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Executive Summary

Deliverable 5.2 - Laser Patterning - requires us to demonstrate an industrial laser-patterning approach
capable of performing the P1, P2, and P3 scribing steps while achieving a geometrical fill factor (GFF)
greater than 98%. CNR currently possesses state-of-the-art laser-engraving capability on a range of
substrates, including FTO, ITO and complete perovskite stacks. Specifically, the institute operates a
Yb:KGW raster-scanning laser (Wophotonics, A = 355 nm, 5 ps, pulsed at 1000 kHz). The laser process
sequence is determined by the removal of Al temporary carrier substrate after complete etching. For
non-removal of Al foil, the process sequence is in the order of P1 P2 - P3. As the aim of this
deliverable is to obtain the optimized laser process settings and GFF, the optimization of each scribe
process is more relevant than the order of the steps. Consequently, for Deliverable 5.2 we processed the
stack from one side only, thus fulfilling the demonstration requirements while simultaneously
optimizing the laser parameters. We also show that alignment of flipped substrate is possible.

In addition to CNR, the laser process optimization of TNO on PET/ITO and Al/FTO substrates are
reported in this deliverable.

This report details the achieved GFF, the design optimization based on laser-process characterization,
and representative images of the laser patterning. The demonstrated process attains a GFF of 98.8 % on
perovskite module stack.
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Abbreviations

CTL: Charge Transport Layer (refers to ETL and HTL in general)
ES: Edge Seal

ETL: Electron Transport Layer

HTL: Hole Transport Layer

ITO: Indium-doped Tin Oxide

PSC: Perovskite Solar Cell

PV: Photovoltaic

R2R: Roll-to-roll

SEM: Scanning Electron Microscopy
Sp: Sputtering

S$2S: Sheet-to-sheet

TCO: Transparent Conductive Oxide
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1. Introduction

This deliverable addresses one of the key challenges in scaling up perovskite solar modules: minimizing
the loss of active area due to interconnections between cells. A central objective of this work is the
development of an industrially compatible process for P1, P2, P3 laser patterning with a geometrical fill
factor (GFF) greater than 98%.

We demonstrate laser patterning (P1, P2, P3) on perovskite stacks across various substrate sizes,
focusing on precision scribing as a critical requirement for electrical isolation and interconnection
without compromising active area—especially relevant when scaling from lab-scale to substrates
exceeding 900 cm?.

The core experimental work conducted by CNR (owner of deliverable) is presented in detail in the first
section. This includes:

e Demonstration of large-area, industrial-grade laser patterning using equipment suitable for
direct transfer to roll-to-roll (R2R) manufacturing lines;

e Optimization of laser parameters (pulse energy, overlap, attenuation, velocity) to achieve the
targeted GFF > 98%.

This high-precision, high-throughput process establishes a crucial link between lab-scale performance
and scalable production, ensuring that efficiency gains are maintained throughout upscaling.

To provide a complete picture of the task progress within the LUMINOSITY consortium, a subsequent
section summarizes the current status and contributions from other partners active in large-area laser
processing, such as TNO.
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2. Results and Discussion

2.1. Laser patterning optimization on perovskite solar modules

In monolithic perovskite-module fabrication, laser patterning is carried out in three sequential scribes
that define the electrical architecture of the device reported in Figure 1A:

e P11 - Bottom-electrode scribe:

A narrow laser trench is written through the transparent conducting oxide (in this case ITO)
down to the substrate, i.e. the Aluminum foil. This divides the continuous bottom electrode into
isolated stripes, so each future cell has its own anode and no lateral short-circuit paths can form.

e P2 - Perovskite-stack scribe:

After the absorber and charge-transport layers are deposited, a second laser pass removes this
multilayer stack exactly where it overlaps the P1 trench. The cut exposes a clean strip of the
bottom electrode; this will later act as the contact point (bus) for the neighboring cell, enabling
series interconnection.

e P3-Top-electrode scribe:

Once the transparent top electrode is added, a third laser trench is opened with a slight offset
from the P2 line. This cut disconnects the cathode of one cell from the anode of the next one,
while simultaneously allowing the exposed P2 region to link the cathode of cell n to the anode
of cell n + 1. The result is a monolithic, series-connected string of cells with high geometrical fill
factor and no risk of short circuits.

Together, the P1-P2-P3 sequence isolates individual cells, exposes the correct contact regions, and
interconnects them, translating the high efficiency of a single perovskite cell to large-area modules. In
the module design, a further laser scribing step (P0) is performed after P3 scribing, using the same
parameters of P1, to achieve a complete isolation of the module aperture area from the rest of the coated
stack.

Patterning was performed with a picosecond laser mounted on an Aerotech Automation 1 motion
platform. The geometrical fill factor (GFF) was calculated from the design parameters shown in Figure
1B.
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Figure 1: A) P1, P2 and P3 design. B) GFF parameter and equation

A parametric study was conducted to determine optimal laser settings for achieving high-quality P1, P2,
and P3 scribes on Al/FTO substrates. Specifically, the fluence per pulse was set at 3.8, 2.5, and 1.0
m]J/cm? for P1, P2, and P3 respectively. Pulse densities were adjusted to 100 pulses/mm for P1 and
2000 pulses/mm for both P2 and P3, while scan speeds were maintained at 10 mm/s for P1 and 150
mm/s for both P2 and P3. Additionally, each pattern was scanned 1 time for P1 and 5 times each for P2
and P3, with a fixed repetition rate of 1 MHz across all conditions. Trench morphology was examined by
optical microscopy and white-light interferometry, ablation depth and debris by cross-sectional SEM,
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and electrical isolation by sheet-resistance measurements across P1 and P3. The optimal recipe
produced sharply defined, residue-free grooves with heat-affected zones below 5 um. The best results
for P1, P2 and P3 are presented in Figure 2, and the corresponding fluence per pulse (m]/cm) and pass
count are summarized in Table 1.

P2

! 25pm !
' 25um '
A 25pum f !

25pm

Figure 2: (Top/Bottom) FESEM/EDX spectra of Perovskite modules of P1, P2 and P3

Tablel: Optimal parameters for P1, P2 and P3 patterning.

Density Speed( Power Number of Fluence per
(pulses/mm) mm/s) (mW) repetitions pulse (m]J/cmz2)
P1 2000 150 3 2 3.8
P2 2000 150 2 1 2.5
P3 50 10 0.8 1 1.0
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2.2. GFF calculation and final design

Maximizing the module’s GFF requires positioning the P1, P2, and P3 laser scribes as close together as
physically possible without allowing them to overlap. Even minimal overlap can leave behind
conductive debris that causes shunting, while excessive overlap risks removing both electrodes,
breaking the series connection and increasing the series resistance.

As previously reported in other works [1][2], the laser spot diameter is 10 pum, as illustrated in Figure
3A. Based on this consideration, the GFF was analytically calculated according to the center-to-center
distances (dset) between P1-P2 and P2-P3. We have scanned three different dge: (20 pm, 30 um, and 50
um) with corresponding GFF values reported in Figure 3B. A GFF of 99.20% is achieved at the smallest
dset (20 pum), but this proximity significantly elevates the risk of overlap. An increase to 50 pm
significantly mitigates the overlap risk, offering a safer operational margin and achieving a GFF of
97.99% (~98%), which remains an acceptable value, close to the project target. A dser of 30 um
constitutes a well-balanced compromise, mitigating overlap risk while maintaining a high GFF of
98.79%

A)

B)

d,, = 20pm

d,.. =50 pm

GFF = —— = 99,20% GFF = —— = 97.99%
L1+vL2

Figure 3: dset, GFF and overlap scribing risk

Finally, we designed the module geometry adding three different fiducial crosses (Figure 4A) to each
layer and positioning them at the four corners of the layout to guarantee perfect alignment of the P1, P2,
and P3 patterns on the Al/barrier/ITO substrate, as illustrated in Figure 4B. The sheet resistance of ITO
is approximately 16 (1/sq, and the observed after P2 laser scribing was 16.4 1/sq, confirming the
effectiveness of the process.

WP5,D5.2,V1.0
Page 9 of 18



HORIZON-CL5-2023-D3-02-12 GA number: 101147653
LUMINOSITY

Figure 4: A) Fiducial cross and alignment markers. B) Line patterns of P1, P2 and P3

To demonstrate the capability for successful laser patterning within the LUMINOSITY project, where a
substrate flipping is considered in the fabrication process, a preliminary test was conducted on PET/ITO
substrates (Figure 5).

Fiducial Pattern
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Alignment

e

Figure 5: P1 and P2 alignment on PET/ITO

The fiducial alignment procedure begins by creating distinct reference patterns (P1 and P2) on a
PET/ITO substrate. Initially, a primary fiducial mark (P1) is patterned onto the front side, comprising a
simple cross accompanied by a single vertical indicator. After flipping the substrate, alignment accuracy
is verified visually, ensuring precise placement for the subsequent steps. Once aligned, a complementary
fiducial pattern (P2) consisting of an additional cross and double vertical markers is scribed to the back
side. Finally, the substrate undergoes one more flip, permitting a conclusive visual inspection to confirm
that both front and back fiducial patterns align correctly. Microscopic images at each stage clearly
illustrate the incremental formation and validation of the fiducial patterns, highlighting the project's
capability to achieve its goal to realize modules with high GFF.
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2.3.Advancements on Laser Patterning at TNO

Laser processing

Laser patterning at TNO is carried out according to the procedure outlined in Section 2.1. Figure 6
presents the full-module design, illustrating all the scribe patterns in a single view. In this case, a 4x4
array was used to create 16 individual modules on a larger 6x6 in? substrate. These substrates can be
coated at once using TNO’s S2S slot die coater or patterned on rolls to create P1 processed foils for the
R2R slot-die coating.

- - - - + - + -
+ +|+ +|+ +|+ -
- - - - + - + -
+ +|+ +|+ +|+ -
- - - - + - + -
+ +|+ +|+ +|+ -
+ + + + + + + +
+ +|+ +|+ +|+ +

Figure 6: 4x4 array design containing all laser scribes, P1 (green), P2 (red), and P3 (blue). PO is not shown.
Upon scribing, only one pattern is chosen. The total size measures 120 x 120 mm?

Module dimensions: P1 square is 30 x 30 mm2. The module active area is 20 x 19,44 mm?2 of six sub-cells
connected in series. A sub-cell measure 20 x 3,24 mmz2. Busbar contact pads on either side of the module,
in parallel lines to the outside. The module consists of 6 cells series interconnected, with a dead area of
250 pm and a GFF of 93%. A single cell size is 20 x 3,24 mm?2.

Equipment

Laser scribing was performed with a 532 nm picosecond laser. The processing took place in a glovebox
under inert conditions in nitrogen, providing a low moist and oxygen level to prevent the perovskite
from degrading during processing. Scanner and lens with moveable Z-stage are mounted inside the
glovebox. The substrate table is a XY-moveable vacuum chuck to assure exact positioning and alignment.
The table size is 30 x 40 cm.

Alignment was done using 3-point alignment by means of laser scribed cross fiducials that were made
during scribing of the P1. These fiducial crosses are used to align the P2, P3 and PO patterns later on.
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Results and Discussion of TNO’s laser processing

P1 Laser Scribe
Two types of substrates were used:

1. PET/ITO (Itis TNO’s benchmark substrate and R2R processable foil for LUMINOSITY)

For PET/ITO the P1 settings are well-known and were already optimized in the past, so these could
be used for this substrate type. The optimized P1 setting has a width of 20 pm. In general, the state-
of-the-art flexible modules produced on PET/ITO foils has a geometrical fill factor of >93%.
Although there is room for further improvement, the current settings are used and kept fixed as the
main role of TNO is to develop large scale coatings. Once the large scale coatings are optimized for
the best efficiency, the stack will be fixed and laser settings can be varied to achieve a higher
geometrical fill factor.

2. Aluminum/Barrier/ITO

There were in total two aluminum 6 inch samples, which both showed a very high degree of
curvature due to stress in the material, making it challenging to get and keep them flat on the
vacuum table for laser processing. Additional tape around the edges was needed to keep them in
place. Flatness was not optimal in the middle of the substrate.

It was started with the similar settings as for PET/ITO, but that turned out to be too harsh. Black
trenches were observed indicating too much burn of organic material from the barrier coating (UV
lacquer), see figure 7. Destroying the barrier will mean the bare aluminum will get in contact with
the conductive layers deposited on top, resulting in shunting. Therefore, P1 settings with reduced
laser power are needed to only remove the ITO and not damage the barrier layer.

00 PORS

Luminosity - P1 AlBarlTO - 60pct Attn bad P1 - 20x.jpg

Figure 7: P1 scribes with similar settings as for PET/ITO made on aluminum through the barrier and
ITO showing black trenches

P1 Scribe optimization

A scan range from 60 to 76 % attenuation was performed on the edge of the sample to verify isolation
is obtained. For this, a special test structure is used as shown in Figure 8. A series of two adjacent square
boxes is scribed. Each structure is scribed with another test laser setting. Each box can be probed with
the tips of a multimeter set to measure resistance. When indicating an overload in the meter screen, this
is the indication that isolation has been obtained and that the associated laser setting can be used. The
approach is always to use the mildest settings.

WP5, D5.2, V1.0
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Figure 8: P1 test structure; Schematics (left) and scribed on Al foil (right) showing two adjacent boxes, all lines
scribed with equal test settings. One square measures 2x2 mm

When scribing the actual modules structures using this setting, this was done one by one for each of the
sixteen module-structures. In the end it turned out that on the first samples the laser power had to be
gradually turned up in order to obtain full isolation within a module structure.
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Figure 9: P1 laser scribe pattern 4x4 array (Left). P1 scribes with milder settings on aluminum through the barrier
and ITO. A serrated, but flat edge is visible with isolating properties (Right)

In conclusion, a value of 60% was still needed to obtain full isolation between all cells and outer edges.

P2 Scribe optimization
In order to create optimal P2 scribe, it is needed to first optimize for proper laser settings. A similar test

structure as for P1 is used to find the P2 settings.

Figure 10: P2 pattern array
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In this case, the middle vertical line of the box-structure (red) in figure 6 is made with the desired test
laser setting for P2. The box (black lines) itself is still scribed with P1 settings, to isolated it from the rest
of the active layers. Also, two hatched areas are scribed with the same settings as the middle line and
these are meant for multi-meter probe contacting. The approach is to find the lowest resistance value
between the two hatched areas.

Figure 11: P2 test structure. Black line are scribed with P1 lase settings, red lines are scribed with the to-test P2
settings. Structure measures 2 x 4 mm

For every P2 test setting a separate test structure is made on the actual sample, usually at the edge
outside of the active module area. In this case for the P2 one module was sacrificed.

Figure 12: Laser scribed P2 test structures. For each structure the vertical middle line and the hatched squares were
scribed with varying setting between the structures

In Table 2 the results of the resistance measurements are shown. A range of laser powers was used at
equal scan speed.

Table 2: P2 electrical measurements

70 150 108
71 150 82
72 150 77
73 150 90
74 150 110
75 150 90
76 150 300
77 150 120
78 150 170
79 150 1200
80 150 13000
81 150 700
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From this measurement 72 % attenuation gave the best result showing the lowest resistance. After
scribing a series of P2 settings, the scribes were imaged using a microscope. Below the 12 images of the
P2 scan range.

Figure 13: 12 microscope images of P2 settings scan range from 70% attenuation (top left) to 81 % attenuation
(bottom right) in steps of 1% of power reduction.

P3 /PO Scribe optimization
| | | | | |

Figure 14: P3 pattern array (left) and PO pattern array (right)
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Also, for P3 again a similar test structure is used as for P2. The approach is also similar: A power-setting
scan range is applied to the sample and also, they will be inspected under a microscope. At the moment
of writing there were no samples back for P3 scribing, so this info will follow later.

Conclusions of TNO laser scribe work

P1:

P1 optimization done for the two types of substrates (PET/ITO and Al/barrier/ITO).

Due to curved nature of Al foil with barrier, it is challenging to keep the substrate on laser
processing table under vacuum.

P1 settings scan is not flawlessly applicable to all areas on the same substrate. Thus, regional
optimization would be required. If substrates are possible to keep flat, this location dependent
differences would be alleviated.

P2 optimization done on the PET/ITO modules and modules were scribed.

P2 process is optimized on Al substrates. From the slot-die coating batch, in which the samples
were selected, the coating on the aluminum substrates was not satisfactory, which would make
the optimization of P3 not possible. Thus, it was decided not to continue with these modules. In
the next batch of modules, P3 will be done using a starting set of parameters obtained on
PET/ITO substrates.

WP5,D5.2,V1.0
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3. Conclusions

In conclusion, the laser processing of perovskite module stack on a 2x2 cm? and 5x5 cm? area has been
achieved. In this deliverable, the patterning of the perovskite stack and ITO on Al/barrier substrates and
on PET/ITO substrates is demonstrated, and CNR has reached a GFF of 98.9%. The laser scribing
parameters, including density, speed, power, number of repetitions, and fluence per pulse, were
systematically optimized to achieve the optimal engraving quality for each of the P1, P2, and P3 scribing
steps. The morphological and elemental analysis were performed via SEM and EDX, indicating the
success of the engraving at each different step level of the module. Subsequently, the ds.: spacing was
refined to achieve an optimal balance between maximizing the GFF and minimizing the risk of line
overlap. The obtained GFF reaches the targeted value. Besides, two other GFF values were investigated,
one surpassing the 99% GFF target, and the other just below the GFF target. These values act as a
benchmark and showcase of the process window. The lower side of GFF target is a safe option, and it is
considered as a mitigation option in case the current values do not result reproducible devices.
Additionally, fiducial cross alignment was successfully demonstrated on PET/ITO substrates,
representing a crucial validation of the alignment accuracy required for the P2 - P3 — P1 laser
patterning sequence.TNO has used the benchmark process on PET/ITO to optimize the laser
interconnection settings on Al/barrier/ITO. The current setting of TNO yields a GFF of 93%. However,
this process can already be partially done at R2R laser processing platform (P1 process). R2ZR P1 process
makes it possible to coat R2R processed layers on pre-patterned PET/ITO foils (Al foil development is
on S2S scale).

4. Degree of Progress

The progress is 100% achieved, the deliverable is reached.

5. Dissemination level
Public
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