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Organic solar cells (OSCs) and perovskite solar cells (PSCs) are emerging as promising next-generation
alternatives to conventional silicon solar cells because of their rapidly increasing power conversion
efficiency (PCE); potential for low-cost manufacturing; and suitability for diverse applications, including
building- and vehicle-integrated photovoltaics, space-based solar power sources, and portable power
sources. With the certified PCEs of OSCs and PSCs reaching 19.2% and 27.0%, respectively, significant
effort is now directed toward upscaling these cells for commercialization. However, this transition
presents a critical challenge: compared with those of their small-area cell (~0.1 cm?) counterparts, the
PCEs of large-area modules (>10 cm?) typically decrease by 20-30%, posing a significant barrier to the
replacement of silicon-based technologies. While laser scribing is a prevalent technique for producing
efficient large-area modules, it frequently introduces process-induced damage and stability concerns, as
well as high process costs. This review critically examines the various module designs that are used in
OSC and PSC fabrication schemes, summarizes the tradeoffs among different patterning techniques,
and proposes future design directions that can bridge the efficiency gap and provide enhanced long-
term stability.

The climate crisis has accelerated the development of renewable energy resources, among which organic solar cells (OSCs) and perovskite solar cells (PSCs)

have gained prominence as leading next-generation photovoltaic platforms. Although significant efforts are underway to commercialize these devices, a

considerable efficiency gap persists between small-area cells and large-area modules, even as laboratory device efficiencies approach those of crystalline silicon.
Unlike silicon photovoltaics, OSC and PSC architectures encounter unique performance-degrading factors when scaled up through monolithic serial
interconnection of subcells (typically 5-10 mm in width). This comprehensive review first elucidates the fundamental principles of the dominant monolithic
series-connected architecture, focusing on the critical trade-offs between resistive and geometric losses. We then provide an overview of the evolution of

patterning technologies, ranging from mechanical and printing methods to high-precision laser scribing that has enabled recent record-efficiency modules.
Furthermore, we highlight the frontier of innovative P2-free or scribeless designs that redefine conventional module fabrication paradigms by minimizing cell-

to-module loss.
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at Bell Labs in 1954, crystalline silicon solar cells have become
the dominant force in the photovoltaic market, accounting for
7710 Facilitated by continuous techno-
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achieved impressive power conversion efficiencies (PCEs) that
are now approaching 27% and long-term lifespans of more
than 20 years.” "' However, despite their success, conventional
silicon solar cells face limitations related to their energy-
intensive manufacturing processes, rigidity, and weight, which
can restrict their application ranges.*** To overcome these
challenges, third-generation photovoltaics such as organic
solar cells (OSCs) and perovskite solar cells (PSCs) are gaining
significant attention.”™” These technologies offer unique
advantages, such as solution-based low-cost processing, light
weights, and high mechanical flexibility. However, translating
these benefits from small, laboratory-scale cells to large-area
commercial products presents a significant hurdle."®* " There-
fore, the design and fabrication of efficient and stable modules
have become pivotal research areas for unlocking the full
potential of these next-generation technologies.

Currently, the applications of solar cells are rapidly expanding
beyond traditional ground-mounted power generation systems to
diverse fields, such as building-integrated photovoltaics (BIPVs),
vehicle-integrated photovoltaics (VIPVs), smart farms, and porta-
ble power solutions.”>”>® These emerging applications demand a
new set of attributes, including light weights, mechanical flex-
ibility, and tunable aesthetics. However, crystalline silicon solar
cells face inherent limitations: their indirect bandgaps result in
low absorption coefficients, necessitating thick wafers (typically
~180 pm) to achieve sufficient sunlight absorption levels, which
increases both the weights and material costs of the cells.>”"*?
This intrinsic thickness of silicon wafers, combined with their
brittleness, makes them prone to cracking during operation or
installation processes, requiring protection via rigid encapsula-
tion with tempered glass and robust frames. In contrast, OSCs
and PSCs possess direct bandgaps that yield high absorption
coefficients, enabling efficient light harvesting at thin film thick-
nesses (typically <1 pm).>**%7! Their use of organic or hybrid
materials provides compatibility with flexible substrates, redu-
cing their weights and improving their form factors. Further-
more, the bandgaps of OSCs and PSCs can be finely tuned
through molecular design, doping, or compositional engineer-
ing schemes, providing opportunities for seamlessly integrating
these cells into urban environments where both performance
and aesthetics are prioritized.***

Over the past two decades, both OSCs and PSCs have
demonstrated remarkable progress in terms of laboratory-
scale device efficiency, with certified PCEs of 19.2% for OSCs
and 27.0% for PSCs, as reported by the National Laboratory of
the Rockies (NLR).*>*® As the performance of these small-area
cells improved, research into upscaling them for the develop-
ment of modules commenced in earnest, beginning in 2009 for
0SCs and in 2014 for PSCs.>”° Nevertheless, the module
fabrication process is hindered by the significant reduction
exhibited by the PCE when scaling from small-area cells to
large-area modules; this is reflected in the certified NLR mod-
ule records, which have demonstrated PCEs of 14.5% for OSC
modules and 21.1% for PSC modules.***® Compared with
crystalline silicon solar cells, which are fabricated from wafers
grown with the Czochralski method, solution-processed OSCs
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and PSCs encounter distinct challenges during the scale-up
phase, including nonuniform film thicknesses and morphologies
and the formation of defects such as pinholes, all of which
compromise the performance of the constructed devices.>**!#42
Furthermore, both OSCs and PSCs typically employ monolithic
module architectures in which multiple subcells are intercon-
nected in series with narrow widths (typically 5-10 mm), effec-
tively reducing the ohmic losses caused by the sheet resistance
of transparent electrodes.?®*"?%3743 while effective, this type of
architecture necessitates a delicate patterning process for the
interconnection lines, creating nonproductive ‘“dead areas”.
Maximizing the ratio of the photoactive area to the total area,
i.e., the geometrical fill factor (GFF), is therefore essential for
module design purposes.*®*®

This review provides a comprehensive overview of the exist-
ing module design and fabrication schemes for OSCs and PSCs,
focusing on the key architectures and patterning techniques.
We start with monolithic module architectures based on mechan-
ical patterning processes, including early manual patterning
approaches, and then focus on the printing-based patterning
methods that are commonly used for solution-processable solar
cells, such as slot-die coating and screen printing. The discussion
then shifts to the laser scribing technique, which is a dominant
and highly precise method for creating monolithic interconnec-
tions in both OSC and PSC modules. This review subsequently
explores alternative module architectures that move beyond the
traditional monolithic approach, highlighting the novel intercon-
nection and device layout strategies. Finally, we provide an over-
view of the key strategies and a future outlook with respect to
other challenges, such as the fabrication of commercial modules
and the implementation of Al assistance for both OSC and PSC
modules.

2. Monolithic module designs

Single-junction OSCs and PSCs are typically constructed in a
planar configuration consisting of a substrate/transparent elec-
trode/electron transport layer (ETL) or hole transport layer
(HTL)/photoactive layer/HTL or ETL/top electrode, with inter-
face modification techniques applicable at each layer.'*2%4°°
The transparent electrode is patterned or etched to prevent
electrical shorting between the bottom and top electrodes, after
which each functional layer is sequentially deposited under
appropriate processing conditions. Finally, the top electrode is
deposited through a mask to collect charges from the active
layer, whereas the transparent bottom electrode extracts car-
riers with opposite polarities, enabling photovoltaic operations.

A key advantage of these technologies is that many of their
functional layers are solution-processable. This allows for the
implementation of various printing and coating techniques,
where printable inks prepared from organic semiconductors or
perovskite precursors enable the deposition of thin, uniform films
over large areas, holding promise for low-cost, high-throughput
manufacturing processes.’””" In addition to wet-processing tech-
niques, dry-processing methods based on vacuum deposition

This journal is © The Royal Society of Chemistry 2026
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have been proven to be useful, particularly for small-molecule
OSC absorbers and co-evaporated PSC absorbers. In this solvent-
free approach, materials are deposited in a high-vacuum chamber
and subsequently condense onto the substrate.”>™* While this
method typically involves higher equipment costs and slower
deposition rates than solution coating does, it offers exceptional
film thickness and morphology control, resulting in highly uni-
form, pure, and reproducible multilayer structures.

The fabrication of OSC and PSC modules requires a design
that is structurally different from that of conventional silicon
solar cells: a monolithic, stripe-patterned, series-connected
architecture.”®> This configuration is necessary to overcome
the primary challenge of scaling up these technologies because
of the limited conductivity of transparent conductive oxides
(TCOs) such as indium tin oxide (ITO) and fluorine-doped tin
oxide (FTO), which are used as transparent electrodes. The
impact of this limitation is governed by the sheet resistance
(Rsheet, @ 5q~ 1), which determines the total resistance (R) of an
electrode on the basis of its geometry:

L
R= RsheetW

where L is the length of the current path and W is the width of the
conductive medium.”® To construct loss-free and widely expand-
able solar modules in monolithic designs, transparent electrodes
should be divided into stripes, either via pre-patterning methods
(e.g, selective sputtering) or post-patterning methods (e.g., laser
and mechanical scribing or wet etching). This approach, however,
introduces a critical tradeoff. Increasing the stripe width reduces
the required number of interconnection gaps (i.e., areas where ITO
is removed) within a given area, thus minimizing aperture losses
but significantly increasing the resistive losses of the ITO, which
reduces the current density and fill factor. Therefore, a balance
between minimizing the aperture loss and reducing the resistive
loss must be carefully maintained in the stripe geometries of
subcells. Additionally, it is essential that the layers between the
electrodes be patterned, with both electrodes designed to have
slight shifts in their respective patterns to ensure an interconnec-
tion between the bottom transparent electrodes of one subcell and
the top electrode of the neighboring subcell.”®*” As a result, the
prevailing OSC and PSC module architecture is based on a
monolithic series-interconnection design, in which adjacent sub-
cells are patterned into regularly spaced stripes, typically with
widths less than 1 cm.

Precise and reproducible patterning has become indispen-
sable for the fabrication of OSC and PSC modules."®*® This
process involves creating finely defined scribe lines to partition
the device area into individual subcells, which are monolithi-
cally interconnected in series to increase the operating voltage
and ensure an efficient current management scheme while
minimizing geometric losses caused by nonproductive dead
areas. Such a structural segmentation strategy enhances the
overall power output by reducing the resistive losses induced
across large areas. The critical technical requirements of scrib-
ing include high line definition precision, minimal collateral
material damage, and consistent pattern fidelity, all of which
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are essential for guaranteeing reliable electrical isolation and
robust interconnections between subcells. Patterning can be
implemented through several advanced approaches, including
mechanical scribing; laser scribing, which provides superior
precision and a high processing speed; and mask-assisted
printing, which offers a cost-effective alternative for large-area
fabrication tasks.”®®> These techniques have been widely
employed for the stripe patterning of functional layers sand-
wiched between cathodes and anodes, thereby establishing a
series of connections that underpin the monolithic architec-
tures of OSC and PSC modules.

In OSC and PSC modules, the pattern of the bottom trans-
parent electrode is referred to as P1, that of the photoactive
layer together with the charge transport layers is defined as P2,
and that of the top electrode is denoted as P3. Minimizing the
inactive areas between the P1 and P3 lines while maximizing
the photoactive region directly increases the GFF (Fig. 1A). The
implementation of precise patterning processes has further
optimized monolithic module designs by enlarging the effec-
tive active area, thereby reducing the induced aperture losses
and improving the overall performance of devices. In a mono-
lithic module structure, accurately patterning the photoactive
layer (P2) is essential; otherwise, the series connection region
(SCR) functions as a reverse diode, disrupting the series con-
nections between adjacent subcells (Fig. 1B).**** The high
resistance of these regions restricts current flows, leading to
an uneven current distribution and power losses. Furthermore,
the presence of reverse-diode behavior prevents the efficient
recombination of charges in the SCR, significantly degrading
the voltage gain of the module. As presented in Fig. 1C and D,
the PCE of a module increases with increasing GFF, and this
trend persists even for module areas exceeding 100 cm?”. There-
fore, implementing appropriate patterning during the module
design phase is indispensable for transforming the SCR from a
rectifying junction into a low-resistance ohmic contact, thereby
ensuring efficient charge transport throughout the module.

Advancements in monolithic module designs have been
instrumental for improving the scalability and efficiency of
OSC and PSC technologies. In monolithic architectures, inter-
connected strip-shaped subcells allow for efficient charge collec-
tion, enabling high voltages and improved current management
across larger areas. However, the patterning approach employed
during module fabrication—specifically pre-patterning versus
post-patterning—plays a crucial role in determining the GFF,
PCE, scalability, and manufacturing practicality of the developed
module, as described in Fig. 2. Pre-patterning is defined as the
creation of patterns on the substrate prior to the deposition of
subsequent layers. This can be achieved through patterned coat-
ing methods such as slot-die coating, screen printing, gravure
printing, inkjet printing, etc., or selective printing and evapora-
tion with masking patterns.®””®%%” Notably, pre-patterning
enables the reliable electrical isolation that is essential for serial
subcell integration, minimizing the postprocess complexity level
and the potential damage inflicted upon the functional layers.
However, pre-patterning demands high substrate preparation
precision and is susceptible to high GFFs, possibly making it
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Fig. 1 Monolithic module structure and representative OSC and PSC modules. (A) Schematic monolithic OSC and PSC modules and (B) corresponding
equivalent circuits. PCE vs. GFF plots of representative (C) OSC and (D) PSC modules.

challenging to implement real-time adjustments when the mod-
ule area is scaled up.

In contrast, post-patterning involves the definition of inter-
connection lines after the entire device stack is deposited. P1
patterning is usually conducted via laser scribing or wet etching
processes, whereas P2 and P3 patterning are the key points of
distinction between pre-patterning and post-patterning
approaches. Post-patterning methods typically include mechan-
ical and laser scribing techniques, each of which possesses
distinct advantages and limitations. Mechanical scribing, which
involves solvent-soaked swabs or blades, has proven effective for
small-area modules, but resolution and scaling limitations
hinder its performance in cases with larger formats.®”~"" Auto-
mated mechanical approaches have demonstrated GFF values
above 90%, but careful optimization steps are required to avoid
damaging the underlying layers and compromising the unifor-
mity of the constructed module.®®® Laser scribing, which is the
dominant technique for high-efficiency modules, enables the
rapid, high-resolution formation of series connections, drama-
tically increasing the GFF above 90%."”">7® Additionally, its

Energy Environ. Sci.

mask-free and noncontact nature makes it compatible with both
rigid and flexible substrates. Although post-patterning methods
such as mechanical and laser scribing techniques allow delicate
patterning processes to achieve high GFFs, additional costs are
incurred for the installation and operation steps, and some
concerns related to defect creation and layer damage are present.

3. OSC modules

The advancement of OSC modules reflects parallel progress in
photoactive materials and scalable fabrication techniques. The
development trend commenced with foundational discoveries,
such as those concerning conductive polymers and the introduc-
tion of the bulk heterojunction (BH]J) concept in 1995, which first
enabled efficient charge separation schemes.”* Early module
studies, which were pioneered by research groups such as F.C.
Krebs, focused on adapting printing technologies, including slot-
die coating, screen printing, and inkjet printing, for the first
generation of photoactive systems such as P3HT:PCBM.**°¢7>78

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Schematic of the pre-patterning and post-patterning processes for OSC and PSC modules. Pre-patterning is composed of ink-assisted shadow
mask-free patterning, ink-assisted shadow masking, and vapor-assisted shadow masking processes. Post-patterning comprises mechanical and laser

scribing techniques.

While these efforts established the viability of large-area printed
0SCs, the inherent limitations of the utilized materials restricted
the efficiency of the developed modules to approximately 3%.
Significant advances occurred with the development of low-
bandgap donor polymers (e.g., PTB7-Th) combined with fullerene
acceptors, which increased the efficiency of laboratory-scale cells
beyond 10% by 2015.”>*° This material improvement, coupled
with advances in processing, allowed the PCEs of single-junction
0SC modules to surpass 5% from 2016 onward.**5?

The most transformative breakthrough, however, has been the
advent of nonfullerene acceptors (NFAs).*>"®* High-performance
NFAs, particularly A-D-A-type molecules such as the Y6 family,
have revolutionized the field by offering superior near-infrared
absorption and energy level alignment capabilities.®*> This
material revolution has enabled single-junction lab cells to
exceed the 20% efficiency threshold.*** When integrated with
optimized printing processes, these advanced material systems
have driven the PCEs of reported academic modules to exceed
16% (Fig. 1C and Table 1)."°> Nevertheless, significant chal-
lenges remain. A performance gap persists, with the certified
record for large-area OSC modules (> 200 cm?) currently sitting at
14.5%.*° Furthermore, the ability to achieve state-of-the-art per-
formance often relies on costly patterning processes such as laser
scribing, highlighting the ongoing need for novel, low-cost, and
scalable fabrication strategies to fully realize the commercial
potential of OSC module technology.

3.1 Monolithic OSC modules based on mechanical patterning

In the early development stages of OSC modules, before the
widespread availability of advanced printing and laser tools,

This journal is © The Royal Society of Chemistry 2026

researchers relied on manual mechanical patterning methods
to create series-connected monolithic devices.”>* For a con-
ventional device architecture, where electrons are collected at
the top electrode and holes are located at the bottom, this
typically involves using a knife edge or a swab soaked in an
organic solvent to selectively remove the photoactive layer and
the underlying PEDOT:PSS HTL, thereby exposing the bottom
electrode for interconnection. While functional, these manual
methods suffer from poor resolutions, which limits the GFF to
less than 70% and severely constrains the overall efficiency of
the constructed modules.

To overcome these limitations, the field has progressed to
automated mechanical scribing, employing fine metal needles,
blades, or even threads mounted on precision equipment.®®°%9>%
A typical strategy involves the sequential deposition of the HTL, the
photoactive layer, and the ETL onto a prepatterned P1 substrate,
followed by mechanical scribing of the P2 line. After the top
electrode is deposited, the P3 line is then scribed to achieve
electrical isolation and complete the series connection. The
structure of an OSC module based on P3HT:PCBM, one of the
representative early photoactive layers, is described in Fig. 3A.
Although mechanical scribing may cause damage, J.G. Tait et al.
demonstrated that this technique can achieve fine-stripe P2
patterning below 50 pm, which is finer than the aerosol pre-
patterning approach utilized in 2016 (Fig. 3B).”®

S. Dong et al. demonstrated the use of a mechanical scribing
machine under ambient conditions to form P2 and P3 lines,
achieving a GFF of 86.6% in PTB7:PC,,BM-based devices.’® In
this work, the incorporation of an NDI-PFNBr-doped interfacial
ZnO cathode layer enhanced the conductivity of the ETL and
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@ Calculated values from the corresponding papers.
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improved the wettability of blade-coated photoactive films. This
refined technique has enabled significant performance gains.
Pushing the boundaries of the GFF, R. Sun et al. employed a
thread-wiping method for P2 line formation, yielding a GFF
greater than 90% in the PM6:Y6 OSC module (Fig. 3C and D).%®
Notably, J. Hou’s group implemented mechanical scribing for
the fabrication of printed OSC modules, reporting a GFF of 94%
and module PCEs of 15.52% (23.6 cm?) and 13.00% (32.52 cm?)
(Fig. 3E and F).*

Despite the advantages of mechanical scribing, including its
low equipment cost, operational simplicity, and potential high-
throughput processing capabilities, its applications remain
limited compared with those of laser-based techniques. Owing
to its inherently physical nature, mechanical scribing poses
challenges with respect to achieving high resolutions at large
scales and exhibits persistent risks of damaging the underlying
layers. These factors can compromise the yields and long-term
stability of devices, representing the fundamental tradeoffs of
this patterning approach.

3.2 Monolithic OSC modules based on printed patterns

As the development of OSCs predates that of PSCs, the concept
of fabricating modules at a large scale using printing processes
was first pioneered in the OSC field.*”**°%%7° printing technol-
ogies constitute a cornerstone of this effort, providing a pathway
to low-cost, high-throughput manufacturing through additive
patterning. In contrast with subtractive methods such as scrib-
ing, which remove pre-deposited material, printing enables the
direct deposition of functional inks only where needed, thereby
minimizing material waste and potentially integrating the
deposition and patterning procedures into a single step. Printing
methods, including slot-die coating, screen printing, inkjet print-
ing, gravure printing, and spray coating, have been extensively
investigated, with each approach presenting a distinct balance
among its resolution, throughput, and material compatibility.

A comprehensive exploration of roll-to-roll compatible print-
ing technologies conducted by F.C. Krebs and his coworkers
demonstrated the viability of fully printed, roll-to-roll fabricated
0OSC modules.38°67578:97,100-102 1y thejr monumental works,
emphasis was placed on the deposition of functional layers
and the patterning strategies required for fabricating monolithic
modules.”® Slot-die coating was employed to deposit uniform
zinc oxide (ZnO) nanoparticle layers, P3BHT:PCBM photoactive
layers, and PEDOT:PSS layers in stripe patterns aligned with the
prepatterned ITO substrate (Fig. 4A). The monolithic module
design featured multiple serially connected subcells, which were
established by precisely patterning the bottom ITO electrode via
etching (P1) and the top silver electrode via screen printing (P3)
(Fig. 4B). While this research provided critical insights into
scalable roll-to-roll (R2R) fabrication techniques, it also revealed
a key challenge, namely, significant aperture losses, which
could reach 50%, thus fundamentally limiting the efficiency of
the constructed module. To address this issue, the relationship
between the subcell geometry and performance was system-
atically investigated. As shown in Fig. 4C, this study revealed
that 13-mm-wide stripes with a 2-mm interconnection gap
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Fig. 3 OSC modules based on mechanical patterning. (A) Schematic representation of the archetypal organic photovoltaic module. Three patterning
steps are involved: P1 separates the bottom electrode between individual cells, P2 removes the active layer to allow contact between the anode and
cathode of adjacent cells, and P3 separates the top electrodes of adjacent cells. (B) Optical micrographs and profilometer scans of mechanically scribed
(left) and aerosol jet pre-patterned (right) layers, after completion of the entire device stack including the P1, P2, and P3 steps. Note that spacing between
P1, P2, and P3is included to increase production yield. The P1 pattern is difficult to observe in the pre-patterning case due to its falling in the material pile-
up to either side of the pre-patterning line. Reproduced with permission from Tait et al.,°®> Copyright 2016 Elsevier. (C) Process flow diagram of the layer
by layer (LbL) based process for large-area solar modules. (D) Image of solar modules based on LbL PM6/Y6 film with an active area of 11.52 cm? and an
optimal GFF of 91.4%. Reproduced with permission from Sun et al.,%® Copyright 2020 Elsevier. (E) Device structure diagram of OSC modules. (F) J-V and
P-V curves of rigid (left) and flexible (right) large-area OSC modules under AM 1.5G, 100 mW cm ™2 illumination. Reproduced with permission from Wang

et al.,*® Copyright 2020 Royal Society of Chemistry.

offered an optimal balance between minimizing the induced
geometric losses (maximizing the GFF) and mitigating the
resistive losses caused by the ITO. Y.-F. Shen et al. also success-
fully demonstrated series connected flexible OSC modules using
a slot-die coating without a P2 laser patterning process, achiev-
ing a calculated GFF of 71.4% (Fig. 4D and E).'*

The primary advantage of this fully printed approach remains
its potential for low-cost, high-throughput production.’®'** How-
ever, the resolution limits of printing techniques often make it
difficult to achieve the fine patterning that is required for
attaining a very high GFF. Consequently, the field has largely
evolved toward a hybrid fabrication strategy. In this now-
common approach, printing and coating methods are used to
deposit large-area functional layers, while the critical P2 inter-
connection line is selectively patterned using high-precision laser
scribing to maximize both the performance and yield.>® %'9>-1%
When additional post-patterning steps such as mechanical or

Energy Environ. Sci.

laser scribing are employed, material degradation and substrate
damage may occur, and the need for extra tooling increases the
incurred processing costs.'®® Accordingly, a module fabrication
route that relies exclusively on printing is expected to provide
technical and economic advantages, provided that high-quality
patterning can be achieved. Patterned printing processes encoun-
ter two overarching challenges, namely, (i) uniform deposition
over large areas and (ii) high-precision pattern definition, both of
which are critical for achieving consistent module performance.

Large-area film nonuniformity arises from fluid dynamics
effects and surface tension gradients, leading to edge thickening
(edge-bead/edge effects) in stripe-shaped meniscus coatings and
coffee-ring deposition during inkjet and spray processes.'% !
The edge effect can be mitigated through surface-energy modifica-
tion (substrate treatment), solvent-system engineering (cosolvents/
boiling-point tuning), coating parameter optimization (the flow
rate, web speed, and gap), and controlled ambient conditions

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07830j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 19 March 2026. Downloaded on 4/9/2026 7:56:48 AM.

(cc)

Energy & Environmental Science

A
B SAg —
4 PEDOT
3 Active
2700
11TO e e T
N Stripe width .(:;;
@ Active arcas Passive arcas o)
L= = =, |
LR A AR AR AR AR
Light
D

. Ay !
gy
4 ""@m“:

Bt M

View Article Online

Review

2,0 10
L]
1,8-

1,6- )
| 18 =
144 1 =
124, Y e
S 1,04 l¢ E
8 031 =
& H
0,6 - s
. 44 &
0,4 ;
02 S

0,0 v v r ' —2

8 10 12 14 16 18

Stripe Width (mm)

7 .
2 s
o

-4

$

D

-

w
2

—— 5 cm®(single cell)
—+—15cm’® (3 sub-cells)
—e—30 cm’ (6 sub-cells)

.
»n
o
e

.
N
o

1 2 3 4 5
Voltage (V)

Current density (mA/cm?)
3

Fig. 4 OSC modules based on the printed patterning process. (A) The slot-die coating of ZnO nanoparticles (left), PZHT:PCBM (middle) and PEDOT:PSS
(right). The wet films are shown above and the corresponding dried films are shown below. (B) Serially connected OSC modules with a slight shift (C) the
PCE and power that can be extracted from a module aperture as a function of stripe. Reproduced with permission from Krebs et al.,>® Copyright 2010
Royal Society of Chemistry. (D) Scheme of module structures. (E) J-V curves of the large-area device and modules. Reproduced with permission from

Shen et al.,*°% Copyright 2023 Wiley-VCH GmbH.

(temperature and humidity), thereby enabling a uniform thickness
up to the substrate edges.''*™™ The coffee-ring effect can be
suppressed by tailoring evaporation kinetics, compensating for
Marangoni flows, increasing the ink viscosity (polymer/additive),
and adjusting the wettability of the substrate to maintain a
uniform solute distribution during the drying process."*>™"” With
respect to patterning precision, the specific requirements vary by
printing modality; however, the common principles involve robust
mask or digital pattern designs, accurate droplet/meniscus place-
ments and registrations, and process windows that ensure selec-
tive deposition only at the intended locations.

This journal is © The Royal Society of Chemistry 2026

3.3 Monolithic OSC modules utilizing laser scribing

The laser scribing technique has emerged as a preferred module
patterning approach because of its high precision, high speed,
and noncontact nature.”*'°” Unlike mechanical scribing, which
involves direct contact with the substrate and can induce physical
damage or wear, laser scribing employs focused laser pulses to
ablate specific regions of the target material. The laser energy is
absorbed by the target layer, causing rapid localized heating
and material removal through photothermal and photo-
mechanical processes such as melting, vaporization, and, at
higher fluences, explosive boiling or stress-assisted delamination.
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From a fundamental perspective, when photons are absorbed by
an organic semiconductor or an electrode layer, they are converted
into heat within an ultrashort time window. With respect to
nanosecond pulses, thermal diffusion is predominant, often
resulting in molten rims or heat-affected zones, whereas femto-
second or picosecond pulses confine the energy deposition pro-
cess before thermal relaxation occurs, enabling the removal of
material primarily through nonequilibrium ablation and mechan-
ical stress release.”>""® This process can be tuned by adjusting the
laser wavelength, pulse duration, and fluence to match the optical
absorption and thermal conductivity of each layer in the OSC
stack, ensuring selective removal without damaging the under-
lying layers.

One of the main advantages of laser scribing for OSC
modules is the ability to achieve very narrow and well-defined
interconnection lines (P1, P2, P3), which minimize the dead area
and thereby increase the GFF. This is particularly crucial, as the
PCEs of OSC modules exceed 10%, and further module efficiency
gains rely strongly on maximizing the active area.''®"*' More-
over, the noncontact and mask-free nature of laser scribing
makes it compatible with roll-to-roll and large-area printing
processes, aligning well with the low-cost and flexible manufac-
turing concepts of OSC technology.*®>''® However, several tech-
nical challenges remain. First, the optical absorption spectra of
organic semiconductors vary widely depending on their donor-
acceptor systems, requiring precise wavelength selection pro-
cesses for achieving effective ablation. Second, the relatively low
thermal stability of organic materials increases the risk of
chemical decomposition or residue formation at the scribe edges,

View Article Online
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which can introduce leakage pathways or contact resistance.
Finally, optimizing the overlap ratio, repetition rate, and scan-
ning speed is essential for balancing complete material removal
with thermal damage minimization. Addressing these issues is
the key to translating the intrinsic advantages of laser scribing
into scalable and reliable OSC module fabrication procedures.
Prior to the adoption of laser scribing in OSCs, the GFFs of
modules generally remained below 70% because of the resolu-
tion limits of conventional etching and printing methods. Laser
scribing was introduced as a high-precision tool to overcome
this barrier. P. Kubis et al. first demonstrated laser-scribed OSC
modules formed using femtosecond laser pulses (<350 fs).'*?
While the PCE of these modules was modest at 1.38% because
of the limitations of the photoactive materials that were avail-
able at the time, this study was significant for achieving a GFF of
83% and demonstrating the potential to reach GFF values
higher than 98%. Following this proof-of-concept study, G. D.
Spyropoulos et al. applied laser scribing to fabricate flexible,
roll-to-roll compatible tandem OSC modules.'*® The high pre-
cision of the utilized laser enabled the P2 interconnection width
to be dramatically reduced from 325 pm to just 25 um. As a
direct result, the GFF of the module increased from 80% to 94%,
increasing the PCE from 5.38% to 5.70% (Fig. 5A). Crucially, the
well-defined scribe did not introduce significant parasitic resis-
tance, as the average series resistance of the module remained
comparable to that of a single cell (Fig. 5B). Furthermore, the
flexible modules demonstrated excellent mechanical robust-
ness; bending tests indicated that the observed performance
degradation was caused primarily by the intrinsic failure of the
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Fig. 5 OSC modules based on the laser scribing technique. (A) Photograph of one of the 9 substrates carrying two reference single tandem cells (center)
and two pairs of tandem modules (left and right), with narrow (~25 pum, left) and wide (~ 325 um, right) P2 line patterning. The insets present top views
from an optical microscope displaying the lines P1-P3. The wide P2 line was realized by laser hatching (scanning many single lines parallel to each other).
(B) J-V characteristics of reference tandem cells (black spheres) and tandem modules with narrow (~25 um, red squares) and wide (~ 325 pum, green
diamonds) P2 lines under illumination. (C) Normalized device characteristics of flexible tandem modules after 1000, 3000, and 5000 bending cycles.
Reproduced with permission from Spyropoulos et al.,*2* Copyright 2014 Royal Society of Chemistry. (D) Optical micrographs of a solar module with three
interconnected subcells. The insets on the left represent optical magnifications of the interconnection region, where the laser lines P1, P2 and P3 are
highlighted. The photo-inactive (dead area, blue) and total area (yellow) of the module are highlighted as well. (E) J-V curves of flexible and rigid modules
prepared using the ternary blend PBTZT-stat-BDTT-8: PTB7-th: PC;0BM (0.5:0.5:1.5) as the photoactive layer. The inset shows a photograph of a glass/
ITO substrate including 4 modules and 2 reference cells (center). Reproduced with permission from Gasparini et al.,*** Copyright 2017 Royal Society of
Chemistry.
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functional layers rather than the laser-scribed interconnections processes, the OSC module achieved a PCE of 16.04% on a
(Fig. 5C). This technique has also been successfully applied to  28.82 cm” active area with a GFF of 93.8%. Given the complex
state-of-the-art material systems. N. Gasparini et al. used laser multilayer stacks of monolithic OSC modules, laser patterning
scribing to narrow the inactive area in ternary blended OSC must be both selective and precise, avoiding causing collateral
modules, achieving a GFF of 90% (Fig. 5D)."** This led to damage to the adjacent regions. Additionally, these results imply
module PCEs of 8.16% on glass and 6.83% on flexible substrates  that the difference between the PCEs of a small-area unit cell and
based on a PET/ITO-Ag-ITO structure (Fig. 5E). a large-area OSC module remarkably decreases to 12.8%.

While OSC modules employing laser scribing have reported Z. Jin et al. successfully scaled up laboratory unit cells to
relatively high PCEs compared with those of contemporaneous large-area OSC modules through laser scribing-based P1, P2,
unit devices, many early demonstrations were limited to small and P3 processes, featuring an inactive area of 250 um at each
active areas of approximately 1 cm® and did not incorporate subcell, resulting in a GFF of 95.5% (Fig. 6B and C).”' As a
printing-based deposition.*” *! As the field has matured, laser result, the InCl; based module achieved uniform distribution of
scribing has become a widely adopted strategy for conducting line PCEs and a remarkable module PCE of 16.5% at the aperture
patterning during OSC module fabrication, enabling the develop- area of 15.6 cm” with an open circuit voltage (Voc) of 6.01 V, a
ment of large-area, nonfullerene based modules. Since 2022, short circuit current density (Jsc) of 3.80 mA cm™ 2, and a fill
highly efficient OSC modules approaching 15% PCEs have been factor (FF) of 72.3% (Fig. 6D and E). R. Basu et al. uniformly
realized by employing laser-defined series interconnections.’*"'*®  coated the stacked layers in OSCs, resulting in very homogenous
A representative study performed by Z. Liu et al engineered PCE distributions over a 165 x 165 mm? substrate composed of
gradient-based vertical phase separation in the BHJ photoactive 216 small devices (Fig. 6F and G).** According to a simulation of
layer and implemented laser scribing for the P1, P2, and P3 PCE losses (summarized in Fig. 6H), the lowest overall losses
processes, as described in Fig. 6A."*° By introducing a volatile ~were determined for 38 subcells with an active area width of
solid additive through layer-by-layer doctor blade coating 3.63 mm. Finally, OSC modules (204 cm?) fabricated by
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Fig. 6 OSC modules based on the laser scribing technique. (A) Schematic of the large-area blade-coated OSC module consisting of 16 serially connected
subcells and a photograph depicting the dead zone width between subcells. Reproduced with permission from Liu et al., *?® Copyright 2025 Wiley-VCH GmbH. (B)
Photograph of an organic solar module with seven tandem cell stripes and a total aperture area of 15.6 cm?. (C) SEM image of scribing lines indicating the P1-P3
interconnections. (D) PCE distribution of each submodule (3.9 cm? on PEDOT:PSS, InCls (Sol), and InCls (Vac)-based solar modules (15.6 cm?). (E) J-V
characteristics of PEDOT:PSS, ITO-InCls (Sol), and ITO-InCls (Vac) based modules with an aperture area of 15.6 cm?. Reproduced with permission from Jin
et al,®* Copyright 2025 Royal Society of Chemistry. (F) Photograph of a 165 x 165 mm? substrate comprising 216 individual solar cells. (G) Respective power
conversion efficiency (PCE) of such a set of solar cells (averaged in groups of six) with the layer stack glass/ITO/ZnO/PM6:Y6-C12:PCg;BM/PEDOT-F/Ag. (H)
Simulated PCE loss analysis of a 143 x 143 mm module based on PM6:Y6-C12:PCg:BM as a function of subcell number. (I) Certified current—voltage and power—
voltage measurements performed by Fraunhofer ISE (Freiburg, Germany) on this module. Reproduced with permission from Basu et al.,*® Copyright 2024 Elsevier.
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Fig. 7 Laser scribing techniques. (A) Optical microscopy images for below (A)—(C), optimum (D)—(F), and above (G)-(l) ablation threshold of P1, P2, and
P3 processes. The white line indicates a 40 um scale and dashed line represents heat-affected zone outer boundaries. Reproduced with permission from
Kapnopoulos et al.,'” Copyright 2022 MDPI. (B) Step-wise fabrication route of solution-processed roll laminated modules. Reproduced with permission

from Spyropoulos et al.,*?” Copyright 2016 Royal Society of Chemistry.

accelerated, nonhalogenated blade coating and laser scribing
techniques under ambient air achieved a PCE of 14.55% with a
GFF of 96.5% and an exceptionally high FF of 76%, which was
comparable to that of small-area cells (Fig. 6I).

Building on this requirement, C. Kapnopoulos et al. opti-
mized picosecond laser parameters, with particular attention
paid to the pulse energy and overlap rate, to realize flexible OSC
modules using fully laser-defined P1, P2, and P3 processes
(Fig. 7A)."*” In addition to standard opaque OSC modules, laser
scribing has also enabled the fabrication of specialized semi-
transparent OSC modules, which are critical for BIPV applica-
tions. Achieving this, however, requires even greater control
over the patterning process to avoid damaging the delicate,
multilayered stacks of these devices. To mitigate the risk of
thermal damage and alignment errors, advanced laser proces-
sing strategies have been developed. L. Lucera et al. employed
ultrashort laser pulses to facilitate monolithic interconnection
of OSC modules. This highly precise ablation process reduced
the dead zone width to below 100 pm, enabling the demonstra-
tion of roll-coated flexible modules with an unprecedented GFF
of 98.5%."% In related work, G. D. Spyropoulos et al. demon-
strated a depth-resolved laser patterning method that mitigates
the alignment errors and thermal damage induced during the
P3 patterning of laminated top electrodes (Fig. 7B).">’ By
transmitting a femtosecond laser through the laminated top
electrode, this method enables the selective removal of only the
top metal layer, thereby allowing accurate P3 line formation
and achieving a high GFF without causing collateral damage.
Such advances in depth control and patterning precision have
been instrumental for progressing OSC modules toward large-
area, commercially relevant manufacturing schemes.

3.4 Other designs for OSC modules

While advancing series-connected OSC modules, a new self-
aligned architecture that alternates normal and inverted sub-
cells has been developed to simultaneously curb the lateral

Energy Environ. Sci.

resistance losses and aperture losses of large-area designs.'”®
This “alternating normal-inverted” layout forms efficient series
interconnections on a single, continuous transparent electrode
by using alternating interfacial layers, thereby obviating vertical
metal-metal interconnects in the SCR and minimizing the P2-
related dead area (Fig. 8A). Rather than dedicating space to a
laser-scribed P2 trench for recombination contacts, the module
sequences conventional and inverted subcells by selectively
employing different charge-transport layers, i.e., the HTL for
conventional subcells and the ETL for inverted subcells, while
sharing the same continuous TCO. Polyethyleneimine (PEI)
plays a dual, thickness-dependent role (Fig. 8B): in inverted
subcells, a PEI-induced interfacial dipole lowers the work func-
tion of the ITO and acts as an effective ETL; in normal subcells,
an ultrathin PEI layer permits tunneling-assisted carrier trans-
port, enabling full-area coating without blocking the transfer of
charge across the shared electrode. This interfacial asymmetry
provides self-aligned, post-patterning-free series links between
adjacent subcells, eliminating the need for P2 laser scribing
while preserving the optical aperture. As a result, this alternative
module design attains a high GFF of approximately 96% without
P2 scribing and demonstrates robust series interconnections
across its subcells (Fig. 8C). The architecture thus relaxes the
traditional tradeoff between aperture losses and sheet resistance-
induced voltage drops by reducing the gap count and maintaining
a continuous current-collection plane.

Another practical “post-P2 patterning-free” architecture,
demonstrated by S. Hong et al., achieves series connections
by selectively depositing the photoactive layer without pattern-
ing the underlying charge transport layers.®! In this design, the
active layer is precisely printed via slot-die coating only in the
designated active areas, yielding a high GFF of 90% without any
subtractive post-patterning of a P2 line (Fig. 8D). The resulting
module structure consists of the full device stack (ITO/ETL/
active layer/HTL/Ag) in the active regions. In the SCR, however,
the top silver electrode of one subcell directly overlaps the

This journal is © The Royal Society of Chemistry 2026
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exposed ETL/HTL bilayer of the adjacent subcell. This vertically
stacked ETL/HTL interface functions as a charge recombination
junction, which is essential for series connections. Carriers photo-
generated from adjacent subcells are collected by their respective
electrodes and then transported to this charge recombination
junction (CRJ), where they recombine to complete the series circuit
and enable voltage addition (Fig. 8E). The electrical behavior of
this CR] is critical for the performance of the constructed module.
Each SCR can be represented by an equivalent circuit consisting of
a recombination diode in parallel with a shunt resistor (Ry,) and in
series with a series resistor (R;); the effective parameters depend on
the ETL/HTL polarity and interfacial energetics. For example, ETL/
HTL junction (e.g;, ZnO/Mo0O;) contacts typically favor forward
recombination with low R, whereas the reverse-biased configu-
ration results in a higher Ry,, which suppresses leakages. This
configuration facilitates efficient, low-loss charge recombination
between neighboring subcells, optimizing the overall performance
of the constructed module (Fig. 8F).
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A P2-free route to module fabrication can be further realized
through self-aligned patterning based on surface energy engineer-
ing, in which surface energy-guided patterning ensures that each
subcell is clearly defined and consistently connected in series,
minimizing unwanted overlaps and maximizing the active area
available for light absorption."”® This approach involves the selec-
tive deposition of a hydrophobic self-assembled monolayer (SAM)
on the substrate to create controlled surface energy contrasts, with
the SAM retained specifically in the SCRs where interelectrode
contact is formed (Fig. 8G). These hydrophobic regions, which are
characterized by low wettability, repel the processing solution,
thereby directing the flow along adjacent hydrophilic tracks. This
selective wetting scheme establishes well-defined boundaries and
enables self-aligned coatings to be applied precisely in the desired
areas, ensuring the accurate registration of series-connected elec-
trodes without any post-patterning (e.g:, scribing) steps (Fig. 8H).
By exploiting surface energy contrasts to control wettability, the
method provides a uniform line geometry and subcell alignment
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Fig. 8 Other OSC module structures. (A) Schematic illustration of alternative OSC module architecture. TEM images of the dual subcell stacks in (blue)
the conventional and (red) the inverted configuration. (B) The energy diagram drawn from the measured CPD values describes the energy band
structures of the self-aligned dual charge-selecting substructure and the surface of the active layer. (C) The photovoltaic characteristics in the alternative
OSC modules. PEI: polyethleneimine, KPFM: Kelvin probe force microscopy, CPD: contact potential difference. Reproduced with permission from Lee
et al.,*?® Copyright 2013 Royal Society of Chemistry. (D) Conceptual module structure consisting of pattern-less electron-transport and hole-transport
layers and one patterned photoactive layer. (E) Energy level diagrams of series connection region components. (F) /-V characteristics of OSC modules of
various sizes depending on module lengths from 1 to 4 cm. Reproduced with permission from Hong et al.,8* Copyright 2016 Nature Publishing Group. (G)
Image of a SAM is used for the patterning of the photoactive layer. (H) Graphical sketch of the drying process of the photoactive layer: (i) material in liquid
phase pinned between two FDTS lines (ii) accumulation of material at the pinned edges caused by the coffee ring effect, (iii) secondary pinning of the
liquid material known as the stick—slip effect, (iv) accumulation of material at the edges of the second pinning and (v) profile of the dried layer with two
pinning contacts. FDTS: 1H,1H,2H,2H-perfluorodecyltrichlorosilane () /-V characteristics of SAM patterned modules for both inverted and conventional
cell designs. A fully mechanically scribed module with the inverted design is also shown for comparison. Reproduced with permission from Etxebarria
et al.,*?° Copyright 2013 Elsevier.
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across the module, offering an efficient and reliable route to
achieving series interconnections in OSC modules (Fig. 8I).

4. PSC modules

PSCs have been considered promising solar-energy technologies
that are capable of competing with or displacing silicon solar
cells, driven by their rapid PCE increases to nearly 27% and by
their compatibility with large-area processing.*® Whereas silicon
requires approximately five decades to approach its present
efficiency plateau, PSCs achieved comparable laboratory efficien-
cies in approximately 15 years, catalyzing efforts toward the
commercialization of all-perovskite and perovskite/silicon tan-
dem modules.>****'%* [n 2009, Miyasaka and his coworkers first
demonstrated perovskite materials as visible-light sensitizers for
solar cells, reporting a PCE of 3.8% with CH;NH;Pbl; on TiO,."**
In 2012, all-solid-state PSCs were reported using CH;NH;Pbl;
perovskite nanocrystals as the photoactive layer and spiro-
OMeTAD as the HTL, achieving a PCE of 9.7% with ex situ
stability over 500 h."*®> In 2014, a solvent engineering method
that yields highly uniform, highly crystalline perovskite films via
an intermediate phase was introduced; this protocol has since
become a mainstay for high-efficiency PSCs."*® Since then, the
advancements have been multifaceted. Compositional engineer-
ing has shifted from simple CH;NH;Pbl; to more robust and
efficient mixed-cation/halide perovskites (e.g., incorporating for-
mamidinium (FA") and cesium (Cs"))."*”""*° Simultaneously, the
optimization of ETLs and HTLs and sophisticated interfacial
engineering methods have been crucial for increasing the per-
formance of devices to their current height."**™** This remark-
able success in laboratory-scale cells has now shifted the research
focus to the critical challenge of translating these achievements
into large-area, high-performance modules.

Since 2013, PSCs have surpassed OSCs in terms of their PCEs,
exhibiting a rapid increase in efficiency that catalyzed research on
large-area PSC modules, in parallel with efforts executed across
other next-generation photovoltaics.”""**™**° The first significant
milestone was achieved by Di Carlo’s group, which first reported
dye-sensitized solar cell modules based on a solid electrolyte
using P3HT (a donor polymer that later became widely used in
the photoactive layers of OSCs) with a PCE of 5.1% over a 1
6.8-cm” active area.”’ Although the PCEs of large-area PSC
modules initially lagged behind those of small-area devices,
steady progress followed, with the PCEs of printed modules
exceeding 10% by 2016."°° As the printing of functional layers
and patterning processes matured, the performance of PSC
modules advanced sufficiently to be listed on the NLR module
chart, with some reports approaching or exceeding 20% (Fig. 1D
and Table 2). Notably, the efficiency gap between small-area cells
and large-area modules has been narrowed by increasing the
GFF, which was achieved by reducing the interconnection width
via high-precision processes such as laser scribing."**”° How-
ever, beyond PCE gains, the long-term operational stability of
large-area modules has emerged as a critical challenge, particu-
larly when potentially damaging processes such as laser scribing
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are used.””'”" Therefore, the following sections discuss module-
level performance improvements with an emphasis on architec-
tural designs.

4.1 Monolithic PSC modules based on mechanical patterning

In the early stage of the PSC module development process, spin
coating was used to form solution-processable functional layers,
and a series of interconnections were defined by mechanical
patterning.®>”""7*'7? For successive patterning, a solvent that is
capable of selectively dissolving a given layer was applied to a
swab-like tool to expose the SCR. When metal-oxide charge-
transport layers were located at the bottom, water or alcohols
were used prior to conducting postdeposition annealing, which
converted the precursor into a dense film. Perovskite films,
being susceptible to water and alcohols, were likewise patterned
with solvent-wetted tools to open contacts between the trans-
parent bottom electrode and the top electrode.

In one of the first reported PSC modules, a spin-coated
CH;NH;PbI; photoactive layer and a P3HT HTL were mechani-
cally patterned using a mixed solvent consisting of N,N-
dimethylformamide and chlorobenzene, after which an Au top
electrode was deposited through a shadow mask to complete the
series interconnection.”* The striped active area had a width of
7 mm, whereas the total inactive (patterned) region spanned
3.5 mm, yielding a GFF of 67% and a correspondingly reduced
PCE for the module over the aperture area. Because the manual
process relies on solvent dissolution, overly aggressive solvents can
increase the patterned gap beyond the intended design, thereby
decreasing the fraction of the active area. Although manual,
solvent-assisted mechanical patterning provides a convenient
pathway for demonstrating the transition from small-area devices
to large-area modules, its scalability is constrained by the difficulty
of achieving a high GFF and a precise line definition scheme,
which ultimately limits the PCE of the constructed module.

To attain improved precision and avoid potential solvent-
induced damage, the field has progressed to solvent-free mechan-
ical patterning, primarily using knife-blade scribing."”*'”® Without
using a dissolving solvent, an early demonstration performed by
T.J. Marks and his coworkers utilized this method for implement-
ing the P2 process in eight cells connected to 5 x 5 cm” total area
modules, achieving a GFF of 60%."”* Although some early reports
labeled as utilizing mechanical patterning did not always specify
their solvent use statuses, such mechanically defined modules
generally exhibited lower PCEs than their small-area counterparts
did, largely because their GFF values were less than approximately
70%. In 2016, W. Qiu et al. demonstrated high-efficiency PSC
modules patterned by knife scribing, reaching a 13.6% PCE at a 4
cm? aperture with a GFF of 91%."° Both P2 and P3 were scribed
with a knife mounted on a computer-controlled XYZ stage under
nitrogen, yielding a narrow inactive gap of 0.43 mm between
adjacent 4.57 mm wide active stripes. In 2017, K. Zhu formulated
perovskite precursor inks to enable spin/printing with a wide
processing window and high crystallinity and then fabricated a
12.6 cm?® four-subcell module via mechanical P2/P3 scribing,
achieving a total area PCE of 11.7% with an 88% GFF.'”®
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Pushing the boundaries of this technique, H.B. Lee et al.
developed a mechanical scribing methodology using a 3D
direct ink-writing platform in 2025, wherein a metal needle
traversed at 2 mm s~ ' to pattern the stacked layers (Bi-SnO,/
perovskite/spiro-OMeTAD) (Fig. 9A).”° The P3 line was subse-
quently mechanically defined to complete a six-subcell, series-
connected PSC module, as shown in Fig. 9B and C. The inactive
interconnection span from P1 to P3 measured approximately
855 pm, yielding a GFF of 87% when calculated as the
photoactive-to-total-area ratio (Fig. 9D and E). The resulting mod-
ule delivered a peak PCE of 20.6% at an active area of 13.0 cm?,
with a stabilized PCE exceeding 19% under 500 s of maximum
power point tracking (MPPT) and demonstrating consistent
device-to-device performance. C. Zuo et al. successfully fabricated
PSC utilizing P2 mechanical scribing and P3 mask patterning
processes illustrated in Fig. 9F."”” Especially, the mechanical
scribing process enables the formation of straight P2 lines with
an average width of 19.6 um, achieving a narrow dead area of 193
pm from of P1 to P3 as shown in Fig. 9G. The PSC modules based
on laser-free scribing process achieved a module PCE of 19.88% at
the aperture area of 14.1 cm” with a high GFF of 97.3% (Fig. 9H).

Under the reported test conditions, mechanical scribing did
not result in power-related degradation, suggesting potential
stability advantages over laser-based approaches. Further work
is warranted to increase the GFF and scale the module area; to
date, this represents one of the highest-efficiency PSC modules
that has been realized via mechanical patterning.
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4.2 Monolithic PSC modules based on printed patterns
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The solubility of perovskite precursors and charge transport
materials allows for the use of various printing processes in PSC
fabrication schemes, including doctor blade coating, slot-die coat-
ing, spray coating, ink-et printing, and screen printing,”"""%">
Concurrently, cell-level efficiency advancements have led to pro-
gress in the fabrication of modules at a larger scale using these
printing technologies.>***%** However, in contrast with OSCs, the
primary role of these techniques in PSC module production tasks
has been scalable large-area coating, not direct patterning. To date,
very few reports of fully printed PSC modules have been published,
with most studies relying on lower-resolution methods such as
screen printing, typically for the production of less sensitive layers
that are compatible with paste processing.®>®*'®* Thus, the domi-
nant fabrication strategy has become a hybrid approach: func-
tional layers are deposited uniformly over a large area using a
printing method, and the necessary P1-P2-P3 interconnection
lines are subsequently created using a subtractive method such
as laser scribing.

Meniscus-based techniques such as doctor blade coating
and slot die coating are highly scalable, roll-to-roll-compatible,
high-throughput printing processes.***°*1691847185 = pgetor
blade coating is effective for scaling from small-area devices to
larger substrates, but laser scribing is typically needed to define
series interconnects because the process results in the for-
mation of a continuous meniscus along a long blade, yielding
wide, planar films rather than inherently patterned features.
Moreover, its reliance on continuous solution feeding and the

spiro-MeOTAD:PDCBT/MoO;/Cr/Au
2024  Glass/ITO/CbzNaph/Csg o5FAg o5PbI;/PEAI/C60/BCP/Ag

2024  Glass/FTO/NiO,/Cs0sMAo osFAg oPbI,/PCBM/BCP/Ag

spiro-OMeTAD/MoO,/ITO/Au
2024  Glass/FTO/SnO,@TiO,/PMMA:PCBM/CS 0sMAg osFAg oPb(I; _,Br,),/PEAI/

(continued)
Device structure

2023 MgF,/glass/ITO/NiO,/Me-4PACz/TEACI/Cs, ;FA, oPbL;/TEACI/LiF/C60/BCP/Cu
2023 PEN/ITO/SP-NiO,/SAMs/(CSPbI;)o 15(FAPDL,)o ¢5(MAPbB;), »/C60/BCP/Au

2024 PET/TCE/SnO,/FA, 4sMA, 55PbI,/HTAB/P3HT/carbon/Ag
2024  Glass/FTO/NiO,/Me-4PACz, NA/FA 05CSo.05Pbl,/PI/PCe; BM/BCP/Ag

2024 Glass/FTO/c-TiO,/c-Sn0,/Csg.05MA¢ 95sFA oPbIz/PEDOT:PSS doped
2025  Glass/FTO/NIiO,/2-PACZ/FAq 06CSo.0sMA, 05PbI,.05BI 05/C60/BCP/Ag

2024 Glass/FTO/SnO,/CsMAFAPDI;/PEAI/spiro-OMeTAD/Au
2025 Glass/ITO/SnO,/perovskite/spiro-OMeTAD/Au

2024 Glass/FTO/SAMSs/Cs, 1FA, oPbI;/PEAI/C60/ALD-SnO,/Au
2024 Glass/ITO/SnO,/2-step perovskite/spiro-OMeTAD/Au
2025 Glass/ITO/Bi-SnO,/FAPbI;/spiro-OMeTAD/Au

2025 Glass/ITO/SnO,/perovskite/spiro-OMeTAD/Au

2025 Glass/FTO/SnO,/perovskite/spiro-OMeTAD/Au

2025 Glass/ITO/SnO,/perovskite/spiro-OMeTAD/Au

@ Calculated values from the corresponding papers.
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Fig. 9 PSC modules based on the mechanical scribing technique. Schematic illustration of the low-cost mechanical scribing process of the PSC module
performed using a 3D-DIW instrument for (A) P2 and (B) P3 scribing. Schematic images showing the (C) six series-connected cells and (D) P1-P2-P3
electrical interconnections between the adjacent cells in the mechanically-scribed PSC modules. (E) Optical microscopic image showing the P1, P2, P3
grooves and dead areas on the PSC modules. Reproduced with permission from Lee et al.,”® Copyright 2025 Wiley-VCH GmbH. (F) Illustration of a mask

with metal grids on a perovskite film. (G) Optical microscopy image of P1, P2,

and P3 lines in a module. (H) J-V curve and photo of the module with non-

laser processed P2 and P3 lines. Reproduced with permission from Zuo et al.,*’”” Copyright 2025 Royal Society of Chemistry.

absence of native pattern selectivity limit the suitability of
doctor blade coating as a stand-alone commercial patterning
process for PSC modules. While patterned slot-die coating is a
mature technology for OSCs, its application regarding PSCs
remains a significant research challenge because of the complex
crystallization dynamics of perovskite inks.**'#'7'8” Therefore,
developing a reliable, one-dimensional patterning-based slot-
die coating technology specifically for perovskite layers is con-
sidered a critical step. Success in this area would enable the
development of a truly scalable, low-cost printing process,
greatly enhancing the commercial viability of PSC modules.

In addition to meniscus coating methods, spray coating has
been investigated as a viable approach for achieving large-area
deposition in PSC modules."® ™% During spray processes, dro-
plets are dispersed and subsequently coalesce into a wet film
that, upon solvent removal, yields uniform layers; this route has
been applied to ETLs, HTLs, and the perovskite absorber.
B. Tyagi et al. developed antisolvent-free spray-coated PSCs and
PSC modules by employing a propylene carbonate additive in a
Pbl, film."®® The performance of the devices was improved

This journal is © The Royal Society of Chemistry 2026

because of the reduced number of defects and grain boundaries,
resulting in a PCE of 19.3% for small-area cells and a module
PCE of 15.8% for an area of 13 cm®. Although spray coating, in
principle, enables direct pattern formation via a nozzle or mask
design, peer-reviewed demonstrations of fully pattern-printed
PSC modules (without subsequent laser scribing steps) have
not yet been reported. Inkjet printing, which is another noncontact
droplet-based technique, involves the formation of films by eject-
ing micrometer-scale droplets from nozzle arrays onto predefined
substrate regions, offering facile digital patternability, high resolu-
tions, strong material efficiency, and good design flexibility.'***%>
These attributes have accelerated the development of PSCs,
with high-efficiency inkjet-processed devices being increasingly
reported; however, at the module level, inkjet-deposited layers
are typically complemented by laser scribing to define P2/P3
interconnects.

PSC modules produced by printing processes such as doctor
blade coating, slot-die coating, spray coating, and inkjet print-
ing have, to date, been fabricated primarily with mechanical or
laser scribing rather than with fully printed pattern formation

Energy Environ. Sci.
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Review
techniques,*»*°3109184188719L,193195 1y contrast, screen print-
ing has yielded PSC module structures in which portions of the
interconnects (most commonly when carbon or silver paste is
used) are defined by a printed pattern.®>®® Mhaisalkar and his
coworkers demonstrated monolithic PSC modules using a
screen-printing workflow in combination with perovskite infil-
tration. The screen mesh (stencil) was engineered to stabilize
the infiltration process by reducing the interstripe gap to 1 mm,
resulting in module PCEs of 10.46% and 10.74% for active
areas of 31 cm”® and 70 cm?, respectively.®® Although the GFF
of this method was lower than that of its laser-scribed
counterparts, the screen-printed modules delivered PCEs near
11%, with only 0.65% device-to-device variations across
18 samples.
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mesoporous layers)
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F. D. Rossi et al. demonstrated a screen-printed PSC module
composed of TiO,, ZrO,, and carbon electrodes as mesoporous
stacks, as described in Fig. 10A.°® In this module, the P1 line of
the FTO bottom electrode was patterned by the laser scribing
technique, but the P3 line of the carbon electrode was pat-
terned via a screen-printed patterning process that was enabled
by a stencil mesh design (Fig. 10B). In addition, patterning the
TiO, layer via screen printing can improve the series connec-
tions between neighboring subcells, resulting in increases in
the PCEs of PSC modules (Fig. 10C). Because perovskite pre-
cursor inks typically exhibit low viscosity and limited colloidal
stability, preparing dense, defect-lean perovskite layers through
screen printing remains challenging for high-efficiency PSC
modules.””® In contrast, the screen printing process used for

current (mA)
3
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using only industrial fabrication techniques
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Fig. 10 PSC modules based on the printed patterning method. (A) Cross-section schematics of adjacent cells in the module with the nominal thickness
of each layer, highlighting the laser-etched FTO, patterning of TiO, blocking layer and the electrical vertical connection, ensured by the carbon back
contact. (B) Module schematics, showing the different overlapping layers, the dimensions of the active area for both the individual single cell and the
whole module as well as the distance between adjacent cells (inset). (C) /-V curves for the best modules with unpatterned and patterned blocking layer
(BL) (after 144 h at ambient conditions and 48 h of 70% RH treatment). Reproduced with permission from Rossi et al.,%> Copyright 2018 Wiley-VCH
GmbH. (D) Schematic illustration of roll-to-roll production of modules using slot-die coating, reverse gravure (RG) coating and screen printing. (E) Image
showing the deposition of the perovskite layer using a 5-channel SD coater. The deposition of non-stoichiometric perovskite precursor solution, blow-
drying, and the conversion to perovskite by SD coating the MAI solution were carried out in one coating run. (F) Image showing the RG-coated carbon
film on the TCE/ETL/perovskite/HTL stack. (G) Current—voltage curves of a R2R produced module. Inset shows a schematic illustration of the module
structure. Reproduced with permission from Weerasinghe et al.,'°® Copyright 2024 Springer Nature.

Energy Environ. Sci. This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07830j

Open Access Article. Published on 19 March 2026. Downloaded on 4/9/2026 7:56:48 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

mesoporous scaffolds (e.g., meso-TiO, or meso-ZrO,) and car-
bon electrodes is considerably more tractable because of their
higher-viscosity rheology. The systematic optimization of ink
properties (e.g., viscosity, surface tension, and solvent volatility)
and mesh designs (e.g., the thread count, emulsion thickness,
and opening) is expected to improve screen-printed PSC mod-
ules and could reduce or eliminate the reliance on P2/P3 laser
scribing.

In 2023, Vak and his coworkers first demonstrated fully roll-to-
roll-fabricated PSC modules without laser-scribed patterning, indi-
cating that completely printed patterning of P2 and P3 lines is
possible for monolithic module designs.'*® The structure of a PSC
module consists of gravure-printed SnO,, slot-die-coated perovs-
kite and P3HT layers, a gravure-printed carbon electrode, and a
screen-printed silver grid, as illustrated in Fig. 10D. Although the
gap between the striped subcells is slightly wider than that of the
reported laser-scribed modules due to the limitation of the delicate
patterned coating of the composed layers provided by printing
methods, this enables the cost-effective, high-throughput fabrica-
tion of PSC modules (Fig. 10E and F). As a result, the fully roll-to-
roll printed PSC modules had 11% module PCE and a 75% GFF
(Fig. 10G).

4.3 Monolithic PSC modules utilizing laser scribing

Laser scribing has become an indispensable technique for the
fabrication of PSC modules, where precise interconnections
between subcells are critical for achieving high PCEs.">* 7% As
PSCs transition from small-area devices to large-area modules,
minimizing the induced cell-to-module losses relies heavily on
the ability to form narrow and defect-free P1, P2, and P3 scribe
lines that maximize the GFF. In 2015, an early demonstration
performed by Carlo and his coworkers introduced a CO, laser
to pattern the PbI, layer and the P3HT HTL, yielding a module
PCE of 4.3% with a GFF of 73% over a large area of 100 cm>.*° A
CO, laser emits infrared radiation at a wavelength of approxi-
mately 10.6 um; this long wavelength is strongly absorbed by
many materials, particularly organic compounds. With such an
effective photothermal coupling, CO, laser irradiation has been
explored for use in perovskite film annealing as a potential
replacement for conventional thermal annealing."®”

Based on these developments, laser technology has recently
expanded into the film formation stage through laser annealing
processes. For instance, Z. Chu et al. employed a 455 nm
nanosecond laser to induce the complete crystallization of
perovskite films within 25 seconds, achieving a PCE of 24% in
a 100 cm® module.'®® Although lasers are increasingly employed
for high-throughput annealing and crystallization, this review
focuses on their primary role as a scribing technique for the
monolithic series interconnection of modules. During laser
scribing, multiple processing variables, including the wave-
length, fluence (or power density), pulse duration, repetition
rate, spot size, scan speed, and pulse overlap, govern the scribe
quality and, ultimately, the performance of the developed
module."°" Since 2017, nanosecond laser pulses at 532 nm
have been adopted to scribe P2 and P3 lines in laser-patterned
PSC modules.”'>%

This journal is © The Royal Society of Chemistry 2026

View Article Online

Review

State-of-the-art PSC modules typically employ nanosecond
or picosecond laser scribing techniques, achieving GFF values
of up to 95-99%,'41/152163,1657167,169 ywhen precise laser scribing
is employed, the inactive area is reduced, allowing the stripe
width to be decreased to approximately 5 mm, thereby mitigat-
ing the ohmic losses that are associated with the finite sheet
resistance of transparent electrodes such as FTO and ITO. Liu
et al. reported highly efficient p-i-n PSC modules developed by
introducing phosphonic acid SAMs with multiple aromatic
carboxylic acids, which reduced the interfacial energy loss and
improved the quality of the perovskite film."*" The NA-Me4PACz
combination yielded superior buried-interface quality and
higher perovskite crystallinity, leading to further improvements
in the PCE. Utilizing spin coating for film deposition and laser
scribing for series interconnection, a module PCE of 23.06%
was achieved on an 11.1 cm? aperture with a GFF of 97.5%. Jen
and his coworkers demonstrated inverted PSC modules pro-
duced via the spin-coating method and laser scribing technique
to complete the monolithic module design process, as described
in Fig. 11A.'®* Bilayer interface engineering can effectively
passivate defects in the perovskite photoactive layer, thus mini-
mizing the PCE gap that arises with increasing area, resulting in
a module PCE of 21.43% at an aperture area of 15.45 cm” with a
GFF of 92.4% (Fig. 11B).

Recent breakthroughs have continued to push the perfor-
mance boundaries of PSC modules, driven by innovations in both
materials and scalable processing techniques. Yang et al. devel-
oped liquid-crystal-based additives to suppress coprecipitation and
aggregation in large-area perovskite films, enabling uniform defect
passivation and yielding modules with a PCE of 21.1% at a module
area of 31 cm?.'®! In addition, these modules retained their initial
PCEs after 1200 h of damp-heat testing (85% relative humidity,
85 °C). Ding et al. demonstrated PSC modules with a PCE of
23.30% on a 27.22 cm® aperture by incorporating methyl-
tetrahydrotriazinium and dimethylammonium cations to increase
the crystallinity of perovskite film and by employing laser scribing
to achieve a high GFF of 96.5% (Fig. 11C-E).'®® Zhu et al. reported
large-area PSC modules with a 57.20 cm” aperture, achieving a PCE
of 22.76% via doctor blade coating in combination with laser
scribing of the P1, P2, and P3 lines (Fig. 11F and G)."*® Overall,
PSC modules exceeding 20% PCEs have been realized in both
the n-i-p and p-i-n configurations, with many of the highest-
performing methods relying on laser scribing to define their
subcell interconnects.

Although laser scribing offers a patterning resolution of tens
of micrometers, it can also introduce factors that degrade device
performance and stability through process-induced damage and
residue formation. At the fundamental level, laser scribing of
perovskite films involves coupled photothermal and photome-
chanical processes.'”*°! The absorbed photons excite carriers
that relax via nonradiative pathways, transferring energy to the
lattice within ultrashort timescales. With respect to nanosecond
pulses, extended interaction times promote significant thermal
diffusion, often resulting in melting, Pbl, decomposition, and
the redeposition of molten material in a thermally dominated
ablation regime.’®°! In contrast, picosecond or femtosecond
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Fig. 11 Efficient PSC modules based on laser scribing techniques. (A) The device structure of the inverted perovskite solar mini-module in this work. (B)
The J-V curve of bilayer-treated mini-module with 8 subcells. The inset is a picture of a 5 x 5 cm? mini-module. Reproduced with permission from Wang
et al.,*®* Copyright 2024 Elsevier. (C) Cross-sectional SEM image of the target device. Scale bar, 1 pm. (D) Picture of one PSC module. (E) I-V curves of
three consecutive tests from forward and reverse scans for the certified PSC module. Reproduced with permission from Ding et al.,**®> Copyright 2024
Nature Publishing Group. (F) Schematic illustration showing the tri-layer blade-coating manufacturing for TMACL-SnO, or pristine SnO, ETLs,
perovskites, and HTL that is capable of both flexible and rigid substrates. (G) /-V curves of modules using different ETLs under AM 1.5G. Inset is a
photography of the module. Reproduced with permission from Zhu et al.,*®® Copyright 2025 Elsevier.

pulses deposit energy faster than lattice relaxation can occur,
leading to confined heating, explosive boiling, or stress-assisted
liftoff processes.”>'*°2%! C. Wang et al. demonstrated the dis-
tinct advantages of utilizing a femtosecond laser for the mono-
lithic interconnection of perovskite solar mini-modules. The
precision of the ultrashort pulses allowed for the complete
removal of functional layers during P2 scribing without causing
any damage to the underlying conductive substrate, effectively
preventing contact resistance issues and securing a high GFF of
98.3%.2%*

Accordingly, ultrashort-pulse scribing can produce cleaner
trenches with steep sidewalls and reduced debris, which is
particularly beneficial for P2 scribing, where selective removal
of the perovskite and charge-transport layers must be achieved
without damaging the underlying transparent conductive
oxide. However, mitigation of laser-induced damage should
not rely solely on the use of ultrashort pulses or on optimiza-
tion of the laser fluence, pulse duration, overlap, and scanning
speed. Additional practical strategies include depth-selective
patterning to confine ablation to the target layer, inert gas-
assisted scribing to suppress thermochemical by-products and
residue redeposition, and stack engineering with thermally
robust diffusion/barrier layers to inhibit ion migration and

Energy Environ. Sci.

interfacial reactions under local thermal stress.'?”>°>>°¢ More

fundamentally, the thermal burden associated with P2/P3 can
be further reduced through scribe-minimized or scribe-free
interconnection schemes, such as modified monolithic layouts
incorporating diffusion-barrier formation, and mask-defined
non-laser patterning.'®%*%”

D. Jiang et al. effectively described the disadvantages of the
laser scribing technique for the fabrication of conventional
monolithic PSC modules.?*” In monolithic PSC modules, effi-
cient P1, P2, and P3 line patterning is essential for attaining
proper operations (Fig. 12A). During P1 scribing, where rigid
transparent electrodes (FTO or ITO) are patterned, the subse-
quent layers are not yet deposited, so inflicting collateral
damage on the upper stacks is not a concern. In contrast, P2
and P3 scribing can induce thermal and photochemical damage
in adjacent layers, the redeposition of ablated material,
mechanical stress, and chemical decomposition at the scribed
interfaces. Localized heating may degrade the perovskite absor-
ber, ETL/HTL, and electrodes, whereas incomplete ablation can
leave conductive residues that create shunts and leakage path-
ways (Fig. 12B). During P2 scribing, exposure of the perovskite
to hot metal and reactive species may accelerate phase changes
(e.g., perovskite — Pbl,), promote halide losses or ion diffusion,

This journal is © The Royal Society of Chemistry 2026
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and facilitate interdiffusion at buried interfaces (Fig. 12C). In
addition, the misalignment of the P2 trench or insufficient
removal down to the transport layer reduces the effective
recombination contact, leading to series-resistance penalties
and current losses (Fig. 12D). For both P2 and P3, localized
thermal decomposition processes can leave Pbl, residues, drive
the metal particle redeposition procedure into the device stack,
or unintentionally over-etch the bottom electrode, any of which
may compromise the functionality of the constructed module
(Fig. 12E).

These detrimental effects result in electrical shunting,
increased nonradiative recombination effects, and reduced device
efficiency and stability, which have spurred research into two
complementary mitigation strategies: (1) optimizing the scribing
parameters, including the laser wavelength, fluence (power den-
sity), pulse duration, repetition rate, spot size, scanning speed, and
pulse overlap, and (2) introducing protective barrier layers. A
strategic study conducted by Schultz et al demonstrated that
replacing nanosecond pulses with picosecond pulses for P2 scrib-
ing improves the performance of perovskite solar modules by

This journal is © The Royal Society of Chemistry 2026

reducing Pbl, debris, minimizing thermal damage, and produ-
cing cleaner, steeper scribes with lower series resistance and
higher fill factors.>”® Under ns pulses, a low fluence leaves
significant residues that decrease as the fluence increases with
a concomitant broadening of the scribe width; splashes and
solidified rims indicate strong thermal effects. In contrast, ps
scribing yields sharply defined trench edges even at low fluences
(Fig. 13A and B).

Consequently, ps pulses favor a stress-assisted ablation
regime with minimal collateral damage, whereas ns pulses drive
thermally dominated ablations with heat diffusion, splashing,
and residue formation; these distinct mechanisms are schema-
tically illustrated in Fig. 13C. Further process-level solutions, as
reported by Udalova et al., explore whether directing an inert gas
(e.g., Ar) flow onto the scribe zone suppresses the formation of
the PbI,/PbO, associated with photo- and thermochemical path-
ways (Fig. 13D).*®® Another strategy involves engineering the
device stack to include a diffusion barrier.>*® Bi et al. introduced
low-dimensional diffusion barriers based on thermally stable
Al,O; at the perovskite/top-electrode interface to inhibit halide
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migration (Fig. 13E). Notably, compared with their 0D/1D coun-
terparts, low-temperature solution-processed 2D barrier layers
more effectively block ion diffusion pathways (Fig. 13F). While
these measures alleviate scribing-induced degradations, they
remain technically demanding and add to the overall incurred
manufacturing cost.

Compared with OSC modules, PSC modules demand dis-
tinct laser processing conditions because of their material
compositions. Higher laser fluences are often required for
PSCs, primarily because their crystalline perovskite absorbers
are significantly denser (e.g., FAPbI; at ~4.2 g cm ™) than the
polymeric layers in OSCs (e.g., PM6:Y6 at ~1.2 ¢ cm™*).>%° This
greater mass per unit volume necessitates more energy to reach
the ablation threshold. Precise fluence control is therefore
essential for achieving complete layer removal while preserving
the integrity of the transparent electrode. The degradation

Energy Environ. Sci.

pathways of PSCs further complicate the scribing process. In
contrast with the relatively hydrophobic organic films in OSCs,
perovskite absorbers are hygroscopic and chemically unstable
once decomposed. Local laser heating accelerates their break-
down into PbI, and volatile organics, producing weak points that
are highly susceptible to moisture ingresses. Grain boundaries,
which are inherent to polycrystalline perovskites, serve as rapid
ion migration pathways, and laser-induced defects or halide
vacancies can exacerbate ion drift issues. These combined effects
increase the risk of long-term instability in laser-defined
interconnects.

Thus, the advantages of laser scribing in PSC modules must
be coupled with stability-oriented considerations. Beyond geome-
trical precision and inactive area minimization, a successful
implementation requires controlled decomposition residues,
reduced moisture penetration pathways, and limited ion migration

This journal is © The Royal Society of Chemistry 2026
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triggered at grain boundaries. By addressing these issues, the well-
documented benefits of laser interconnection, such as aperture
ratios exceeding 90% and reduced cell-to-module losses, can be
translated into PSC modules that achieve not only high efficiency
but also reliable long-term operations.

4.4 Other designs for PSC modules

Laser scribing is the dominant patterning method for high-
efficiency PSC modules, but its potential for inducing damage
has spurred research into alternative, scribe-less interconnec-
tion strategies. One novel approach is electrochemical pattern-
ing, which involves the formation of an in situ conductive link
without the mechanical or thermal ablation of the device
layers.>'® This method exploits the intrinsic ionic conductivity
of the perovskite material. As schematically described in
Fig. 14A, instead of creating a P2 scribe, an electric field is
applied across the SCR, which drives the migration of mobile
metal ions (Ag") from the electrode through the device, forming
conductive, metal-filamentary nanoelectrodes that bridge the
top electrode of one cell to the bottom electrode of the next cell.
Utilizing this electrochemical method to form the P2 connec-
tion, a total inactive area of 600 um comprising P1, P2, and P3

View Article Online
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was achieved, resulting in a certified module PCE of 14.1% in a
9.06 cm” area with a high GFF of 94.1% (Fig. 14b). However,
this innovative technique presents its own challenges. The
process of applying a precise voltage to each individual SCR
can be complex to scale, and there are concerns that the
continued diffusion of metal ions during operations could be
a long-term stability risk.

Recent research has further explored several module
designs to address the challenges faced by conventional laser
scribing, focusing on providing improved stability, simplifying
the fabrication process, and maximizing the GFF.'6%207>11-216
One approach, which was reported by H. Zhou et al., improved
the performance of a large-area PSC module with a uniform film
at a constant low temperature by modifying the monolithic
process with a novel P1.5 scribing step that created a natural
diffusion barrier layer (DBL) at the interconnection (Fig. 14C)."®°
The resulting modules achieved a certified PCE of 22.73% on a
14.625 cm’® aperture with a GFF of 94.7% (Fig. 14D). With the
suppressed ion interdiffusion process and metal-halide reactions
resulting from the P1.5 step, the module retained more than 82%
of its initial performance after 328 h of aging at 25 °C and 30-40%
relative humidity (Fig. 14E). Other strategies aim to eliminate the
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Fig. 14 Other PSC module structures. (A) Scheme of the SFN formation process via ion migration and electrochemical reaction. (B) (Left) Photograph of
the large-area perovskite film and completed module (total area of 9.06 cm?) and (right) optical microscopy image of a module region near the SCR ((A)
width between the Ag electrodes; (B) width of the SCR; (C) width between the ITO electrodes; (D) total width of the inactive area). Reproduced with
permission from Hong et al.,?!® Copyright 2018 American Association for the Advancement of Science. (C) Schematic diagram of the structure of a
module with a DBL built at the interconnection interface by P1.5. UIPL is the upper interface passivation layer. (D) Certified quasi-steady-state /-V
measurement conducted at Newport, including the performance parameters. The certified aperture area of this module is 14.61 cm?. (E) Aging stability
tracking of modules in ambient air (25 °C, 30-40% humidity). Reproduced with permission from Zhou et al.,**® Copyright 2024 Nature Publishing Group.
(F) SEM images (I-11l) and EDS results (IV-VI) of the P2 and P3 channels prepared via AWM. (G) The microscopic image of the interconnection of a module
with a GFF of 98%. (H) J-V curves of a PSM with an active area of 12 cm?. Reproduced with permission from Jiang et al.,2°” Copyright 2024 Elsevier.
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subtractive scribing procedure altogether. Jiang et al. developed
an adjustable wire mask (AWM) to pattern all-vapor-phase-pro-
cessed PSC modules without laser scribing.””” As shown in
Fig. 14F, the AWM enables clean definitions of the P2 and P3
lines, which are free of metal residue and Pb contamination within
the P2 trench. Eliminating laser patterning reduced the perovskite
decomposition risk and resulted in a GFF of 98% with a module
PCE of 18.4% (Fig. 14G and H).

Additionally, novel interconnection geometries have been
explored to push the limits of the GFF. Pakocevic et al. proposed
a point-contact interconnection by locally removing P2 from a
circular motif to establish contact between the top and bottom
electrodes, thereby minimizing the inactive area and achieving a
near-ideal GFF of 99%.>'® However, the PCE of their module lagged
behind that of its laser- or mechanically scribed counterparts
because of increased contact resistance in the interconnection
region. This highlights the critical tradeoff between geometric
gains and electrical performance in module architectures. Despite
the development of novel module designs, the conventional series-
connected architecture remains foundational to most high-
performance PSCs. Even advanced concepts, such as a P4 scribe
for clearing edges and narrowing the dimensions of subcells, are
still derivatives of this monolithic approach.***'* However,

A

n-i-p

conductor

conductor
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degradation risks arise when laser patterning is used for P2 and
P3 scribes because at P2, the scribing process can create a direct and
unstable interface between the top metal electrode and the perovs-
kite absorber, and at P3, the functional and/or perovskite layers
become exposed to laser-induced thermal and photochemical
stresses. The issues associated with P3 can be mitigated by tighter
process control and cleaner scribed trench formation schemes, but
the direct metal-layer that is contact inherent to P2 scribing is
difficult to avoid without additional protective or buffer layers.

To address this constraint at the architectural level, an alter-
native n-i-p and p-i-n module design, analogous to the P2-free
strategies explored in OSCs, has been proposed for PSCs
(Fig. 15).*" In this structure, the perovskite photoactive film
remains fully continuous and unpatterned, thereby preventing
direct contact between the top electrode and the adjacent layers
in the interconnection region. The series connection is instead
formed by the selective deposition of alternating ETLs and HTLs,
creating a sequence of conventional and inverted subcells.
Although such a configuration is a promising candidate for scal-
able manufacturing, it imposes strict requirements regarding the
precise, high-resolution deposition of the charge-transport layers
(HTL/ETL), which may complicate high-throughput production
processes.

n-i-p

B Interconnection width 1

back contact

Interconnection width 2

P3

back contact

back contact
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glass

Fig. 15 Alternative PSC module designs. (A) Solar module comprising solar cells with regular (n—i—p) and inverse (p—i—n) structures side-by-side.
Adjacent cells are alternatingly connected through front contact and back contact. (B) More accurate representation of this solar module. (C) Same
module structure but with included bypass diodes (bpd). Reproduced with permission from Boschloo et al.,?Y” Copyright 2023 American Chemical

Society.
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5. Challenges posed by monolithic
OSC and PSC modules

As discussed above, the implementation of fine patterning has
substantially enhanced the GFF, and continuous advancements
in materials and interfacial engineering have collectively con-
tributed to a remarkable improvement in the overall efficiency
of modules. To realize highly efficient monolithic modules,
patterning approaches are primarily categorized into mechan-
ical scribing, printing patterning, and laser scribing, among
which laser scribing has been predominantly adopted as the
method of choice for fabricating modules with optimal
efficiency.””7° Among these approaches, laser scribing pro-
cesses employing various wavelengths (e.g., 355 nm, 532 nm,
1064 nm, and 10.6 pm) have been widely adopted in the
fabrication of high-efficiency OSC and PSC modules (Table
S1). However, a major limitation in comparing laser scribing
studies across the literature is the absence of standardized
criteria for defining scribe quality and its long-term impact. In
numerous studies, the effectiveness of P1, P2, or P3 patterning
is inferred primarily from optical micrographs or final module
PCE values, even though these indicators alone do not fully
serve the electrical and durability implications of the scribed
region.

To accelerate the commercialization of OSC and PSC mod-
ules, establishing a standardized characterization framework
for evaluating scribing quality is therefore imperative. Cur-
rently, the field lacks uniform metrics, making it difficult to
benchmark performance across different laboratories. There-
fore, we propose a multi-dimensional evaluation protocol that
encompasses four complementary categories: (i) geometrical
and morphological metrics, including trench width precision,
line edge roughness, recrystallization index, and the extent of
the heat-affected zone; (ii) chemical and compositional mar-
kers, specifically a debris generation index and the quantifica-
tion of decomposition products, such as PbI, in PSCs; (iii)
electrical figures of merit, emphasizing sheet-to-sheet isolation
resistance (R;s,) for P1, contact resistance (R.) at the P2 inter-
face, and leakage or shunting behavior in P3; and (iv) durability
metrics, which track the evolution of these characteristics
under operational or environmental aging.

In practice, such an assessment requires a synergistic combi-
nation of structural and localized electrical analyses. Geometrical
and morphological features can be defined through optical
microscopy, scanning electron microscopy (SEM), and profilome-
try for trench depth and edge profiles. Spatially resolved techni-
ques, such as laser beam-induced current (LBIC), can analyze
local resistance changes and defects by mapping short-circuit
currents.>'® Furthermore, the adoption of inline operando diag-
nostics, including bright-field microscopy combined with photo-
luminescence (PL) and electroluminescence (EL) imaging,
provides a non-destructive pathway to map inactive dead zones
and identify localized shunt pathways.”*® Additionally, dark lock-
in thermography (DLIT) performed under reverse bias conditions
can detect localized heating caused by leakage current.””° Exam-
ining these multi-dimensional indicators together will identify

This journal is © The Royal Society of Chemistry 2026
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the spatial correlation between laser-induced material deforma-
tion and electrical defects, facilitating the development of high-
yield manufacturing processes and accurate predictions of long-
term module stability.>**

In the monolithic designs of OSC and PSC modules, P1
patterning involves etching rigid oxide-based transparent electro-
des such as ITO or FTO, for which the laser scribing process is
considered the most suitable method for achieving precise pat-
terning. Although the laser scribing process can enable fine
patterning of the P2 and P3 lines, it is also associated with the
drawback of inducing degradations in the surrounding areas. The
potential for inflicting thermal damage when lasers with longer
pulse durations are used can result in incomplete or uneven
scribing effects, affecting the performance of the constructed
device, as described above. From a practical perspective, the
long-term and operational stability of OSC and PSC modules
depends on several key factors: robust active and charge-
transport materials, stable buried interfaces, damage-minimized
P2/P3 patterning, protective or scribe-free module architectures,
and uniform large-area processing. Because degradation often
originates from unstable interconnection regions, interfacial reac-
tions, and coating nonuniformity, meaningful progress in module
stability requires the combined optimization of materials, inter-
faces, interconnection design, and scalable fabrication. Mechan-
ical scribing can avoid such drawbacks of laser scribing but faces
challenges that arise from its physical contact nature.”>'” The
direct force exerted by a needle or blade during the process has the
potential to cause scratches, microcracks, or even the delamina-
tion of delicate, thin-film layers (Fig. 16a). As damage accumulates,
the integrity of the underlying transparent electrode is compro-
mised or parasitic shunting paths are created, severely degrading
the performance and yield of the device. Another challenge is the
generation of residues and particulate contamination. In contrast
with ablation-based methods, mechanical scribing displaces mate-
rial, which can accumulate as burrs along the edge of the scribe
line or be redeposited as debris. These contaminants possibly
interfere with the subsequent layer deposition steps or create
electrical shorts within the interconnection region. Furthermore,
mechanical scribing is constrained by an inherent resolution limit,
which is determined by the physical dimensions of the scribing
tip. This complicates the achievement of ultranarrow interconnec-
tion widths that are possible with other methods, thus imposing a
limit on the maximum attainable GFF. Finally, ensuring long-term
process reliability is a significant hurdle for industrial-scale man-
ufacturing cases, as the physical wear suffered by the scribing tool
over time can lead to process drift and a loss of reproducibility.

An ideal module fabrication strategy would aim to achieve a
high GFF while eliminating the P2 scribing process. Printing-
based patterning methods, including slot-die, screen, and
inkjet printing, offer inherent compatibility with roll-to-roll
manufacturing.'*®**>*4 In this approach, functional materials
are deposited only within defined regions, without the need for
subsequent etching or scribing; however, film uniformity and
alignment accuracy limitations generally result in lower GFFs
and PCEs than those of laser-defined architectures. The funda-
mental challenge lies in ink engineering. Each printing method,
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Fig. 16 Mechanical and printed patterning issues. (A) Mechanical patterning issues causing irregular lines, cracks, delamination, debris, and damage to
the component layers. (B) Printed pattering issues caused by the coffee ring and inverse coffee ring effects.

be it an inkjet, screen, or slot-die approach, demands inks with
precisely tailored rheological properties, including exact viscos-
ity, surface tension, and drying kinetics values. The develop-
ment of stable, jettable, or spreadable inks, especially for
chemically sensitive materials such as perovskites, is a nontri-
vial task that directly affects the quality of the final film. Even
with a well-formulated ink, achieving deposition uniformity
over large areas is complicated by the complex fluid dynamics
observed during drying, which frequently leads to performance-
degrading defects such as the coffee-ring effect in droplet-based
methods such as inkjet printing and edge effects (film thicken-
ing at the boundaries) in meniscus-based methods such as slot-
die coating (Fig. 16B).

Finally, printing-based patterning faces an inherent resolu-
tion limit. The precision of this method is often constrained by
physical factors such as ink spreading on the substrate, satellite
droplet formation during inkjet printing, or the mesh size and
ink bleeding during screen printing. This limited resolution
makes it difficult to fabricate the narrow, high-precision inter-
connection lines that are required to achieve a high GFF, which
is why a fully printed, high-efficiency module remains a sig-
nificant research goal. This type of printing pattern is expected to
be more useful if the conductivity of the bottom transparent
electrode can be increased, allowing for the coating of wider
stripes (~2 cm). Additionally, P2 lines can be uniformly pat-
terned with widths of 300-500 um, and these printing methods
could serve as strong alternatives. Recent advances in solution
engineering, surface energy modification, and process control are
narrowing this gap, with prepatterned printing emerging as a
promising low-cost, scalable alternative for the implementation
of future modules."*®

Fine patterning based on printing can also be realized
through integration with 3D printing technology. With the recent
development of 3D printing technology, D. Vak et al. conducted
pioneering research applying this approach to OSC modules,
utilizing a 3D printer integrated with a slot-die coater to deposit
the P3HT:PCBM photoactive layer (Fig. 17A).”** They successfully
demonstrated P3HT films with both point and slot nozzles
equipped with a 3D printer, as shown in Fig. 17B. Although the
gap width between each pair of stripes was not narrow enough

Energy Environ. Sci.

(2 mm) to avoid overlapping subcells, the first 3D-printed OSC
module was fabricated without the P2 laser scribing process
(Fig. 17C). Y.-J. Heo et al. demonstrated the production of large-
area OSC modules using a 3D printing process without laser-
scribed P2 line patterning, achieving a 4.8% PCE in a 10 cm?
active area (Fig. 17D and E).**°

L. Mao et al. developed the Maobi printing technique, which
is also called the ink brush method, and it was equipped with a
3D printing machine (Fig. 17F).>*” All stacked layers were
slightly shifted to ensure series connections, and the OSC
modules exhibited 6.3% PCE in an active area of 18 cm?
(Fig. 17G). S.S. Sangale et al. also attempted to fabricate
3D-printed PSCs with a slot-die head, and the coating conditions,
such as the feeding rate, coating speed, and substrate temperature,
were controlled by software (Fig. 17H).>*® In this research, the PSC
module structure was completed via P2 mechanical scribing
processes instead of direct perovskite layer patterning (Fig. 171).
The proposed PSC module achieved a PCE of up to 17.66% for an
8.64 cm? active area, which demonstrated that 3D printing can be
applied not only to OSCs but also universally to PSCs and that it
may become an important tool for future module fabrication
scenarios (Fig. 17]).

Thus far, we have discussed efficient module architectures
aimed at improving the GFF, providing enhanced efficiency and
stability, and reducing the incurred processing costs. In view of
the GFF, a commonly overlooked aspect is that silicon-based
solar cells calculate the PCE on the basis of the entire wafer
area, and both the cell and module scales are significantly
larger than those of OSCs and PSCs. In accordance with the
commercialized silicon wafer sizes of M6 (166 x 166 mm?),
M10 (182 x 182 mm?), and M12 (210 x 210 mm?), an area of
approximately 200 cm? is considered the minimum size for the
submodules of OSC and PSC panels.?**"**" In fact, the area that
is currently used at the cell level in silicon-based solar cells has
been adopted at the large-area module level in OSCs and PSCs.
In practical GFF calculations, the intercell spacing, defined by a
strip width of approximately 1 cm, is typically regarded as the
effective module area, whereas the areas outside the active
regions constituting the module are generally neglected.”*
Therefore, it is necessary to develop deposition technologies,

This journal is © The Royal Society of Chemistry 2026
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Fig. 17 The 3D printer employed for solution processing. (A) Schematic illustration of this work. A 3D printer was modified for solution processing for the
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in printing mode with a point nozzle and (right) in coating mode with a slot nozzle. (C) J-V curve of a module with 47.3 cm? of active area and a single cell
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Wiley-VCH GmbH. (D) Photographic image of slot-die-coated large area photovoltaic modules during printing process and (E) corresponding current
density—voltage curves of the champion cell. Reproduced with permission from Heo et al.,?*® Copyright 2017 American Chemical Society. (F) Schematic
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the motor-driven, computer-controlled Maobi coating setup. Reproduced with permission from Mao et al.,??’ Copyright 2018 Royal Society of
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curves of the convergence minimodule configured by connecting the upper and lower electrodes in parallel and connecting the subcells in series. The
inset shows an image of the convergence minimodule and the designed electronic circuit. Reproduced with permission from Sangale et al.,?%® Copyright

2023 Wiley-VCH GmbH.

module architectures, and module interconnection strategies
that can minimize substrate margins, similar to the approaches
used in silicon-based solar cells.

Recent demonstrations have exemplified the move from
laboratory-scale fabrication to the real-world deployment of
large-area organic and perovskite solar modules. Following
the initial park-scale implementations, Krebs and his cowor-
kers established that organic solar cell modules can be inte-
grated into outdoor environments with an aggregate output
exceeding 1300 W over an expansive 88.2 m’ active area,
confirming their scalability and viability for the generation of
distributed energy, as shown in Fig. 18A.>** The “infinity”
concept-based module, featuring large-scale serial connections
of more than 7000 single-junction subcells, enables exceedingly
high open-circuit voltages of up to 5.6 kV, as validated through
a prototype-level implementation and field testing.>** Parallel
progress in perovskite technologies has provided further evi-
dence of industrial upscaling. Han and his coworkers achieved
printable triple mesoscopic PSC modules with certified effi-
ciencies exceeding 10% over a 100 cm” area, culminating in the

This journal is © The Royal Society of Chemistry 2026

assembly of a 7 m” solar panel composed of these cells, as
depicted in Fig. 18B.>** Notably, a 110 m” perovskite PV array,
fabricated via screen printing with individual triple mesoscopic
modules exceeding 3600 cm? each, is manufactured by Wonder
Solar, marking a tangible step toward commercial applications
of large-area perovskite solar systems.>*°

To evaluate potential upscaling methodologies, it is essential
to consider the multifaceted trade-offs among patterning preci-
sion, throughput, and manufacturing cost. For high-precision
interconnection with minimal thermal damage, ultrafast lasers,
such as picosecond or femtosecond, are generally preferred over
conventional nanosecond lasers. These ultrafast lasers enable
near-cold ablation, thereby reducing the heat-affected zone and
preserving the structural integrity of the surrounding organic or
perovskite layers. Conversely, while laser-based processes offer
superior resolution, mechanical scribing holds distinct advan-
tages in terms of high-throughput for certain module architec-
tures. By circumventing thermal issues, it remains a viable
option for rapid mass production in which processing speed
is prioritized over extreme precision. Furthermore, to maximize
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Installations of OSC and PSC modules. (A) Photograph of the helium-filled balloon with attached solar cells and an /-V-curve (left). The

photograph on the right shows three installation scenarios combined — balloon, wooden solar park structure (with just 2 stripes of solar cells), and tubes
(flat, and blown-up in the background). Reproduced with permission from Espinosa et al.,2** Copyright 2014 Royal Society of Chemistry. (B) Image of
7 m? printable perovskite solar panels. Reproduced with permission from Hu et al.,?*> Copyright 2017 Wiley-VCH GmbH.

cost-competitiveness, direct patterning approaches, such as
inkjet printing, slot-die coating, and screen printing, should
be considered. These techniques can reduce material waste and
simplify processing by eliminating the redundant steps typically
associated with conventional subtractive scribing methods.

The evolution from individual modules to either large
single-area modules or panelized systems represents a crucial
technological advance for OSC and PSC technologies. The
success of this transition will determine whether these emer-
ging photovoltaic technologies can achieve the scale, reliability,
and cost-effectiveness that are required for widespread com-
mercial adoption and if they can compete effectively with
established silicon photovoltaic systems.

6. Al for the design and fabrication of
OSC and PSC modules

The development of high-performance OSC and PSC modules
involves navigating a complex, high-dimensional space consisting
of materials, processing parameters, and device architectures. The

Energy Environ. Sci.

traditional trial-and-error approaches are often slow and resource-
intensive. To accelerate the path to commercialization, artificial
intelligence (AI) and machine learning (ML) have emerged as
powerful tools for guiding research and development processes
in a more systematic, data-driven manner.**”>*° The applica-
tions of AI can be broadly categorized into three key areas, i.e.,
material discovery, process optimization, and performance ana-
lysis, yielding commercialized manufacturing techniques, as
illustrated in Fig. 19. The performance of OSCs and PSCs is
fundamentally dictated by the properties of their constituent
materials. A/ML models can rapidly accelerate the discovery of
new, high-performance materials through high-throughput vir-
tual screening schemes.

In most current studies, their primary role is to prioritize
promising candidates within predefined chemical spaces
rather than to autonomously generate entirely new material
classes. X. Cai et al. combined ML with high-throughput
density functional theory (DFT) calculations to screen a stagger-
ing 180038 electrically neutral compounds. This process
allowed them to narrow the search to just 597 candidates with
suitable stability and band gaps.>*' A. Mannodi-Kanakkithodi

This journal is © The Royal Society of Chemistry 2026
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management procedures.

et al. used a data-driven framework to screen 17955 com-
pounds from a predicted dataset. By applying ML models to
predict stability, band gap, and defect tolerance, they identified
574 promising candidates, significantly speeding up the
identification of viable alloys.*** By training on large datasets
of known materials, these models can predict key properties,
such as bandgaps, energy levels (HOMO/LUMO), and chemical
stability, of novel candidate molecules or perovskite composi-
tions based solely on their structures. This allows researchers to
computationally screen vast chemical libraries and identify the
most promising candidates for synthesis, dramatically redu-
cing their experimental effort and time costs. More advanced
inverse design approaches even allow Al to generate entirely
new molecular structures that are tailored to have specific,
desired sets of properties.

Implementing high-performance materials in a large-area
module requires precise control over the fabrication process.
The quality of a printed or coated layer, for example, depends
on a multitude of parameters, including the ink formulation,
coating speed, substrate temperature, and drying conditions.

This journal is © The Royal Society of Chemistry 2026

Bayesian optimization and other ML algorithms are exception-
ally well suited for exploring this vast parameter space.>**">*® By
intelligently selecting which experiments to perform next, these
methods can efficiently identify the optimal processing condi-
tions for maximizing the quality of films and the performance
of devices with a minimal number of experimental runs. For
monolithic cell integration, the quality of P1-P3 patterning
depends on the underlying processing conditions such as the
wavelength, fluence, pulse duration, repetition rate, spot size,
scan speed, overlap, and gas purge in such laser scribing
techniques. AI accelerates the recipe development process by
learning variables that map these inputs to the scribing width,
recrystallization/debris generation index, edge roughness, iso-
lation resistance, and electrical figures of merit (e.g., Rsh, Rs,
and FF). Multiobjective Bayesian optimization searches the
Pareto front to minimize the dead area and thermal budget
with optimal isolation, while physics-regularized losses pena-
lize solutions that violate basic thermal diffusion or ablation
scaling conditions. Inline vision based on bright-field, PL/EL,
and infrared imaging provides automatic labels for clean or
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damaged scribed trenches, enabling continuous drift correc-
tions to be implemented as the optics age or substrates vary.

For large-area solar panel arrays in real-field applications,
the module design is delicately engineered to balance the
resistive loss (i.e., the finite TCO conductivity and bus topology)
against the aperture loss (i.e., the dead width of the scribe).
Physics-informed ML facilitates rapid sweeps over the stripe
width/pitch, P2/P3 spacing, and busbar/finger grids using
differentiable proxies for the cell-to-module loss and optical
transfer modeling. The constraints that must be considered
include the minimum trench pitch for the yield, encapsulation
keep-outs, and aesthetic targets for semitransparent/BIPV mod-
ules. The optimizer produces a range of layouts (n-i-p, p-i-n,
alternating normal/inverted, and P2-free) along with the pre-
dicted PCE, GFF, and manufacturability index. In terms of
industrial-scale production, Al is poised to enable smart man-
ufacturing. By integrating in situ metrology (e.g., cameras and
spectrometers) into a roll-to-roll production line, Al models can
analyze data in real time to detect defects, predict performance,
and provide automated feedback for controlling and adjust
process parameters on the fly.>*” This capability is critical for
ensuring the high-yield, consistent production of large-area
modules. For semitransparent OSC/PSC modules, AI balances
the average visible transmittance (AVT) and haze against the
PCE by cotuning the optical cavity thickness, transparent con-
ductor, and scribe geometry. For flexible modules, mechanics-
aware models incorporate neutral-axis placement and fatigue
proxies to avoid scribe-initiated crack propagation, guiding the
substrate thickness, grid reinforcement, and interconnect rout-
ing choices.

Finally, the long-term stability of modules is a primary
concern for their commercial viability. AI/ML models can be
trained on accelerated aging data to predict the operational
lifetimes of new device architectures under various environ-
mental stressors (e.g., heat, humidity, and light).>*® This data-
driven approach can significantly shorten the protracted pro-
cess of stability testing. Furthermore, AI can be used for
advanced diagnostics; by analyzing performance data such as
J-V curves or PL images, machine learning can identify specific
degradation modes or defect signatures, helping researchers
rapidly diagnose and address the root causes of performance
losses.”*’

7. Conclusions and outlook

Over the past two decades, advances in materials, processing
methods, and architecture have rapidly elevated OSC and PSC
modules from proofs of concepts to competitive thin-film tech-
nologies, positioning them as viable next-generation alternatives
to silicon. However, the translation of their record-breaking small-
cell efficiencies into commercially relevant, large-area modules
remains a central challenge, primarily because of the cell-to-
module performance gap. This review provides a comprehensive
overview of the module designs and fabrication techniques that
have been developed to bridge this gap, highlighting a discernible
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evolutionary path and persistent challenges. A monolithic, series-
connected architecture has been established as the foundational
design for both OSCs and PSCs, born from the necessity of
mitigating the resistive losses induced by transparent conductive
oxides. The implementation of this design has driven the evolu-
tion of patterning technologies, as well as mechanical, printing-
defined, and laser scribing techniques. Mechanical routes, on
the other hand, offer low tooling costs but face precision,
damage risk, and scalability limits. Printing-defined approaches
promise additive, roll-to-roll compatibility, but they demand
stringent ink rheology and deposition control, and in PSCs, they
are often complemented by subtractive steps. Laser scribing,
which is now prevalent in record-setting modules, results in
narrow P1-P3 features and high GFFs exceeding 95%, but the
associated thermal/chemical liabilities (e.g., PbI, residues and
collateral damage) demand a careful selection process for the
wavelength, pulse regime, and fluence, especially for hygro-
scopic, ion-migrating perovskites.

In response to these challenges, innovative P2-free or scribe-
less module architectures have emerged. These designs, which
incorporate alternating n-i-p/p—-i-n structures on a continuous
TCO, selective active-layer deposition, and in situ electrochemi-
cal patterning, signify a paradigm shift, with aims of eliminat-
ing the problematic P2 scribing process entirely, maximizing
the GFF and providing enhanced stability. These novel designs
illustrate viable paths to lower cell-to-module losses without
relying exclusively on high-energy ablative steps, but they also
introduce their own set of fabrication complexities, such as the
necessity for the high-resolution, selective deposition of func-
tional layers. From a future perspective, the maturation of Al/
ML across the materials discovery, process tuning, and module
layout optimization domains has the potential to shorten devel-
opment cycles and stabilize manufacturing procedures. The
data-driven optimization of coating/printing windows and P1-
P3 recipes, coupled with inline vision for closed-loop control,
facilitates systematic reductions in the dead width and thermal
budget while maintaining isolation. At the array level, physics-
informed optimization enables the codesign of the stripe pitch,
interconnect spacing, and bus topology under practical con-
straints (e.g., yields, keep-outs, and AVT/haze targets for BIPVs).
Finally, learning from accelerated aging process and operando
diagnostics offers a principled route for predicting and extend-
ing the lifetimes of modules.

To realize the commercialization of PSCs and OSCs, a
phased market entry strategy is currently unfolding. The first
wave of commercialization is already emerging in the low-light
and indoor photonics market. Unlike silicon, PSCs and OSCs
maintain high conversion efficiencies under indoor lighting
(LED, fluorescent), making them ideal power sources for inter-
net of things (IoT) devices and self-powered electronics. Follow-
ing this initial phase, specialized applications such as BIPV and
VIPV present significant opportunities. Their lightweight, flex-
ible, and semi-transparent nature allows for seamless integration
into windows, facades, and curved vehicle surfaces—areas where
conventional c-Si panels are structurally or aesthetically limited.
For the large-scale utility market traditionally dominated by

This journal is © The Royal Society of Chemistry 2026
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silicon, the current research trend is shifting toward perovskite/
silicon tandem solar cells. This strategy aims to surpass the
Shockley-Queisser limit of single-junction cells, offering a
viable path to compete with established power generation
infrastructures. However, the broader commercialization of
single-junction PSCs and OSCs will still require simultaneous
progress in efficiency, long-term stability (beyond 20 years), and
cost-competitiveness, together with advances in scalable manu-
facturing, encapsulation reliability, and production yield. In this
sense, commercialization is likely to proceed first in niche and
application-specific markets, expanding into larger energy mar-
kets as these technological and manufacturing barriers are
progressively resolved.

In summary, the successful closure of the cell-to-module gap
for both OSCs and PSCs is contingent upon integrative progress
in terms of the following: (i) an architecture that minimizes the
inactive area without incurring resistive penalties, (ii) a pattern-
ing scheme that is precise yet gentle for sensitive stacks, (iii) a
deposition method that scales with uniformity and registration,
and (iv) an Al-assisted fabrication strategy that turns variability
into controllable parameters. A comprehensive approach for
addressing the aforementioned factors has been identified as
the most effective strategy for producing modules that are
highly efficient, durable, and cost effective.
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