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Temperature-controlled vacuum quenching 
for perovskite solar modules towards  
scalable production
 

Leyu Bi    1,2, Jiarong Wang2,3, Zixin Zeng3, Xiaofei Ji4, Xiaofeng Huang1,2, 
Francis R. Lin    1,2,3, Sai-Wing Tsang    3, Qiang Fu    1,2,3   & Alex K.-Y. Jen    1,2,3 

Perovskite solar cells (PSCs) exhibit substantially improved performance 
and stability; however, maintaining high power conversion efficiency (PCE) 
and stability while up-scaling cell areas remains challenging. Furthermore, 
perovskite nucleation and growth are highly sensitive to processing 
methods, increasing the complexity of large-scale production. To address 
these challenges, we establish a temperature-controlled vacuum quenching 
method combined with in situ photoluminescence spectrometry to 
fabricate perovskite films under monitoring. We systematically study the 
commonly used quenching nucleation processes and reveal the impact of 
the pumping speed, solvent system and additives on the vacuum quenching 
process. We manage to modulate the perovskite nucleation process by 
lowering the temperature during the vacuum quenching process, thereby 
broadening the time window for post-processing treatments to obtain 
high-quality large-area perovskite films. The resultant 1.55 eV mini-module 
achieves a PCE of 22.69% with an aperture area of 11.7 cm2 (and a certified 
aperture-area PCE of 21.60%), whereas the corresponding PSC maintained 
>93% of its initial efficiency after continuously operating at 45 °C for 3,500 h 
under 1 sun illumination. This approach enables high-quality, uniform 
and large-area perovskite films on rigid, flexible and curved substrates, 
demonstrating the feasibility of our strategy for improving the scalability of 
renewable PSC technology.

Perovskite solar cells (PSCs) have witnessed remarkable advancement, 
encompassing manufacturing techniques such as slot-die coating 
and vacuum quenching (VAQ)1–4. Nevertheless, a disparity persists 
in the efficiency of perovskite solar modules (PSMs) versus the cell 
efficiency4,5. It is well established that the nucleation and growth of 
perovskites exhibit high sensitivity to processing methods, which is 
exacerbated in large-scale production6,7. Any minute deviation from 
the optimal conditions can give rise to defects and non-uniformity, 

resulting in a deterioration in the performance and stability of the 
resultant perovskite films8,9.

A critical factor in achieving large-scale and economically feasible 
production of PSCs is to upscale the film formation process to large 
areas through scalable deposition techniques10–12. It is now widely 
acknowledged that rapid drying induced by antisolvent13, vacuum14,15 
or gas quenching16,17 can considerably enhance the morphology of per-
ovskite films18,19. The commonality among these rapid drying methods 
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photoluminescence equipment to monitor the changes in the per-
ovskite precursor films prepared by different coating and quenching 
methods such as anti-solvent, vacuum and gas quenching (Fig. 1c and 
Supplementary Fig. 1). These results can reveal the mechanisms and 
influencing factors of different quenching methods, which can guide 
the drying, nucleation and crystallization processes of high-quality 
perovskite layers and help improve the understanding of the scalable 
manufacturing of perovskite layers.

Comparison of three mainstream quenching nucleation 
methods
As shown in Fig. 2a–c, for the spin-coated samples, the appearance 
time of the PLmax signal in the photoluminescence thermogram treated 
by the antisolvent, vacuum or gas quenching nucleation methods are 
delayed successively, indicating that the quenching and nucleation 
abilities of these three methods decrease in turn (antisolvent > vac-
uum > gas). Moreover, the blade-coated samples also showed the same 
trend under the three drying methods (Fig. 2d–f). Furthermore, the 
line graph extracted from the photoluminescence thermogram further 
confirmed this conclusion (Fig. 2g,h). Interestingly, the photolumi-
nescence intensity of the precursor film treated by vacuum clearly 
exhibited a step phenomenon as the treatment time increased (Fig. 2g,h 
and Supplementary Fig. 2), indicating that the precursor film formed 
a particular intermediate phase. The photoluminescence intensity of 
the samples treated by antisolvent drip or immersion showed a trend of 
rapid enhancement and decline (Fig. 2h), possibly because the quench-
ing speed is too fast and the intermediate phase cannot exist stably. 
Furthermore, the film morphology and X-ray diffraction (XRD) after dif-
ferent quenching methods (Supplementary Fig. 3), and scanning elec-
tron microscopy (SEM) and XRD after annealing (Supplementary Figs. 4 
and 5), can also prove that vacuum quenching has faster nucleation 
characteristics than gas quenching. Vacuum quenching’s nucleation 
characteristics are more controllable than anti-solvent quenching, and 
the perovskite precursor formula suitable for anti-solvent quenching 
can also be directly transplanted into the vacuum quenching method to 
obtain better perovskite films. Based on the above results and analysis, 
we summarize the advantages and disadvantages of these three com-
monly used quenching methods from five aspects (Fig. 2i and Sup-
plementary Table 1). Among them, the vacuum quenching method has 
unique advantages in device repeatability and environmental friendli-
ness compared to the other two quenching methods20.

Deciphering the process of vacuum quenching nucleation
Based on the research above, vacuum quenching holds remark-
able potential for preparing high-quality large-area perovskite films.  
Nevertheless, the mechanism and process of vacuum nucleation have 
garnered limited research focus. By integrating with past reports9,20, we 
have classified the perovskite nucleation process in vacuum quenching 
into three stages.

In the first stage (Fig. 3a), the vacuum mainly removes the gas 
within the chamber. The law governing the variation of the system 
pressure over time can be presented as follows:

P (t) = P(0)e
−St
V

Here, S is the pumping speed, V is the volume of the chamber and 
t is the pumping duration. This function could indicate the chamber 
pressure after pumping for a specific duration (refer to Supplementary 
Information for more details). The measured pressure data correspond-
ing to this function is shown in Fig. 3b. In this stage, a higher vacuum 
pumping speed will accelerate the nucleation process of the perovskite 
precursor (Fig. 3b,c and Supplementary Fig. 6).

In the second stage (Fig. 3d), the vacuum removes the solvent 
molecules within the film and the residual gas in the vacuum chamber. 
During this process, the solvent with a lower boiling point evaporates 

is that they facilitate rapid nucleation of films by rapidly altering envi-
ronmental parameters9,20. Meticulous monitoring and control of the 
film formation stages (that is, drying, nucleation and crystal growth) 
are necessary to obtain high-quality optoelectronic films; however, 
one current challenge lies in our lack of profound understanding of 
the physical processes during the drying of solution films and the 
formation of associated perovskite films21. In situ characterization is 
therefore a good tool that can be used to gain insights into the complex 
fabrication process of perovskite films22–24.

Another notable challenge is identifying an efficient approach 
to control the nucleation and growth of perovskites in large-scale 
manufacturing processes to maintain high power conversion efficiency 
(PCE)25,26. The complexity involved in optimizing multiple process 
parameters such as drying methods, solvent systems, temperature 
and additives presents an important impediment to obtaining uni-
form and high-quality perovskite films27,28. Developing a scalable and 
cost-effective method for producing high-quality, uniform perovskite 
films on various substrates—including rigid and flexible ones—is there-
fore essential for the widespread application of PSCs in the real world.

Herein we propose a temperature-controlled vacuum quench-
ing (T-VAQ) nucleation approach for the solution-based fabrication 
of perovskite films. This innovative methodology is devised to tackle 
the challenges associated with large-scale production of high-quality 
perovskite films. First, we systematically investigated three commonly 
used quenching nucleation processes by integrating the in situ photo-
luminescence. We then deciphered the influences of pumping speed, 
solvent system and additives on the vacuum quenching process. The 
in-depth analysis enabled us to comprehensively understand the 
underlying mechanisms and optimize the process parameters for 
superior performance. Equally important, the intermediate phase can 
be prolonged by regulating vacuum quenching at a lower tempera-
ture (10 °C), thereby extending the time window for post-treatment. 
The resulting 1.55 eV inverted PSCs achieved a PCE of 25.50%. The 
resulting wide-bandgap (1.67 eV) PSCs also showed an encouraging 
PCE of 22.14%; it also yielded a mini-module with an aperture area 
of 11.7 cm2 and a high PCE of 22.69% (certified aperture-area PCE of 
21.60%). Moreover, the PSCs using T-VAQ maintained >93% of initial effi-
ciency in long-term operational stability tests under 45 °C for 3,500 h. 
This method facilitates the acquisition of high-quality, uniform and 
large-area perovskite films on rigid, flexible and curved substrates, 
holding substantial promise for the future of perovskite solar cells 
and potentially accelerating their integration into mainstream energy 
production systems.

Result and discussion
In situ monitoring of quenching and nucleation processes
The schematic diagram of the production process of perovskite solar 
modules illustrates the diverse steps (Fig. 1a) encompassing functional 
layer deposition, perovskite film deposition, electrode evaporation 
and laser patterning. Among these, perovskite film deposition is a 
distinctive step specifically developed for the perovskite photovoltaic 
industry29. Uniform and dense perovskite films with high crystallin-
ity are essential to achieve adequate light absorption and facilitate 
charge transfer30,31. However, spin-coating combined with anti-solvent 
quenching, which is commonly used for small-area PSCs, remains a 
substantial challenge in obtaining high-quality large-area perovskite 
films13,32. Thus, various solution deposition and drying techniques have 
recently been developed, enabling high-throughput manufacturing 
and precise control over the stoichiometric ratio of perovskite films33.

As shown in Fig. 1b, the basic processing steps of the solution 
deposition are mainly: (1) coating (deposition of the precursor film); 
(2) quenching and nucleation (the solvent is transported out of the 
film, and nuclei are uniformly formed through supersaturation); and 
(3) annealing and crystal growth (that is, the growth and ripening of 
perovskite crystals)2. Here we use the in-house constructed in situ 
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more quickly, or in other words, evaporates at higher pressure (Fig. 3e 
and Supplementary Figs. 7 and 8). The specific solvent boiling points at 
different vacuum pressures are determined by Antoine’s law, Raoult’s 
law and the activity coefficients of the solvent (Supplementary Infor-
mation, Supplementary Fig. 7, and Supplementary Tables 2 and 3)34. 
Specifically, when compared with the curve without a solvent, the 
N,N-dimethylformamide (DMF) curve began to increase at around 
300 mTorr, dimethyl sulfoxide (DMSO) was approximately 100 mTorr, 
and N-methylpyrrolidone (NMP) exhibited a notable change at about 

70 mTorr. We then conducted the in situ photoluminescence study 
of the precursor film with different solvent systems and found that 
the above law holds where low-boiling-point solvents will accelerate 
nucleation (Fig. 3f and Supplementary Fig. 9).

In the third stage (Fig. 3g), the vacuum continues to extract the 
solvent molecules; however, the interaction between the solvent and 
the solute cannot be ignored. At this stage of the process, the solution 
reaches supersaturation and commences nucleation. Solvents that have 
stronger interactions with the solute will be more challenging to extract, 
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Fig. 1 | In situ monitoring of quenching and nucleation processes. a, Schematic 
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via annealing). c, Schematic diagram of the mainstream quenching methods, 
including anti-solvent, vacuum and gas quenching, which is monitored by in situ 
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such as DMSO (29.8), which has a higher donor number than NMP (27.3), 
which will in turn delay nucleation (Fig. 3h and Supplementary Fig. 10). 
The donor numbers of the common solvents used for precursors are 
also summarized in Supplementary Table 3. Aside from the solvents, 
different additives will also impact the nucleation process. For example, 
the photoluminescence intensity of the precursor film with methylam-
monium chloride (MACl) during vacuum treatment is higher than that 
of the control film (Fig. 3i), indicating that MACl effectively increases 
pre-nucleation and produces more nucleation sites21. Furthermore, dur-
ing vacuum treatment, the in situ photoluminescence curve of the pre-
cursor film with 4-fluoro-phenethylammonium iodide (p-F-PEAI) seems 
shorter, indicating that p-F-PEAI promotes faster nucleation (Fig. 3i and 

Supplementary Fig. 11). Vacuum quenching nucleation also applies to 
producing wide-bandgap (1.79 eV) perovskites (Supplementary Fig. 12). 
Based on this research, we have identified the factors influencing the 
pumping speed, solvent system and additives in the three stages of 
vacuum quenching. This has guided suggestions for the subsequent 
comprehensive design of the equipment and the perovskite precursor 
solution system to realize high-quality perovskite film.

Temperature-controlled vacuum quenching
In addition to the perovskite components, solvents and vacuum treat-
ment equipment, the ambient temperature also substantially influences 
the nucleation process during the drying process of perovskite films35.  
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As shown in Supplementary Fig. 13, we found that the temperature of 
the precursor film immediately dropped by 6 °C during the antisol-
vent quenching process after the antisolvent was added. This dynamic 
change introduces more challenges to the nucleation process of the 
antisolvent; however, the temperature change of the precursor film 
during the vacuum treatment was minimal (Supplementary Fig. 13), 
indicating the higher controllability of the vacuum treatment. We built 
a T-VAQ platform with integrated in situ photoluminescence moni-
toring to more precisely control the temperature during the vacuum 
quenching nucleation process. The perovskite substrate placed on 
the T-VAQ platform can reach a temperature similar to the platform 
within 2 s (Supplementary Fig. 14). We can therefore ignore the tem-
perature change during the vacuum quenching process and attribute 
the difference in the nucleation process to the change in the preset 
equipment temperature.

We monitored the nucleation process at different temperatures 
using in situ photoluminescence to unravel the impact of temperature 
on the nucleation process (Fig. 4g). The photoluminescence heat maps 
(Fig. 4a–c) show that the film nucleation signal weakens at lower tem-
peratures. From the wavelength and intensity change extracted from 
the heat map (Fig. 4d and Supplementary Figs. 15 and 16), the lower the 
ambient temperature, the longer it takes to reach the same nucleation 
process. For example, at ambient temperatures of 10 °C, 20 °C and 
30 °C, the time required for the wavelength of the PLmax peak of the 
sample to change from 680 nm to 720 nm is 38 s, 12 s and 4 s, respec-
tively (Supplementary Table 4). This result shows that low temperature 
considerably slows the perovskite nucleation speed and broadens the 
processing window for preparing perovskite films.

We further set the temperature interval to 5 °C to investigate how 
the T-VAQ process affects perovskite films and device performance. 
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The T-VAQ treatment duration was adjusted for each temperature to 
ensure the photoluminescence peak wavelength shifted from 680 nm 
to 720 nm, maintaining the films within the same nucleation stage. 
Photographs of the intermediate phase films and the annealed films, 
processed at varying temperatures and durations, are presented 
in Supplementary Fig. 17. The intermediate phase films, obtained 
when the photoluminescence peak reached 720 nm, were expected 
to exhibit similar colours due to their identical photoluminescence 
peaks. However, they displayed a slightly darker appearance at higher 
temperatures, probably due to variations in quenching during the 
vacuum-breaking and vent periods. This continuous quenching pro-
cess introduced subtle differences in the degree of quenching across 
the films. Nevertheless, the annealed films appeared visually similar 
to the naked eye (Supplementary Fig. 17c) and exhibited comparable 
photoluminescence spectra (Supplementary Fig. 18). By contrast, 
annealed perovskite films nucleated at lower temperatures showed 
larger grain sizes and enhanced XRD peaks (Fig. 4e,f). This observation 
may stem from suppressed nucleation and a slower transition from the 
intermediate phase to the perovskite phase at reduced temperatures. 
These conditions allow the intermediate phase more time to grow 
and facilitate uniform solute diffusion within the film. We fabricated 

devices using these films to explore the impact of T-VAQ temperature 
on device performance. As shown in Fig. 4h, the PCE increases with 
decreasing T-VAQ temperature, peaking at 10 °C. Refer to Supplemen-
tary Fig. 19 and Supplementary Table 5 for details on additional device 
parameters. We attained similar results when we changed the solvent 
system to the mixed DMF–DMSO system: the low temperature could 
also open the processing window for the intermediate phases (Sup-
plementary Fig. 20).

In addition to regulating the nucleation process, we adopted the 
additive (p-F-PEAI) strategy to further regulate the perovskite crystal-
lization process to obtain higher-quality perovskite films. As shown 
in Supplementary Fig. 21, the perovskite film with p-F-PEAI additive 
reached the PLmax peak at 50 s after annealing. This was 14.5 s later than 
the control perovskite film, which reached the photoluminescence max 
peak after 35.5 s. In other words, the p-F-PEAI additive slowed down the 
crystallization rate of the perovskite film during annealing, resulting in 
a considerable increase in the grain size of the perovskite and a notable 
enhancement in crystallinity (from SEM and XRD in Supplementary 
Fig. 22). Based on the results of Fig. 3i and Supplementary Figs. 21 and 
22, the p-F-PEAI additive can promote accelerated nucleation and slow 
crystallization, thereby obtaining higher-quality perovskite films. 
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Fig. 4 | Temperature-controlled vacuum quenching. a–c, In situ 
photoluminescence heat map of perovskite film at 10 °C (a), 20 °C (b), or 30 °C 
(c) during vacuum quenching. d, PLmax wavelength of in situ photoluminescence 
versus time under different temperatures during the vacuum quenching 
process. e, XRD spectra of annealed perovskite films by vacuum quenching 
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vacuum quenching under different temperatures. g, Schematic diagram of the 
temperature control platform combined with in situ photoluminescence in the 
vacuum chamber. h, Statistical plots of PCE of PSCs on small areas obtained by 
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statistically analysed. The box represents the median and quartiles, whereas the 
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Furthermore, the shift of the Pb 4f and I 3d peaks shown by the X-ray 
photoelectron spectroscopy in Supplementary Fig. 23 confirms the 
interaction and potential passivation ability between the p-F-PEAI 
additive and the perovskite.

Device characteristics
We fabricated inverted PSCs with an architecture of indium tin oxide 
(ITO)/self-assembled monolayer (SAM)/FA0.95Cs0.05PbI3/piperazinium 
iodide/C60/bathocuproine (BCP)/Ag (Supplementary Fig. 24) to evalu-
ate the performance of the devices. As shown in Fig. 5a and Supplemen-
tary Figs. 25 and 26, small-area PSCs fabricated by the T-VAQ method 

exhibited a superior PCE (25.50%) to those fabricated by antisolvent 
quenching (24.86%). We also considered the upscaling capability of 
the T-VAQ method and successfully fabricated high-performance 
mini-modules (Fig. 5b). The statistical photovoltaic parameters of 
the mini-modules are summarized in Fig. 5c, Supplementary Fig. 27 and 
Supplementary Table 6; the target mini-modules based on the T-VAQ 
method exhibit an average PCE of 23.72%, which is higher than those 
based on antisolvent quenching (22.81%). This improvement originated 
mainly from the enhancements to the fill factor and short circuit current 
density (JSC). The control mini-module prepared by antisolvent exhib-
ited an active-area PCE of 22.93% with an active area of 11.0 cm2 (Fig. 5d).  
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By contrast, the mini-module prepared by the T-VAQ method exhib-
ited a superior PCE of 24.14% (Fig. 5e), featuring a high fill factor of 
80.97%, a VOC of 7.093 V and a JSC of 4.20 mA cm–2. We also obtained 
the geometric fill factor of 94% on the mini-module through the step 
profiler (Supplementary Fig. 28 and Supplementary Table 7). The target 
mini-module therefore achieved an aperture-area PCE of 22.69% with 
an aperture area of 11.7 cm2. We then sent one of the mini-modules to 
an independent laboratory (Shanghai Institute of Microsystem and 
Information Technology, SIMIT, Shanghai, China) for certification, and 
a certified aperture-area PCE of 21.60% was obtained from the reverse 
J–V scan (Supplementary Fig. 29).

To explore the fundamental reasons for performance improve-
ment, we initially compared the photoluminescence (Fig. 5f and Sup-
plementary Fig. 28), ultraviolet–visible (UV–vis) absorption spectra 
(Supplementary Fig. 30) and SEM (Supplementary Fig. 31) of large-area 
perovskite films produced by anti-solvent quenching and T-VAQ, 
respectively. The films produced by T-VAQ exhibited much better 
uniformity than those obtained by anti-solvent quenching. We also 
evaluated the uniformity of large-area perovskite films using electro-
luminescence mapping. As shown in Fig. 5g, the T-VAQ device displays 
stronger overall electroluminescence intensity and superior uniform-
ity, signifying improved film quality and reduced non-radiative recom-
bination losses. The improved fill factor therefore primarily comes 
from more uniform nucleation and crystallization on large-area sub-
strates based on T-VAQ. We also used a blade-coating method to address 
the inherent scalability and transferability issues of the spin-coating 
method. The results showed that the PSM prepared based on the T-VAQ 
method can still achieve high active-area PCE (23.1%) with an active 
area of 14.52 cm2 (Supplementary Fig. 32), proving its feasibility for 
large-scale manufacturing. Moreover, this strategy was also applied 
to n–i–p-structured PSMs (Supplementary Fig. 33). A spin-coated 
n–i–p mini-module achieved a PCE of 21.18% and a blade-coated n–i–p 
mini-module achieved a PCE of 20.21% with an active area of 18 cm2. 
Furthermore, the strategy is also applicable to a 1.67 eV inverted 
wide-bandgap PSC with a PCE of 22.16%, demonstrating its potential 
in perovskite-based tandem solar cells (Supplementary Fig. 34).

The T-VAQ method ought to improve the stability of the perovskite 
films and solar cells. Hence we test the stability of the unencapsulated 
PSCs by following protocols established by the International Summit 
on Organic Photovoltaic Stability (ISOS)36. We examined the opera-
tional stability of the unencapsulated devices with maximum power 
point tracking under continuous 1-sun-equivalent white-light LED 
illumination at 45 °C in N2 (Fig. 5h). The T-VAQ-based device retained 
approximately 93% of its initial PCE over 3,500 h. By contrast, the 
device with antisolvent quenching retained only 65% of its initial PCE 
after 3,500 h. Hence, our devices accomplished high efficiency and 
favourable operational stability, indicating that our T-VAQ method is 
efficacious. Furthermore, due to the isotropy of vacuum in T-VAQ, we 
successfully prepared mirror-like large-area perovskite films on convex, 
concave and flexible substrates (Fig. 5i), demonstrating the broader 
application of T-VAQ technology37,38. The mini-modules prepared by 
the T-VAQ method can drive the model solar vehicle along a rough 
road on cloudy days.

Conclusion
In this study we employed in situ photoluminescence technology to 
uncover the variations in nucleation for three commonly used quench-
ing nucleation processes. We then concentrated on vacuum quenching, 
dividing it into three stages and investigating the factors influenc-
ing each stage. We found that pumping speed, solvent systems (with 
different boiling points and donor numbers) and additives all have 
specific effects on nucleation related to the nature of the three stages 
of vacuum quenching. This discovery can offer valuable guidance for 
achieving high-quality nucleation through vacuum quenching. Notably, 
we developed the T-VAQ method by regulating the vacuum quenching 

temperature. We discovered that a lower temperature can prolong 
the existence of the intermediate phase, thereby expanding the time 
window for subsequent processing, leading to high-quality, uniform 
and large-area perovskite films. The insights gained from this vacuum 
quenching nucleation research and the T-VAQ method will accelerate 
the large-scale production of more efficient perovskite solar modules.
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Methods
Materials
All materials were used as received without further purification.  
Caesium iodide (CsI) and formamidinium iodide (FAI) were purchased 
from Greatcell (Australia). Lead iodide (PbI2) was purchased from TCI 
( Japan). Methylammonium chloride (MACl), fullerene 60 (C60) and BCP 
(purity of 99.9%) were purchased from Xi’an Polymer Light Technol-
ogy Corporation (China). The solvents, including DMF, DMSO, NMP, 
γ-butyrolactone, 2-methoxyethanol, isopropanol and chlorobenzene 
(CB), were purchased from J&K (China). Silver was purchased from 
commercial sources with high purity. CbzNaph was synthesized as 
described in ref. 39.

Substrate preparation
The ITO (15 Ω sq–1) glass substrates were patterned by a 532 nm laser. 
For 0.04 cm2 cells, 1.5 × 1.5 cm2 ITO substrates were patterned into a 
1.5 × 1 cm2 conducting surface. For the mini-module, 5 × 5 cm2 ITO sub-
strates were patterned into 5 mm width sub-cells. For flexible ITO/PET 
substrates, the A4-sized substrates were cut into 5 × 5 cm2 shapes and 
stuck on the 5 × 5 cm2 glass substrate after cleaning. A Φ6 cm curved 
glass with an approximately 1 cm bulge was used for the curved sub-
strates. All substrates were sequentially cleaned by sonication with 
detergent (Decon 90/deionized water with 1:4/v:v) for 2 h, followed 
by deionized water, acetone and IPA for 30 min, respectively. The 
cleaned ITO glass substrates were then transferred into an oven with 
a temperature of 80 °C.

Hole transport layer preparation
The ITO was treated with low-pressure air plasma for 20 min before use. 
After plasma, within 1 h, 1.5 mg ml–1 CbzNaph in CB:DMF (98.5:1.5)40 was 
spin-coated onto the ITO glass substrate at 4,000 rpm for 30 s and was 
subsequently annealed at 100 °C for 10 min. After cooling to room tem-
perature, the substrates are ready for perovskite precursor deposition.

Precursor preparation

1.	 Precursor for spin-coated perovskite: the 1.4 M perovskite 
precursor solution was prepared by mixing 677.7 mg PbI2, 
228.8 mg FAI and 18.2 mg CsI powder in 1 ml DMF:DMSO (4:1/ 
v:v). The precursor was stirred overnight, 9.7 mg MACl and 
10 μl p-F-PEAI solution (100 mg ml–1 in DMF) were added into 
the precursor to study the influence of additives on the nuclea-
tion process.

2.	 Precursor for blade-coated perovskite: the 0.9 M perovskite 
precursor solution was prepared by mixing 435.6 mg PbI2, 
139.3 mg FAI and 11.7 mg CsI powder in 1 ml DMF:NMP (9:1/ 
v:v). The precursor was stirred overnight, 6.1 mg MACl and 5 μl 
p-F-PEAI solution (100 mg ml–1 in DMF) were added into the 
precursor before coating.

Fabrication of perovskite intermediate phase based on 
spin-coating method
Three nucleation methods are discussed as follows.

1.	 For the antisolvent quenching method, perovskite precursor 
solution (50 μl) was dropped on the SAM and spin-coated at 
2,000 rpm for 10 s and 5,000 rpm for 45 s. Chlorobenzene 
(180 μl) as anti-solvent was quickly dripped onto the centre of 
perovskite film 5 s before the end of the spin-coating process. 
This resulted in a transparent yellow intermediate film. The 
process was performed in a N2 glove box, with the air condi-
tioning maintaining the temperature at 16–22 °C.

2.	 For the vacuum quenching method, 50 μl of perovskite 
precursor solution was dropped on SAM and spin-coated at 
2,000 rpm for 10 s and 5,000 rpm for 10 s. The resulting  
film was quickly transferred into the vacuum chamber.  

The pressure will drop to lower 100 mTorr in 5 s. The precursor 
film was treated for 15 s to show a transparent yellow colour. 
The vacuum quenching process was carried out in an air glove 
box, with the relative humidity at 15–20% and the temperature 
at 22–25 °C. 
In terms of pumping speed, all experiments, except for the 
one investigating the effect of pumping speed on the vacuum 
quenching process (which used a speed of 40 m3 h–1), were 
conducted with a pump operating at 12 m3 h–1. The pumping 
pressure requirement is generally to achieve a pressure of 
<10 Pa (or 75 mTorr) within 10 s of evacuating the chamber. In 
our study, a 12 m3 h–1 pump was used to evacuate a chamber 
of approximately 1 l, as illustrated by the pressure curves 
in Fig. 3b and Supplementary Fig. 8, which show a drop to 
<75 mTorr within 10 s. 
Determining the optimal pumping time for achieving the 
best device performance depends on various factors such as 
differences in precursor systems, additives and substrates. We 
believe that the film needs to reach an appropriate intermedi-
ate phase; however, different systems may not achieve ideal 
efficiency at the same phase. We therefore recommend that 
other researchers experiment to identify the most suitable 
time for their specific systems. This time will vary with tem-
perature, necessitating precise temperature control during 
vacuum quenching. 
Regarding the optimal temperature for ideal device perfor-
mance, we have found that, without affecting the tack time and 
while obtaining the desired intermediate phase, selecting a 
lower temperature can help produce films with higher orienta-
tion and larger grains, thereby enhancing device performance. 
However, researchers should tailor the specific temperature to 
their particular systems.

3.	 For the gas quenching method, 50 μl of perovskite precursor 
solution was dropped on SAM and spin-coated at 2,000 rpm 
for 10 s and 5,000 rpm for 10 s. The resulting film was quickly 
transferred onto the suction platform. The air knife worked 
at 3 bar. The angle between the air knife and the substrate is 
about 45°. The distance between the air knife and the substrate 
is about 1 cm. The gas quenching process was conducted in an 
air glove box, with the relative humidity at 15–20% and tem-
perature at 22–25 °C.

Fabrication of perovskite intermediate phase based on 
blade-coating method
Three nucleation methods are discussed as follows.

1.	 For the antisolvent quenching method, 20 μl of perovskite 
precursor solution was injected between the blade and the 
SAM substrates and the blade moved at 15 mm s–1 with a gap of 
100 μm. The extra precursor was absorbed by the paper tissue 
attached at the end of the substrate. The prepared wet film 
was then immersed into a tank with 300 ml chlorobenzene as 
an anti-solvent. The process was performed in a dry air glove 
box, with the air conditioning maintaining the temperature at 
22–25 °C and the relative humidity at 15–20%.

2.	 For the vacuum quenching method, 20 μl of perovskite precur-
sor solution was injected between the blade and the SAM sub-
strates and the blade moved at 15 mm s–1 with a gap of 100 μm. 
The prepared wet film was transferred into the vacuum 
chamber. The pressure will drop to lower 100 mTorr in 5 s. The 
precursor film was treated for 15 s to show a transparent yellow 
colour. The vacuum quenching process was performed in an 
air glove box, with the relative humidity at 15–20% and the 
temperature at 22–25 °C.
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3.	 For the gas quenching method, 20 μl of perovskite precursor 
solution was injected between the blade and the SAM sub-
strates and the blade moved at 15 mm s–1 with a gap of 100 μm. 
The resulting film was quickly fixed onto the suction platform. 
The air knife worked on 3 bar. The angle between the air knife 
and the substrate is about 45 °C. The distance between the 
air knife and the substrate is about 1 cm. The gas quenching 
process was carried out in an air glove box, with the relative 
humidity at 15–20% and temperature at 22–25 °C.

The intermediate film was then annealed at 100 °C for 30 min. Piper-
azinium iodide (0.25 mg ml–1 in IPA) is spin-coated on perovskite film at 
4,000 rpm for 30 s and then annealed at 100 °C for 10 min; 25 nm C60 was 
thermally evaporated on the film as ETL, then 6 nm BCP as a buffer layer, 
and 100 nm Ag as a current collector was thermally evaporated on the C60. 
For the anti-reflection coating, an MgF2 layer with a thickness of 140 nm 
is thermally evaporated onto the back of the devices in the high vacuum 
chamber (<5 × 10–6 Torr). The metal shadow mask with an aperture area 
of 0.06 cm2 was used to determine the cell contact area. The perovskite 
solar cells were covered with a shading mask with an aperture area of 
0.04 cm2 to ensure the accuracy of current density from J–V curves.

Fabrication of PSMs
Perovskite solar modules with six subcells (5 mm width per cell) con-
nected in series were fabricated on ITO glass with a 5 × 5 cm2 size. The 
series interconnection of the module was realized by P1, P2 and P3 lines, 
which were patterned using a laser scribing system with a wavelength of 
532 nm and a power of 10 W (SCIPRIOS GmbH). The ITO substrate was 
pre-patterned for P1 (25 μm wide) at 100% laser power and a speed of 
1,000 mm s−1. The subsequent processes for the preparation of the SAM 
substrates, as well as the perovskite, piperazinium iodide and C60/BCP 
layers, are the same as the small-area-device procedures. The P2 lines 
(125 μm wide) were patterned with an average laser power of 65% at a 
speed of 1,000 mm s−1. After Ag layers were sequentially deposited, and 
the P3 lines (65 μm wide) were patterned with an average laser power of 
60% at a speed of 200 mm s−1. The distance between the P1 and P3 lines 
is about 300 μm and the geometric fill factor is around 94%.

Characterizations
The XRD patterns for perovskite film crystallization analysis are 
measured using a Bruker D2 Phaser with Cu Kα radiation. Ultraviolet–
visible absorption spectra were recorded on a UV–vis spectrometer 
(PerkinElmer model Lambda 2S). Photoluminescence was recorded 
by FLS980 spectrofluorometer (Edinburgh) with a xenon lamp and 
a pulsed excitation laser of 480 nm, respectively. The substrate for 
the photoluminescence measurement is non-conductive glass. The 
cross-sectional and top-view images of the samples were monitored 
by scanning electron microscopy (QUATTRO S).

In situ photoluminescence measurements
In situ photoluminescence spectra were characterized by home-built 
equipment, including an excitation system, fibre system and detector 
system. The testing samples are held in a temperature-controlled N2 
glove box or humidity-controlled air box with a fibre system set around 
the sample. By contrast, the excitation and detection system is set in the 
ambient environment and connected with the fibre. Excitation system 
using an excitation laser (315 nm, max = 30 W). Excitation light was 
introduced to the sample through a fibre. The emitted light from the 
sample was collected by fibre and introduced to a spectrophotometer 
(Ocean Optics USB2000). A 550 nm low pass filter is applied in the 
light pass to the spectrophotometer. The in situ photoluminescence 
system was integrated into (1) a spin-coater, (2) an antisolvent bath, 
(3) a vacuum quenching chamber and (4) an air knife platform, which 
was used to study the nucleation of the perovskite using different 
nucleation methods.

Solar cell characterization
The J–V characteristics of photovoltaic devices were measured in an 
N2-filled glovebox at room temperature using a Keithley 2400 Source 
Meter under simulated sunlight from a solar simulator (EnliTech, 
SS-F5, Taiwan). A National Renewable Energy Laboratory-calibrated 
silicon solar cell (with a KG-2 filter) was used to obtain the AM 1.5G 
(100 mW cm–2) solar simulator’s light intensity. The perovskite solar 
cells (perovskite solar modules) were covered with a shading mask 
with an aperture area of 0.04 cm2 (11.70 cm2) to ensure the accuracy 
of the current density from the J–V curves. Before J–V measurements, 
a 140-nm-thick magnesium fluoride layer was deposited on the back 
of the ITO substrate to improve the transmittance. The J–V measure-
ments for the cells were conducted with sweep mode with reverse 
(from 1.20 V to –0.1 V) and forward (from –0.1 V to 1.20 V) scans with 
a scan step of 20 mV and a time delay of 100 ms. For modules, voltage 
was swept between 7.5 V to –0.1 V with 0.1 V steps. The J–V tests were 
conducted in a N2 glovebox. The external quantum efficiency for the 
cell was conducted using an external quantum efficiency measurement 
system (EnliTech, QE-R, Taiwan).

Long-term device stability measurement
The solar cells were operated at their maximum power point tracking 
while being illuminated by a white LED source. The stability of the cells 
was monitored with a 91 PVKSOLAR MSCLT-1 automatic maximum 
power point tracker (1 sun illumination intensity of 100 mW cm−2). 
Throughout the test, the sample chamber was maintained in ambient 
air with a continuous N2 flow.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from 
the corresponding authors on reasonable request. Source data are 
provided with this paper.
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