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Abstract: Upscaling perovskite solar cells and modules requires precise laser patterning
for series interconnection and spatial characterization of cell parameters to understand
laser–material interactions and their impact on performance. This study investigates the
use of nanosecond (ns) and picosecond (ps) laser pulses at varying fluences for the P3
patterning step of perovskite solar cells. Hyperspectral photoluminescence (PL) imaging
was employed to map key parameters such as optical bandgap energy, Urbach energy, and
shunt resistance. The mappings were correlated with electrical measurements, revealing
that both ns and ps lasers can be utilized for effective series interconnections with minimal
performance losses at optimized fluences. Our findings provide a deeper understanding of
fluence-dependent effects in P3 patterning. Moreover, the results demonstrate that the pro-
cess window is robust, allowing for reasonable cell performance even with deviations from
optimal parameters. This robustness, coupled with the scalability of the laser patterning
process, emphasize its suitability for industrial module production.

Keywords: photoluminescence; perovskite; laser; ablation; photovoltaic; series interconnection;
solar module; thin film; hyperspectral

1. Introduction
Organic–inorganic metal halide perovskites (MHPs) have emerged as a leading ab-

sorber material for producing high-efficiency solar cells at potentially low costs. These
perovskites offer excellent optoelectronic properties, including a high absorption coefficient
(104–105 cm−1), long charge carrier diffusion lengths, low recombination rates, and high
defect tolerance, making them highly suitable for photovoltaics [1,2]. Laboratory-scale
perovskite solar cells (PSCs) have achieved power conversion efficiencies (PCE) exceeding
26%, rivaling the performance of high-end crystalline silicon cells [3].

Beyond their application in photovoltaics, MHPs also demonstrate versatility in opto-
electronics, enabling advancements in fields such as microfabrication and photonics [4,5].
Techniques such as femtosecond or direct laser writing enable the precise patterning of
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perovskite structures and open up applications in multicolor displays, photodetectors,
and light-emitting devices by making use of unique material properties such as halide ion
migration and phase separation [4,5]. Furthermore, laser technologies such as laser-induced
nucleation, annealing, and ablation have proven to be highly compatible with perovskite
materials, offering precise control over their properties and enabling new avenues for
device fabrication [6].

Despite these advancements, significant challenges remain in commercializing PSCs,
particularly in scaling up to industrially relevant sizes. Larger perovskite solar modules
(PSMs) often experience efficiency losses due to challenges in maintaining uniform per-
ovskite film quality and ensuring process stability during upscaling, which currently
hinders mass production [7].

Another major challenge is the development of precise laser-based patterning processes
for monolithic series interconnection, which minimizes electrical losses by maintaining low
currents and adding voltages of adjacent cells. In these processes, layers are alternately
deposited and patterned with the laser, which are referred to as steps P1, P2, and P3. The
P1 and P3 steps electrically isolate the front and back contacts of neighboring cells, while
P2 opens the absorber and charge transport layers, creating an electrical pathway between
the cells [8]. Pulsed lasers are preferred for these processes because they enable non-contact
operation and offer high precision [9–11]. However, the thermal sensitivity of perovskite
materials presents a significant challenge. Excess laser energy, particularly at pulse overlaps
or scribe edges, can damage the material and cause electrical losses. Thus, precise energy
control is essential to preserve material properties during patterning [8,11].

Building on our previous work, where we first investigated the fluence dependence in
P3 patterning [12] and later established hyperspectral photoluminescence (PL) imaging as
an imaging method for extracting solar cell parameters [13], the present study combines
both aspects. We employ hyperspectral PL imaging to analyze the fluence dependence
of laser-scribed P3 lines, providing insights into the impact of different fluences on both
material properties and electrical performance.

Photoluminescence (PL) measurements have proven valuable for analyzing material
properties in this context [14–18]. They can indicate defect-related charge carrier recombi-
nation and help to determine the optical band gap and defect states [16–18]. Hyperspectral
PL imaging, a fast and non-destructive technique combining PL imaging with spectrally
resolved measurements, has become essential for analyzing solar cells and modules [19–22].
Traditionally, PL imaging is used to detect spatial intensity variations caused by sample
composition differences [23–26] and holds potential for inline quality control of perovskite
thin film processing [27,28]. In this study, we apply absolute calibrated hyperspectral
PL imaging to analyze P3 laser scribing effects on perovskite absorber layers, deriving
mappings of key parameters such as central PL wavelength (inversely proportional to
the optical bandgap energy), Urbach energy, and shunt resistance to assess laser–material
interactions, following the procedure established in our previous work [13], to obtain
insights into interconnection quality and potential performance variations.

Following this foundation, we compare samples patterned using nanosecond (ns) and
picosecond (ps) lasers at varying fluences and derive material-independent key parameters
for patterning process characterization. P3 patterning was chosen for this investigation, as
it cuts through the entire layer stack, separating neighboring cells and directly influencing
the success of the series-interconnection. Effective P3 scribing must avoid damaging the
underlying layers or scribe line edges. Previous work has identified optimal laser parame-
ters, especially fluences, based on efficiency and fill factor measurements of interconnected
cells, forming an important basis for this study [12,29].
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For the experiments, solar cell stacks were fabricated, all patterned with identical
P1 and P2 parameters. Two different sets of P3 scribe lines were prepared, one using
ns laser pulses and the other using ps pulses. Each set was patterned at three fluences:
the optimal value (Fopt), half of the optimal value (Flow), and twice the optimal value
(Fhigh). This variation allowed us to study fluence effects on material properties and to
evaluate the tolerance of the process windows on the functionality of the interconnection.
Using hyperspectral PL, we examined the material properties near the scribe lines, such
as PL emission wavelength, Urbach energy (EU) [30,31], and shunt resistance (Rsh) [32].
These parameters were determined from the hyperspectral data following the previously
described method [13]. Additionally, the quasi-Fermi level splitting (QFLS), a valuable
metric for evaluating material quality [16,17,33], was analyzed in previous work and is
therefore not discussed here [13]. Our findings will demonstrate how hyperspectral PL
imaging can effectively assess laser patterning quality and characterize changes in the
scribe line region critical for cell interconnection. In addition, these data are discussed in
the context of electrical j–V measurements from the interconnected cells to evaluate the
actual solar cell performance.

This study further provides a qualitative discussion of how laser scribing and pa-
rameters, such as pulse length and fluence, affect material properties, offering insights
into the process window tolerance for large-scale production. By examining the effects of
varying fluences, we gain insights into the robustness of the process and its suitability for
large-scale production. Understanding these process window tolerances is essential for
optimizing laser scribing in industrial fabrication.

2. Materials and Methods
2.1. Sample Preparation

The sample preparation followed the perovskite baseline process, as summarized below:

1. A 120 nm indium tin oxide (ITO, Rsheet ≈ 15 Ω) layer was deposited on glass substrates
as the transparent front contact.

2. This ITO layer was laser-patterned (P1, 1064 nm, ps laser) to define the cell stripe
width and electrically isolate individual cells for series interconnection.

3. Samples were then cleaned in an ultrasonic bath (900 s in soap solution, acetone, and
isopropanol), dried in N2, and treated with UV-ozone for 900 s.

4. A tin-oxide (SnO2) electron transport layer (ETL) was prepared by dissolving
SnCl2·2H2O in C2H5OH, stirring for 12 h, and spin-coating at 1500 rpm for 30 s,
then 2500 rpm for another 30 s, followed by curing at 180 ◦C.

5. A 650 nm triple-cation perovskite absorber layer (Cs0.05FA0.79MA0.16PbBr0.51I2.49)
was spin-coated.

6. The hole transport layer (HTL) was spin-coated from a spiro-OMeTAD solution
(36.2 mg/mL in chlorobenzene) doped with TBP, Li-TFSI, and cobalt(III) complex at
1800 rpm for 30 s.

7. P2 laser patterning (532 nm, ps laser) created a pathway through the perovskite layer
to connect to the back contact.

8. A 100 nm gold back contact was evaporated under low pressure.
9. P3 laser patterning (532 nm, ps/ns laser) electrically isolated the back-contact layer.

All materials were used as-is for device fabrication without further modification.
Additional details on sample preparation can be found in ref. [11].

2.2. Laser Patterning

Laser patterning of the perovskite solar cells was performed using a customized
system (Rofin Baasel Lasertech, Coherent Munich GmbH & Co. KG, Gilching, Germany)
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with a ps and a ns laser source. The ps laser emitted pulses at 1064 nm, 532 nm, and
355 nm with durations of 10 ps, while the ns laser emitted 20 ns pulses at 532 nm. The
maximum pulse energies were 48 µJ at 100 kHz for the ps laser and 32 µJ at 20 kHz for the
ns laser. Beam diameters were 26.7 µm (ps) and 28.1 µm (ns) at the focal point. The system
included optics that guided the laser to the sample and an x–y motion system that moved
the samples at up to 1.2 m/s with 5 µm positioning accuracy. To prevent degradation and
collect debris, the samples were processed in a nitrogen-filled chamber [8].

The P1 and P2 patterning parameters remained constant, while P3 used ns and ps
pulses with three fluences: an optimal fluence and two suboptimal fluences (i.e., half and
double the optimal value). These additional fluences were included to investigate the
impact of deviations from the optimal value on the electrical properties and performance of
the solar cells. Table 1 provides an overview of the laser parameters, previously described
in detail [12]. The P3 lines were patterned three times without lateral shift from the layer
side using direct ablation and a 12% pulse overlap to ensure electrical isolation and narrow
interconnection widths. For PL measurements, the metal back contact was removed from
the perovskite layer after the P3 step.

Table 1. Laser process parameters for sample preparation.

ps Laser Patterning ns Laser Patterning

Wavelength 532 nm
Scribing velocity 500 mm/s
Pulse repetition rate 20 kHz
Pulse duration 10 ps 20 ns
Beam diameter 26.7 (±10%) µm 28.1 (±10%) µm
Fluences
- Optimal Fopt 2.31 J/m2 1.36 J/m2

- Low (ca. half of the optimal value) Flow 1.08 J/m2 0.72 J/m2

- High (ca. twice the optimal value) Fhigh 4.31 J/m2 2.64 J/m2

The fabricated mini-modules are composed of three cells, each with an active area of
0.734 cm2 and a dead area of approximately 500 µm, resulting in a geometrical fill factor
(GFF) of close to 92%.

2.3. Characterization

The PL global measurements were carried out using a hyperspectral imaging system
(IMA, Photon etc., Montréal, QC, Canada) [34]. Continuous wave (cw) lasers at 405 nm and
532 nm were used to excite the samples, with the light evenly spread across the entire field
of view for global imaging. The photon flux was set to 86 mW/cm2 for both lasers. Images
were captured using a 20× microscope objective, directing the PL onto a Si CCD camera
(Photon etc., Montréal, QC, Canada) via a volume Bragg grating. The spatial resolution
was approximately 1 µm, and the spectral resolution was better than 2.5 nm. Detailed
procedures for spatial, spectral, and absolute calibration are provided in [35].

The electrical performance of the interconnected cells was evaluated using an AAA-
class solar simulator (Wavelabs Sinus 70, WAVELABS Solar Metrology Systems GmbH,
Leipzig, Germany), which provides an AM 1.5 calibrated spectrum at 1000 W/m2 irradiance.
A temperature-controlled sample holder was used to eliminate thermal influences. Current
density–voltage (j–V) curves were recorded in the forward and reverse directions with
0.05 V/step resolution, 20 ms integration time, and 40 ms delay time.
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3. Results and Discussion
PL characterization of laser-patterned scribe lines involves acquiring spectrally re-

solved images of the sample surface. After computational processing (e.g., noise removal),
the dataset provides intensity images for each spectral interval, as shown in Figure 1.
These images depict the PL intensity for scribe lines created with optimal fluences using
ns (Figure 1a) and ps (Figure 1b) laser pulses. Remote areas within the images, consid-
ered unaffected by the laser-induced heat, serve as reference points. Perovskite’s thermal
diffusion length (~1 µm) aligns with prior findings [12] and reflects the intrinsic material
property concerning heat propagation. However, in addition to this, the energy input
from the Gaussian pulse flanks induces localized thermal effects beyond the immediate
scribe line. Specifically, we observed temperatures of 320 K to 400 K at the edges of the
scribe line for ns pulses, leading to the formation of a Br-rich phase at the perovskite/HTL
interface adjacent to the scribe. This suggests that the effects of ns laser scribing are not
solely confined to the thermal diffusion length but are also influenced by spatial heat flow
driven by the dissipated laser energy. This effect was not observed for ps pulses, indicating
a distinct difference in the spatial heat flow dynamics between the two pulse regimes.
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Figure 1. PL flux (photons per second) images of perovskite samples patterned with (a) ns and (b) ps
laser pulses at optimal fluences of 1.36 J/cm2 and 2.31 J/cm2, respectively, showing emission at
758 nm. Size of both images: 101 µm × 133 µm.

During raw data processing, the PL intensity was converted into photon flux (photons
per second). The photoluminescent flux is presented for a wavelength of 758 nm ± 1 nm,
corresponding to the sample’s main PL emission transition. To identify this central wave-
length, images were generated displaying the wavelength with the highest PL intensity at
each pixel.

Figure 2 displays images of scribe lines patterned with ns (Figure 2a–c) and ps
(Figure 2d–f) laser pulses, using varied fluences: too low (Figure 2a,d), optimal (Figure 2b,e),
and too high (Figure 2c,f). The images show uniform PL emission with a peak intensity
at ~758 ± 3 nm, corresponding to a bandgap energy of ~1.64 eV, which is characteristic
of triple-cation PSCs. PL emission was also detected within the scribed trenches, likely
from residual absorber material. These residues do not impair the electrical functionality of
the series interconnection [9]. Instead, they confirm that the underlying ITO layer remains
unaffected during laser patterning, which is crucial for low-loss series interconnections.
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Adjacent to the scribe line edges, a pronounced redshift in PL emission is observed,
extending up to several tens of nanometers. This shift appears at numerous spots spread
across the sample surface, irrespective of the laser pulse duration. At the inner scribe
line edges, the redshift is attributed to significant material alterations caused by the pat-
terning process. In contrast, the scattered dots indicate the underlying material removal
processes, specifically explosive boiling that occurs immediately after laser irradiation, lead-
ing to intense evaporation of the exited volume. Some particles in the evaporation plume
condense rapidly, forming splashes widely distributed around the scribe line. This abla-
tion mechanism is consistent with previous studies and supported by simulations [11,29].
Figure 3 shows a statistical analysis of redshifted splashes as a function of fluence and
pulse duration, revealing more efficient material removal with ps laser pulses.

The asymmetry in the scribe trench is caused by non-ideality in the Gaussian laser
beam profile, resulting in uneven intensity distribution. This leads to one edge of the trench
being steeper than the other, which can potentially influence the performance of the P3
interconnection. However, this asymmetry reflects realistic conditions in laser processing
and does not necessarily compromise the patterning process. To minimize its impact, the
scribing process should be optimized to place the less favorable edge inside the dead area,
where it does not affect functionality, while the steeper edge is positioned externally. This
ensures that the overall quality of the interconnection is preserved.

With regard to the material removal aspect, ps pulses would be preferable to ns pulses,
as condensed debris near the scribe line could increase the surface roughness and make
subsequent layer deposition or encapsulation more difficult. However, no damage to the
underlying front contact was observed within the tested fluence range.
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To access the impact of laser patterning on the perovskite material, the Urbach energy
EU serves as a useful parameter. It is directly correlated with trap states in the electronic
structure of the perovskite absorber and provides a quantitative measure of the laser effects
on material properties. Calculating the Urbach energy begins with determining the central
wavelength of the PL emission (see Figure 2). EU provides deeper insights into the density
of electronic states near the band edges and serves as an indicator of the local electronic
quality of the absorber layer in solar cells [36–39]. Lower EU values indicate a reduced
density of electronic defect states, which in turn results in a higher open-circuit voltage
(Voc) and improved solar cell performance. Although the applicability of EU as a universal
metric for perovskite solar cells (PSCs) is still under discussion [36,37], empirical data
suggest a correlation between EU and the Voc deficit, making it a useful metric for assessing
solar cell power conversion efficiency [38–40].

Figure 4 presents spatially resolved images of EU as a function of laser fluence and
pulse duration. For ns laser pulses (Figure 4 a–c), a larger number of pixels, and conse-
quently a greater area, with higher EU values is observed at lower fluences, likely due to
incomplete material ablation leaving altered perovskite within the scribe line. In contrast,
for ps laser pulses, the area with higher EU values increases with fluence, which is attributed
to the non-Gaussian beam shape causing more damage at the upper edge. Both laser types
are suitable for P3 patterning if fluence is precisely optimized. However, from a reliability
perspective, ns laser pulses may be preferable, as perovskite material shows less sensitivity
to higher fluences until damage to underlying layers occurs.

Shunt resistance is a practical metric for evaluating the electrical performance of solar
cells and can be used to assess the quality of laser scribe lines. Following an approach
introduced by Augarten et al. [32], shunt resistance can be derived from PL images captured
under varying illumination intensities (i.e., different photon fluxes). In this study, we modi-
fied the method by Augarten et al., acquiring PL images at a fixed illumination intensity
but using different photon energies (405 nm and 532 nm). This requires consideration of
the spectral response, determined through measurement of the external quantum efficiency
(EQE). Using this adapted method, Figure 5 presents local shunt resistance images as a
function of laser pulse duration and fluence, providing insight into the effects of laser
scribing on the electrical properties of the sample.
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Figure 5. Spatially resolved images of the local shunt resistance for samples patterned with (a–c) ns
and (d–f) ps laser pulses at three fluence regimes: (a,d) low, (b,e) optimal, and (c,f) high.

The images of local shunt resistance reveal island-like regions next to the scribe lines
with significantly varying shunt resistances. Within the scribe lines, the shunt resistance
is uniform, but it increases abruptly at the edges towards distant regions. High fluences
lead to less distinct scribe line edges, indicating material changes due to the laser treatment.
These island-like structures suggest local material inhomogeneities, likely bromide- and
iodide-rich areas, implying material degradation. Shunt resistance analysis shows no
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significant differences between ns and ps laser pulses. High fluences alter the material, but
due to variable shunt resistance in remote areas, the impact of high fluences on scribe line
quality remains unclear and requires further investigation.

In order to assess the influence of laser parameters, particularly fluence and pulse
length, on the overall electrical properties of the interconnected solar cells and to cor-
relate these findings with the spatially resolved mapping images, j–V curves (current
density vs. voltage) were recorded. Figure 6 provides such j–V curves for three-segmented
mini-modules, each P3 patterned under different laser fluence regimes: (a) low fluence,
(b) optimal fluence, and (c) high fluence. The black curves represent patterning with ns laser
pulses, and the blue curves represent patterning with ps laser pulses. The results demon-
strate that well-functioning series interconnections of solar cells were achieved across the
investigated fluence regimes, confirming the robustness of the laser scribing process. The
process tolerates variations in sample composition and layer thickness, making it suitable
for variations in the production conditions.
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curves are shown for the different fluence regimes: (a) low fluence, (b) optimal fluence, and (c) high
fluence, illustrating the impact of laser pulse duration and fluence on the electrical performance of
the modules.

However, the comparison of the j–V curves of the three fluence regimes reveals some
systematic variations in the electrical performance. At low fluence, both laser types exhibit
poorer performance, likely due to insufficient material removal. Optimal fluence achieves
the best results, especially for ns laser pulses, balancing effective scribing with minimal
damage. At high fluence, performance losses occur again, likely due to overheating and
excessive material removal.

To better understand the differences between the fluence regimes and identify potential
losses, the key cell parameters were extracted from the j–V curves and compared. It is impor-
tant to note that different, though nominally identical, batches were prepared for the three
fluence regimes. This may lead to variations in the cell properties despite identical prepa-
ration conditions. Thus, we prioritized a meaningful comparison of solar cell parameters
that provide insights into electrical losses, in particular the fill factor FF, power conversion
efficiency η, series resistance Rs, and shunt resistance Rsh. These parameters were selected
because they reflect the electrical interplay among all solar cell components and are less
dependent on specific material properties. Derived from the j–V curves, they were chosen for
their relevance to our study and their relative independence from batch-to-batch fluctuations,
ensuring reliable evaluation of the laser processing effects.

Figure 7 compares these key cell parameters as a function of fluence for ns (left column)
and ps (right column). Each parameter is plotted against fluence (J/m2), with dotted lines
connecting the data points to indicate trends. In accordance with the curves in Figure 7, FF
and η reach their maximum at optimal fluences and decrease at lower and higher fluences,
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highlighting the balance between minimized losses and effective charge extraction. The
investigation of Rs helps determine whether the ITO layer remained intact during the
patterning process. The results show that Rs stayed low and relatively stable across all
fluences, highlighting the precision and consistency, particularly of ps laser processing. In
contrast, Rsh was analyzed to find indications of severe material damage and the related
presence of increased densities of defect-related trap states. When comparing the values
for the ns and ps at optimal fluences, they appear to be inconsistent with the trends in j–V
behavior. However, it should be noted that they are correct, possibly due to differences in
the voltage dependence of the shunt losses. Here, the focus is mainly on changes in Rsh

with fluence rather than its absolute value. While the maximum for Rsh shows the expected
behavior and is reached at the optimal fluence for ps pulses, Rsh generally increases slightly
for ns pulses, but without this having a decisive influence on FF and η. This behavior could
be due to the thermal nature of the ns pulses, which can lead to material changes, such as
the formation of excess PbI2 or the formation of a bromine-rich interlayer, which affects the
electrical properties but can still improve the overall photovoltaic performance [12].
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resistance (Rsh) as a function of fluence for perovskite samples patterned with (a) ns laser pulses and
(b) ps laser pulses. Data points are shown for three fluence regimes (low, optimal, and high).

In summary, the electrical parameters provide a comprehensive assessment of the
module performance, confirming that the scribing process has nearly no negative impact
on device functionality at optimal fluence. The inclusion of Rs demonstrates that the
underlying contact remains fully functional without laser-induced damage, while efficiency
and FF serve as integral measures of the overall module performance. Although the overall
electrical performance of the modules is influenced by multiple factors beyond P3, our
results demonstrate that hyperspectral PL imaging provides valuable insights into the local
material modifications induced by P3 scribing. These modifications, such as changes in
Urbach energy and shunt resistance, affect interconnection quality and, consequently, can
contribute to variations in electrical performance.

While PL imaging is a powerful tool for analyzing local effects around the scribe lines,
such as potential material changes and structural integrity, it primarily reflects localized
changes induced by the patterning process. In contrast, the electrical parameters act as
global indicators of the functionality of the module, ensuring that the device remains
operational with minimal laser-induced damage.
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4. Summary and Conclusions
This study investigated the impact of laser pulse duration and fluence on the per-

ovskite layer during P3 patterning for the serial interconnection of perovskite solar cells, as
well as its influence on the photovoltaic performance of the interconnected cells. Hyper-
spectral PL imaging was utilized to visualize the spatial effects of varying pulse durations
and fluence, capturing both the patterning lines and surrounding edges. This method
allowed us to determine key parameters, such as central PL wavelength, EU, and Rsh, with
lateral resolution. These parameters provided insights into the electrical and geometric
interconnection losses associated with different pulse durations and fluence regimes.

The analysis demonstrated that successful patterning is achievable with both ps and
ns laser pulses, indicating that perovskite shows low sensitivity to laser-induced thermal
effects. This conclusion is evidenced by the abrupt changes in EU at the edges of the
scribe lines, suggesting minimal influence from laser pulse duration. However, different
interaction processes of the laser pulses with the layers to be processed were identified.
With ns pulses, low fluences result in insufficient material removal. With ps pulses, high
fluences cause blurred edges. Hyperspectral images also revealed small dots resembling
splashes around the trenches, particularly in ns-patterned samples, indicating explosive
boiling and condensation as the dominant ablation mechanisms.

Additionally, the evaluation identified a redshift in the PL signal and increased shunt
resistance, both of which point to material modifications caused by the laser patterning
process. The effects of the laser fluence on the electric parameters of the interconnected
solar cell are more pronounced than those of pulse duration. However, even with devia-
tions from optimal patterning parameters, satisfactory cell performance was achievable,
demonstrating the robustness of the process window to manufacturing fluctuations.

This robustness is a significant advantage for industrial scalability. The findings indi-
cate that the laser patterning process maintains efficacy across a range of fluence values and
can compensate for variations in sample composition and film thickness. Consequently,
the process is well-suited for large-scale production and adaptable to varying manufactur-
ing conditions.
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