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ABSTRACT

This study investigates the impact of the geometric fill factor (GFF) on the practical performance of organic solar cell (OSC) modules

fabricated by two distinct approaches: a conventional hand-made method and UV nanosecond laser patterning technique. Using the

optimized PM6:L8-BO photoactive system, two OSC modules—each comprising three sub-cells—were fabricated under the same

device dimensions (35 x 35 mm). Laser-patterned module exhibited a substantial enhancement in GFF from 62.73% to 98.41%,
resulting in an increase in the maximum output power (Pp,,) from 69.67 mW to 124.25 mW. To evaluate the practical energy har-
vesting capability, capacitor-charging experiments were performed under identical illumination conditions. The laser-patterned
module reached the target voltage of 2.5 V in 380 seconds, whereas the hand-made module required 610 s to reach the same voltage.

These results demonstrate that a cost-effective UV nanosecond laser system can effectively optimize the GFF and nearly double the

output power of OSC modules. Furthermore, comprehensive stability evaluations emphasize the importance of ensuring process

reliability, highlighting the key technological challenges that must be addressed for future industrial implementation.

1 | Introduction

Organic solar cells (OSCs) have attracted considerable attention
as one of the most promising emerging photovoltaic (PV) tech-
nologies, alongside dye-sensitized solar cells and perovskite solar
cells (PSCs). Low-temperature solution-processable OSCs can be
fabricated as lightweight, flexible devices, making them particu-
larly well-suited for large-area modules produced through roll-
to-roll printing. This approach offers distinct advantages for
industrial-scale manufacturing [1, 2]. Furthermore, the tunable
bandgap of organic semiconductors enables for high optical
transparency and diverse color tunability, rendering OSCs suit-
able for applications such as building-integrated photovoltaics
(BIPVs), vehicle-integrated photovoltaics (VIPVs), and smart
window technologies [3, 4]. In addition, their high absorption
coefficients enable excellent photovoltaic performance under
indoor conditions, making them as promising candidates for
autonomous indoor power sources in Internet of Things (IoT)
devices and sensor systems [5]. Recent advancements in materi-
als development and device engineering have enabled lab-scale

© 2025 Wiley-VCH GmbH.

OSCs to achieve power conversion efficiency (PCE) exceeding
20% at the unit cell level [6-9] and 16-17% at the mini-module
level [10, 11].

Notably, Zhu et al. reported PCE of 20.8% in small-area devices
(5.2mm?) and 17.0% in mini-modules (17.6 cm®) by employing
an additive-assisted layer-by-layer technique. This method pro-
motes the formation of a bulk p-i-n structure and facilitates ver-
tical phase segregation within the active layer, resulting in
significant enhancements in light harvesting due to the wrinkle-
patterned morphology. These findings highlight the potential of
this innovative approach in improving the performance of OSCs
for practical applications [12].

These advancements have broadened the applicability of OSCs
beyond traditional outdoor solar energy harvesting, facilitating
their use as independent power sources across a wide range of
indoor and outdoor lighting conditions [13]. In addition, stable
power generation under low illumination conditions (200-
1000 lux) has been demonstrated in multiple studies, including
the successful operation of self-powered 10T applications [14-16].
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Recently, Wang et al. demonstrated a dicarbolong-
phenanthroline-based OSC module that achieved a remarkable
PCE of 30.6% under 1000 Lx LED illumination, thereby effec-
tively utilizing indoor light for wireless power transfer.
Notably, this module was successfully integrated with a commer-
cial electronic shelf label (ESL) system, serving as a replacement
for conventional batteries. The OSC modules were capable of
charging a lithium battery (LIR2032) and refreshing the ESL dis-
play up to 13 times per day under continuous 500 Lx LED illu-
mination. This suggests the practical application of OSCs in
powering self-sustained IoT electronics under indoor conditions
[17]. These findings underscore the practical viability of OSCs as
reliable energy sources for next-generation self-powered elec-
tronic applications.

Building on these developments, the advancement of OSCs high-
lights that, beyond improving the efficiency of individual cells,
research has increasingly focused on module-level optimization
to facilitate industrial implementation. This transition from high-
efficiency device development to application-driven research
underscores the importance of a holistic approach to enhance
the overall effectiveness and practicality of OSC technology. In
particular, it is critical to design modules that maximize the
active area, which refers to the effective area contributing to prac-
tical power generation, while simultaneously minimizing the
electrically inactive region (dead zone) between sub-cells. The
geometric fill factor (GFF) quantifies the proportion of the mod-
ule area that effectively contributes to light harvesting. It is
defined as follows:

Active area Wa
GFF = = ey
Aperturearea W, + Wy

where W, is the active area and Wj is the width of the dead zone.
A higher GFF corresponds to a smaller proportion inactive area,
thereby making it a critical parameter for evaluating the effective
power output of PV modules [18-21]. Therefore, achieving a high
GFF provides a practical strategy for enhancing output, even in
cases where the intrinsic efficiency of individual unit cells is rel-
atively low.

Design strategies aimed at improving the GFF are not limited to
OSCs but are also widely applicable to other emerging PV tech-
nologies, including PSCs. For instance, Nikbakht et al. reported a
fabrication process for perovskite modules using a 355 nm pico-
second laser. During the P1 process, an ablation width of 10 pm
was precisely defined on the transparent fluorine-doped tin oxide
(FTO) electrode. The P2 step, which is responsible for establish-
ing electrical connections between adjacent sub-cells, required
the selective removal of all functional layers above the bottom
FTO electrode. Given that any damage to the FTO could lead
to the formation of Schottky junctions and an increase in series
resistance, meticulous control over the patterning process was
essential. To ensure complete removal of the functional layers
without damaging the bottom electrode, six parallel laser pattern-
ing lines were employed, resulting in a clean ablation width of
120 pm. In the P3 step, the top metal electrode was selectively
ablated to achieve electrical isolation between neighboring cells.
The resulting large area, measuring 15.6 X 15.6 cm (total area:
243.4 cm?), exhibited an aperture area of 156 cm? and an active
area of 150.4 cm®. This configuration resulted in a minimized
dead zone of 180 pm, GFF of 96.4%, and PCE of 17.68% [21].
This study underscores that laser patterning not only enhances

the GFF but also serves as a fundamental strategy for improving
the practicality and scalability of emerging PV technologies.

In addition, Basu et al. conducted a finite element method sim-
ulation to optimize the module layout of a 143x 143 mm OSC
module. Their analysis focused on the impact of cell number
and cell width on both electrical and geometrical losses.
According to their results, an increase in the number of cells
leads to narrower cell widths, which effectively shortens the cur-
rent path and reduces series resistance. However, this approach
necessitates more frequent P1-P3 laser patterning, which
increases the cumulative dead zone and decreases the GFF, ulti-
mately reducing the effective area available for photovoltaic con-
version. Conversely, reducing the number of cells decreases the
number of patterning steps, thereby improving the GFF.
However, this approach results in wider cell widths and
increased series resistance, ultimately leading to degraded perfor-
mance. Through simulations with varying cell counts ranging
from 20 to 60, it was determined that a configuration comprising
38 cells, with a cell width of approximately 3.63 mm, provides the
optimal trade-off between resistance and GFF losses. This con-
figuration effectively maximizes the module’s PCE based on
the active layer of PM6:Y6-C12:PCs,BM. This study underscores
that realizing high-efficiency large-area OSC modules requires
meticulous optimization of cell width and patterning design,
rather than merely scaling up module size [18].

In this study, we fabricated OSC modules using two distinct
approaches: a conventional hand-made method and a UV nano-
second laser patterning technique. Notably, the PM6 (PCE > 15%
batch with Y6) and the affordable laser-patterning machine were
employed to improve the commercial viability of OSCs. In sum-
mary, the photovoltaic performance of OSC unit cells (active
area: 0.04 cm®) was optimized, achieving PCE of 16.09%. By com-
paring the photovoltaic performance of the resulting modules
under identical material compositions and fabrication condi-
tions, we evaluated the feasibility and process advantages of
laser-based patterning techniques for scalable large-area
manufacturing. In our modules, laser patterning increased the
GFF from 62.73% to 98.41% and improved the P, ,x from 69.67
to 124.25 mW at identical dimensions. This improvement arises
from minimizing the inter-cell dead zone, as discussed in detail
in the following paragraphs.

To experimentally investigate the impact of the GFF on actual
energy generation performance, we conducted a capacitor charg-
ing test using a 2.7V, 3 F capacitor, which is commonly employed
in low-power electronic devices. The capacitor was initially dis-
charged a voltage below 0.2 V. Subsequently, the time required to
charge it to 2.5V was measured using both the hand-made and
laser-processed modules. Both modules exhibited characteristic
saturation-type charging behavior, characterized by a rapid ini-
tial increase in voltage, followed by a gradual reduction in the
charging rate. However, the hand-made module required approx-
imately 610 s to reach 2.5V, while the laser module, which exhib-
ited nearly double the Py, reached the same voltage in only
380 s. Importantly, this work demonstrates that a cost-effective
UV nanosecond laser, when combined with the high-
performance PM6:L8-BO system, enables the reduction of the
dead zone from 4.8 mm to 136 pm and the quantitative improve-
ment of GFF from 62.7% to 98.4%, providing an industrially scal-
able route for high-performance OSC modules.
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2 | Results and Discussion

Figure 1 presents the overall structure of OSC modules fabricated
in this study, including the chemical structures of the constituent
materials. Additionally, it provides a comparative analysis of the
geometry and performance of two distinct modules fabricated
using hand-made and laser-patterned methods. As illustrated
in Figure 1lab, the OSCs employed a conventional device
architecture with the configuration of indium tin oxide (ITO)/
poly(3,4-(hylenedioxythiophene):polystyrene sulfonate (PEDOT:
PSS)/PM6:L8-BO/N, N’-Bis{3-[3-(dimethylamino)propylamino]
propyljperylene-3,4,9,10-tetracarboxylic diimide (PDINN)/Ag.
This structure is generally well-suited for high-efficiency OSC
devices fabricated using solution-processing techniques. In this
configuration, PEDOT:PSS functions as the hole transport layer
(HTL), PM6:L8-BO serves as the photoactive layer, and PDINN
acts as the electron transport layer (ETL).

The fundamental optoelectronic characteristics of the active
materials, such as PM6 and L8-BO, including cyclic voltammetry
(CV) curves, UV-Vis normalized absorption spectra, and the cor-
responding energy level diagram, are provided in Figure SI.
Based on the CV and UV-Vis absorption analyses of PM6 and
L8-BO, the highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO) energy levels were
determined to be —5.54 and —3.73 eV for PM6, and —5.68 and
—3.90 eV for L8-BO, respectively. This well-aligned energy level
configuration is expected to facilitate efficient charge transfer
between the donor and acceptor. Furthermore, the optical bandg-
aps of PM6 and L8-BO were calculated to be 1.82 and 1.43 €V,
respectively, corresponding to a complementary photon-
harvesting range of 400-900 nm. These characteristics are antici-
pated to contribute to the achievement of high-performance OSCs
by providing high open-circuit voltage (Voc) and short-circuit cur-
rent density (Jsc). The correlation between such favorable energy
level alignment and the simultaneous enhancement of Vo and
Jsc has been documented in multiple studies [22-24]. For exam-
ple, Shen et al. reported that the well-matched HOMO/LUMO
alignment in PM6:L8-BO devices improved charge transport
and suppressed recombination, thereby enhancing both Ve
and Jgc [22].

To establish the optimal processing conditions prior to module-
scale fabrication, 0.04 cm? unit-cell was fabricated based on the
conventional configuration illustrated in Figure la, incorporat-
ing a PM6:L8-BO blend as the photoactive layer. With the excep-
tion of the Ag top electrode, all layers were deposited using
spin-coating to ensure uniformity and reproducibility through
solution processing. As summarized in supporting information
Table S1, the optimized unit-cell device exhibited PCE of
16.09%, with Voc of 0.845 V, Jsc of 24.90 mA cm™2, and fill factor
(FF) of 76.44%.

Based on this optimized unit-cell protocol, series-connected OSC
modules were fabricated on 35X 35mm ITO glass substrates
under identical processing conditions while differing only in
the P1-P3 patterning steps. One module was produced using a
conventional wet-etching, hand-made process [25], and the other
was prepared using a precision UV nanosecond laser patterning
method; the two modules were subsequently compared in terms
of their photovoltaic performance and geometric characteristics.
This laser patterning-based approach enables complete P1-P3
patterning without additional masking or mechanical processing,
thereby simplifying the fabrication process and significantly min-
imizing the dead zone between adjacent cells. The resulting geo-
metric differences of two modules are clearly illustrated in
Figure 1c and S2a. By minimizing the inactive spacing, the
laser-patterned modules allow more efficient utilization of the
aperture area, which directly leads to a higher GFF. To achieve
this, the P1-P3 patterning parameters were systematically opti-
mized, and the optimization procedures along with their charac-
terization results are described in detail in the following section.

Figure 2 illustrates the overall fabrication process of OSC mod-
ules based on UV nanosecond laser patterning, together with the
corresponding scribed patterns and optical analyses of the laser-
patterned regions. Figure 2a shows the overall process flow for
fabricating series-connected OSC modules, demonstrating that
all P1-P3 patterning steps can be performed using only UV nano-
second laser system, as discussed in the following section.

Figure 2b presents a cross-sectional schematic of the completed
laser-patterned module, which consists of three series-connected
sub-cells. Each sub-cell has an active area of approximately
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GFF 62.73% 98.41%
FIGURE 1 | (a) Schematic diagram of the conventional device structure of OSCs. (b) Chemical structures of the materials used in each layer.

(c) Photographs of OSC modules fabricated using the hand-made method and the laser-patterning technique.
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FIGURE 2 | (a) Process flow for the fabrication of OSC modules using UV nanosecond laser patterning, which includes three stages: P1 (ITO pat-

terning), P2 (removal of the active and buffer layers), and P3 (Ag electrode patterning). (b) Cross-sectional schematic of the completed laser-patterned

module produced using a laser patterning machine. (c) Optical image of the fabricated hand-made and laser-patterned OSC modules, accompanied by

microscopic analysis results detailing the widths of the laser patterning.

3.1 cm?, resulting in a total active area of 9.3 cm®. As highlighted
in the enlarged schematic, the laser patterning widths were pre-
cisely controlled as P1 ~ 13.5um, P2 ~ 19.0 pm, and P3 =~
36.2 um, leading to a minimized overall dead zone width of about
136.2 pm. This represents more than a 35-fold reduction com-
pared to the 4.8 mm dead zone observed in the hand-made
method (Figure S2), quantitatively demonstrating the superior
capability of laser patterning in minimizing inactive regions.
Finally, Figure 2c provides optical images of both hand-made
and laser-patterned OSC modules, along with microscopic
images of the laser-scribed regions.

To further clarify and optimize the fabrication process described
in Figure 2, the detailed laser patterning condition optimization
results summarized in the Supporting Information (Figure S3-
S6, Table S2-S3) are discussed. The laser patterning procedure
consists of three sequential steps: P1, isolation of the bottom
ITO electrode; P2, selective removal of the photoactive and buffer
layers; and P3, isolation of the top Ag electrode. All three steps

can be performed using UV nanosecond laser system without the
need for masking or wet-etching processes. This enables a sim-
plified, noncontact, and highly precise fabrication process with
excellent reproducibility.

To define the process window, the fundamental effects of Q-pulse
width and scan speed on energy distribution and overlap behav-
ior are conceptually illustrated in Figure S3. A shorter pulse (e.g.,
5 ps) delivers higher peak energy density, resulting in aggressive
ablation, whereas a longer pulse (e.g., 10 ps) spreads the energy
over time, leading to insufficient material removal. Likewise, a
lower scan speed increases the degree of pulse overlap, while
a higher speed decreases it, directly influencing line uniformity
and edge continuity. Building on this concept, the experimental
influence of pulse width on the ablation characteristics was
examined for the P1 isolation process, as shown in Figure S4.
The ablation morphology systematically changed with pulse
width (8-16 ps): shorter pulses produced excessive ablation
and damage, whereas longer pulses resulted in incomplete
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isolation. Similarly, the effect of scan speed on the continuity and
precision of the scribed lines was investigated and is presented in
Figure S5. At low speeds (200-300 mm s™'), sufficient overlap
between adjacent laser spots generated uniform and well-
connected isolation lines, while higher speeds (>700 mms™")
produced discontinuous or irregular patterns. An optimized scan
speed of 300 mm s~ " achieved the best balance between through-
put and pattern quality. Furthermore, the optimization results
for the P2 and P3 steps are presented in Figure S6 and Tables
S2-S3, respectively. These results experimentally demonstrate
that the conventional wet-etching-based P1, hand-made P2,
and shadow-mask-patterned P3 processes can all be fully
replaced by UV nanosecond laser-based approach. The laser-
integrated P1-P3 process exhibits sufficient reliability and repro-
ducibility, confirming its feasibility as a practical and credible
alternative to conventional manual and mask-based fabrication
methods.

To evaluate the effect of laser patterning precision on the pho-
tovoltaic performance, the current-voltage (J-V') characteristics
of the two OSC modules were analyzed, as summarized in
Figure 3a,b and Table 1. A detailed summary of geometry-
dependent parameters, including the dead-zone width, GFF,
and P,y is additionally provided in Table S4 to complement
these electrical comparisons. The measurements were performed
both with and without a shadow mask to quantitatively assess the
influence of the interconnection patterning method on the elec-
trical behavior and output characteristics of the modules. This
methodology accounts for the geometric losses inherent to the
module layout and thus provides a more realistic evaluation
of device performance under actual operating conditions [26].

Under a shadow mask area of 4.725 cm?, the hand-made module
exhibited Ve of 2.67 V, Jsc of 7.41 mA cm ™2, FF of 71.65%, Pax
of 66.89 mW, and PCE of 14.16%. In contrast, the laser-patterned

module demonstrated Voc of 2.640 V, Jsc of 7.53 mA cm ™2, FF of
73.13%, Ppax of 68.66 mW, and PCE of 14.53%. The notable
improvement in FF can be attributed to enhanced interconnec-
tion uniformity and effective suppression of shunt-related losses
through precise laser patterning [27]. When measured without a
shadow mask, the hand-made module showed an active area of
5.1 cm? with PCE of 13.66%, Vo 0f 2.64 V, Jsc of 7.40 mA cm ™2,
FF of 69.94%, Pp.x of 69.67mW, and GFF of 62.73%.
Meanwhile, the laser-patterned module exhibited an active
area of 9.3cm? PCE of 13.36%, despite having a larger active
area of 9.3 cm?, with Vo of 2.68 V, Jsc of 7.45 mA cm ™2, FF of
66.99%, Pmax Of 124.25 mW, and GFF of 98.41%.

A slight reduction in efficiency was observed for the laser-
patterned module, likely due to the thickness gradient of the
active layer induced by the coffee-ring effect during the spin-
coating process. This thickness nonuniformity is expected to have
a more pronounced impact on modules with larger GFF values.
Employing alternative coating techniques such as blade coating
or slot-die coating could mitigate these issues by improving film
uniformity, potentially enabling further enhancements in mod-
ule efficiency. Additionally, the increased sheet resistance of the
ITO electrode associated with the enlarged active area could also
contribute to the reduced PCE [28]. Nevertheless, the laser-
patterned module demonstrated a remarkably enhanced Py,
driven n by its high GFF, which is particularly beneficial from
an industrial perspective where absolute output power of the
hand-made module.

In addition, Figure 3c—f further elucidates the electrical behavior
of the two modules. As shown in Figure 3c, the laser-patterned
module exhibits a lower leakage current in the dark current
curve compared to the hand-made module, indicating an
enhanced diode quality attributed to the more precise patterning
[29]. Figure 3d illustrates the photocurrent density (J,n) as a
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FIGURE 3 | J-V characteristic curves of hand-made and laser-scribed OSC modules measured (a) with and (b) without a shadow mask: each inset
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GFF

(%)

JSC
(mA cm™2)

Patterning

Active
area (cm?)

Shadow
mask

TABLE 1 | Photovoltaic performance parameters of hand-made and laser-scribed OSC modules under AM 1.5G illumination (100 mW cm™2), measured with and without a shadow mask.

PCE (%)

Rsh (Q)

Ppax (mW) R, (Q)

FF (%)

Voc (V)

method

Materials®

14.16
(13.86 +

2128.78
(2715.41 +

11.39
(11.76 +£0.38)

66.89
(65.49 +1.11)

71.65
(71.38 +0.90)

7.41
(7.27 £0.14)

2.67
(2.67 £0.01)

4.725 Hand-made
[3 cells]

0o

PM6:L8-
BO

0.24)

1270.76)

14.53
(14172 +

3251.14
(3232.97 +

9.89
(10.00 + 0.42)

68.66
(66.97 £1.21)

73.13
(73.12 £0.85)

7.53
(7.396 +

2.640
(2.621 £0.01)

Laser

4.725
[3 cells]

0.25)

2440.76)

0.139)
7.40
(7.29 £ 0.06)

62.73

13.66
(13.17 +

1904.23
(1194.97 +

11.44

(11.46 +0.55)

69.67
(67.16 +1.33)

69.94
(68.57 +£0.92)

2.64
(2.64 +0.02)

Hand-made

5.1
[3 cells]

0.26)

504.92)

98.41

13.36
(13.05 =

1157.25
(1928.02 +

7.25
(7.35 £0.14)

124.25
(121.34 £ 1.67)

66.99
(67.35 +0.44)

7.45
(7.30 £0.07)

2.68
(2.66 £ 0.01)

Laser

9.3
[3 cells]

0.18)

1582.41)

#Average values and standard deviations calculated from 9 individual devices.

function of the effective voltage (V). The laser-patterned mod-
ule reaches saturation current more rapidly than the hand-made
module, indicating enhanced charge extraction efficiency and
reduced recombination losses [30]. Figure 3e presents the Jsc
as a function of light intensity on a log-log scale. Both modules
exhibit power-law exponents (@) of 1.01 and 1.02, respectively,
suggesting near-ideal photovoltaic behavior with minimal bimo-
lecular recombination under varying illumination conditions
[31]. Lastly, Figure 3f shows the FF as a function of light inten-
sity, demonstrating that the laser-patterned module consistently
exhibits a higher and more stable FF throughout the entire illu-
mination range compared to the hand-made module. According
to previously reported studies, this trend suggests that the laser-
patterning process can reduce series resistance and improve
interfacial contact properties [32].

Importantly, since the two modules share identical device
structures and processing conditions, they differ only in the
series-connection patterning method. Therefore, the observed per-
formance improvements can primarily be attributed to enhanced
inter-electrode contact and minimization of the dead zone.
Supporting this conclusion, the series resistance (R;) decreased
from 11.39Q in the hand-made module to 9.89 Q in the laser-
patterned one, while the shunt resistance (Ry,) increased signifi-
cantly from 2128.78 to 3251.14 Q. These changes confirm that the
laser-patterned process effectively reduces contact resistance and
consequently recombination losses [33].

To further demonstrate the practical applicability of the low-cost
OSC modules fabricated using an inexpensive active-layer poly-
mer and a cost-effective laser process, we evaluated their photo-
voltaic performance under indoor light conditions ranging from
10,000 to 200 Lx. As summarized in Table S5, the laser-patterned
module exhibited consistently higher efficiency than the hand-
made module in the medium-to-high illumination range
(>250 Lx), consistent with the trend observed under AM 1.5G
illumination. However, as the illumination intensity decreased,
the performance gap between the two modules gradually nar-
rowed, and although the laser-patterned module maintained a
slightly higher PCE (13.95%) than the hand-made module
(13.45%) under 1 sun, the efficiency was eventually reversed at
200 Lx. This trend closely correlates with the resistance behavior
summarized in Table S6. The R, of the laser-patterned module,
which was lower than that of the hand-made module under high
illumination, progressively increased with decreasing light inten-
sity and became more than twice as large at 200 Lx. This behavior
is consistent with the efficiency crossover observed under indoor
lighting. In addition, the laser-patterned module exhibited con-
sistently lower Ry, than the hand-made module across the entire
illumination range (10,000-200Lx), indicating that leakage
losses through defect-mediated regions were more significant.
Such leakage can be attributed to line-edge corrosion and local-
ized thermal and chemical damage induced by the laser scribing
process, which likely introduces recombination sites not only in
the photoactive layer but also in the HTL and ETL organic
semiconductor structures. Nevertheless, under relatively high
illumination levels (>10,000 Lx), the laser-patterned module
maintained a higher shunt resistance than the hand-made coun-
terpart, suggesting that recombination losses associated with the
laser process do not dominate device performance when carrier
generation is sufficiently strong.
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In response to the growing industrial demand for eco-friendly
processing, OSC modules were fabricated using the nonhaloge-
nated solvent o-xylene [34]. To further demonstrate the univer-
sality of the laser patterning process capable of achieving a GFF
above 98%, we evaluated the photovoltaic performance and light
stability of o-xylene-processed OSC modules. The results revealed
that the o-xylene-based devices exhibited photovoltaic character-
istics comparable to those of conventional CF-based OSC
modules fabricated using halogenated solvents. Notably, the
o-xylene-processed modules showed superior photostability com-
pared with their CF-based counterparts. The detailed data are pro-
vided in Table S7 and Figure S7 of the Supporting Information.

Figure 4 presents the stability test results of the two modules
evaluated under the three standard ISOS protocols: ISOS-D-1,
ISOS-D-2, and ISOS-L-1. Under ISOS-D-1 (dark, N,, 25°C), both
modules retained more than 95% of their initial efficiency over
140 h, confirming that the laser-patterning process did not intro-
duce additional defects or instability within the devices. Under
ISOS-D-2 (dark, 85°C), a slight burn-in behavior was observed
during the first 10 h, followed by a gradual decay, with both mod-
ules exhibiting a similar Ty, lifetime of approximately 70 h. This
result indicates that the electrode-interface contacts in the
laser-patterned module remained thermally stable under high-
temperature stress without any notable charge recombination
or metal diffusion. In contrast, ISOS-L-1 (ambient, LED illumi-
nation) revealed a relatively faster light-induced degradation.
Both modules reached the Ty, point within 8 h, with the laser-
patterned module exhibiting a slightly faster decline. This behav-
ior is more likely related to pulse-induced surface damage gen-
erated during the laser-patterning process rather than to thermal
effects. Pou-Alvarez et al. systematically compared nanosecond,
picosecond, and femtosecond laser treatments on metallic surfa-
ces. They reported that nanosecond laser, owing to their rela-
tively long pulse duration and strong thermal diffusion,
produced thicker recast layers, melt ejection features, and
rougher grooves, which increased the surface oxidation and cor-
rosion susceptibility under ambient conditions. In contrast, pico-
second laser generated more uniform ablation profiles with
limited thermal effects, while femtosecond laser enabled almost
nonthermal material removal, resulting in smoother and cleaner
surfaces with superior corrosion resistance [35]. In the present
study, the UV-nanosecond laser used for module fabrication
may have induced a similar morphology modification—
particularly increased edge roughness and reactive sites—leading

to a slightly faster degradation under light exposure, as observed
in the ISOS-L-1 stability test. In contrast, the hand-made module
fabricated via shadow-mask deposition retained a smoother
electrode interface and consequently exhibited higher stability
against oxygen- and moisture-induced degradation. Overall,
the laser-patterned modules exhibited comparable stability to
the hand-made counterparts under storage (D-1) and thermal
(D-2) conditions, whereas the faster degradation observed under
light (L-1) conditions may be partially attributed to localized sur-
face damage from high-energy laser pulses. These findings sug-
gest that pulse-energy optimization and surface post-treatment or
passivation could mitigate such effects and further enhance the
long-term photostability of laser-processed OSC modules.

To mitigate the degradation of laser-patterned modules and
improve process reliability, refinement of the beam profile
should be considered. According to the report by Rung et al.,
a Gaussian beam, which is typically employed in most nanosec-
ond laser systems, exhibits a pronounced central intensity peak
that often leads to local overheating, recast layer formation, and
edge roughening. In contrast, a top-hat (flat-top) beam provides a
more uniform energy distribution across the irradiation area,
thereby resulting in smoother ablation, reduced tapering, and
a smaller heat-affected zone (HAZ), as widely reported in laser
micromachining studies [36].

Therefore, implementing a beam homogenizer or diffractive opti-
cal element to achieve such a top-hat beam profile could mini-
mize ablation nonuniformity and suppress the formation of
corrosion-prone sites on the electrode surface, even under
high-energy UV nanosecond operation.

Figure 5 presents a comparative evaluation of the practical out-
put power and energy storage efficiency of hand-made and laser-
patterned OSC modules, as assessed through a capacitor charging
experiment. This test was designed to quantitatively evaluate the
power delivery capabilities of each module by monitoring the
charging behavior of an external capacitor, which is driven by
the photocurrent generated from the OSC. Specifically, Figure 5a
illustrates the schematic diagram of the charging circuit, in
which a 2.7V, 3 F capacitor is directly charged by the OSC mod-
ule. The voltage variation is recorded in real-time using a digital
multimeter, which is connected to a PC via USB for automated
data logging through dedicated software. This measurement
setup closely resembles the solar-charging power unit configura-
tion proposed by Jin et al., which integrates power generation
and storage in real-time [37].
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FIGURE 4 | Stability test results of hand-made (black) and laser-patterned (red) OSC modules under different ISOS protocols. (a) ISOS-D-1: N,
atmosphere, dark, 25°C, (b) ISOS-D-2: N, atmosphere, dark, 85°C, (c) ISOS-L-1: ambient air, LED illumination (1 sun), 25°C. All devices were tested
without encapsulation; for D-2 and L-1, the performance was monitored until it decreased to 80% of the initial value (Tg).
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(a) Schematic diagram of the capacitor charging setup using an OSC module. (b) Photograph of the capacitor charging system incorpo-

rating the laser-patterned module. (c) Charging curves of capacitors powered by two distinct OSC modules.

Subsequently, Figure 5b displays a photograph of the actual
experimental setup, illustrating the series connection of the
laser-patterned OSC module, capacitor, and measurement devi-
ces. Regarding charging performance, the results in Figure 5c
clearly indicate that the laser-patterned module exhibits a faster
initial charging rate and superior power delivery efficiency com-
pared to its hand-made counterpart. As the voltage across the
capacitor approaches the Vo of the module, the voltage differ-
ence that drives current through the circuit diminishes. This
results in a gradual reduction in the charging current, which
is a typical behavior of capacitor-based charging systems. This
characteristic supports the conclusion that laser-based precision
patterning not only enhances cell-level efficiency but also facil-
itates faster and more stable energy transfer when integrated
with storage components. Therefore, this experiment quantita-
tively demonstrates that the laser-patterned OSC module outper-
forms the hand-made module in terms of both output power and
dynamic charging response. This finding underscores the effec-
tiveness of precision laser patterning in improving not only
intrinsic photovoltaic performance but also the system-level com-
patibility. Furthermore, this approach provides a practical and
reliable experimental framework for evaluating power delivery
dynamics in the design of module-based energy harvesting
and storage systems.

As summarized in Table S8, the UV nanosecond laser-patterned
module developed in this study achieved a high GFF of 98.4% and
a comparable efficiency of ~ 13%, despite utilizing a low-cost
laser system. Although femtosecond laser processing enables
highly precise patterning and excellent device performance, its
prohibitively high equipment cost remains a major obstacle
for industrial adoption.

In contrast, the nanosecond laser system provides a much simpler
configuration and lower operational cost while maintaining
sufficient fabrication precision, rendering it more suitable for

large-area module manufacturing and scalable industrial imple-
mentation. Therefore, the proposed strategy offers a well-balanced
compromise between performance and process scalability, estab-
lishing a practical and economically viable alternative that bridges
the gap between high-cost femtosecond processing and cost-
effective industrial production.

3 | Conclusion

In this study, the UV nanosecond laser patterning process was
optimized to achieve GFF of 98.41%, resulting in reduced electri-
cal losses and nearly doubled output power compared with the
hand-made module. Stability assessments under the ISOS-D-1,
D-2, and L-1 protocols indicated that both modules exhibited
comparable thermal and storage stability, while the laser-
patterned module showed slightly faster degradation under illu-
mination. This behavior is presumed to result from localized
thermal effects that may induce surface roughening and interfa-
cial deterioration, suggesting that laser parameter optimization,
beam homogenization, and interfacial passivation could further
improve durability. Under indoor illumination, the laser-
patterned module exhibited higher performance in the range
of 10,000 to 250 Lx compared with the hand-made module;
however, at 200 Lx, an increase in the series resistance of the
laser-patterned module led to a performance reversal, with the
hand-made module exhibiting slightly higher efficiency. This
result may be attributed to line-edge degradation induced by
the laser patterning process. Additionally, OSC modules fabri-
cated using the eco-friendly, nonhalogenated solvent o-xylene
confirmed that the proposed laser patterning process is stably
applicable to green-solvent-based systems. Overall, this work
demonstrates that a cost-effective and industrially scalable UV
nanosecond laser patterning process can simultaneously achieve
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high geometric precision, excellent photovoltaic performance,
long-term operational stability, and environmental compatibility.

4 | Experimental Section
4.1 | Hand-Made Method (see Figure S2a)

The devices had a conventional ITO/PEDOT:PSS/PM6:L8-BO/
PDINN/Ag structure. The P1 pattern was designed to fit within
35 x 35mm ITO glass substrate, following a specified layout.
The P1 pattern was prefabricated using a wet etching process
(AMG), which established the fundamental structure for the
sub-cells of the module. The line spacing is 2.2 mm. The ITO
glass substrates were cleaned by ultrasonication in a sequence
of Alconox, acetone (Ace), and isopropyl alcohol (IPA), with each
step lasting 10 min each. The substrates were heat-treated on a
hot plate at 100°C to remove residual moisture, followed by UV-
ozone treatment (Ahtech LTS AH 1700) for 15 min. As a HTL,
PEDOT:PSS (Heraeus, AI4083) solution was diluted with deion-
ized (DI) water at a 5:1 volume ratio, filtered through a 0.45 pm
PTFE filter, and then spin-coated onto ITO substrates at
4000 rpm for 30 s. The PEDOT:PSS-coated substrates were subse-
quently annealed at 110°C for 10 min. For the photoactive layer
(AL) blend solution, the PM6 and L8-BO were dissolved in a sol-
vent mixture of chloroform (CF):1,8-diiodooctane (DIO)
(99.75:0.25, v/v), resulting in a total concentration of 15.4 mg/
mL. For the eco-friendly condition, o-xylene (XY):diiodomethane
(DIM) (99.75:0.25, v/v) was used as the solvent mixture with a
total concentration of 24.2 mgmL™". In both cases, the donor-
to-acceptor weight ratio was maintained at 1:1.2 (wt/wt). All pre-
pared solutions were pre-heated to 80°C (CF-based) and 100°C
(XY-based) and stirred for 3 h at 500 rpm using a magnetic stirrer.
Prior to spin-coating, the active blend solution was gently cooled
to 45°C for 10 min. The solution was then spin-coated onto the
PEDOT:PSS surface at 3000 rpm for 30 s to form a 100 nm photo-
active layer, which was subsequently thermally annealed at 80°C
for 5min. As an ETL, a 1 mg/mL solution of PDINN in methanol
was subsequently spin-coated onto the photoactive layer at
2000 rpm for 30s. No additional heat treatment was conducted.
After then, P2 was manually patterned using a cotton swab to
create a line approximately 1 mm wide, resulting in the exposure
of the ITO electrode. Finally, Ag was thermally evaporated
through a metal mask at a pressure of 10~ torr with a thickness
of 100 nm. This process resulted in the patterning of P3 with a
line width of 1.5 mm, thereby completing the device fabrication.

4.2 | Laser Patterning Method (see Figure S2a)

For the laser-patterned modules, nonpatterned ITO glass sub-
strates (35 35mm) were processed using a UV nanosecond
laser system controlled by EZCAD2 software. The operating
parameters, including Q-pulse width and scan speed, were opti-
mized for each patterning step (P1-P3) to ensure stable and pre-
cise patterning. P1 patterning was performed using a 355 nm UV
nanosecond laser, with the following optimized parameters: a
scan speed of 300 mm s, a frequency of 48 kHz, and a Q-pulse
width of 13 ps. The laser-scribed substrates were then cleaned
following the same cleaning protocol as that used in the
hand-made method. This process included sequential

ultrasonication in Alconox, acetone, and IPA, followed by ther-
mal and UV-ozone treatments.

Subsequently, the HTL (PEDOT:PSS), AL (PM6:L8-BO), and ETL
(PDINN) were deposited using the same procedures used as those
employed for the hand-made devices. After completing all coat-
ing steps, P2 patterning was conducted using a UV laser with a
scan speed of 400 mm s~ and a Q-pulse width of 16.5 s to expose
the ITO electrode. The Ag top electrode was then thermally evap-
orated without a shadow mask, following the same conditions as
the hand-made method (100 nm thickness at a base pressure of
1077 Torr). Finally, P3 laser patterning was performed at a scan
speed of 300 mm s™* and a Q-pulse width of 17.0 ps, thereby com-
pleting the fabrication of the serially connected OSC modules.
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Supporting Fig. S3: Effect of Q-pulse width (5 ps vs. 10 ps) and scan
speed (300 mms™ vs. 650 mms™') on energy distribution and overlap
behavior. Supporting Fig. S4: Optical microscopy images of P1 lines fab-
ricated with different Q-pulse widths (8-16 ps). Supporting Fig. S5:
Optical microscopy images of P1 lines fabricated with different scan
speeds (200-900 mm s™'). Supporting Fig. $6: Optical analysis for opti-
mizing P2 laser scribing with different Q-pulse widths (16, 16.5, and 17
ps): P1 (13 ps). Supporting Fig. S7: Light stability (ISOS-L-1) of o-xylene
processed OSC modules comparing hand-made and UV laser-patterned
devices. Supporting Table S1: Photovoltaic parameters for optimizing
OSC cells based on PM6 and L8-BO materials. The process variables
include solution concentration (6.5 and 7.0 mg mL™"), spin-coating speed
(RPM), and thermal annealing conditions. Supporting Table S2:
Photovoltaic parameters of OSC modules for optimizing P2 laser scribing
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with respect to Q-pulse widths. Supporting Table S3: Photovoltaic
parameters of OSC modules for optimizing P3 laser scribing with respect
to Q-pulse widths. Supporting Table S4: Comparison of geometry-
dependent photovoltaic parameters between hand-made and UV nano-
second laser-patterned OSC modules. Supporting Table S5:
Photovoltaic parameters of hand-made and laser-patterned OSC modules
under low-intensity light from 3,000 K LED. Supporting Table S6: Series
resistance (Rg) and shunt resistance (Rsh) of the hand-made and UV
nanosecond laser-patterned OSC modules measured under different illu-
mination intensities from 1 sun to 200 lux. Supporting Table S7:
Photovoltaic performance parameters of PM6:L8-BO OSC modules fab-
ricated by hand-made and UV nanosecond laser patterning methods
using o-xylene. Supporting Table S8: Summary of reported OSC and
PSC modules with aperture/active area, laser details, sub-cell number,
dead zone, GFF, and PCE.
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