
the physical thickness reduction induced by the laser, the
film thickness (d) was calculated geometrically using the

positions of the interference fringes in the transmission
spectra. The following relation was utilized for adjacent
peaks at wavelengths where n is the refractive index of the
perovskite. λ1 and λ2

1
λ1

− 1
λ2

=
1

2nd

Thickness reduction via Laser Ablation The calculated thick-
nesses, corresponding to the interference periods observed
in the spectra, show a clear trend of thinning. The curves
represent films with effective thicknesses decreasing from
approximately 480 nm (gray) down to 60 nm (purple). This
confirms that the laser irradiation effectively ablates the per-
ovskite material. As the thickness decreases, the envelope
of the transmission spectrum rises significantly across the
measured range, consistent with the reduction in optical
path length and absorption volume.
Modulation of the energy gap A distinct phenomenon ob-
served in figure 2, which contrasts with the scaffolded sam-
ples, is the noticeable shift in the absorption edge (energy
gap) concurrent with the thinning process. As the film thick-
ness is reduced (moving from the 480 nm curve to the 60 nm
curve), the absorption onset shifts to shorter wavelengths (a
blue shift), indicating a widening of the optical bandgap.
In the absence of a mesoporous TiO2 scaffold, the per-
ovskite film is a “free-standing” layer on glass. The laser
energy is absorbed directly by the perovskite without be-
ing dissipated by a scaffold network. This leads to stoi-
chiometric decomposition effect: The intense local heating
can preferentially evaporate volatile organic cations (e.g.,
MA+), leading to a change in chemical composition or the
formation of a PbI2-rich surface layer, which possesses a
wider bandgap than pristine perovskite [18–22].
The protective role of the Mesoporous Scaffold Comparing
these results with the previous transmission spectra reveals
the critical function of the mesoporous TiO2 layer. In the
scaffolded samples, the TiO2 network acts as a thermal
sink and a mechanical skeleton. It stabilizes the perovskite
crystals within its pores, preventing extreme thinning and
protecting the material from the thermal stress that causes
chemical decomposition. Consequently, while the scaf-

Figure 2. UV-Vis spectrum of glass/PSK films and calculated thickness.
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folded samples exhibited increased transmission due to thin-
ning, they maintained a constant energy gap [21]. In con-
trast, the non-scaffolded sample in figure 2 demonstrate that
without this protection, laser processing not only thins the
film but also degrades or fundamentally alters the electronic
structure of the remaining material.
Photoluminescence (PL) analysis: The photoluminescence
(PL) spectra of perovskite films (figure 3) show a distinct
non-uniform dependence on laser flux. An integrated analy-
sis, combining the intrinsic semiconductor recombination
physics with the observed transmission trends (Fig. 1), re-
veals a complex interplay between defect dynamics and
optical geometry.

• Low Power Regime (up to 100 mJ/cm2): A signifi-
cant decrease in PL intensity is observed, concomitant
with a decrease in optical transmission compared to
the reference sample. The decrease in PL intensity is
attributed to the generation of structural defects and
grain boundary disruption induced by the laser [9, 20].
These defects create non-radiative recombination cen-
ters in the bandgap that absorb photo-excited carriers
and dissipate their energy as heat instead of light. This
PL degradation is consistent with the transmission data,
where the no laser and low-power samples show the
lowest transmission. The transmission reduction in
this regime is driven by light scattering (Mie scatter-
ing) due to surface roughness and lattice disorder [17],
which simultaneously quench the PL. Thus, both data
sets point to a degradation of the material quality and
an increase in light scattering losses at low laser ener-
gies.

• High Power Regime (150−200 mJ/cm2): The recov-
ery of PL intensity is primarily controlled by the re-
duction of self-absorption (internal filter effect). Per-
ovskite materials have a high absorption coefficient at
their emission wavelength. In thicker layers, a large
fraction of the photons generated deep in the layer are
reabsorbed before they can escape [23]. As confirmed

Figure 3. PL spectra of FTO/c-TiO2-nanoparticles TiO2/PSK/ under
different laser powers.

by the UV-Vis spectrum, the laser thins the layer; this
reduces the optical path length and allows a larger
fraction of the generated photons to escape from the
surface, thereby increasing the measured external PL
intensity. In addition, the erosion process probably
removes the highly defective or rough surface layer
formed at lower powers.

Scanning Electron Microscopy (SEM) Analysis: The SEM
images provide direct visual evidence of the physical
changes occurring on the perovskite surface at various laser
fluences (figure 4). The morphological evolution correlates
strongly with the non-monotonic trends observed in the
transmission and photoluminescence (PL) spectra.

• Reference Sample: The reference sample exhibits a
uniform, continuous film composed of distinct per-
ovskite grains. The surface appears relatively smooth
with clear grain boundaries, indicative of a pristine
polycrystalline structure.

• Low Fluence Regime (50−100 mJ/cm2): At these flu-
ences, the surface morphology undergoes significant
changes compared to the reference. The images show a
”melted” or roughened texture where the distinct grain
boundaries become less defined. The surface appears
porous or covered in small particles resulting from lo-
calized decomposition. These visual features confirm
the formation of the dead layer [11]. The laser energy
at this stage is sufficient to induce thermal stress and
decomposition at the surface but not enough to remove
the material. This degraded, rough layer acts as a scat-
tering center (decrease in transmission) and introduces
non-radiative recombination sites (quenching of PL).

• Intermediate Fluence (150 mJ/cm2): At 150 mJ/cm2,
the SEM image reveals the transition from surface
roughening to material removal. Distinct features such
as pinholes, craters, or the beginning of film perfora-
tion become visible. This marks the threshold where
laser ablation overcomes the material’s cohesion. The
removal of the heavily degraded top layer (the dead
layer) begins here, aligning with the recovery of trans-
mission and initial increase in PL.

• High Fluence Regime (250− 300 mJ/cm2): At the
highest fluences, the SEM images show a dramatic
reduction in surface coverage. The perovskite layer ap-
pears as isolated islands or a very thin, discontinuous
network, with large areas of the underlying substrate
exposed. The grain structure is destroyed or heavily
modified into a resolidified surface. These images
provide the visual proof of the thinning mechanism
deduced from the transmission spectra. The drastic
reduction in material volume explains the high trans-
mission values and the reduction of self-absorption for
PL.

Energy-Dispersive X-ray spectroscopy (EDX) analysis: As
shown in figure 5, the most prominent feature in the EDX
spectra is the variation in the intensity (counts) of the char-
acteristic peaks for Lead (Pb Mβ) and Iodine (I Lα) as the
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Figure 4. Top-view field emission scanning electron microscopy (FESEM) image of the glass/FTO/compact TiO2/mesoporous nanoparticles TiO2/PSK
(Cs0.05(MA0.83FA0.17)0.95Pb(Br0.17I0.83)3) under different laser powers.

Figure 5. EDX spectrum of FTO/c-TiO2-nanoparticles TiO2/PSK/ under different laser powers.

laser power increases.
Physical ablation: As the laser fluence increases from No
laser to 300 mJ/cm2, the intensity of the Pb and I peaks
decreases significantly. Since the X-ray signal intensity is
directly proportional to the volume of material present, this
reduction confirms the thinning of the perovskite layer [14].
At the highest fluences, the drastic drop in peak intensity
suggests the film has become extremely thin or discontinu-
ous.

4. Conclusion

This study demonstrates that laser fluence is a critical
parameter for tuning perovskite optical properties, revealing
distinct mechanisms based on power and architecture. In
scaffolded samples, low fluence degrades performance
through scattering and the formation of a dead layer,
while high fluence enhances transmittance via ablation
and thinning without altering the bandgap. Conversely,
non-scaffolded films exhibit bandgap widening due to
decomposition, highlighting the scaffold’s essential role in
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maintaining structural stability. The PL data corroborates
this transition, showing initial quenching from chemical
defects followed by recovery as ablation removes the
degraded surface and minimizes self-absorption. Finally,
SEM and EDX analyses visually and chemically validate
these findings, distinguishing between chemical degrada-
tion at low powers (strong Pb/I peak) and effective physical
ablation (weak) at high powers. These results indicate that
laser-based optimization is a viable tool for controlling
thickness and surface properties in perovskite devices.
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