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ABSTRACT

Perovskite solar cells (PSCs) have recently demonstrated laboratory-scale power conversion efficiencies (PCEs) exceeding 27%,
a value that now matches the most efficient silicon photovoltaics. Their low-temperature, solution-processable fabrication and
compatibility with flexible substrates position PSCs as candidates for next-generation photovoltaic technologies. Notably, PSCs
fabricated on flexible substrates have been shown to demonstrate efficiencies that exceed 26% PCE, however the efficiency of
flexible modules remains under 22%. Roll-to-roll (R2R) deposition has emerged as a leading candidate to transition PSC fabrication
to a practical manufacturing environment. In this review, we focus on R2R processing of PSCs and discuss the techniques that have
been developed to control perovskite structure, crystallinity, and morphology. In particular, we explore the effects of perovskite
composition, solvent engineering, film-drying, and additive engineering, which can be harnessed to optimise device performance,
with fully R2R-fabricated PSCs demonstrated having PCEs above 15%, and R2R printed modules reaching a PCE of 11%. A number
of challenges remain, including maintaining film quality at high substrate throughput, ensuring the long-term stability of devices,
and reducing the cost of module integration.

high power-to-weight ratio and mechanical flexibility of PSCs,
new applications are enabled [13, 14], such as wearable electronics

1 | Introduction

The efficiency of organic-inorganic perovskite solar cells (PSCs)
has advanced significantly since their initial report in 2009,
when a power conversion efficiency (PCE) of 3.8% was first
demonstrated [1]. Within just over a decade, laboratory-scale
PSCs have reached a PCE of 27.0%; a value only 0.3% lower
than that of conventional silicon photovoltaics [2, 3]. This rise in
performance is attributed to the unique optoelectronic properties
of metal-halide perovskites, including high absorption coefficient
[4], long charge-carrier diffusion lengths [5], high defect tolerance
[6, 7], and tunable bandgaps [8-11]. Beyond high efficiency,
PSCs offer advantages over traditional silicon photovoltaics, such
as low-temperature and solution-processability, together with
compatibility with lightweight, flexible substrates [12]. Due to the

[15,16], integration with curved surfaces, and building-integrated
photovoltaics [17].

Translating the high performance of PSCs from the laboratory
to commercial products requires scalable fabrication methods.
These methods must enable manufacturing on a moving web
with defined line speed and coating width, together with module-
relevant patterning and series interconnection strategies. Unlike
silicon photovoltaics, which rely on batch wafer processing,
PSCs can be produced using roll-to-roll (R2R) coating methods
thanks to their ability to be processed from solution [18]. R2R
processing is a continuous web-based manufacturing method
in which a flexible substrate is transported from an unwinder

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
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FIGURE 1 | Schematics of a slot-die coating line used in perovskite printing (a), dismantled slot die coater head (b), and the menisci positioning

under different processing parameters and the coating window (c).

to a rewinder under controlled web tension and speed. Along
the web path, sequential process modules such as coating,
printing, drying, annealing, surface treatment, patterning, or
lamination are integrated together, allowing functional layers
to be deposited and transformed in a continuous manner. R2R
production enables high-throughput, low-cost manufacturing of
PSCs by printing them onto flexible plastic or metal foils [19, 20]
and is commonly used in the printing and packaging industries
[21]. The commercialization of PSCs will rely on closing the
gap between the performance of large-scale processed devices
and small-scale devices that are created in the laboratory by
spin-coating. Here, manufacturing strategy and cost competitive-
ness will depend on the desired product format and module
architecture, for example, flexible vs rigid or single-junction
vs tandem [20, 22]. Possible manufacturing processes include
sheet-to-sheet processing on glass and perovskite—silicon tandem
integration, or R2R processing of flexible perovskite devices. For
flexible PSCs, R2R manufacturing is a plausible route to high-
throughput fabrication and reducing production cost relative to
batch processing [20, 23].

Fabrication of PSCs via R2R processing involves the sequen-
tial deposition of functional device layers onto a continuously
transported flexible substrate, typically a transparent-conductive-
oxide (TCO)-coated polymer film, which is unwound from a feed
roll and then rewound after processing. Among R2R-compatible
coating techniques used to process perovskite solar cells, slot-
die coating has emerged as the most widely adopted method
for scale-up due to its pre-metered nature, compatibility with
continuous processing, and ability to deliver uniform thin films
over large areas [21, 24-32]. While alternative R2R techniques
such as gravure printing have demonstrated high efficiencies
on flexible substrates [33], the transfer-based nature of gravure
printing in which film formation depends on cell filling and ink
transfer efficiency makes it less suitable for uniform large-area
multilayer deposition [34]. In contrast, slot-die coating is a pre-
metered technique that provides deterministic control over wet
film thickness.

As shown in Figure 1a, slot-die coating relies on delivering a
solution through a narrow slit onto a moving substrate, which
is then deposited as a wet film. Here, the film thickness and
uniformity can be precisely controlled by adjusting the solution
flow rate and substrate speed [35]. The slot-die head that consists

of different components, such as upstream and downstream die,
shim, and meniscus guide (Figure 1b) that play a key role in even
distribution of solution across the coating width and stabilizing
the meniscus during the coating process [36]. The narrow channel
confined between two dies of the slot-die head is created by a
shim that can control the pressure drop of the pumped solution
passing through the channel. The pressure drop is determined
by the Poiseuille flow equation, AP = Lk :V , where p, V, L, and
b are the solution viscosity, flow rate, the channel length, and
width, respectively [37]. As the solution exits the slit, it creates a
meniscus between the slot-die head lips and the moving substrate.
Due to the movement of the substrate, a various flow rates
(known as Couette flow) is formed in the channel between the
upstream/downstream lips and the substrate that is governed by
the Navier-Stokes equation [38]. Here, the position of upstream
and downstream menisci is determined by the balance between
the Poiseuille and Couette flow dynamics, where the solution flow
rate (i.e., pump rate) and coating speed govern them, respectively.
Figure Ic illustrates how changing these processing parameters
alters the menisci positioning and how it can deliver a stable
coating window. This technique can also be used to produce
patterned stripes using a shim or meniscus guide, allowing the
fabrication of solar cell modules in which sub-cells are separated
by uncoated regions [29]. Furthermore, slot-die coating offers
efficient material usage and supports continuous, high-speed
processing on the meter-per-minute scale while maintaining
uniform coatings. Despite such advantages, R2R slot-die coating
introduces new processing challenges compared to lab-scale
methods for PSC fabrication. In particular, perovskite crystalliza-
tion differs significantly between spin coating and slot-die coating
due to a variation in solvent dynamics, nucleation mechanisms,
and processing conditions [39]. This review outlines the rapid
progress in R2R development of PSCs, emphasizing the need
for scalable manufacturing to bridge the gap between laboratory
research and industrial application. Table 1 summarises the key
terminilogy of R2R perovskite manufacturing.

2 | Perovskite Crystallisation and Drying
Dynamics

The crystallization of a perovskite from a precursor solution can
be explained using classical nucleation theory and the La Mer
model [40, 41]. The La Mer model consists of three main stages, as
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TABLE 1 | Key terminology used in R2R perovskite manufacturing.

Term

Definition

Roll-to-roll (R2R)

Continuous manufacturing process in which a flexible substrate moves from an unwinder to

a rewinder while passing through coating, printing, and drying stations.

Fully R2R fabrication

Hybrid R2R fabrication

Slot-die coating

Meniscus coating

Single-step deposition
Two-step deposition

Module geometric fill
factor

All device layers deposited using R2R-compatible processes without batch deposition

methods.

A combination of R2R coating steps with batch processes, such as vacuum evaporation.

Pre-metered coating technique in which film thickness is controlled by flow rate and web

speed.

Coating method in which a liquid meniscus is maintained between the coating head and

substrate.

Perovskite formed from a single precursor solution.
Sequential formation of perovskite via metal-halide precursor and organic salt conversion.

Ratio of active photovoltaic area to total module area.

shown in Figure 2a. In the first stage, solvent evaporation results
in an increase in the precursor concentration, with the solution
reaching a critical supersaturation concentration (C). At this
point, “stage I1” is reached in which rapid nucleation and growth
of perovskite crystals occur. The precursor solution is at this point
in a non-equilibrium state, with supersaturation acting as the
driving force for crystal nucleation. The nuclei, which form, then
grow following the diffusion of precursors from the surrounding
solution. At some point within stage II, the solution reaches its
maximum concentration (C,,,,) due to a trade-off between the
rate at which the solvent is evaporating and the “consumption”
of the monomers due to crystal nucleation and growth. At this
point, the solution concentration then starts to reduce, and at
some point, falls below Cg. Nucleation then stops, and the process
enters “stage III” in which the growth of crystals saturates, with
solution concentration eventually reaching an equilibrium level.

On the basis of the La Mer model, one should expect the
formation of uniform, densely packed, and defect-free perovskite
films to require rapid nucleation and slow crystal growth [41].
In a spin coating process, the centrifugal force aids solvent
evaporation and drives the high evaporation rate necessary to
create a high density of nuclei. However, rapid crystal growth
can result in an imbalance between nucleation and growth,
resulting in the development of a dendritic perovskite structure.
Antisolvents that are miscible with the primary solvent but do not
dissolve the precursors can be applied to a wet film during spin
coating to induce nucleation and rapid supersaturation. This is
generally followed by thermal annealing of a perovskite film to
evaporate any remaining solvent and increase the diffusion rate,
resulting in accelerated grain growth.

In contrast to spin coating, meniscus-coating deposition tech-
niques such as slot-die coating and doctor blading form films
via a dynamic meniscus that transfers liquid to the substrate,
governing the wet-film thickness and solvent removal profile.
However, slot-die coating operates as a pre-metered process in
which thickness is primarily set by the liquid flow rate and
substrate speed, whereas doctor blading is a self-metered process
that typically follows a Landau-Levich regime, with thickness

determined by the balance of viscous drag and capillary forces
[42, 43]. In these approaches, solvent evaporation is typically
slower than in spin coating because of the absence of centrifugal
force. For this reason, film drying is often accelerated using
one or a combination of a number of methods, such as hot
casting [44], gas quenching [45], the use of volatile solvents
[46], or vacuum quenching [47]. Both doctor blading and slot-
die coating belong to the broader class of meniscus-coating
methods and therefore share similar wet-film formation and
evaporation-driven supersaturation dynamics, with grain growth
being governed by similar physicochemical principles [42, 48].
Note, however, slot-die coating introduces additional process
constraints, for example, the requirement to balance ink flow
rate with web speed and maintain a stable coating bead. Chen
et al. compared perovskite crystallisation using spin coating and
doctor blading, and found that although both methods exhibit
crystallisation that starts at the film surface, the underlying
mechanisms differ [49]. In spin coating using an antisolvent
treatment, top-down grain growth occurs in two stages: a rapid
conversion within the first few seconds, followed by a slower
process lasting up to 10 min. It was suggested that the film surface
crystallises quickly during annealing, while residual solvents
such as Dimethyl sulfoxide (DMSO) take longer to escape from
the bulk. In contrast, blade coating using gas quenching and a
volatile solvent system initially forms a mixed phase of perovskite
and other intermediate compounds at room temperature. Such
remaining intermediate phases are then eliminated upon thermal
annealing. The study also concluded that solvent evaporation
from the top surface initiates vertical crystallisation in blade-
coated films. It seems, therefore, that solvent drying is a critical
step necessary to create high-quality perovskite films.

In slot-die coating, perovskite crystallization can be explained
through three distinct pathways defined by how supersaturation
and phase conversion are induced during the drying of a wet film,
asdepicted in Figure 2b. One widely adopted route is evaporation-
accelerated nucleation, in which rapid solvent removal via
gas-quenching, hot casting, vacuum quenching, or the use of
high-volatility solvent systems drives rapid supersaturation and
high nucleation density, enabling continuous film formation.
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FIGURE 2 | (a)The crystallisation stages of a perovskite based on the La Mer model. Reproduced with permission from [40] Copyright 2018 John

Wiley and Sons. (b) Schematics of crystallization pathways of perovskite film in slot-die coating. (c) The processing stages of thin films by solution-based

methods, such as slot-die coating. Reproduced with permission from [46]. Copyright 2023 John Wiley and Sons.

However, if the solvent quench is excessively rapid, grain growth
becomes kinetically limited, suppressing Ostwald ripening and
preventing the dissolution of smaller crystallites into larger
grains [50]. A second route is intermediate-phase mediated crys-
tallization, where highly coordinating solvents/additives such
as dimethyl sulfoxide (DMSO), N-Methyl-2-pyrrolidone (NMP),
and Dipropyl sulfoxide (DPSO) are used to stabilize solvent-
perovskite adducts that subsequently convert to the perovskite
phase during annealing. This allows a decoupling of coating and
crystallization but introducing sensitivity to residual solvent and
incomplete conversion [51-53]. A third pathway involves sequen-
tial layer deposition, in which a metal-halide precursor (PbX,)
layer is first deposited and later converted to a perovskite by
exposure to organic halide salts by diffusion-limited conversion.
This can offer improved tolerance to ambient processing but is

susceptible to incomplete conversion or the formation of residual
PbX, if diffusion and reaction kinetics are not well balanced [24,
44).

The solution-processed deposition of perovskites is highly depen-
dent on the casting solvent that is used. One study categorized
the role of the solvent in the different stages of perovskite film
growth as depicted in Figure 2c [46]. When selecting a precursor-
solvent (precursor), a high solubility of the various components is
necessary at the desired molar concentrations. In the second stage
(processing), solvents play a critical role in achieving a uniform
wet film during coating by tuning the rheology and surface
tension of the ink. Stage III (drying) involves the controlled
removal of solvent; a process that promotes thin-film formation
and may lead to the formation of intermediate phases. Finally, in
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the last stage (thermal annealing) a conversion to the crystalline
perovskite phase happens through the removal of all remaining
solvent.

One of the main challenges in controlling the crystallization of
a perovskite during R2R slot-die coating is to adjust the solvent
evaporation rate via thermal annealing to create a high-quality
film. As discussed above, spin coating commonly relies on anti-
solvent treatments to induce rapid crystallization, a step that
cannot be applied in R2R slot-die coating [30]. In contrast, R2R
slot-die coating requires precise control of drying kinetics, ink
rheology, and process parameters to create high-quality films
comparable to those made under laboratory conditions. Each
coated film must dry rapidly, as prolonged crystallisation or
annealing will interrupt a continuous process or will require
equipment having a large physical footprint. Furthermore, the
flexible substrates used in R2R systems cannot tolerate high
temperatures (typically above 140°C); a constraint that further
limits thermal treatment options [30]. For this reason, achieving
uniform perovskite crystallization at high line speeds is par-
ticularly challenging. Perovskite inks often crystallize quickly,
with the films produced containing defects such as pinholes or
incomplete coverage if the deposition process is not properly
managed. While gas quenching combined with R2R processing
can be effective, it requires fine-tuning and may suffer from
reproducibility issues in large-scale processes due to factors
like airflow turbulence or limitations in system configurations
[54, 55]. However, when fully optimized, gas quenching can
completely replace antisolvent steps in a continuous process line.
Key components in the parameter space optimization include gas
flow rate, air-knife angle, air-knife slit opening size, and air-knife
to web distance [55].

3 | Recent Progress in R2R Slot-Die Coating of
PSCs

3.1 | Perovskite Composition

A variety of perovskite absorber materials have been adapted
for R2R fabrication, with these materials designed to improve
device performance and stability. Early R2R demonstrations
often used methylammonium lead triiodide (MAPbIL,) perovskite.
For example, Zuo et al. formulated a methylammonium lead
iodide ink with ammonium chloride (NH,Cl) additive to control
crystallization, achieving high-quality MAPDI, films [31]. Using
this formulation, a lab-scale PCE of 19.5% in ambient air was
attained, with the process then translated to slot-die coating,
reaching a PCE of 15.6% on glass, and around 11.2% PCE on a
flexible substrate using R2R coating.

Following this, mixed-cation perovskites (i.e., incorporating
formamidinum (FA) and cesium (Cs) in addition to methylam-
monium (MA) in the precursor solution) and mixed-halide (i.e.,
amix of iodide and bromide anions) perovskites emerged, having
improved stability both at elevated temperature and under ambi-
ent conditions. For example, Othman et al. demonstrated a triple-
cation mixed-halide perovskite (FA, ;s MA15CSo.06Pb(Io.55Br0.15)3)
processed by R2R slot-die in an inverted cell architecture,
achieving a PCE of 12% [56]. Others then employed FA-rich com-
positions and 2D/organic additive strategies to enhance moisture
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FIGURE 3 | PCE trends of R2R processed perovskite solar cells
compared to small-scale devices fabricated by spin coating [2, 24-33, 39,
44, 47, 56-65].

resistance when coating in ambient air [21, 26]. Recently, a bro-
mide, wide-bandgap perovskite (CsFAPbBr;) having a bandgap
of 2.3 eV has been explored using R2R printing. This formulation
directly targeted building-integrated and tandem applications
[24].

We note that the materials used in R2R PSCs come from the
same family of halide perovskites as those used in high-efficiency
spin-coated cells. However, it is necessary to tailor perovskite ink
formulations for compatibility with R2R processing; this involves
incorporating features such as humidity-tolerant polymers, alter-
native solvents, and crystallization additives.

3.2 | Performance of R2R Slot-Die Coated PSCs

The power conversion efficiencies of R2R-fabricated PSCs have
steadily improved, closing the gap with spin-coated devices.
Figure 3 compares the evolution in efficiency over the last years
of R2R printed PSCs with the state-of-the-art spin coated devices.

3.2.1 | Single-Step Deposition

The first demonstrations of R2R slot-die coated PSCs were
reported in 2015, with PCEs of between 4.9% and 5.1% attained,
with all layers except the back electrode deposited using R2R
coating methods [62, 63]. Single-step R2R PSCs demonstrated a
PCE of 11.16% in 2018 by introducing NH,Cl additive to MAPbI;,
which enhanced film morphology [31]. Galagan et al. then
demonstrated an efficiency of 13.5% by using R2R to coat the MA-
free perovskite Csj,sFA,gsPbl, ¢sBry 5. A triple cation perovskite
device with a PCE of 16.7% was then demonstrated by Sutherland
et al. that incorporated a dry-pressed Ag/carbon electrode [28].
This was comparable in efficiency to a control device that had
an evaporated gold electrode, which had a PCE of 17.4%; a result
demonstrating a minimal efficiency loss when moving to a fully
printed approach. Notably, Weerasinghe et al. reported fully R2R-
coated PSCs coated in an ambient environment utilizing a R2R
printable carbon paste and achieved a PCE of 15.5%. Modules
having an active area of 50 cm? and a PCE of 11% were also
demonstrated [26]. A schematic of the full R2R production of
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these PSCs is shown in Figure 4a. Here, the electron transport
layer (ETL), perovskite, and hole transport layer (HTL) were
deposited by R2R slot-die coating, with the carbon electrode being
screen printed.

While traditional perovskite precursor inks have generally relied
on the use polar aprotic solvents such as N,N-dimethylformamide
(DMF) and DMSO), Dou and colleagues reported MAPbI, devices
deposited from an acetonitrile solvent that had been exposed to
a methylamine gas. Such films dry quickly and form uniform
films without the need of gas quenching or hot casting. Using
this material system, R2R-coated PSCs on flexible glass substrates
were reported having a PCE of 14.1% [60]. Burkitt et al. used
a similar solvent system on a polyethylene terephthalate (PET)
substrate, achieving devices with a PCE of 12.2% thanks to the
introduction of an HCI additive into the perovskite precursor.
Film drying was also controlled using a gas quenching technique
[29].

3.2.2 | Two-Step Deposition

The two-step deposition method was originally developed for
spin coating, but has been effectively adapted for blade coating,
making it suitable for large-scale commercial applications [66,
67]. This method involves initially depositing a layer of lead iodide
(PbL,) on a substrate, followed by converting it into a perovskite
phase through exposure to a solution containing organic halide
salts. The two-step deposition technique significantly enhances
the fabrication of high-quality perovskite films and is especially
useful in environments with fluctuating humidity levels [58, 68].
In 2017, Heo et al. reported devices with a 11% PCE processed

via R2R slot-die coating in air using sequential deposition; here,
Pbl, was first deposited, followed by gas quenching and methy-
lammonium iodide (MAI) deposition [32]. It was shown that
film processability was improved by retarding the crystallisation
and aiding the perovskite phase formation by adding less than a
stoichiometric amount of organic salt (30 mol% of MAI) to the
second step solution.

Park and colleagues then explored a two-step deposition of a
CsFAPbDI; perovskite by incorporating Cs salts in the first step,
followed by formamidinium iodide (FAI) deposition in the second
step. With the combination of intensive pulse light annealing
(IPL), together with the addition of a Cs formate salt in the
Pbl, solution, a device PCE of 16.87% was demonstrated, with
10 cm x 10 cm perovskite solar modules reaching a PCE of 11.25%
[21]. Jafarzadeh et al. also demonstrated that two-step R2R slot-
die coating can be used to deposit wide-bandgap perovskites
using bromide-only salts in an ambient environment [24]. The
incorporation of CsBr in the PbBr, solution, together with the
addition of 10% butanol, enabled the fabrication of PSCs having
a PCE of 8.97%, with 5 x 5 cm?* modules created having a PCE of
5.8%. Figure 4b shows a schematic of the two-step R2R deposition
of a CsFAPDbBTr; perovskite.

Overall, both single-step and two-step R2R deposition methods
are effective for scalable fabrication of perovskite solar cells,
though each presents distinct trade-offs. The single-step approach
offers a simpler, faster process that supports continuous print-
ing and accommodates diverse solvent and additive systems.
It has achieved the highest reported PCEs for R2R-processed
devices, reaching nearly 18% for small-area cells and over 11%
for modules [21, 26]. In contrast, the two-step method provides
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finer control over crystallization and film uniformity, making
it suitable for compositional tuning and for wide-bandgap or
mixed-halide perovskites, though efficiencies are typically lower.
From a manufacturing perspective, these trends suggest that
single-step deposition strategies combined with solvent and
drying engineering are currently more compatible with high-
throughput, fully inline R2R processing, as they minimize process
complexity and reduce the number of sequential coating and
conversion steps. In contrast, the additional processing stages
required in two-step deposition introduce challenges for integra-
tion into continuous production lines, particularly at high web
speeds.

The key performance metrics and fabrication details of reported
R2R slot-die coated perovskite solar cells and modules are sum-
marized in Tables 2 and 3, respectively. Note that in these tables,
R2R-coated perovskite solar cells and modules are classified
as being Hybrid R2R when the perovskite stack is only partly
deposited by R2R processing, with at least one key layer fabricated
off-line (most often the vacuum-deposited metal electrode). In
contrast, Fully R2R refers to devices in which all functional layers
are deposited in an R2R-compatible in-line sequence, enabling in-
line drying or curing, including electrode formation by printing,
lamination, or vacuum web coating. Tables 2 and 3 highlight
that the highest device efficiencies are predominantly achieved in
hybrid R2R architectures that still rely on vacuum-deposited elec-
trodes, whereas fully R2R devices although are rapidly improving
generally exhibit lower efficiencies, underscoring that electrode
integration and interface control remain key bottlenecks for fully
inline manufacturing.

3.3 | Device Stability

Stability is a critical concern for PSCs, and it becomes even more
important when scaling devices up for manufacture. For R2R-
fabricated PSCs, achieving long-term operation means addressing
both intrinsic material stability and extrinsic factors such as
moisture ingress, thermal cycling, and mechanical stress on
flexible modules.

Advances in perovskite compositions and interfaces have led to
the development of more robust R2R-printed cells. The move
from pure MAPbDI; to mixed cation formulations has increased
both thermal and phase stability. In one of the first stability
measurements of R2R-coated PSCs, a fully printed flexible device
incorporating a carbon electrode showed negligible efficiency loss
after 24 h of continuous 1-sun illumination when encapsulated
using a barrier film. This initial level of operational stability
was attributed to the inert and robust carbon back electrode as
well as the use of stable interfaces that did not degrade under
light [28]. Beynon et al. then showed that fully R2R-coated
perovskite cells with PET/ITO/SnO,/perovskite/PEDOT/carbon
stack retained 84% of their original efficiency after 1000 h at
70% relative humidity and at 25°C in the dark [27]. Table 4 sum-
marizes the reported stability of R2R-processed perovskite solar
cells.

Mechanical stability is also important, since R2R modules
must withstand bending and handling during their produc-
tion. Additional mechanical robustness is also required if the

product is intended to be bent and or stretched during opera-
tion. Sutherland et al. demonstrated that a device architecture
of PET/ITO/SnO,/CsFAMAPb(IBr);/Spiro-OMeTAD/C/Ag with
printed-carbon/silver electrode could be bent 3000 times around
a bending radius of 10 mm while retaining >90% of its initial
efficiency [28]. This mechanical robustness is partly due to the
avoidance of thick metal electrodes, together with the use of
conductive carbon composites and polymer-based layers that can
flex without cracking. Such durability is essential for applications
like wearable PV or roll-up solar chargers. It also suggests that
R2R fabrication (which involves winding and unwinding flexible
substrates) does not introduce fatal mechanical stress into the
device stack.

We note that although R2R PSC devices have shown encourag-
ing stability under dark storage, damp-heat tests, and bending
experiments, these results should not be interpreted as evidence
of achieving commercial readiness. Achieving levels of stability
similar to silicon-PV (25+ years) remains a major hurdle for PSCs,
especially for R2R-coated devices. Indeed, ensuring stability
under real-world outdoor conditions remains a challenge. Here,
a key reason for this is that many indoor stability tests do not
reproduce the combined stressors experienced outdoors, includ-
ing ultraviolet irradiation, oxygen ingress, light and temperature
cycling, reverse-bias stress under partial shading, and module-
level degradation that is often initiated at interconnections
and encapsulation weak points [70]. For large-area perovskite
modules in particular, dominant outdoor degradation pathways
include photooxidation, ion migration, and interfacial reactions
under thermal-light stress, delamination and adhesive failure at
scribed or laminated regions, and encapsulation failure acceler-
ated by UV exposure and thermomechanical cycling [70]. It is
clear therefore, that future progress should therefore be evaluated
not only by International Summit on Organic Photovoltaic
Stability (ISOS) metrics, but also by outdoor-relevant multi-
stressor testing that captures module-level failure propagation.
With further refinements, R2R PSC modules are expected to meet
the longevity requirements for practical deployment, especially
when encapsulated using flexible barrier materials.

4 | Challenges in R2R Slot-Die Coated PSCs
4.1 | Controlled Film Formation

Replicating the high-quality perovskite films found in spin-coated
cells in a fast R2R process is a significant challenge. Here, the
continuous coating process imposes a number of constraints;
for example, wet films must crystallize quickly without the use
of anti-solvent quenching steps. Furthermore, there is limited
time for the solvent to evaporate on a moving substrate. If not
carefully managed, this can lead to incomplete conversion or the
formation of morphological defects (e.g., pinholes, non-uniform
sized grains) that reduce device efficiency. A combination of
heated stages and the use of gas quenching techniques were intro-
duced to accelerate solvent evaporation and induce nucleation
and crystal growth in perovskite wet films. The quenching gas
flow rate, its temperature, and substrate temperature play key
roles in achieving high-quality perovskite films over large areas
[55, 66]. By engineering the solvent system, optimizing coating
and quenching parameters, and introducing additives to the
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TABLE 2 | Summary of reported R2R slot-die coated perovskite solar cells, showing the year, device architecture, perovskite and electrode deposition methods, and corresponding PCE.
Perovskite
Year Device Architecture Deposition Electrode PCE (%) Refs.
Hybrid R2R
2015 PET/ITO/PEDOT:PSS/MAPbB(ICI);/PCBM/ZnO/Ag Single step Ag (Screen Printing) 4.9 [63]
2015 PET/ITO/PEDOT:PSS/MAPbB(ICI);/PCBM/ZnO/Ag Single step Ag (Evaporation) 5.1 [62]
2017 PET/ITO/ZnO/FAMAPbI,/PEDOT/MoOx/Ag Two-step Ag (Evaporation) 1 [32]
2018 PET/ ITO/PEDOT:PSS/ MAPbIL,/PCBM/Ca/Al Two-step Al (Evaporation) 1.2 [31]
2018 PET/ITO/SnO,/CsFAPb(IBr),/Spiro/Au Single step Au (Evaporation) 13.5 [61]
2018 Flex Glass/ 1ZO/Sn0O,/MAPI/Spiro/Au Single step Au (Evaporation) 14.1 [60]
2019 Single step Al (Evaporation) 1.7 [30]
PET/ITO/PEDOT:PSS/MAFACsPb(IBr);/PCBM/C60/PEIE/Ag
2019 PET/ITO/ SnO,/MAFACsPbI,/Spiro/Ag Single step Ag (Evaporation) 9.9 [69]
2020 PET/ PEDOT:PSS/MAPI/PCBM/BCP/Ag Single step Ag (Evaporation) 12.2 [29]
2020 PET/ITO/SnO2/FAMAPb(IBr),/P3HT/Au Single step Au (Evaporation) 13.8 [33]
2021 PET/ITO/PEDOT:PSS/CsFAMAPb(IBr),/PCBM/PEIE/Au Single step Au (Evaporation) 12.0 [56]
2021 PET/ITO/Sn0O,/FAMAPbBL;/PPDT2FBT/C/Cu/Al Single step C/Cu/Al (Pressure 10.0 [59]
Lamination)
2022 PET/ITO/SnO,/CsFAMAPbH(IBr),/ Spiro/C/Ag Single step Au (Evaporation) 17.4 [28]
2022 PET/ITO SnO,/ MAPbL,/Spiro/Ag Single step Ag (Evaporation) 13.0 [44]
2022 PET/TCE/SnO,/CFAMPb(IBr),/Spiro/carbon/Ag Single step Ag/C (Bar Coated-Pressed) 16.7 [28]
2023 PET/ITO/SnO,/ FAMAPbLL,/PPDT2FBT/Au Single step Au (Evaporation) 17.9 [26]
2024 PET/IMI/SnO,/CsFAPbBr;/PEDOT/Carbon Two-step Carbon (Blade Coating) 8.9 [24]
2024 PET/ITO/SnO,/CsFAPDL,/Spiro/Au Single step Au (Evaporation) 16.9 [21]
Fully R2R
2023 PET/ITO/Sn0O,/ MAPbI,/PEDOT/Carbon Single step Carbon (R2R) 10.8 [27]
. 2024 PET/ITO/SnO,/FAMAPDIL,/PPDT2FBT/Carbon Single step Carbon (R2R) 15.5 [26]
§ 2025 Ti/Sn0,/C60/ MAPbI;/NiO/Ni Single step R2R Vacuum Coating 12.8 [25]
3
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TABLE 3 | Reported R2R printed perovskite solar modules with the year, device architecture, perovskite deposition method, and corresponding

module area and PCE.

Perovskite Module PCE
Year Device Architecture Deposition Module Area (cm?) (%) Refs.
Hybrid R2R
2024 PET/IMI/SnO,/CsFAPbBr;/PEDOT/Carbon  Two-step 16.8 5.8 [24]
2024 PET/ITO/Sn0O,/CsFAPDIL;/Spiro/Au Single step 94.6 11.3 [21]
Fully R2R
2024 Single step 50.0 11.0 [26]
PET/ITO/SnO,/FAMAPbI3/PPDT2FBT/Carbon
TABLE 4 | Reported stability of R2R processed Perovskite solar cells.
Protocol Device Architecture Stability Refs.
ISOS D1 (not specified) PET/ITO/PEDOT:PSS/MAPb(ICI)/PCBM/ZnO/Ag Ty, (100 h) [62]
ISOS D1 (not specified) PET/ITO/SnO2/FAMAPb(IBr)3/P3HT/Au ~Tgq (960 h) [33]
ISOS D1 (not specified) PET/IMI/SnO,/CsFAPbBr;/PEDOT/Carbon Ty, (4,000 h) [24]
ISOS D1 (RT, 10% RH) PET/ITO/SnO,/FAMAPbL;/PPDT2FBT/C/Cu/Al T65 (2,400 h) [56]
ISOS D3 (65°C, 85% RH) PET/IMI/SnO,/CsFAPbBr,/PEDOT/Carbon Ty, (125 h), T, (350 h) [24]
ISOS D3 (65°C, 85% RH) PET/ITO/SnO,/MAPI/PEDOT/Carbon Ty (3,600 h) [27]
~ISOS L1 (not specified) PET/ITO/PEDOT:PSS/CsFAMAPb(IBr),/PCBM/PEIE/Au Tys (33 h) [56]
ISOS L1 (ambient, 0.7 PET/IMI/SnO,/CsFAPbBr,/PEDOT/Carbon Ty, (550 h) [24]

sun)

perovskite precursor ink, researchers have been able to control
crystallization kinetics of the perovskite [71]. For example, mixing
non-volatile coordinating solvents (e.g., DMSO) with volatile
non-coordinating solvents (e.g., acetonitrile, 2-methoxyethanol)
enabled Yehao et al. to deposit blade-coated modules at a high
deposition speed (99 mm/s) having 16.4% PCE with an area of 60
cm? [72]. Kim et al. added 0.2 wt.% of polyethylene oxide (PEO)
to a perovskite precursor to retard crystallization. By hot-casting
the film, it was possible to significantly increase the tolerance of
the wet film to ambient humidity, with dense, uniform crystalline
films produced upon drying [30]. The addition of Cs salts such
as Csl, CsBr, and Cs formate have also been shown to enhance
perovskite crystallinity by aiding the formation of phase-pure
perovskite [21, 24, 44]. Adding butanol as a co-solvent has also
been shown to improve perovskite film quality by lowering
surface tension [24].

In summary, by using chemical additives and engineering con-
trols, the challenge of fast yet controlled film formation in R2R
processes is being addressed. This has been shown to yield
perovskite layers having comparable quality to those made by
slower batch processes.

4.2 | Ambient Processing Challenges
Perovskites are sensitive to moisture and oxygen during film for-

mation, however high-performance cells are traditionally made
in inert gloveboxes or dry rooms. For practical, scalable, and

commercial R2R production, coating in ambient air is desirable
to avoid costly environmental controls. Beyond the use of ink
additives such as polyethylene oxide (PEO) that confer humidity
tolerance [30], researchers have shown that certain perovskite
compositions can be processed under ambient conditions with
devices having minimal efficiency loss. For instance, wide-
bandgap perovskites rich in bromide have been found to be less
moisture-sensitive and have been successfully coated in air [24].
High-throughput experimentation has also helped define robust
process windows. For example, Weerasinghe et al. performed a
combinatorial R2R trial of 1600 devices processed under different
conditions to identify a parameter space that allowed high-quality
films to be created, even under ambient conditions [26]. By
systematically optimizing coating speed, drying temperature, and
ink chemistry, solar cells were created under ambient conditions
with a PCE of 15%. This demonstrates that with proper precursor
formulation and process tuning, R2R PSC fabrication can be
made compatible with ambient processing. This finding should
greatly simplify the R2R scale-up process.

4.3 | Electrode Deposition and Module Layout

The metal back electrode (e.g., gold or silver) in high-efficiency
PSCs is typically deposited by thermal evaporation, a vacuum
process that is clearly very different from R2R solution-based
coating. The cost of gold is very high and can account for 70%
of the module cost in lab-scale devices [73, 74]. Additionally,
connecting multiple cells in series on a flexible module requires
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FIGURE 5 | (a)Schematic and photograph of conventional R2R slot-die coated modules with P1-P2-P3 laser scribing, having a dimension of 10 x 10
cm?. Figures reproduced with permission from [21]. Copyright 2024 American Chemical Society. (b) Schematic of groove-based architecture perovskite
module production (i) embossing, (ii) deposition of charge transport layers, (iii) perovskite deposition and (iv) schematic of device cross-section
reproduced from [25] under the terms of the Creative Commons Attribution (CC BY) license.

patterning via laser scribing steps that need adaptation for R2R
production.

Carbon-based conductive inks and pastes have emerged as a
viable alternative to evaporated metals, offering good conduc-
tivity and stability at a fraction of the cost [64]. Such carbon
electrodes can be doctor-bladed, or screen printed under ambi-
ent conditions. Sutherland et al. demonstrated a vacuum-free,
solvent-free lamination method to deposit a carbon electrode
onto printed PSC films, yielding flexible R2R devices with record
PCEs of 16.7% reported [28]. Beynon et al. similarly used a
solution-processed carbon top electrode in a fully R2R all-printed
architecture [27]. Replacing ITO is an active area of research, with
novel architectures such as back-contact perovskites explored
to eliminate transparent electrodes entirely. Blackburn et al.
recently fabricated back-contact perovskite mini-modules on
flexible sheets using fully R2R methods, with embossed micro-
grooves having alternating walls coated with n- and p-type
contacts [25]. In this approach, the electrodes and charge trans-
port layers were deposited via R2R vacuum coating, while the

perovskite layer was deposited using R2R slot-die coating. The
back-contact architecture that was used eliminated the need
for top electrodes, transparent conductive oxides, and laser
processing, simplifying the device structure and reducing costs
[25]. Such fully printed groove devices achieved PCEs up to
12.8%, and importantly, contained no indium or other expensive
materials, suggesting a route toward a sustainable, low-cost
module technology.

For module integration, laser or mechanical scribing used in
rigid modules can be translated to R2R processing by in-line
patterning. For instance, laser scribers on a roll system have
been used to create the P1, P2, and P3 isolation lines as shown
in Figure 5a. Some R2R lines have incorporated such scribing
steps between coatings, or have used masked printing to create
stripes to achieve series connection [24, 26]. For the back-contact
groove devices reported by Blackburn et al., series connection
was achieved through the inherent geometry of the device design,
with each filled groove being series connected to its neighbour
without use of laser ablation [25]. Figure 5b highlights this
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FIGURE 6 | (a)Supply risk assessment of inorganic materials used for TW-scale perovskite PV. Reproduced with permission from [75]. Copyright

2024 Elsevier. (b) Solvents used in the R2R-processed PSCs versus device performance. (c) Projected production cost for Au electrode-based modules and

(d) Projected production cost for printed carbon electrode-based modules reporoduced from [26] under the terms of the Creative Commons Attribution

(CC BY) license.

back-contact groove design, with the corresponding photograph
showing a module having such a device architecture.

4.4 | Scalability and Cost

Beyond the technical aspects discussed above, scaling the man-
ufacture of modules to millions of square meters introduces
economic and supply chain challenges. Wagner et al. conducted
a quantitative assessment of material demand for multi-terawatt
(TW) scale perovskite tandem PV production and found that
while most materials used in PSCs are not supply-limited, a
few key materials pose serious scalability challenges, as shown

in the Figure 6a [75]. Indeed, it was emphasized that while
perovskite layers use low material volumes due to their sub-
micron thickness, the cumulative material demand for multi-TW
annual production would be non-negligible. For example, pro-
ducing 1 TWp of perovskite tandem modules would require over
30 000 tons of material distributed across all functional layers.
Substituting high-risk materials is not only possible but necessary.
For transparent electrodes, materials such as Aluminium doped
Zinc Oxide (AZO) offer viable paths to eliminate indium are being
explored but no commercial solution is currently available [76].
Similarly, for opaque electrodes, graphite and base metals like
copper or aluminium are being considered as replacements for
gold and silver.
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TABLE 5 | Summary of Challenges and mitigation strategies in fabrication of R2R Perovskite Solar Cells.

Challenge Main Issues

Controlled Film
Formation

Rapid crystallisation on a moving
substrate Non-uniform grain
formation

Moisture and oxygen sensitivity
Degradation during coating
outside inert environments

Ambient processing

Electrode deposition
and module layout

High cost and vacuum processing
of Au/Ag electrodes Complex
patterning for series connection

Material and solvent supply
risks; expensive components (Au,
ITO) Environmental and safety
issues with toxic solvents

Scalability and cost

Mitigation Strategies / Approaches Refs.
Gas quenching/vacuum quenching [47, 55, 66]
Solvent Engineering (volatile solvents) [72]
Additives (PEO and Cs salts) to tune [30, 21]
crystallisation and surface tension
Hot casting/ substrate temperature control [44]
Humidity-tolerant additives and two-step [30, 57]
deposition
Process optimisation via high-throughput [26]
parameter mapping
Carbon-based printable electrodes [26, 27]
ITO-free and back-contact device [25]
architectures
Integration of inline laser or masked [26]
patterning for P1-P3 scribing
Substitution with earth-abundant [26, 27, 76]
materials (Carbon, Cu, Al, AZO)
Solvent recovery and recycling [75]
Low-toxicity or green solvent systems [80]
Cost reduction via high-throughput [26]

continuous R2R lines

We note that a techno-economic analysis of R2R fabricated PSCs
indicates that total module manufacturing cost is dominated by
materials rather than by coating equipment [77]. The major cost
drivers in PSCs include transparent conductive oxides, organic
transport layers, and vacuum-deposited rear electrodes [22].
Bottom-up uncertainty-based cost modelling of R2R processed
PSCs showed that replacing evaporated metals with printed
contacts and adopting lower-cost active-layer stacks can reduce
median manufacturing cost to $37 m~2, whereas further increases
in web speed provide cost returns. A recent cost analysis by
Weerasinghe et al. estimated that, at a production volume of 1
000 000 m? / year, printed perovskite modules could be man-
ufactured for 0.7$/W, including both materials and processing.
The projected production cost breakdown of devices made by
two different processes (sequences) are shown in Figure 6c,d.
Here, devices respectively contain many of the same layers but
utilize Au as the electrode (sequence A) compared with a carbon
electrode (Sequence B). It can be seen that the elimination
of gold and the minimization of indium content result in a
dramatic drop in material costs. Indeed, devices utilizing carbon
electrodes or TCO-free designs typically use abundant materials
which thereby reduces manufacture costs significantly [25].
While high-throughput R2R printing is essential for enabling
large-volume production, system-level analyses further showed
that module manufacturing cost represents only a minor fraction
of total installed system cost, with balance-of-system components
dominating [77]. Lightweight and flexible perovskite modules
can therefore access a wider commercial window by reducing
installation costs, enabling competitiveness at lower efficiencies
and shorter lifetimes than required for rigid modules. These
studies indicate that the primary economic value of R2R per-
ovskite technology lies in enabling simplified, low-cost device

architectures and lightweight form factors, rather than in web
speed alone.

Beyond the cost and materials supply chain, solvent selection
remains a key challenge in scaling R2R perovskite manufacturing
due to its implications for safety, environmental impact, and
process compatibility. Currently, most R2R demonstrations use
N,N-dimethylformamide (DMF) as the primary solvent for per-
ovskite precursor solutions as demonstrated in Figure 6b. DMF is
favoured for its strong solubility of lead halide salts and its ability
to form uniform films at high coating speeds. However, it is also a
reprotoxic solvent that has regulatory restrictions, with its toxicity
raising safety concerns in large-scale production environments.
For instance, EU regulations now prohibit open use of DMF and
impose strict controls on NMP [78], while US OSHA/NIOSH
and state laws cap solvent exposures (DMF 10 ppm TWA, NMP
1 ppm TWA in CA) [79]. Robust engineering controls (closed-
loop recovery, ATEX gear) and solvent-management systems are
likely to be key enablers when manufacturing using high-toxicity
solvents. In contrast, alternatives like ethanol, isopropanol, ethyl
acetate, anisole, GBL, and water-based inks offer lower toxicity
[80]. However, switching solvents often impacts film quality and
drying kinetics. Ultimately, a combined strategy of regulatory
compliance, safer solvent selection, and engineering controls is
needed for sustainable roll-to-roll PSC manufacturing at scale
[33]. Indeed, Wagner et al. estimate that producing 1 TWp of
perovskite tandem modules would require the use of over 1
million metric tons of solvents annually if not recycled, with
DMF and DMSO among the largest contributors. Solvent recovery
and recycling systems, particularly in high-volume production,
are therefore essential. Achievable solvent recovery rates above
70% could significantly reduce net solvent consumption and
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associated emissions. Alternatively, less hazardous solvent sys-
tems such as alcohol-based or green solvent formulations are
currently being explored but have yet to demonstrate compa-
rable performance in R2R processes [80]. Thus, while current
R2R processes rely heavily on DMF-based inks, transitioning
to scalable, low-toxicity solvent systems and implementing sol-
vent recycling will be critical for sustainable high-throughput
manufacturing. Table 5 summarizes the challanges and cor-
responding mitigation strategies in R2R perovskite solar cell
fabrication.

5 | Conclusions and Outlook

R2R fabrication is rapidly transforming perovskite solar cells
from a lab curiosity into a scalable photovoltaic technology.
Indeed, slot-die coating provides a path to manufacture PSCs in
a continuous, cost-effective manner; features that are essential
for low cost ($/W) mass production. Over the past few years,
significant progress has been made in addressing the challenges
of R2R PSC fabrication. The efficiencies of roll-processed cells
have increased from around 5% to 17% by using improved ink
formulations and printing methods. Strategies such as printed
carbon electrodes and optimized layer stacks have allowed fully
printed devices to be realized. The stability of R2R printed PSCs
is also improving through the use of more robust materials
and encapsulation techniques, with promising news reported
from industry. Various cost analysis studies indicate that printed
PSC technology can be economically competitive, especially if
expensive materials (such as gold electrodes or indium-based
TCOs) are replaced with low-cost printed alternatives.

Challenges remain on the road to commercialization, notably
ensuring multi-decade durability and scaling production to mil-
lions of square meters. However, solutions are being actively
being developed. Recent demonstrations of fully R2R-fabricated
perovskite modules under ambient conditions represent a land-
mark achievement, showing that high-efficiency large-area
devices can be made using low-cost printing methods.

In closing, the progress reviewed here underscores that roll-to-
roll fabrication is not only feasible for perovskite solar cells but
is maturing rapidly. In the coming years, R2R perovskite solar
cells are likely to evolve into a mainstream photovoltaic technol-
ogy, complementing conventional solar panels with lightweight,
flexible, and low-cost solar films.
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