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Introduction 

Roll-to-roll coating differs fundamentally from discrete sheet-to-sheet methods by depositing 
functional inks on flexible substrates in a continuous process, enabling a practical ink-in/module-out 
pathway1. Cost reductions arise from continuous operation, fewer processing steps, and the potential 
to replace vacuum-deposited metals with low-cost, solution-processed inks such as carbon for the 
top electrode. As throughput rises, scalability, stability, and reduced waste further lower cost per 
watt. Unlike laboratory spin coating, R2R operates at larger scale in open or semi-open 
environments, demanding precise control of coating, drying, and annealing to preserve quality and 
yield. Among R2R-compatible methods, slot-die coating is widely adopted for accurate wet-film 
thickness control and uniformity through meniscus stability, guided by visco-capillary considerations 
and ink properties. In addition to throughput benefits, R2R supports sustainable production by 
minimising waste and avoiding repeated heating–cooling cycles. 

R2R module integration and registration 

Achieving a fully solution-processed R2R device stack, including the top electrode, is a milestone for 
scalable perovskite manufacturing. Using carbon inks formulated with inexpensive, low-toxicity 
solvents enables vacuum-free top contacts and ambient-condition processing2. Recent 
demonstrations have shown entirely coated perovskite cells fabricated under ambient conditions with 
carbon electrodes, achieving 10.8% PCE2. Progress from single-strip cells to multi-strip modules 
was realised by combining gravure coating (ETL and carbon), slot-die coating (perovskite and HTL), 
and screen printing (transparent silver grids), delivering 11% efficiency for interconnected 
modules3.For high-volume optimisation, a programmable R2R slot-die coater with automated 
operation enabled daily fabrication of thousands of cells, while an integrated R2R tester computed 
device parameters in real time for rapid feedback.  

Transition from R2R single devices to modules requires two main integration strategies: the laser-
scribing route, in which a laser sequentially defines P1, P2, and P3 scribes to create series 
interconnections; and the registration-based route, in which each layer is strip-coated with deliberate 
offsets, where accurate layer alignment alone generates the interconnect pattern. The registration 
method demands high positional accuracy but avoids material removal and maximises the 
geometrical fill factor. Figure 1 provides a schematic comparison of these two module integration 
routes. 
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Figure 1. In the laser-scribing route, a laser-equipped R2R coater defines P1, P2, and P3 scribes to form series 
interconnections. In the registration route, each layer is strip-coated with precise alignment to generate interconnections, 
requiring higher accuracy to maximise the geometrical fill factor. PET: polyethylene terephthalate, ITO: indium tin oxide, 
N₂: nitrogen, PSK: perovskite, ETL: electron transporting layer, HTL: hole transporting layer. Reproduced from [1]. 

Challenge case study: slot-die coating of self-assembled monolayers 

Self-assembled monolayers (SAMs) are attractive hole-transporting layers due to minimal material 
use, high efficiency, cost-effectiveness, and compatibility with green solvents. In spin coating, 
efficient perovskite cells are routinely achieved when SAM is deposited and post-washed to remove 
unbound molecules, leaving a functional single-molecule interlayer4. Translating this process to slot-
die coating introduces two challenges. First, SAMs form a molecular layer only a few nanometres 
thick, requiring ultra-low concentrations and precise coating control to stabilise the meniscus and 
avoid over-deposition. Second, post-washing used in spin coating cannot be applied in slot-die 
before annealing, as washing would remove essential molecules, and after annealing molecules are 
already bound5. The monolayer must therefore form without post-washing. Characterising such 
ultrathin layers is also difficult, as their nanometre-scale thickness makes XPS, cross-sectional SEM, 
or profilometry insensitive or impractical. To address this, we developed a simple, non-destructive 
UV–visible spectroscopy method capable of detecting and quantifying SAM in both post-wash 
solutions and on coated substrates. Distinct UV-region absorbance enables detection down to ~1 μg 
mL⁻¹ using calibration from known concentrations. 
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Figure 1. Comparative analysis of MeO2PACz detection in IPA solution using FTIR and UV-visible spectroscopy. (a) FTIR 
spectra showing the overlap between MeO2PACz in IPA (2000 μg  ml-1) and pure IPA, indicating the IPA dominates signal 
and thus SAM is not detectable in solution in high concentration of 2000 μg ml-1, (b) FTIR after IPA evaporation, revealing 
main MeO2PACz peaks, (c) UV-visible spectra of MeO2PACz in IPA at various concentrations, demonstrating detection 
based on absorbance peaks position and intensity, (d) UV-visible spectra of SAMs with MeO2PACz concentrations of 0.1 
μg ml-1 and above, showing distinct absorbance peaks. Reproduced from [5]. 

 

UV–visible measurements of SAM solutions, quantified post-wash losses for spin-coated samples, 
showing ~30 wt% loss after one wash and ~40 wt% after two. For slot-die films, an apparent loss of 
~77 wt% before annealing was observed, consistent with removal of a wet, unbound layer. 
Gravimetric estimates for MeO-2PACz thickness were ∼4–7 nm without washing and ∼1.5–3 nm 

with washing in slot-die coating, compared with ~3 nm without washing and ∼2.5 nm with washing 
for spin coating. Eliminating the wash step and improving solution preparation via PTFE filtration and 
brief ultrasonication enhanced uniformity by reducing agglomerates. Slot-die parameters were 
subsequently optimised using a visco-capillary model to map stable and unstable coating regimes 
as a function of gap, wet-film thickness (WFT), and speed. Smaller gaps (300–400 μm) supported 
broader stability windows, with WFT above ~4 μm preferred, while a gap of ~1200 μm showed no 
stable zone. Very low speeds (0.1–0.2 m min⁻¹) caused flooding, whereas WFT below ~4 μm at 1 m 
min⁻¹ resulted in ribbing. Finally, a WFT of ~7 μm enabled a stable meniscus and improved device 
performance and consistency of the SAM slot-die coated samples. 
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Table 1. Calculated thickness of MeO2PACz films under various coating and post-washing conditions. The table provides 
details of the spin-coated and slot-die-coated MeO2PACz layers, including the dried weight per substrate, coating area, 
and resulting film thickness. The thickness range accounts for the density variation from 1 to 1.5 g cm-3 

 

 

UV–Vis spectra of slot-die-coated SAM films also showed a reproducible peak at 382–383 nm, 
indicating SAM presence. Segment-by-segment measurements along an 18 cm sample revealed 
consistent peak intensity, confirming uniformity. Steady-state PL showed strong quenching 
compared to references, TRPL exhibited faster decay, and EL spectra at 770–771 nm with imaging 
confirmed functional devices only when SAM was present.  Under identical stacks, slot-die-coated 
MeO-2PACz achieved a champion efficiency of 15.15%, comparable to 15.07% for spin-coated 
SAM. Both methods produced similar J–V distributions, fill factors above 70%, and EQE above 80% 
from 400–800 nm, demonstrating that slot-die-coated SAMs can match spin-coated performance 
while remaining compatible with R2R manufacturing. 

 

 Figure 3. Comparison of perovskite solar cell performance with MeO2PACz coated by slot-die versus spin coating. 
Reproduced from [5].  

Remaining challenges and future directions:  

R2R coating can produce high-quality, uniform films over large areas, making it one of the most 
promising approaches for advancing perovskite solar cells toward industrial production. Sustaining 
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this performance at scale requires overcoming interlinked technical, environmental, and economic 
challenges. From a process-control perspective, optimising coating parameters, module design, and 
interconnection strategies is essential to maximise active area and device performance. In 
registration-based modules, small positional errors can reduce the geometrical fill factor, while in 
laser-scribed modules, scribing precision directly affects series resistance. Integrating inline 
monitoring systems into R2R lines is therefore a priority, enabling real-time feedback on coating 
quality, uniformity, and defect detection through advanced sensors capable of capturing optical, 
thermal, and electrical properties without interrupting production. 

From a sustainability perspective, environmental impacts must be reduced at every stage. This 
includes replacing toxic solvents with greener alternatives, lowering lead content without 
compromising efficiency, minimising material waste, reducing energy use via optimised drying and 
annealing, and ensuring long-term operational stability. Developing scalable recycling protocols for 
recovering perovskite and other valuable components from flexible R2R substrates remains a largely 
unexplored but critical need.  

Substrate choice is equally important for performance and environmental responsibility. Flexible, 
recyclable, or biodegradable options such as PLA, r-PET, cellulose-based films, and biomimetic 
materials can reduce environmental footprint while maintaining mechanical stability and barrier 
properties, but their compatibility with the thermal, chemical, and mechanical demands of R2R 
processing must be verified to avoid yield loss or reduced lifetime.  

Commercial viability will depend on uniting process optimisation, environmental responsibility, and 
module design within a single manufacturing framework. By combining precision inline control, 
sustainable materials, and optimised architectures, R2R production can achieve a scalable “ink-
in/module-out” reality with competitive cost and long-term reliability . 
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