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Fig. 1 Diagram of the LaMer model for perovskite nucleation
and crystal growth!'®!
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Fig. 2 Preparation process and morphology of perovskite thin films. (a) Schematic diagram of PSC structure and (b) experimental
steps schematic for one-step annealing (control) and gradient thermal annealing method*")
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Table 1 Application of the improved thermal annealing process in the preparation of perovskite thin films

Annealing method

Characteristics

Gradient thermal annealing '~

Rapid thermal annealing!'** 2

Synergistic  effect thermal

annealing (GTA) and anti-solvent (ATS)

of gradient

Vacuum-assisted thermal annealing ")

Ambient air annealing !

Hot casting %

As depicted in Fig. 22!, the gradient annealing process reduces the evaporation rate of organic solvents in
the wet perovskite film, thereby prolonging the crystallization. Compared to direct annealing, the slower
color transition from yellow to black under gradient annealing indicates a reduced crystallization rate.
During MAPbI; annealing?!l, the first 5 min of preheating at 60 ‘C see a slow transition of the
MAI-Pbl,-DMSO intermediate phase to MAPbI;, accompanied by a gradual dissociation of DMSO
which allows for hydrogen bond formation with Pbl,. In contrast, direct thermal annealing completes
90% of both DMSO release and hydrogen bond formation within just 15 s.

While prolonged thermal annealing can induce film decomposition, high-temperature rapid annealing has
emerged as a promising alternative. This technique rapidly removes solvent to establish a supersaturated
state, thereby promoting perovskite nucleation and increasing crystal nucleus density. It is also
cost-effective, environmentally friendly, and highly suitable for large-area perovskite film fabrication.
For instance, a 4 s anneal at 400 ‘C can yield grain sizes up to 1 um!"*). However, the excessively rapid
solvent evaporation in this process often causes severe grain contraction, leading to rough surfaces and
grain boundary cracks, which ultimately compromise crystal quality.

The DMSO was extracted using an anti-solvent to disperse the crystal nuclei, followed by gradient
annealing to crystallize the film. This method produced a film with an exceptionally smooth surface,
significantly reduced grain boundaries, and grain sizes exceeding 1 pm (Fig. 3™%)). Consequently, both
the film quality and device performance were substantially enhanced.

Compared with the traditional thermal annealing process, vacuum-assisted thermal annealing can accelerate
the crystallization of perovskite, resulting in a calcium titanate film without pores, with fewer defect
states and high crystallinity, as shown in Fig. 47",

As demonstrated in Fig. 5a—Fig. 5d'", this method is commonly utilized in the annealing process of CsPbls
films. Remarkably, annealing in ambient air does not degrade the photoelectric properties but instead
improves carrier extraction efficiency and suppresses non-radiative interface defects. This work provides
a new concept for the annealing of inorganic perovskite films, paving the way for their ambient
fabrication.

The hot-casting procedure is depicted in Fig. 5(¢)**. Typically, a preheated (70-100 ‘C) perovskite
precursor solution is deposited onto a substrate maintained at a higher temperature (100-180 C). A
substrate temperature above the perovskite crystallization point enables rapid solidification, while the
remaining solvent facilitates grain growth. This combination results in a uniform, fully-covered film with
large grains. Crucially, the process eliminates the need for a separate post-annealing step, thereby

streamlining the fabrication process and ultimately lowering both the cost and production time.
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Fig. 3 GTA method for CsPbL,Br crystal growth?”. (a) X-ray diffraction (XRD) patterns of CsPbL,Br films annealed at different
gradient temperatures. Inset: photograph of GTA film after the gradient 50, 100 and 160 ‘C treatments; (b) Photographs of
color evolution of GTA, GTA-ATS-Tol, and GTA-ATS-IPA films treated at 50 ‘C from 0 to 1 min and after the GTA
treatment at 50, 100 and 160 °C; (c) Optical microscope image of the GTA film at local region for stripes (Scale bar, 100 mm),
(d) Optical microscope image of the GTA film at local region for center (Scale bar, 100 mm); (¢) SEM image of the GTA film at
local region for stripes (Scale bar, 1 mm); (f) SEM image of the GTA film at local region for center (Scale bar, 1 mm)
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Fig. 4 (a) Schematic illustration of vacuum-assisted thermal annealing (VATA) for CsPbl; perovskite film. (b) Mechanism diagram
for the conversion of one-dimensional DMAPbI; film to three-dimensional CsPbl; through cations exchange between Cs” and
DMA". (c) Photoographs of the CsPblj; films annealed in the N, or vacuum at different times. Top-surface SEM images of the

CsPbl; films annealed in (d) N, and (e) vacuum. Cross-sectional SEM images of the CsPbl; films annealed in (f) N, and (g)
[27]

vacuum
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Fig. 5 (a) Steady-state photoluminescence emission spectra of dry air and ambient air annealed CsPbl; absorbers; (b) Time-resolved

photoluminescence (TRPL) decay of dry air and ambient air annealed CsPbl; films; Cross-sectional SEM images of dry air
(c) and ambient air, (d) annealed CsPbl; absorber films were deposited on FTO/TiO,—C substrates'”; (e) Processing scheme

for crystalline perovskite layers, through hot casting under ambient atmosphere
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Table 2 Application of new annealing techniques in the preparation of perovskite thin films

Annealing method

Characteristics

Electromagnetic  Infrared

wave

annealing

Ultrasonic annealing !

Solvent-bath annealing

Solvent-vapor assisted annealing !

annealing

Ultraviolet (UV) light-

annealing

Lasers

annealing

Microwave

annealing

42-43]

[6, 44]

[9-10, 30-33]

[34]

[35-38]

S
[8,39-41]

45-54]

Infrared annealing utilizes its capability to deliver intense energy rapidly, effectively promoting precursor
reactions and driving grain growth. As shown in Fig. 6a—Fig. 6d!"", film growth rate and quality are
strongly dependent on the infrared photon flux. After 5 min annealing at 940 nm under different light
intensities, the resulting surface morphologies were characterized. The results indicate that under
identical wavelength and duration, the film processed under 15.80 suns exhibits smoother, more uniform
grains with sizes of approximately 450 nm, and a more complete reaction between MAI and Pbl,.

It is generally believed that the high energy of ultraviolet light can decompose perovskite, so the use of
ultraviolet light for annealing perovskite films is very rare. As shown in Fig. 6e-Fig. 6f**, by
controlling the amount of UV light exposure, and appropriately utilizing the high absorption of
perovskite in the ultraviolet band, crystallization can also be promoted.

Studies have shown that lasers can generate temperatures exceeding 100 ‘C within the film. After laser
annealing, the film exhibits excellent crystallinity and orientation. Moreover, different wavelengths of
lasers have different effects on the growth of the film. The grains have a better grain size at 450 nm,
which may be due to the high absorption of calcium titanate at non-UV short wavelengths [37]. The
local temperature gradient generated by the laser at the calcium titanate grain boundaries will cause
larger grains to absorb more energy, while smaller grains have a higher temperature, thereby inducing
the selective growth of larger grains.

The wavelength range of microwaves is from 1 mm to 1 m. Studies have shown that microwaves can
effectively control the crystallization of perovskite. By replacing the traditional thermal annealing
process (HAP) with the rapid microwave annealing process (MAP), the processing time of perovskite is
reduced to less than 1 min. The microwave radiation method can effectively eliminate impurities,
thereby achieving large grains of >1 pm in perovskite films, as shown in Fig. 7a—Fig. 7f *"). This
enables the photoelectric conversion efficiency of inverted planar PSC to increase from 18.33% (HAP)
to 21.59% (MAP), and it achieves good stability of >1000 h under environmental conditions without the
need for encapsulation!*!’.

Ultrasound-induced crystallization is also a new type of annealing method. Usually, after preparing the
calcium phosphate wet film, ultrasound-induced crystallization is carried out for a period of time. As

41 the calcium phosphate film subjected to ultrasound annealing (15 W-3

shown in Fig. 7g-Fig. 7h !
min) has a relatively dense grain structure with larger grain sizes (average: 670 nm); while the calcium
phosphate film subjected to thermal annealing contains a large number of smaller grains, with
occasional larger grains (average 315 nm). These small grains cause vacancies at the grain boundaries,
making the calcium phosphate layer susceptible to overheating oxygen and humidity. The smaller
particles with a bright sheet-like appearance may represent regions rich in Pbl,. This method can be
used for processing the crystallization of calcium phosphate films for flexible devices, as well as for the
fabrication process of large-area devices.

By utilizing the principle of mutual solubility of organic solvents, specific organic reagents were selected
to extract the polar solvents within the perovskite films to facilitate crystallization. In 2025, Wang et
al'® applied fluorocarbon-based solvents for a new type of solvent bath annealing. By comparing two
fluorocarbon solvents, perfluoronaphthalene (PFD) and perfluorotoluene (PFT), they investigated the
previously overlooked solvent-to-solvent interactions between fluorocarbon compounds and the
precursor solvents of perovskite. By increasing the solvent-solvent interactions, high-quality perovskite
films with higher crystallinity and fewer film defects were obtained, as shown in Fig. 8%, The solar
cells annealed with PFT exhibited a high photoelectric conversion efficiency of 24.26%, and the device
stability was significantly improved. At a humidity level of 40%—45%, without encapsulation, it
maintained 80% of its initial efficiency after 70 d.

By adding polar solvent vapor during the annealing process, the solvent vapor is allowed to condense on
the surface and grain boundaries of the perovskite film. The condensed solvent dissolves the perovskite
on the surface and grain boundaries, providing a liquid medium for the diffusion of the constituent ions,
resulting in the fusion of grains, the formation of larger grains and the reduction of grain

48-49 [50-51] 11521

|, such as methylamine , n-butanol® and

54]

boundaries' , as well as alcohols like ethano

benzoic alcohol'
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Fig. 7 Photographs and top view SEM images of perovskite films fabricated by microwave radiation in (a, d) air condition (MRAC),
(b, e) heating-annealing in air condition (HAAC) and (c, ) heating-annealing in inert atmosphere (HAIA) ™). SEM images of
perovskite films made by (g) UVT (15 W-1 min) and (h) TA (100 °C, 10 min), respectively'**
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Fluorocarbon solvent-bath annealing
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Fig. 8 (a) Illustration of solvent-bath annealing process for perovskite films. Top-view SEM images of (b) Thermally annealed (TA),
(c) Perfluorodecalin (PFD), and (d) Perfluorotoluene (PFT)-annealed perovskite films [
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Fig. 9 FE-SEM images of the top view of the MAPbI;/TiO,/FTO structure at different annealing temperatures, (a,e), (b,f), (c,g),
(d,h), low and high magnifications annealed at 80, 100, 120 °C, and 140 °C®™; (i, j) SEM images of CsPbL,Br perovskite
film annealed at 260 and 280 °C, respectively!®®
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Fig. 10  Surface (left) and cross-sectional (right) SEM images of the perovskite films annealed at different temperature™™. (a) and (b)

100 C for 20 min, (c) and (d) 175 ‘C for 60 s, (e) and (f) 250 ‘C for 10 s. Insets are grain distribution of the

corresponding perovskite films. (g) Cathodoluminescence (CL) diagram of perovskite film ) corresponding to perovskite
(red) and Pbl, (yellow) composition
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Fig. 11 (a, b) XRD patterns of perovskite; (c—f) The atomic force microscopy (AFM) images of perovskite thin films prepared under

four different annealing times!®®!
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Fig. 12 Evolution of the perovskite precursor grains annealed for 5 s (left) and 10 s (right) at different temperatures®”). (a) and (b)

100 C, (c)and (d) 175 C, (e) and (f) 250 °C. Insets are grain distribution of the corresponding perovskite films. Statistical
results of photovoltaic parameters of the PSCs extracted from a series of devices'®”). (g) Short-circuit current density (J.),
(h) open-circuit voltage (¥,.), (i) fill factor (FF), (j) photoelectric conversion efficiency (PCE)
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Fig. 13 Efficiency distribution maps corresponding to (a) flexible PSCs and (b) rigid perovskite solar cells with annealing time of
5-30 min and annealing temperature of 90180 °C, respectively; (c) efficiency distribution diagram of annealing time in

30-300 s at an annealing temperature of 150 ‘C["*
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Fig. 14 SEM images of the top surfaces of perovskite films'’*¥. SEM images of perovskite films formed on PEDOT:PSS/ITO glass
substrates, after thermal annealing in (a) a glovebox and (b) a vacuum chamber at 60 “C. Top-surface SEM images of the
CsPbl; films annealed in (c) N, and (d) vacuum. Cross-sectional SEM images of the CsPbl; films annealed in (¢) N, and (f)
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Fig. 15 Surface topography measured by SEM for different perovskite films fabricated in the atmosphere of (a) non-annealing, (b)
10 min N5, (¢) 10 min N, and 20 min air, (d) 10 min air, (e) 30 min, (f) 10 min DMSO, and (g) 10 min DMSO and 20 min
air. Here, the scale bar is 500 nm["®. (h) Schematic illustration of the atmosphere-controlled apparatus during perovskite film

annealing?®®
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Table 3 Comparison of non-annealing process with existing traditional annealing process and new annealing process

Process type

Characteristics

Traditional thermal
annealing

New annealing

The grain size is relatively large, typically ranging from several hundred nanometers to 1 micrometer. Moreover, the grain size
distribution is wide and uneven, and continuous high-temperature conditions can easily lead to grain boundary coarsening.

The grain size ranges from several tens to several hundred nanometers. By applying local or instantaneous energy input, the heat

budget can be reduced (for example, the laser annealing time can be shortened to the millisecond level).

Non-annealing

The grain size is small and uniform, typically ranging from 10 to 100 nm. The grain size distribution is narrow, and the grain

boundary compounding rate is high. The crystallization process is regulated by film formation kinetics (such as solvent

evaporation rate and additive-induced crystallization).
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Extended Abstract

Perovskite solar cells (PSCs) have grown into a research hotspot in the field of photovoltaics due to their exceptional
optoelectronic properties. The photovoltaic performance of PSCs is directly influenced by the perovskite thin film as the
light-absorption layer of the device. Generally, the growth conditions of perovskite crystals are one of the primary factors for the
quality of the perovskite film. The photovoltaic performance of PSCs is critically dependent on the quality of the perovskite film, in
which the annealing method plays a pivotal role in the fabrication process. During the formation of high-quality perovskite crystals,
the role of annealing is primarily to remove solvents from the wet perovskite film and promote the crystallization of film. The
different annealing methods and processes vary in their effectiveness of facilitating film growth.

This article reviews recent advancement in annealing for perovskite thin films in PSCs, with a particular emphasis on prevalent
annealing methods and the critical process factors governing the final film quality and device performance. First, the annealing
process and its mechanism in promoting the crystallization of perovskite films is introduced. Second, the principal annealing methods
reported to date for perovskite crystallization are summarized, including traditional thermal annealing, improved thermal annealing
techniques, and novel annealing technologies. Third, the critical process parameters included the synergistic effects of temperature,
time, and annealing atmosphere and non-process factors involved the properties of the substrate material for governing the annealing
results are systematically discussed. Subsequently, the development of annealing-free techniques for perovskite films is examined.
Finally, the future research directions for the annealing process of perovskite thin films are outlined, with the aim of supporting the
commercialization of perovskite solar cells.

Summary and Prospects

The annealing process for perovskite thin films helps to increase the nucleation rate during film formation, then enhances the
grain density, and subsequently promotes the formation of larger and uniformly distributed grains, and ultimately results in
high-quality perovskite films, thereby improving the photovoltaic performance of the devices. This article systematically reviews the
influencing mechanisms of the annealing process, the types of annealing methods, the process parameters affecting annealing
outcomes, and the latest advancements in annealing-free techniques for perovskite thin films. The aim is to provide theoretical
foundations and technical references for the preparation of high-quality perovskite films and high-performance PSCs.

By optimizing the uniformity and coverage of perovskite films, the annealing process promotes grain growth and passivates
interface defects, thereby enhancing the crystalline quality and optoelectronic properties of the films. While traditional thermal
annealing improves film quality to some extent, it can also lead to issues such as pinholes and uneven grain size, which limit the
development of PSCs. Consequently, a variety of novel annealing techniques have been developed, including electromagnetic wave
(infrared, ultraviolet, laser, and microwave) annealing, ultrasonic annealing, pressure annealing, and solvent annealing. Moreover,
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precise control of annealing parameters—such as temperature, heating rate, duration, and ambient atmosphere—has been proven
critical to optimizing annealing outcomes and directly influences the photovoltaic performance of the devices.

Despite significant progress in annealing techniques, their side effects cannot be overlooked. For instance, high-temperature
annealing may trigger perovskite decomposition, some methods are complex and lack reproducibility, and the process incurs
additional costs. As a result, annealing-free techniques are gaining attention, as they simplify the fabrication process of PSCs, reduce
energy consumption, and lower costs. However, the crystalline quality of annealing-free films still lags behind that of annealed films,
warranting further exploration.

Looking ahead, research on the annealing process for perovskite thin films is likely to develop in the following directions:

First, further advancement of in-situ characterization techniques to deeply reveal the microscopic mechanisms of crystal growth
during annealing.

Second, leveraging the advantages of machine learning for high-throughput screening of annealing process data to guide the
laboratory preparation and industrial application of high-efficiency PSCs.

Third, continued development of novel annealing and annealing-free techniques that balance efficiency and low energy
consumption, ensuring high film quality while simplifying the fabrication process and reducing costs.

Currently, the industrialization of perovskite solar cells is becoming increasingly prominent, particularly in perovskite-silicon
tandem solar cells. There is an urgent need to address the challenge of achieving uniform crystallization of large-area perovskite films
compatible with industrial-grade silicon wafers, which will propel the industrialization of perovskite photovoltaics to a new stage.

Keywords perovskite solar cells; perovskite films; annealing; crystaline quality



