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Abstract 17 

18 

Towards scalable manufacturing of perovskite solar panels, high-performance planar 19 

p-i-n perovskite solar cells (PVSCs) and modules have been demonstrated with blade-coating20 

and rapid thermal processing (RTP). The PVSCs made using RTP for less than 30 seconds 21 

have equivalent photovoltaic performance as devices fabricated from hot-plate annealing for 2 22 

minutes. The resulting PVSCs show a best average power-conversion efficiency (PCE) over 23 

18.47% from forward and reverse scans. Mini-modules with an active area over 2.7 cm2 24 

exhibit a champion average PCE over 17.73% without apparent hysteresis. To the best of our 25 

knowledge, these efficiencies are the highest for PVSCs processed by the combination of 26 

blade-coating and RTP. Furthermore, both the blade-coating and RTP were performed in 27 

ambient environment, paving the way for large-scale production of PVSCs through high-28 

speed roll-to-roll printing. 29 
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1. Introduction 41 

 42 

The power conversion efficiency (PCE) of perovskite solar cells (PVSCs) has rapidly 43 

increased from 3.8% to more than 25.2% in the past decade.1-4 So far, all the PVSCs that 44 

broke the world-record of efficiency have active area smaller than 0.1 cm2. Small active areas 45 

are commonly adopted world-wide in scientific demonstration and technology development 46 

for one reason: it is much simpler to maintain the uniformity of the coated films across a small 47 

area therefore much easier to achieve a better efficiency. Small active area can only be used 48 

for demonstration of performance possibilities, but beyond that has no practical use. There are 49 

two main factors that limit the upscaling of PVSCs. One is the coating technique and the other 50 

is the annealing process. The most prevalent methods for coating and annealing are spin-51 

coating and convective thermal annealing (i.e. hot-plate), respectively. These approaches are 52 

dependable but could never easily be scaled-up to module size areas. Advanced coating and 53 

annealing practices should be adopted to obtain uniform and good quality films on large areas.  54 

Among scalable printing technologies, blade-coating has been demonstrated to be 55 

successful in perovskite photovoltaics.5-7 Blade-coating provides advantages such as 56 

capability of processing a wide range of fluids with high and low viscosity.8 Moreover, blade-57 

coating is a great step up from spin-coating towards ultimate roll-to-roll (R2R) deposition 58 

with slot-die coating.9, 10 In addition, blade-coating is more suitable in the lab-scale compared 59 

to the slot-die coating because the former will not have to deal with the dead-volume like the 60 

latter thus will consume less ink in small batches.11 In order to realize large-scale 61 

manufacturing of PVSCs, traditional annealing methods like hot-plate annealing should be 62 

avoided since they are energy-inefficient and time-consuming (at a time scale of minutes or 63 

an hour), which will impede the high-speed character of blade-coating, or any other R2R 64 

printing technique.12-22 Nevertheless, annealing processes other than hot-plate annealing 65 

continue to be explored. Microwave radiation was utilized to anneal mixed-halide perovskites 66 

CH3NH3PbI3-xClx. Xu et al. showed an annealing time of 6 minutes resulting in devices with a 67 
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PCE of only 10.29%.23 Wang et al. demonstrated post-annealing microwave treatment also on 68 

CH3NH3PbI3-xClx and improved the efficiency to 13.39%.24 Three minutes of microwave 69 

irradiation was cast on CH3NH3PbI3 (MAPbI3) perovskite films to fabricate PVSCs with 70 

PCEs up to 14.91%.25 In addition to the low efficiencies, the microwave-annealing is likely 71 

not compatible with the R2R printing since it requires a closed environment to confine the 72 

microwave energy. Near-infrared (NIR) laser was used to crystallize MAPbI3 perovskite 73 

films, leading to a device PCE of 11.3%.26 A 450-nm laser was adopted to anneal MAPbI3 74 

perovskite films, resulting in an optimal efficiency of 17.8%.27 Laser-annealing was claimed 75 

to achieve faster crystallization of perovskite films than the thermal annealing, but it is 76 

difficult to be scaled-up due to slow raster scan rate thereby small area coverage. Flash lamp 77 

annealing was demonstrated on MAPbI3 perovskite films with an annealing time of less than 3 78 

ms by using a high energy xenon light. In terms of X-ray diffraction (XRD) results, this flash 79 

xenon light produced films with better crystallinity than the conventional thermal annealing, 80 

but no device was made.28 Also with a xenon lamp, Troughton et al. demonstrated a PCE of 81 

11.3% by flash-annealing CH3NH3PbI3-xClx perovskite films in 1 milliseconds (ms).29 Lavery 82 

et al. pulse-annealed MAPbI3 thin films within 2 ms via intense light irradiated from a xenon 83 

lamp. The consequential devices exhibited PCEs up to 12.3%, which is similar to those of 84 

their thermally-annealed samples.30 With the help of intense pulsed xenon light and 85 

diiodomethane additive, Ankireddy et al. were able to fabricate MAPbI3-based PVSCs with a 86 

device efficiency of 16.5%.31 Compared with the above-mentioned photonic annealing 87 

methods, rapid thermal processing (RTP, also known as rapid thermal annealing, RTA) is a 88 

widely used technique in industry for processing semiconductors.32 Sanchez et al. applied 89 

RTP annealing to inorganic mixed-halide CsPbIxBr3-x perovskite films, achieving PCE over 90 

10%.33 With 40 s of RTP, Pool et al. attained PCE of 14.15% on inorgainc formamidinium 91 

lead iodide (FAPbI3) perovskite films, comparable to the efficiency of 13.80% from hot-plate 92 

annealing.34 Park et al. annealed mixed-cation (MAPbI3)0.85(FAPbI3)0.15 perovskite layer by 93 
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RTP at 120 °C for 10 minutes under N2 atmosphere. Their device PCE surpassed 17% but 94 

accompanied by a low fill factor (FF) of 68%.35 With 3 min of RTP in nitrogen, Dou et al. 95 

managed to make MAPbI3-based PVSCs with PCE of 18.0%.36 All the aforementioned 96 

researches employed small device area (0.1 cm2 or smaller), it was not until recently that 97 

larger device area has been implemented with radiative annealing. RTP annealing has been 98 

shown to work on both the MAPbI3 and triple-cation mixed-halide (MAFACsPbIBr) 99 

perovskite layers, producing PVSCs with active area of 1.4 cm2. The corresponding PCEs 100 

have been reported to reach 14.6 % with FF of 69.8% and ~ 15.0% with FF of ~ 61%, 101 

respectively.37, 38 Compared with their small devices, both the efficiency and FF dropped 102 

considerably. Although RTP appeared functioning on perovskite films, none of the aforesaid 103 

investigations went beyond spin-coating for deposition of perovskite active layer. So far, only 104 

Breuning et al. combined the blade-coating with RTP to manufacture PVSCs in helium. Their 105 

champion device displayed a PCE of 16.8% with an active area of 0.1 cm2.39  106 

In this study, blade-coating and RTP have been used to fabricate planar p-i-n PVSCs 107 

and modules. The PVSCs made from RTP for less than 30 seconds have equivalent 108 

photovoltaic performance as devices fabricated from hot-plate annealing for 2 minutes. The 109 

RTP method successfully decreases the annealing time of blade-coated MAPbI3 films by 110 

more than four-fold as compared to the conventional thermal annealing. The resulting small 111 

devices with an active area of 0.105 cm2 show a best average PCE over 18.47% from forward 112 

and reverse scans. Mini-modules with an active area over 2.7 cm2 exhibit a champion average 113 

PCE over 17.73% from forward and reverse scans. To the best of our knowledge, these 114 

efficiencies are the highest for PVSCs processed by the combination of blade-coating and 115 

RTP. Furthermore, high fill factors have been achieved, with average values of 79.90% and 116 

74.77% for the small device and mini-module, respectively. In addition, both the blade-117 

coating and RTP were performed in ambient environment. These results justify the feasibility 118 

of RTP for the upscaling fabrication of PVSCs. Although blade coating has been proven to be 119 
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effective in the lab scale, more advanced deposition methods such as slot-die coating is 120 

required to team up with RTP in order to realize R2R printing and large-scale production of 121 

PVSCs.  122 

 123 

2. Results 124 

2.1 Thermal budget of RTP on the perovskite layer.  125 

The annealing effect of RTP on the PCE of PVSCs was investigated methodically. In 126 

order to explore the thermal budget of RTP, planar p-i-n PVSCs with a structure of 127 

ITO/PTAA/PFN/MAPbI3/C60/BCP/Ag were fabricated.  Figure 1 shows the trends of 128 

photovoltaic parameters of PVSCs based on both hot-plate-annealed MAPbI3 films and RTP-129 

annealed MAPbI3 films with different RTP temperatures and time. The photovoltaic 130 

parameters have been extracted directly from J-V characteristics, including PCE, fill factor 131 

(FF), short-circuit current density (JSC) and open-circuit voltage (VOC). The detailed 132 

photovoltaic values have been summarized in Table S1. The reference PVSC contains the 133 

MAPbI3 layer hot-plate-annealed at 140 °C for 2 minutes (120 s). In contrast, the trends of 134 

RTP at 110 °C and 140 °C are included in Figure 1 for side-by-side comparison with the hot-135 

plate annealing. It can be seen that regardless of temperature, there are PCE peaks for RTP as 136 

function of the annealing time. For RTP at 110 °C the highest PCE occurs at 30 s of annealing 137 

time, with a value of 15.14%. One the other hand, 20 s of annealing appears the best for RTP 138 

at 140 °C, with a PCE of 14.93%. The FFs, JSC and VOC all follow the same trend as that of 139 

PCEs for both RTP temperatures, drastically change in the range between 5 s and 120 s. With 140 

a fixed RTP temperature, variation of RTP time is equal to changing of energy supply to 141 

crystallization and formation of perovskite films. Time scale of 120 s might not be 142 

overwhelming for hot-plate annealing but is certainly too long in the case of RTP. Thus, it is 143 

not hard to understand the observed substantial effects of RTP temperatures and time on the 144 

photovoltaic performance. Unlike the PCE and FF, both JSC and VOC see trends with obvious 145 
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plateaus, especially with VOC, between 30 s and 120 s. A PVSC is first a diode, once the diode 146 

is formed, the voltage response is not expected to change radically. For both RTP 147 

temperatures in Figure 1, annealing time of 5 s or 10 s are not sufficient to form high-quality 148 

perovskite films that are good enough for devices. On contrary, annealing time over 60 s is 149 

apparent more than the perovskite films can handle, resulting in considerable degradation on 150 

the device performance. More trends have been plotted in Figure S1 using the data from 151 

Table S1, with fixed RTP time (5 s, 10 s and 20 s) but varying RTP temperature. With 152 

decreasing RTP time, it is clear that elevated temperatures are needed for the peak PCEs, from 153 

140 °C at 20 s to 200 °C at 5 s. These results are solid evidence that it is the annealing energy 154 

rather than RTP temperature or RTP time alone that determines the annealing process. Energy 155 

amount less than necessary is not able to completely anneal perovskite films. An excessive 156 

amount of energy will degrade perovskite films and energy overdose will eventually create 157 

films that have poor quality and show inferior performance. Although the product of 158 

temperature and time has no corresponding physical term, it is a good indication of total 159 

energy provided. A better way is to use the energy flux and time to calculate the energy 160 

supplied.40 Energy if not well controlled can degrade the perovskite film, which is why there 161 

are optimized temperatures and associated heating time for different perovskite layers in 162 

different publications. The highlighted (dashed line) section in Table S1 outlines those RTP 163 

conditions that can over anneal MAPbI3 films, i.e. turn film color to yellow, indicating 164 

decomposing of MAPbI3 into PbI2. The hot-plate control PVSC shows PCE of 14.37% FF of 165 

76.93%, JSC of 17.98 mA cm-2 and VOC of 1.04 V. The RTP-treated samples achieved similar 166 

PCE, FF, JSC, and VOC at two specific conditions: 110 °C for 30 s and 140 °C for 20 s. It is 167 

worth noting that these temperatures of RTP are set point temperatures, the actual temperature 168 

might not be the same, especially the perovskite films. The entire annealing process happens 169 

within tens of seconds, it is impossible to measure the actual temperature of the perovskite 170 

films in the current experimental set-up (more details in the experiment section).  171 
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 172 

 173 

Figure 1. Trends of a) efficiency, b) FF, c) Jsc and d) Voc at different RTP temperatures for 174 

different time. Active area = 0.105 cm2. 175 

 176 

Figure 2 shows X-ray diffraction (XRD) spectra and UV-Visible (UV-Vis) 177 

absorbance of samples from selected annealing conditions. XRD and UV-Vis results are very 178 

close for three conditions:  RTP at 110 °C for 30 s, RTP at 140 °C for 20 s and hot-plate 179 

annealing at 140 °C for 2 minutes. This is in good agreement with the similar photovoltaic 180 

performance shared by these three annealing conditions.  Sample annealed by RTP at 110 °C 181 

for 5s has sharp but weakest peak intensity. It means that the MAPbI3 has formed but not 182 

reached a good quality yet, supported by its much weaker UV-Vis absorbance than those from 183 

other annealing conditions. Figure 3 compares scanning electron microscopy (SEM) top-view 184 

morphologies of MAPbI3 films from selected annealing conditions. Similar densely-packed 185 

films with defined grains have been observed for the same three conditions:  RTP at 110 °C 186 
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for 30 s, RTP at 140 °C for 20 s and hot-plate annealing at 140 °C for 2 minutes. The SEM 187 

image of a disordered morphology verifies that RTP at 110 °C for 5 s provides insufficient 188 

energy for annealing the perovskite film. In contrast, RTP at 250 °C for 5 s supplies an 189 

overdose of energy to the perovskite film, leading to larger grain sizes, which might explain 190 

the higher UV-Vis absorbance and XRD peak intensity, but also damaging the film and 191 

creating cracks and other defects in it.  192 

 193 

 194 

Figure 2. a) XRD and b) UV-Vis results of selected annealing conditions. 195 

 196 

 197 
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Figure 3. Top-view SEM images of RTP films at a) 110 °C for 30 s, b) 140 °C for 20 s, c) 198 

hot-plate annealed at 140 °C for 2 minutes, d) 110 °C 5 s, and e) 250 °C 5 s. The scale bar is 1 199 

𝜇𝑚. 200 

 201 

More devices have been made on the best RTP conditions as well as the hot-plate 202 

control condition. Figure 4a shows comparison between our best hot-plate reference device 203 

and top RTP devices. The device from hot-plate annealing demonstrates PCEs of 17.34% and 204 

18.71% from forward and reverse scans, respectively. PVSCs with RTP at 140 °C for 20 s 205 

yield a slightly overall better photovoltaic performance, with PCEs of 18.33% and 18.60% 206 

from forward and reverse scans, respectively. In contrast, RTP at 110 °C for 30 s leads to 207 

PCEs slightly less than 17.5%. Figure 4b exhibits the external quantum efficiency (EQE) and 208 

the corresponding integrated JSC of the devices with the same annealing conditions as shown 209 

in Figure 4a. RTP at 140 °C for 20 s and hot-plate annealing at 140 °C for 2 minutes have 210 

almost identical EQE curve, marginally better than that of RTP at 110 °C for 30 s. In spite of 211 

annealing methods, the integrated JSCs calculated from the EQEs are very close to the values 212 

acquired from J-V measurements (Figure 4a). The good match between J-V and EQE 213 

measurements confirms the validity of obtained photovoltaic parameters. The similarities of 214 

photovoltaic performance from RTP at 140 °C for 20 s and hot-plate annealing at 140 °C for 2 215 

minutes also agree with the findings from XRD, UV-Vis and SEM results. Nevertheless, the 216 

demonstrated RTP devices showed comparable photovoltaic performance to their hot-plate-217 

annealed counterparts, underlining the success of such a radiative treatment for building high-218 

performance PVSCs. More importantly, the annealing time of RTP is significantly shorter 219 

than that of the traditional thermal annealing (20 s versus 2 minutes). As a result, RTP has 220 

much better compatibility with large-scale manufacturing methods such as the R2R 221 

processing. Assuming a R2R printing speed of 10 cm per second,41 the RTP equipment will 222 
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only need 2 m length (10 cm/s times 20 s) as compared to a 12 m long (10 cm/s times 2 min) 223 

oven if the traditional thermal annealing is used. 224 

 225 

 226 

Figure 4. a) J-V curves of RTP devices at 110 °C for 30 s & 140 °C for 20 s, and hot-plate 227 

annealed at 140 °C for 2 minutes. b) EQEs of the corresponding devices.  228 

 229 

2.2 Upscaling of PVSCs.  230 

Mini-modules of PVSCs have been made adopting the optimal RTP condition i.e. 231 

140 °C for 20 s and the hot-plate condition 140 °C for 2 minutes. The detailed structure of 232 

mini-modules can be found in previous works.42 Each mini-module comprises three sub-cells 233 

monolithically interconnected in series. The designated area of a mini-module is 3 cm2 234 

(including dead area from interconnections) with a geometric fill factor of 0.9, giving an 235 

active device area of 2.7 cm2. Figure 5 shows comparison between the champion RTP mini-236 

module and the best hot-plate-annealed mini-module. In Figure 5a, J-V curves of RTP mini-237 

module exhibit active-area PCE over 17.73%, which is comparable to the active-area PCE 238 

over 16.65% from the hot-plate-annealed mini-module. The difference on PCEs is mainly 239 

from different JSC and FF. The RTP and hot-plate mini-modules have an almost identical VOC 240 

= 3.12 V, which is equivalent to an average of 1.04 V for each individual sub-cell for these 241 

three-cell mini-modules. The photovoltaic performance of the RTP mini-module is very 242 
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similar to that of the small-area device as shown in Figure 4a. This not only confirms that the 243 

RTP/blade-coated perovskite film has high quality over the large area, but also proves that the 244 

combination of RTP & blade-coating is suitable for upscaling the manufacture of PVSCs. 245 

Figure 5b provides quasi-SPO (stabilized power output) of the RTP and hot-plate mini-246 

modules. The quasi-SPO has been measured with an approximating method by sweeping 247 

voltage in a very small range near the maximal power point (MPP) for some time. The left 248 

inset of Figure 5b marks the respective MPPs (point A and B) for the RTP and hot-plate 249 

mini-modules in their power-voltage (P-V) curves. The right inset of Figure 5b is a photo of 250 

the mini-module. The statistics of the J-V measurements are displayed in Figure S2. The data 251 

for the box charts were extracted from over 30 J-V measurements for RTP and hot-plate mini-252 

modules each. It is worth noting that all the measurements, J-V and quasi-SPO, were carried 253 

out in ambient environment without any thermal or humidity control. In addition, the quasi-254 

SPOs were measured after all the J-V data had been collected, meaning that the mini-modules 255 

had already been exposed to air and experienced thermal stress for quite some time before 256 

SPO measurements. This explains why the efficiencies extracted from quasi-SPOs are not as 257 

high as those from the J-V measurements.  258 

 259 

 260 
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Figure 5. a) J-V curves of mini-modules made from RTP at 140 °C for 20 s and hot-plate 261 

annealed at 140 °C for 2 minutes. b) quasi-SPOs of the corresponding mini-modules. Active 262 

area = 2.7 cm2. Inset left: P-V curves of mini-modules; Inset right: photo of a mini-module. 263 

 264 

3. Conclusions 265 

In summary, we demonstrate successful blade-coating and RTP for fabrication of 266 

planar p-i-n PVSCs in ambient environment. Both small devices and mini-modules have been 267 

made, with active areas of 0.105 cm2 and 2.7 cm2, respectively. The best small device shows 268 

an average PCE over 18.47% from forward and reverse scans, while the champion mini-269 

module exhibits an average PCE over 17.73% from scans of different directions. In addition, 270 

these efficiencies are accompanied by high fill factors, with average values of 79.90% and 271 

74.77% for the best small device and mini-module, respectively. The efficiency of our top 272 

mini-module is the highest so far for cm2-scale PVSCs annealed by RTP. Furthermore, RTP 273 

method reduces the annealing time of blade-coated MAPbI3 films from 2 minutes for hot plate 274 

to less than 30 seconds.  This four-fold decrease of annealing time will facilitate the road 275 

towards high-speed coating of perovskite layers. These results validate the practicability of 276 

using RTP method for upscaling the manufacturing of PVSCs. Likely blade-coating will be 277 

replaced by slot-die coating to realize R2R printing and large-scale manufacturing of PVSCs. 278 

 279 

4. Materials and Methods 280 

4.1 Chemicals.  281 

Poly(triary amine) (PTAA) were purchased from Sigma-Aldrich. Lead iodide (PbI2, 282 

99.9985%)  and methylammonium iodide (MAI) was acquired from Alfa Aesar and Greatcell 283 

Solar respectively. Methylammonium chloride (MACl, >98.0%) and Bathocuproine (BCP, 284 

>99.0%, sublimed) were obtained from TCI. Poly [(9,9‐bis(3′‐(N,N‐285 
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dimethylamino)propyl)‐2,7‐fluorene)‐alt‐2,7‐(9,9‐dioctylfluorene)] dibromide 286 

(PFN-Br) was ordered from 1-Material. Fullerene C60 (>99.5%) was purchased from 287 

Lumtech. All solvents, such as toluene, methanol, N,N-Dimethylformamide (DMF), Dimethyl 288 

sulfoxide (DMSO), N-Methyl-2-pyrrolidone (NMP), were purchased from Sigma-Aldrich in 289 

anhydrous grade. 290 

 291 

4.2 Device fabrication.  292 

The ITO-glass were cut into slides of 1-inch in width and 5-inch in length, which were 293 

ultrasonically brushed with Liquinox detergent solution (Liquinox : DI water = 1 : 20), then 294 

rinsed with DI water thoroughly. After N2-blow drying, the cleaned ITO-glass slides 295 

substrates were treated by the UV-Ozone for 15min and then used immediately for sequential 296 

coating of different layers. All the blade-coating, hot-plate annealing and RTP were 297 

performed in ambient environment. Regardless of solution type, 20 𝜇𝐿 of solution were 298 

applied for a substrate with dimension of 1 inch x 5 inches. PTAA was dissolved in toluene to 299 

form a 10mg/ml solution. PTAA layer was blade-coated with a gap height ~ 100 𝜇m at a 300 

coating speed of 10 mm/s and then annealed at 100 °C for 10 minutes. After PTAA layer, 301 

PFN in methanol (0.4mg/ml) was employed to modify the hydrophobicity of PTAA.43 PFN 302 

was blade-coated with the same coating parameters but no annealing. On top of PFN layer, 303 

the perovskite layer was blade-coated with a gap height ~ 150 𝜇m at a coating speed of 7.5 304 

mm/s. Perovskite precursor solution was composed of 1.2M MAI, 1.2M PbI2, and 0.06M 305 

MACl in a mixed solvent (DMF:DMSO:NMP = 0.91:0.07:0.02 volume ratio). No anti-solvent 306 

was used. Instead, an air-knife was employed to pre-dry the blade-coated perovskite films 307 

before annealing of any kind. The gas quenching was utilized before both the hot-plate 308 

annealing and RTP annealing. The gas quenching is used to extract solvent and dry the wet 309 

films, aiming at promoting nucleation44 and formation of a supersaturated intermediate 310 
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state.45, 46 The as-deposited films were transparent before the quenching, after which they 311 

turned into specular brownish color. The ITO-glass slides were further cut into 1x1 inch2 312 

substrates. For the control sets, perovskite films were annealed at 140 °C for 2 minutes on a 313 

hot plate. For the RTP samples, different RTP conditions were utilized as outlined in Table 314 

S1. The RTP instrument was a commercial Ulvac MILA-3000 minilamp Annealer. The 315 

thermocouple inside the RTP instrument is attached to a piece of silicon. Samples were 316 

floating above the silicon piece without any physical contact, meaning that the measured 317 

temperature was not necessarily the same as the actual temperature of the sample. After 318 

annealing, the 1x1 inch2 substrates were loaded into a thermal evaporator for consecutive 319 

deposition of C60, BCP and silver, with thicknesses of 30 nm, 6 nm and 100 nm, respectively. 320 

 321 

4.3 Characterization.  322 

The X-ray diffraction (XRD) data were measured by a Bruker D8 Discover X-ray 323 

diffractometer. UV-Vis spectrophotometer (Cary 6000-i) was used to collect the absorption 324 

spectra. The top-view SEM images were recorded using a JEOL 7000 field-emission scanning 325 

electron microscope (SEM). The J-V curves were measured by a Class AAA solar simulator 326 

with a Xe-arc lamp and AM1.5G filter from PV measurement, and illumination intensity was 327 

calibrated with a NREL certified Si reference cell. Monochromator (Newport 74100) and 328 

optical power meter (Newport 70310) were utilized to measure the external quantum 329 

efficiency (EQE) with a xenon lamp (Newport 66902) and a Si detector (Newport 71640). 330 

 331 
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