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Abstract 28 

The rapid development of organic-inorganic hybrid perovskite solar cells has resulted in 29 

laboratory-scale devices having power conversion efficiencies that are competitive with 30 

commercialised technologies. However, hybrid perovskite solar cells are yet to make an impact 31 

beyond the research community, with translation to large-area devices fabricated by industry-32 

relevant manufacturing methods remaining a critical challenge. Here we report the first 33 
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demonstration of hybrid perovskite solar cell modules, comprising serially-interconnected cells, 34 

produced entirely using industrial roll-to-roll printing tools under ambient room conditions. As 35 

part of this development, costly vacuum-deposited metal electrodes are replaced with printed 36 

carbon electrodes. A high-throughput experiment involving the analysis of batches of 1,600 37 

cells produced using 20 parameter combinations enabled rapid optimisation over a large 38 

parameter space. The optimised roll-to-roll fabricated hybrid perovskite solar cells show power 39 

conversion efficiencies of up to 15.5% for individual small-area cells and 11.0% for serially-40 

interconnected cells in large-area modules. Based on the devices produced in this work, a cost 41 

of ~0.7 USD W-1 is predicted for a production rate of 1,000,000 m² per year in Australia, with 42 

potential for further significant cost reductions. 43 

 44 
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 49 

Introduction 50 

Organic-inorganic hybrid perovskite solar cells (PeSCs) are a promising next-generation 51 

photovoltaic (PV) technology that has a demonstrated power conversion efficiency (PCE) of 52 

25.8%1. Despite the record efficiencies being competitive with the market incumbent 53 

technology, crystalline Si PV with 26.8% PCE1, numerous challenges must be addressed for 54 

PeSCs to be realised in real-world applications. Foremost is the need to translate small-area lab-55 

scale cells, which are often fabricated using materials or methods that are not economically 56 

viable or scalable, to large-area devices produced by high-volume, low-cost manufacturing 57 

methods. As shown by other solar PV technologies with high PCEs, such as inorganic multi-58 

junction or GaAs cells, a failure to lower production costs will prevent PeSCs from making an 59 

impact in the marketplace2,3. 60 

A key difference between PeSCs and conventional inorganic PV technologies is the 61 

potential for low-cost and low-energy manufacturing using solution-based industrial processes, 62 

such as spray coating4–6, blade coating7–9, and slot-die (SD) coating10–15. Recent advances in 63 

large-area glass-based PeSCs have resulted in promising efficiencies of up to 25.8%.16–19 64 

However, these devices have been produced using discrete sheet-to-sheet processing, utilise 65 

vacuum-based evaporation steps, and employ subtractive laser-patterning to achieve 66 

interconnections for large-area modules. These requirements will add challenges in lowering 67 



  

3 

 

the cost of large-scale production. In contrast, flexible PeSCs enable high-volume and high-68 

throughput manufacturing using continuous roll-to-roll (R2R) manufacturing techniques20–22. 69 

The lightweight and physical flexibility of flexible PeSCs also offer the prospect of solar PV 70 

panels having high specific power (peak-power per weight), which is highly desirable for 71 

emerging applications, including space23, vehicle-integrated PV, and building-integrated PV2,24. 72 

However, the process of manufacturing PeSCs on a continuously-moving flexible plastic 73 

substrate imposes several technical challenges, particularly time and temperature processing 74 

limitations25. 75 

Beyond advancing the manufacturing process, replacing the high-cost components in 76 

the solar cell architecture with cheaper alternatives while retaining comparable performance 77 

remains a persistent challenge. The highest cost component is the vacuum-processed Au 78 

electrode, followed by commercially produced transparent conductive electrodes (TCEs). 79 

Vacuum deposition is costly, and the nature of the process is unsuitable for use with a 80 

conventional R2R manufacturing line. There have been several reports of solution-processed 81 

back electrodes in glass-based devices26–28, but their processing involved a prolonged high-82 

temperature step that is neither compatible with flexible plastic substrates nor suitable for R2R-83 

based upscaling due to time constraints in the continuous process. Due to these technical 84 

challenges, the first example of a small-area PeSC (0.09 cm2 active area) having all layers 85 

deposited on a flexible plastic substrate using R2R processes was only very recently reported 86 

(in February 2023)29 with individual cells displaying PCEs of up to 10.8%. While the first report 87 

marked a significant milestone in the field, the efficiency was still far from that of typical 88 

research cells and only small cells were demonstrated.  89 

Here we report the fabrication of entirely R2R-printed individual PeSCs with a record-90 

high 15.5% PCE. We also report the first demonstration of PeSC modules produced using only 91 

industry-relevant R2R fabrication techniques, and under ambient room conditions. This was 92 

achieved by developing: (i) a robust and scalable deposition technique, (ii) perovskite-friendly 93 

carbon inks to replace vacuum-based electrodes, and (iii) a R2R-based high-throughput 94 

experimental platform as illustrated in Fig. 1a. The latter mimics manufacturing processes to 95 

produce and test thousands of research cells a day. This allowed the seamless translation from 96 

the miniature factory to the full-scale R2R fabrication of PeSC modules (~50 cm² active area) 97 

exhibiting up to 11% PCE. The future prospects of the printed PeSCs are evaluated by 98 

considering manufacturing costs for various production scenarios calculated using cost models 99 

based on the production methods and materials used in the present work, together with the 100 

resulting device efficiencies. 101 
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 102 

Results 103 

Control of perovskite crystallisations for upscaling  104 

Although spin coating has been widely adopted to produce efficient PeSCs, the deposition and 105 

drying parameters are significantly different in R2R production. As such, it is necessary to 106 

initially develop processing conditions using R2R or R2R-compatible methods. The 107 

introduction of the printing-friendly sequential deposition (PFSD) technique by select co-108 

authors of this work in 201730 enabled the demonstration of the first PeSCs comprising R2R-109 

deposited electron-transport layer (ETL), light-absorbing layer, and hole-transport layer (HTL), 110 

with up to 11% PCE achieved for a small-area device. Since then we also developed more facile 111 

single-step deposition techniques via the introduction of various additives such as polymer, 112 

ammonium salt, and 2D organic cations together with heating and nitrogen blowing31–36 and 113 

investigated R2R techniques reported by others37–41. Although it was possible to produce the 114 

perovskite layer in a single step deposition, we found no approach that significantly outperforms 115 

PFSD for R2R-based upscaling.  116 

The PFSD approach is described as ‘printing friendly’ due to its robustness and reliability under 117 

ambient conditions, and the absence of time-consuming processing steps. The key to PFSD is 118 

adding organic cations at a loading of less than 50 mol% of PbI2, far below the stoichiometric 119 

amount required to form perovskite crystals. This strategy retards 4 rystallization and the 120 

precursor thin-film behaves like an amorphous material with much better film-forming 121 

properties than crystalline analogues. When additional organic cation is subsequently deposited, 122 

the reactive amorphous-phase film quickly converts to a perovskite without needing to remove 123 

the additive as it becomes a part of the perovskite. This allows the conversion to be completed 124 

on a time scale suitable for R2R processing.  125 

Our further development of the PFSD method resulted in up to 17.9% PCE from R2R fabricated 126 

PeSCs with vacuum-deposited Au electrodes, as discussed in Supplementary Note 2. One 127 

significant innovation in the PFSD technique is the introduction of an shallow-angle blowing 128 

technique, (Figure 2a) as opposed to the conventional blowing technique at right angle, used to 129 

fabricate high-quality perovskite films involving blowing gas across the substrate.42 While 130 

effective at a laboratory scale, creating a highly uniform gas flow over a large area is 131 

challenging. The shallow-angle blowing on the edge of a roller is a simple but effective way to 132 

upscale this process, and the angle of incidence can be easily adjusted to be as low as zero by 133 

simply changing the blower-head position. Utilising this approach, the SD-coated wet films are 134 

not deformed by an aggressive air flow before entering the well-defined solidification zone. 135 
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This significantly reduces the amount of crystalline defects, and amorphous glassy films can be 136 

fabricated that are then converted instantly to a perovskite when the methyl ammonium iodide 137 

(MAI) solution is deposited, as shown in Supplementary Fig. 1. 138 

Fig. 2b shows the improved quality of the perovskite film fabricated with the edge-blowing 139 

technique. The inset photograph shows the flawless mirror-like perovskite film continuously 140 

fabricated under ambient conditions (40-50% relative humidity). X-ray diffraction (XRD) 141 

analysis of the film does not indicate the presence of PbI2 crystals, which would be evidence of 142 

ion migration followed by inhomogeneous local concentration in the solidification process. 143 

Shallow-angle blowing produced an intermediate layer that appeared to be amorphous or 144 

comprised of small enough grains that allowed for rapid and complete conversion to perovskite 145 

upon MAI deposition. Notably, this could not be examined directly as the reactive and unstable 146 

intermediate films continuously change upon exposure to air. Scanning electron microscope 147 

(SEM) images in Supplementary Fig. 2 show show more homogenous with compact grains of 148 

the shallow-angle-blown sample compared to the right-angle-blown sample. The introduction 149 

of the shallow-angle blowing not only improved the quality of the perovskite and the reliability 150 

of device performance, but also enhanced humidity tolerance (as discussed later), making the 151 

PFSD approach a suitable technique for low-cost manufacturing.  152 

 153 

Automated, ambient, and vacuum-free device fabrication  154 

The discovery of R2R-printable electrodes for PeSCs has long been a critical challenge in the 155 

realisation of fully R2R-fabricated vacuum-free cells. To date, most R2R-fabricated PeSCs in 156 

the literature incorporate vacuum or batch-processed back electrodes. The first fully R2R-157 

fabricated PeSC was reported recently using a printed carbon electrode, achieving a PCE of 158 

10.8%.29 The efficiency was significantly lower than vacuum-based counterparts, suggesting 159 

performance degradation caused by the carbon ink. Therefore, we developed perovskite-160 

friendly carbon inks and trialled them alongside commercially available carbon pastes, as 161 

discussed in Supplementary Note 3.  162 

Replacing this vacuum process, which is not only costly but also time consuming, has the 163 

additional benefit of creating a new avenue for experimental optimisation. While such an 164 

approach improves throughput for conventional R2R systems with manual operation43, its full 165 

potential is realised with the development of a programmable R2R SD coater for unmanned 166 

operation, allowing for the fabrication of thousands of unique PeSCs daily. Manual 167 

characterisation of this many cells is not practical. We therefore developed an automated R2R 168 

tester to test over ten thousand solar cells a day. Device parameters were automatically 169 
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calculated and saved online, permitting the analysis of thousands of solar cells in minutes, rather 170 

than hours or days. The custom-built R2R research tools are shown in Fig. 3a and 3b, and 171 

demonstrations of the system can be seen in the Supplementary Information. Fig. 3c shows the 172 

device layout and testing setup for the high-throughput testing of R2R-fabricated solar cells.  173 

This high-throughput experimental platform enabled us to explore the extensive fabrication 174 

parameters of vacuum-free PeSCs to rapidly identify the optimal conditions. Fig. 3d-h show an 175 

example of the high-throughput R2R experiment, in this case being used to optimise deposition 176 

parameters for PbI2 with 45 mol% formamidinium iodide (FA) and MAI solutions and to 177 

identify composition-dependant device parameters. Three PbI2 conditions were selected to 178 

fabricate perovskite layers of about 600 nm to 1000 nm thickness. This range is somewhat 179 

thicker than typical vacuum-deposited electrode devices due to the absence of a mirror effect 180 

from the carbon-based back electrode. Also, a perfectly matched stoichiometry is not 181 

necessarily the best formulation in the FA0.45MA0.55PbI3 system, as it can benefit from either a 182 

slight excess of lead44–46 or a cation-excessive composition.47 have been reported. Therefore, 183 

the ability of SD coating to give quantitative control over the amount of material deposited 184 

allowed for the amount of MAI present in the perovskite layer to be varied from slightly cation 185 

deficient (lead-excessive composition) through to stoichiometric and slightly excessive 186 

compositions for each PbI2 condition. The MAI-deposition flow rate was varied between 30-187 

100 µL min-1 in 10 µL min-1 intervals. Fig. 3h shows the deposition parameters together with 188 

the PCEs of 1600 consecutively fabricated PeSCs with 20 deposition parameters depending on 189 

the position along a 9 m-long substrate. The PeSCs were obtained in a roll form and the roll 190 

was transferred to the automatic R2R PV tester shown in Fig. 3b.  191 

 192 

Fig. 3d-h show statistical device parameters obtained from 80 cells for each condition. A 193 

thickness-tolerance hole transport material, poly[(2,5-bis(2-hexyldecyloxy)phenylene)-alt-194 

(5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c]-[1,2,5]thiadiazole)] (PPDT2FBT)48 (further 195 

discussion on the material choice can be seen in Supplementary Note 3), which was 196 

used to screen carbon inks was used as an HTL in these devices. The devices with an MAI 197 

content close to the stoichiometric amount show better performance than others. The thinnest 198 

condition (16 µL min-1) shows the best performance at the stoichiometric amount and 199 

performance decreases rapidly with an excess of MAI or PbI2. Thicker films show more 200 

interesting behaviour; MAI-deficient films show better fill factor (FF) with narrow 201 

performance variations, while films with excess MAI show higher short-circuit current (Jsc). 202 
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Most importantly, these results demonstrate the utility of the high-throughput experimental 203 

platform by identifying a composition-dependent performance trend in just one day. 204 

 205 

A significant improvement in fully R2R-fabricated cells was achieved by introducing a new 206 

hole-transport layer (HTL) system. Poly(3-hexylthiophene) (P3HT) is a simple, widely used 207 

conjugated polymer with good light-harvesting and charge-transporting properties49 that lends 208 

itself to low-cost mass production. While the polymer alone shows relatively poor performance 209 

as an HTL, it shows promising performance when combined with n-hexyl trimethyl ammonium 210 

bromide (HTAB)50, which passivates the surface traps of the perovskite layer and also provides 211 

anchoring points for the hexyl side chain of P3HT to self-assemble in the preferred molecular 212 

orientation. Despite such advantages, this HTL system has never been used with R2R-fabricated 213 

PeSCs, likely due to the technical difficulty of forming an ultra-thin HTAB skin on perovskite 214 

layers utilising a scalable deposition technique. The fabrication of the HTAB skin is achieved 215 

through delicate control of surface reactivity by adjusting the ratio of relatively nonpolar and 216 

less reactive chlorobenzene to 2-propanol solvents. A uniform P3HT layer was achieved by 217 

heating the substrate to 45 °C, which lowers the surface tension of the polymer solution and 218 

promotes the self-assembly of P3HT on the HTAB surface. Without substrate heating, P3HT 219 

formed poor films on HTAB intermittently, as shown in Fig. 4a. 220 

 221 

The HTAB-P3HT HTL clearly outperformed PPDT2FBT, as shown in Fig. 4b. The devices not 222 

only showed higher performance but also improved reliability, indicated by the narrower 223 

distribution in the histogram. All device parameters, including the hysteresis factor of the 224 

HTAB-P3HT-based devices, can be seen in Fig. 4c-g. The figures show the parameters of the 225 

unfiltered 240 cells that were consecutively fabricated using the automated R2R SD coater. The 226 

substrate consists of blocks of 40 electrodes, separated by a 2 cm gap which can be seen in the 227 

data.  The experiment was carried out under uncontrolled ambient conditions on a day with high 228 

relative humidity (~60% RH), demonstrating the robustness of the manufacturing process. In 229 

general, while the best devices were obtained on days with low humidity (30-40% RH), reliable 230 

production of PeSCs with an average PCE of ~13% was confirmed, regardless of the humidity 231 

in the lab. The J-V curve and IPCE spectrum of the best-performing device are shown in Fig. 232 

4h and 4i, respectively, with 15.5% PCE, 19.9 mA cm-2 Jsc, 76.1% FF and 1.02 V Voc. The 233 

IPCE spectrum shows good agreement with a calculated current density of 19.4 mA cm-2.  234 

 235 

Transitioning from cells to modules 236 
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The optimised device fabrication parameters were used to produce large-area modules. Since 237 

all processes were developed by scalable deposition methods, modules could be fabricated in 238 

the same way using larger SD heads, as shown in Fig. 5a, and a 10 cm wide substrate with a 239 

pre-patterned TCE. The SD heads have five channels (a detailed structure can be seen in 240 

Supplementary Fig. 3), and hence the optimised flow rate was simply multiplied by five to 241 

produce five-cell modules. Supplementary Fig. 4 shows images of high-quality perovskite 242 

stripes produced continuously using the R2R SD coating method. The HTAB and P3HT layers 243 

were also deposited at a flow rate five times higher than the optimised flow rate for single-stripe 244 

coating.  245 

For the R2R-deposited electrode, the carbon ink was deposited using the reverse gravure (RG) 246 

technique51. The modules were completed by R2R screen printing a silver paste on the carbon 247 

film using an industrial R2R screen printer, shown in Fig. 5c and Supplementary Fig. 5. The 248 

printed silver was used to form charge-collection grids and interconnect the 5 individual cells, 249 

as illustrated in the inset of Fig. 5d. It was crucial to incorporate additional conductive elements 250 

alongside the carbon layer, which had a sheet resistance of approximately 800Ω sq-1. 251 

Supplementary Fig. 11 illustrates that cells without a grid design exhibited significantly poorer 252 

performance compared to those with grids. Nonetheless, excessively covering the screen-253 

printed silver led to a decline in performance, most likely due to solvent damage to the 254 

underlying layers. Consequently, we designed the silver pattern to achieve minimal coverage 255 

while maintaining adequate conductivity, at least surpassing that of the front electrode, for 256 

efficient charge collection. We determined that a 0.2 mm line with a 180 mesh screen provided 257 

the finest pattern that we could consistently print onto the carbon surface, and this parameter 258 

was adopted for the module. 259 

The interconnection of cells was formed through gaps between the stripe patterns at the same 260 

time as the grid. The active area is 49.5 cm² (1.1 cm × 9 cm × 5 cells) and the geometric fill 261 

factor (GFF), as defined as the cell area over total area (cell area + gap area)52 of the modules, 262 

is 75%. The GFF is somewhat lower than that of laser scribed modules with a demonstrated 263 

GFF of up to 99%53 due to the inherent limitation of the stripe-pattern approach. However, it's 264 

worth noting that the laser scribing process may not be suitable for the high-throughput, cost-265 

effective manufacturing of PeSCs. Therefore, our next challenge lies in developing modules 266 

with higher GFFs and larger areas while continuing to enhance cell efficiencies through scalable 267 

processes. 268 

 269 
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The entirely R2R-fabricated modules demonstrated up to 11.0% active-area-based PCE with 270 

192 mA current output, 62.3% FF and 4.59 V Voc in a reverse scan and 9.96% PCE in a forward 271 

scan. This efficiency is lower than the small cells, likely due to the loss of FF caused by the 272 

high resistance of the TCE and partial solvent damage incurred during the screen-printing 273 

process. Nonetheless, this report marks a significant milestone in the development of fully R2R-274 

fabricated PeSCs.  275 

The efficiencies obtained in this work are compared with the previous records of various PeSCs, 276 

as summarised in Fig. 5e and detailed in Supplementary Table 1. Flexible PeSCs have always 277 

shown inferior performance compared to their glass-based counterparts due to the intrinsic 278 

performance limitation of the flexible TCEs. Therefore, batch processed flexible PeSCs are a 279 

more suitable benchmark for R2R PeSCs as they share the same intrinsic properties. While the 280 

performances of R2R devices still trail those of batch-processed analogues, this work 281 

demonstrates significant progress towards achieving high-efficiency flexible devices. 282 

Considering the low-cost nature and the scalability of the R2R-printed carbon electrode, 283 

achieving over 15% PCE represents a major milestone in the development of this technology. 284 

Through market surveys and considering advantages in the form factor, we established that 285 

R2R PeSCs could become competitive in the portable PV market at >10% PCE54. Therefore, 286 

the demonstration of an 11% R2R-fabricated module is a significant step forward in 287 

commercialising this technology. However, the printed silver used in this work may not be 288 

suitable for long-term operation for commercial applications due to the corrosion issue. The 289 

next challenge would be developing perovskite-friendly conductive carbon ink that is at least 290 

as conductive as TCEs to produce efficient silver-free PeSC modules.  291 

 292 

  293 

 294 

Towards ultra-low-cost manufacturing 295 

This work aimed to develop low-cost manufacturing technologies for PeSCs. Therefore, we 296 

developed a cost model based on our previous work54 which implemented the new materials, 297 

processes and device configurations used in this work, as shown in Fig. 6a. Further details of 298 

the cost model can be seen in Supplementary Note 4. In addition to the demonstrated devices, 299 

a model device architecture (Sequence C) is also considered to predict the potential for further 300 

cost reduction by eliminating the remaining high-cost components, i.e. commercial TCEs and 301 

silver grids. 302 
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Fig. 6b and 6c show the cost fraction of each functional layer and corresponding capital costs 303 

for sequences A and B. For the vacuum-deposited electrode (Seq. A), a combination of the gold 304 

material and the equipment purchase and running costs of a R2R evaporator, is the highest cost 305 

component, followed by the commercial TCE. Other significant material costs include the 306 

encapsulation materials and the HTL, whilst the costs of the ETL and perovskite are negligible 307 

in comparison. The fully printed configuration, Seq. B, shown in Fig. 6c, shows a significant 308 

reduction in the back electrode cost, resulting in only two high-cost components; the 309 

commercial TCE, and the encapsulation material. 310 

Fig. 6d and 6e show the production cost of encapsulated flexible perovskite solar modules per 311 

unit area (m²) and peak power (Wp), respectively. The best (not average) efficiencies obtained 312 

in this work are used for Seq. A (17.9%) and B (15.5%) to calculate $ Wp-1. Since Seq. C is not 313 

experimentally demonstrated here, we have considered it with our highest recorded efficiency 314 

to date, achieved for a HTL-free and vacuum-free device (10%), as the most optimistic scenario. 315 

The figures clearly show the cost benefits of the carbon-electrode-based devices for both area 316 

and power-related cost metrics. The cost for Seq. B is likely to be lower than 1 USD W-1, and 317 

Seq. C could be lower than 0.5 USD W-1. These represent a significant reduction to the cost 318 

estimate from previous works of around 1.5 USD W-1 54. This results from a similar or lower 319 

cost in $ m-2, and a higher recorded efficiency. However, the technology is still not able to 320 

compete with mass-produced silicon solar cells, for which module spot prices have been lower 321 

than 0.30 USD W-1 55. Despite this, opportunities may exist in niche markets that value the 322 

lightweight and flexible nature of these modules, as discussed in our previous work54. The next 323 

step for the technology would be exploring high-value PV markets at the predicted 324 

manufacturing costs while addressing the remaining high-cost components to sustainably 325 

advance the technology towards commercialisation. Supplementary Fig. 12 with about 5 USD 326 

m-2  module cost (excluding encapsulation) shows the potential for the further cost reduction 327 

by eliminating remaining high-cost components.  328 

 329 

 330 

 331 

In conclusion, we have successfully addressed key challenges for the low-cost roll-to-roll 332 

production of large-area perovskite solar modules and demonstrated the world-first fully roll-333 

to-roll-fabricated perovskite solar modules (including back electrodes) on a commercial 334 

substrate. A perovskite-friendly carbon ink was developed to replace vacuum-processed metal 335 

electrodes, the highest-cost component in perovskite solar cells. This enabled the high-336 
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throughput, vacuum-free fabrication of perovskite solar cells using only roll-to-roll processes. 337 

Automated roll-to-roll fabrication and testing systems were developed to take full advantage of 338 

high-throughput fabrication, allowing thousands of research cells to be fabricated and tested in 339 

a single day to rapidly improve roll-to-roll experimentation. Further optimisation of the process 340 

and device configuration enabled fully roll-to-roll fabricated perovskite solar cells with up to 341 

15.5% PCE, which represents the record efficiency for fully roll-to-roll fabricated perovskite 342 

solar cells to date. All developments in this work were performed with due consideration to 343 

upscaling, leading to the first demonstration of fully roll-to-roll printed perovskite solar 344 

modules with up to 11% PCE based on the active area of the module ~50 cm². Finally, the cost 345 

model developed in this work predicts the projected manufacturing cost of modules likely to be 346 

~0.7 USD Wp
-1 with the potential for substantial further reduction via replacing remaining high-347 

cost components with low-cost alternatives. This work demonstrates significant progress of the 348 

perovskite solar technology towards low-cost at-scale commercial manufacturing.  349 

 350 

Methods  351 

Materials. Materials for the preparation of flexible solar cells, lead(II) iodide (99.9985%) and 352 

tin(IV) oxide (15 wt% in H2O colloidal dispersion) were purchased from Alfa Aesar. MAI 353 

(99.99%), FAI (99.99%) and n-hexyl trimethyl ammonium bromide (HTAB) were purchased 354 

from Greatcell Solar Materials. Commercially available TCE substrates with a sheet resistance 355 

of 8 Ω sq−1 (OPV8) were sourced from MekoPrint. Hole-transport materials poly[(2,5-bis(2-356 

hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c]-357 

[1,2,5]thiadiazole)] (PPDT2FBT), poly(3-hexylthiophene) (P3HT, Lisicon SP001) and 358 

2,2',7,7'-Tetrakis(N,N-di-p-methoxyphenylamino)-9,9'-spirobifluorene (Spiro-MeOTAD) 359 

were purchased from 1-Materials, Merck and Luminescence Technology Corp. (Lumtec), 360 

respectively. Silver paste (PV416) was purchased from DuPont. All other chemicals, including 361 

4-tert-butylpyridine (t-BP), bis(trifluoromethane)sulfonimide lithium Salt (LiNTf2) 362 

(dichlorobenzene (99%), anhydrous N,N-dimethylformamide (99.8%), and anhydrous 2-363 

propanol (99.5%), and acetonitrile were sourced from Sigma-Aldrich and used as received. 364 

 365 

Ink Preparation for R2R coatings. To prepare stock solutions for reverse gravure (RG) 366 

coating, a mixture of 10  mL of a 15 wt.% solution of tin(IV) oxide and 5 mL of deionised water 367 

was used without any additives. The stock solution could be used for several RG coating trials 368 

over a few weeks. For SD coating, stock solutions were prepared by mixing 5 ml of the 15 wt% 369 

solution, 10 ml of deionised water and 15 µl of acetic acid. For the perovskite layer, a fresh 370 

PbI2:FAI solution was prepared by dissolving 1.1 mmol (507 mg) PbI2 and 0.45 mol% (0.5 371 

mmol, 0.85 mg) FAI per 1 ml of anhydrous N,N-dimethylformamide in a nitrogen-filled glove 372 

box, and stirred at 70 °C for approximately 1 h. The solution was cooled to ambient temperature 373 

before transferring to a SD head. The MAI solution for the second step of the deposition was 374 

made by stirring 40 mg of MAI per 1 ml of anhydrous 2-propanol for 10 min at ambient 375 

temperature. 1.0 mM of HTAB solution was prepared in a mixed solvent 376 
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(chlorobenzene:isopropanol = 9:1 v/v%). The PPDT2FBT and P3HT HTM solutions were 377 

prepared by dissolving 10 mg of PPDT2FBT per 1 ml of dichlorobenzene and 5 mg of P3HT 378 

in 1 mL of dichlorobenzene, respectively. Polymers without any dopants were dissolved by 379 

stirring at 70 °C for more than 1 hr. The Spiro-OMeTAD solution was prepared by mixing 6.0 380 

× 10−5 mol Spiro-OMeTAD (73 mg), 2.0 × 10−4 mol t-BP (28.8 μL), 2.0 × 10−4 mol LiNTf2 (17 381 

μL of 520 mg mL−1 solution in CH3CN), and 1.6 ×10−6 mol FK209 (8 μL of 300 mg mL−1 382 

solution in CH3CN) in 1 mL chlorobenzene. 383 

 384 

Carbon Ink Preparation. For the formulation of the SD ink, ethyl cellulose (EC, Sigma-385 

Aldrich, 200646, viscosity 4 cP, 5% in toluene/ethanol) was used as the binder. A 1:1 mixture 386 

of carbon black (Vulcan XC72, Cabot) and graphene nanoplatelet powder (CamGraph G3, 387 

Cambridge Nanosystems) was used as the conductive carbon pigment. Propylene glycol methyl 388 

ether acetate (PGMEA) was used as the solvent. Due to the low viscosity of the desired SD ink, 389 

the ink preparation method was separated into two stages. In the initial stage, a high-viscosity 390 

ink was produced, which can be processed with a three-roll mill, breaking down pigment 391 

agglomerates into primary particles. For a 500 g ink batch, 40 g of EC was mixed in 330 g of 392 

PGMEA, stirred until the binder dissolved completely (Supplementary Fig. 9a). Later, 100 g of 393 

the solution was reserved for use in the second stage. The remaining 270 g of solution was 394 

mixed with 130 g of conductive carbon pigment to form a slurry (Supplementary Fig. 9b). This 395 

mixture was then processed through a three-roll mill, resulting in a uniform high viscosity ink 396 

(Supplementary Fig. 9c). In the second stage, the high viscosity ink was diluted to produce an 397 

ink that can be used for SD coating. The remaining 100 g of EC/PGMEA was hand-mixed with 398 

the high-viscosity ink and stirred with a magnetic stir bar until a uniform ink was obtained.  399 

 400 

Small-Area Cell Fabrication. Functional layers were coated under ambient conditions on a 401 

benchtop R2R coater (Mini-Labo™, Yasui-Seiki) installed in a fume cabinet. A thin layer of 402 

SnO2 ETL layer was coated on the flexible TCE substrate as received using the 10 Wt.% stock 403 

solution using reverse-gravure (RG) coating method at 4 rpm RG roll (200 R roll) speed, 0.25 404 

m min-1 line speed and a coating width of 13mm. The wet film was found to dry immediately 405 

and was subsequently moved to a >135 °C curved hot plate for about 30 sec, with hot air 406 

blowing at 120 °C for about 30 sec.  407 

The PET/TCE/SnO2 film then underwent R2R IR treatment (2-3 W cm-²) for about 5 min using 408 

an industrial R2R screen printer (Orthotec SRN3030). The film was then installed back onto 409 

the Mini-Labo coater for coating of the perovskite layer. The PbI2:FAI solution was then SD 410 

coated (20 µL min-1 flow rate, 0.3 m min-1 web speed, 13 mm coating width) onto the SnO2 411 

film and the continuously moving wet film was then subjected to a flow of nitrogen using a 10 412 

cm-wide air blade installed at the edge of supporting roller about 10 cm behind the coating head 413 

and 1-2 cm above the substrate. The N2 flow rate was adjusted to about 50-100 L min-1 to form 414 

a dried intermediate PbI2:FAI layer. The MAI solution was then SD coated on the dried 415 

intermediate layer with the 60 µL min-1 solution. Solvent evaporation was promoted by gentle 416 

air blowing using a small fan placed (approximately 20 cm ahead of the MAI coating head). 417 

The film was then passed over a hot plate at 135 °C for about 10 s. The 418 

PET/TCE/SnO2/Perovskite film was then rewound and the HTAB and the P3HT solutions were 419 

deposited sequentially via SD coating at 0.3 m min-1 line speed, first coating the HTAB layer 420 
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(15 µL min-1 flow rate, 7 mm coating width) followed by an annealing step on a curved hotplate 421 

at 100 °C for 30 sec and then coating the P3HT layer (10 µL min-1 flow rate, 6 mm coating 422 

width) by placing the SD head immediately above the second curved hotplate at 45±5°C  °C. 423 

Finally, the carbon electrode was SD coated onto the P3HT layer using the PGMEA-based 424 

carbon ink by placing the SD head immediately above the curved hotplate at 70 °C (120 µL 425 

min-1 flow rate and 5 mm coating width) to remove the solvents on the wet film completely, 426 

before an additional annealing step on the second curved hotplate at 130 °C. All R2R-processed 427 

devices were tested both with and without the additional screen-printed silver grid. The silver 428 

grid was screen printed using a semi-auto screen printer (Keywell KY-600FH) with 180 mesh 429 

screen onto the top carbon electrode and was annealed at 130 °C for 30 s on a hot plate. 430 

For automatic fabrications, a thin SnO2 ETL layer was prepared by SD coating of 5 wt% 431 

solution (65  µL min-1, 13 mm coating width) with the acetic acid additive at 0.2 m min-1. (See 432 

Supplementary Note 1 for further details) The film was dried with hot air (135 °C for 5 min) 433 

and hot plate (135 °C for 1 min) using the commercial coater and then the film was IR treated 434 

as described above. 100 m length rolls are typically prepared and a batch of film could be used 435 

for multiple experiments over weeks. For other layers, the custom-built R2R machine shown in 436 

Figure 3a was used. The same SD heads used in the commercial R2R coater were use in the 437 

custom-built machine. Therefore, all coating parameters were interchangeable between the two 438 

machines. However, a smaller air blade (13 mm width) with a lower flow rate (~20 L m-1) was 439 

used for the nitrogen blowing. Besides the blowing condition, various coating parameters for 440 

PbI2 and MAI solutions described in the main text were trialled with the automatic fabrication 441 

setup. For the fabrication of HTAB, P3HT, PPDT2FBT and carbon layers, the coating 442 

conditions described above were used in the custom-built machine. Once coating is complete, 443 

the roll at the winder was moved to the unwinder so that no rewinding was necessary. The two-444 

step deposition for perovskite layer was performed in a single pass and  the HTAB/P3HT were 445 

also deposited in a single pass. So, the fabrication required total four coating runs (ETL, 446 

perovskite, HTL and carbon) and typically completed within a day. The same-design SD heads 447 

could be used for all the layers. They were typically cleaned after full disassembly by wiping 448 

the remaining inks, followed by ultrasonication in the solvent used in each ink for 5 min and 449 

drying by nitrogen blowing. The sonication and drying steps were repeated two more times, 450 

and the cleaning typically took 20 min. The tubing was used only once and disposed, except for 451 

the SD set for carbon layer (including tube, syringe and the ink), which was kept without 452 

disassembly in a sealed bag and used for multiple batches over months.  453 

 454 

Serially Connected Module Fabrication. Functional layers were coated under ambient 455 

conditions on a benchtop R2R coater (Mini-Labo™, Yasui-Seiki) installed in a fume cabinet. 456 

All R2R-processed PeSC modules comprising five series-connected strip cells were fabricated 457 

on a stripe-patterned (13 mm stripes with 2 mm gap between stripes) commercial TCE. The 458 

module has the same configuration as the small cells, i.e. PET/TCE/SnO2 459 

FA0.45MA0.55PbI3/HTAB/P3HT/Carbon/Ag. The SnO2 ETL layer was deposited by RG coating 460 

in the same way as the small cells (200R roll, 4 rpm, and 0.25 m min-1 line speed) but with a 461 

roller with 5 stripes. The coating width was the same width as the TCE pattern so that the stripes 462 

were made with 0.5-1 mm of offset with respect to the patterned TCEs to achieve exposed TCE 463 

for series connections.  464 
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The remaining layers up to the carbon electrode were coated using the coating methods (SD 465 

coating head having five channels to deposit five 13 mm-wide wet coating stripes), line speeds, 466 

and the annealing conditions illustrated in the previous section. Flow rates used for the coating 467 

of 5 stripes using the PbI2:FAI, MAI, HTAB, P3HT and carbon inks were 100, 300, 140, 92, 468 

and 600 µL min-1, respectively. The P3HT layer was deposited on a custom-built curved hot 469 

plate fitted with a heating tape (shown in Supplementary Figure 4b) at 45±5°C. A screen-printed 470 

grid using a commercially available Ag ink was used to enhance the charge collection of the 471 

module and to interconnect the 5 cells in series. Screen printing was performed on an Orthotec-472 

2 R2R screen printing system. The screen-printed Ag grid was dried using IR irradiance (1.5-2 473 

W cm-2) and hot air (90 °C). The active area of each strip cell was typically ~10 cm2 (width: 474 

~1.1 cm determined by manually controlled offset and length: 9.0 cm) resulting in an active 475 

module area of ~50 cm2. The fabrication of R2R modules typically took two days and required 476 

two researchers. 477 

 478 

Characterisation Methods. Manual J-V measurements were undertaken using a solar 479 

simulator (Newport Oriel) in air without encapsulation. The solar simulator was calibrated to 480 

1-sun (1000 W m-2) AM 1.5G illumination using a certified Si reference cell with KG-1 filter 481 

(Enlitech, certified by Enlitech in accordance with IEC 60904-1:2006, spectral mismatch factor 482 

with carbon-based cells: 0.92) and a source meter (Keithley 2400). Devices were typically kept 483 

in air or a dry box for long-term storage before the measurement. A shadow mask was used to 484 

define a cell active area of 0.08 cm2 for small cells. Modules were tested without a shadow 485 

mask. J-V measurements were carried out in the forward (increasing forward bias) and reverse 486 

(decreasing forward bias) scan directions over the voltage range from -0.2 V to 1.2 V with 20 487 

mV step for cells (~250 mV sec-1) and -0.2 V to 5 V with 200 mV step (~1 V sec-1) for modules, 488 

respectively. For automatic J-V testing, a class AAA solar simulator (Enlitech SS-F5-3A) was 489 

used after calibration using the same reference cell. A secondary reference cell provided by 490 

Enlitech was also used to regularly check the light intensity. For the automatic testing, a circular 491 

aperture (1.8 mm diameter, Thorlabs) was used to define the beam size of 0.025 cm2 which was 492 

illuminated on about 0.2 cm2 cells defined by the coating width of carbon electrodes and the 493 

TCE pattern. The small aperture was deliberately chosen to tolerate the positioning error of the 494 

roll-to-roll tester. The PeSCs fabricated in the custom-built R2R coater were collected as a roll. 495 

The roll was then mounted on the R2R tester by positioning it on the winder of the tester and 496 

then rewound to get the starting point of the coating experiment. It is critical to set the position 497 

of the first cell under the aperture. A 2 cm gap in the TCE pattern was used to recalibrate the 498 

first cell position of every 20 cm block of 40 stripes by checking conductivity through the spring 499 

pins. The automatic testing was typically performed in air, but the data in Fig 4 c-g was obtained 500 

in a nitrogen-filled box. IPCE measurements were carried out using a commercial IPCE setup 501 

(Peccel S20). XRD patterns were obtained using a Rigaku SmartLab, equipped with a rotating 502 

anode CuKα source (45kV, 200mA), and Hypix 3000 detector. The SEM images of the films 503 

were taken with a Zeiss Merlin field emission SEM. A Hewlett-Packard 8453 diode-array 504 

spectrophotometer was used for optical density measurements. Time-resolved 505 

photoluminescence measurements were performed using a time-correlated single-photon 506 

counting (TCSPC) luminescence spectrometer (Edindburgh Instruments Ltd., FLSP920) 507 

comprising a pulsed diode laser excitation source (466 nm, 100 kHz, ~100 ps FWHM, ~0.2 nJ 508 
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cm-2 pulse-1) and a Hamamatsu R928P photomultiplier tube detector, giving an overall 509 

instrument response time of ~0.7 ns (FWHM). Photoelectron Spectroscopy in Air (PESA) 510 

measurements were performed using a Riken Kekei AC2 spectrometer.  511 

 512 

Data Availability. The experimental data that support the findings of this study are available 513 

in Figshare with the identifier DOI: 10.6084/m9.figshare.24502210. 514 

 515 

 516 

 517 
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Figure Captions 686 

 687 

Figure 1. Schematic illustration of the workflow of this work. (a) A reliable SD coating 688 

process and a perovskite-friendly carbon ink are developed to enable vacuum-free perovskite 689 

PV production. The carbon ink is upscaled using a three-roll mill and used to optimise device 690 

parameters by fabricating and testing numerous research cells using an automated roll-to-roll 691 
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research platform. (b) Schematic illustration of roll-to-roll production of modules using SD 692 

coating, reverse gravure (RG) coating and screen printing. (c) The detailed structure of the 693 

series connected module, which is fully roll-to-roll fabricated on commercially available 694 

transparent electrodes.  695 

 696 

Figure 2. Reliable fabrication of high-quality perovskite film by the edge-blowing 697 

technique. (a) Schematic illustration of the edge-blowing technique in the roll-to-roll process. 698 

(b) An image (reflection mode) of perovskite films after MAI deposition. The upper sample 699 

shows a face-blowing sample with a hazy surface and the lower sample shows an edge-blowing 700 

sample with a darker and more uniform surface. Inset shows the mirror-like perovskite film 701 

fabricated with the shallow-angle blowing. (c) XRD data of the perovskite films produced using 702 

the two blowing methods. (The large peak at 27° is PET and the peak at 10.4° is hydrated 703 

perovskite of the air-exposed sample.)  Source data are provided with this paper.  704 

 705 

Figure 3. Automated fabrication of 1600 PeSCs in one experiment. (a) The custom-built 706 

R2R SD coater used for the fabrication of thousands of unique solar cells in a day. (b) The 707 

custom-built automatic solar tester with a daily throughput of over 10,000 cells. (c) Schematic 708 

illustration of the automatic testing setup. (d)-(h) An example of a high-throughput R2R 709 

experiment to screen deposition parameters of the perovskite layer of PeSCs with a 710 

configuration: flexible TCE/SnO2/FA0.45MA0.55PbI3/PPDT2FBT/carbon electrode. Statistical 711 

(d) PCE, (e) Jsc, (f) FF, and (g) open-circuit voltage (Voc) of 80 devices (along 44 cm substrate 712 

for each condition) for 20 different deposition parameter combinations of PbI2 with 45 mol% 713 

FAI and MAI solutions. (center line, median; diamond, mean; box limits, upper and lower 714 

quartiles; whiskers, 1.5x interquartile range; linecross, outliers) (h) PCE of 1600 consecutively 715 

fabricated PeSCs and deposition parameters along the position of the flexible film. Red dashed 716 

lines indicate the MAI amount that is nearest to the theoretical stoichiometric amount. The error 717 

bars in the box charts represent 1.5 times the interquartile range. Source data are provided with 718 

this paper. 719 

 720 

Figure 4. Reliable fabrication of fully R2R PeSCs. (a) R2R SD-coated P3HT films on 721 

perovskite films with and without gentle heating of the coating stage. (b) Histograms of fully 722 

R2R-fabricated PeSCs with a configuration of flexible TCE/SnO2/FAI0.45MA0.55PbI3/HTAB-723 

P3HT or PPDT2FBT/carbon electrode. (c) PCE, (d) Jsc, (e) FF, (f) Voc, and (g) hysteresis factor 724 

(forward-scan PCE divided by reverse-scan PCE) of the 240 consecutively fabricated HTAB-725 
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P3HT-based devices. The devices were fabricated in uncontrolled ambient conditions on a high-726 

humidity (~60% RH) day (h) current density-voltage (J-V) curves of vacuum-free PeSCs 727 

comparing two HTLs. Inset shows an SEM cross-section image of the device with printed 728 

carbon (marked in green). (i) Incident-photon-to-current efficiency (IPCE) spectrum and 729 

calculated current density of the device with HTAB-P3HT HTL and printed carbon electrode. 730 

The AM 1.5G spectrum used to calculate the current is shown in grey. Source data are provided 731 

with this paper. 732 

 733 

Figure 5. R2R production of perovskite PV modules. (a) Image showing the deposition of 734 

the perovskite layer using a 5-channel SD coater. The deposition of non-stoichiometric 735 

perovskite precursor solution, blow-drying, and the conversion to perovskite by SD coating the 736 

MAI solution were carried out in one coating run. (b) Image showing the RG-coated carbon 737 

film on the TCE/ETL/perovskite/HTL stack. (c) Image of the R2R screen-printed perovskite 738 

PV modules. An industrial off-the-shelf screen printer was used for this production. Inset shows 739 

the capacity of the machine. The photo was taken when the printer was used to produce 30 cm 740 

× 500 m organic PV modules. (d) Current-voltage curves of a R2R produced module. Inset 741 

shows a schematic illustration of the module structure. (e) Record efficiencies of various 742 

perovskite solar cells. Details can be seen in Supplementary Table 1. Source data are provided 743 

with this paper. 744 

 745 

Figure 6. Technoeconomic analysis of R2R produced perovskite PV modules. (a) Device 746 

configurations used for the analysis. Sequence (seq.) A: high-cost and high-performance option, 747 

seq. B: fully R2R-fabricated device, and seq. C: ultra-low-cost printing option to be pursued. 748 

Cost breakdown for (b) seq. A and (c) seq. B. Projected production costs of the modules (d) per 749 

module area and (e) per peak watt for all three sequences based on 17.9%, 15.5%, and 10% 750 

PCE, respectively. 751 

 752 

 753 

 754 


