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ization. However, the upscaling of small-area PSCs to large-area solar modules to meet the demands of
practical applications remains a significant challenge. The scalable production of high-quality perovskite
films by a simple, reproducible process is crucial for resolving this issue. Furthermore, the crystallization
behavior in the solution-processed fabrication of perovskite films can be strongly influenced by the
physicochemical properties of the precursor inks, which are significantly affected by the employed sol-
Scalable fabrication vents and their interactions with the solutes. Thus, a comprehensive understanding of solvent engineer-
Perovskite film ing for fabricating perovskite films over large areas is urgently required. In this paper, we first analyze the
Solar cell role of solvents in the solution-processed fabrication of large-area perovskite films based on the classical
Module crystal nucleation and growth mechanism. Recent efforts in solvent engineering to improve the quality of
perovskite films for solar modules are discussed. Finally, the basic principles and future challenges of sol-
vent system design for scalable fabrication of high-quality perovskite films for efficient solar modules are
proposed.
© 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. All rights reserved.

Keywords:
Solvent engineering

Contents

B S 0o o e LTl T ) o PRt 690
2. The basic roles of solvents in perovskite crystallization . .. ... ...... .. .ttt ettt et et et et et 692
3. Progress of solvent engineering for PSIVIS. . . .. ... ittt ettt ettt et e e e e e e e 696
3.1.  Solvents for coating pre-heated SUDSIIAteS . . . .. ..ottt ettt et ettt e e e e et et ettt e et e e, 696

3.2.  Solvents for antisOIVENt treatMent. . . . . ..o . ittt ittt ettt ettt e e e e e e e e e e e e e e e et 697

3.3.  Solvents for vacuum flash-assisted Methods. . . . ... ... . e e e 697

3.4. Solvents for the gas-assiSted AIYING PIOCESS . . . v v vttt ettt e et ettt et e e et e et et et ettt e e ettt ea e 699
3.4.1. Less-volatile solvents for [ow-speed COating. . . .. .. ...ttt et ettt e ettt et et et e e 699

3.4.2. Volatile solvents for high-speed COating. . ... ...ttt et et et et ettt e et e et 702

3.5. Solvents engineering and performance Of PSS . . . .. ... ittt et e e e e 704

4.  Alternative nonhazardous SOIVENtS iN SOIVENE SYSTEIMIS . . . o v vt vttt et ettt et e et et et e e et et et e e ettt e e e e ettt ieeaenns 705
5. Challenges and suggestions for further development . . ... ... ... .. ittt it e ittt ettt e e e e 707
Declaration of COMPETING INEETESE . . .. ottt ettt ettt ettt e et et e et et et et e et e e ettt e et ettt et e e e et 708

* Corresponding authors.
E-mail addresses: yangzhichun@sxu.edu.cn (Z. Yang), zg_zhao@qny.chng.com.cn (Z. Zhao), liuzonghao@hust.edu.cn (Z. Liu), wnlochenwei@mail.hust.edu.cn (W. Chen).
T These authors contributed equally to this work.

https://doi.org/10.1016/j.jechem.2023.02.017
2095-4956/© 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by ELSEVIER B.V. and Science Press. All rights reserved.


https://doi.org/10.1016/j.jechem.2023.02.017
mailto:yangzhichun@sxu.edu.cn
mailto:zg_zhao@qny.chng.com.cn
mailto:liuzonghao@hust.edu.cn
mailto:wnlochenwei@mail.hust.edu.cn
https://doi.org/10.1016/j.jechem.2023.02.017
http://www.sciencedirect.com/science/journal/20954956
http://www.elsevier.com/locate/jechem

Z. Jiang, B. Wang, W. Zhang et al.

Acknowledgments
Appendix A.  Supplementary material
References

Journal of Energy Chemistry 80 (2023) 689-710

1. Introduction

Capturing clean and renewable energy has been put forth as a
practical approach to address the accelerating global energy crisis
and increases in environmental pollution. Photovoltaic (PV) tech-
nology, which can efficiently harvest solar energy, stands out
among various new energy technologies because it has a high per-
formance and is environmentally friendly [1-8]. Solar cells based
on metal halide perovskite light absorbers have been of interest
in the last decade because of their remarkable device performance
and cost-effective manufacturing process [9-12]. To date, the high-
est power conversion efficiency (PCE) of small-area perovskite
solar cells (PSCs) has reached 25.7%, approaching the record effi-
ciency of crystalline silicon (c-Si) solar cells, and the operational
stability of PSCs has dramatically improved since 2009 [13,14].
Subsequently, reliable and scalable approaches for fabricating
large-area devices are needed to integrate solar panels and move
this emerging PV technology towards commercialization.

Perovskite solar modules (PSMs) can enhance the output volt-
age or current when they are scribed with a laser or mechanical
knife into numerous sub-cells; they are then interconnected with
suitable conductors to fulfill practical power demands. Therefore,
PSM interconnection types can be classified as series or parallel
types. In addition, PSMs can be classified into mini-modules, sub-
modules, and modules based on the device area [15]. In general,
an inevitable efficiency loss occurs as the device area increases.
In addition, the decline rate is usually approximately 0.8% of the
absolute efficiency, while the device area increases by one magni-
tude in commercially mature technologies (Fig. 1a). Currently, the
highest efficiency of PSCs dramatically decreased to 23.7%, 21.4%,
and 18.2% for standard 1 cm? cells, mini-modules (19.32 cm?),
and sub-modules (756 cm?), respectively [16,17]. Therefore, the
average decline in efficiency for current PSCs is 2%-3% of the abso-
lute value as the device area increases by one magnitude, which is
much higher than the general decline. This significant difference
indicates a tremendous challenge in the scalable fabrication of

(a)

PSMs. The inherent reasons for these differences can be ascribed
to the following causes: (1) the quality of large-area functional lay-
ers (especially for perovskite layer) cannot catch up with their
counterparts in small-area devices and have higher defect densi-
ties, more pinholes, and less uniformity in morphology and
thickness; (2) laser/mechanical scribing induces dead region/
heat-damaged regions around the active films and contact resis-
tance losses at interconnection channels; and (3) the increase in
the sheet resistance of the transparent conductive oxide (TCO) sub-
strate that occurs as the device area increases.

In this context, we mainly focus on the upscaling fabrication of
high-quality perovskite films for solar modules [18-25]. The qual-
ity of the perovskite film is known to play a decisive role in the
generation and transportation of photogenerated carriers and the
performance of PSCs and PSMs. Thus, achieving high-quality per-
ovskite films over a large area by spin-coating coupled with the
antisolvent extraction method for small-area PSCs remains a sig-
nificant challenge. In particular, the uniformity of large-area per-
ovskite films must be ensured, while the performance of PSMs is
limited by the worst sub-cell [26-29]. Therefore, a manufacturing
procedure of large-area perovskite films for PSMs using a simple
and reproducible technique with less dependence on the atmo-
sphere is urgently desired to replace the preparation of small-
area devices using standard spin-coating methods in Ar- or Nj-
filled gloveboxes. Recently, various deposition techniques have
been developed, which are mainly divided into the dry method
(mainly for chemical vapour deposition and evaporation deposi-
tion, as shown in Table 1 and Fig. 1b) and wet (solution) processing
[16,22,30-43].

In contrast to the dry method, the solution-processed method
allows high-throughput manufacturing and precise control of the
stoichiometric ratio of the perovskite film. This article mainly
discusses the progress of solvent engineering in the solution-
processed fabrication of large-area perovskite films to manufac-
ture efficient solar modules, including techniques such as spray
coating, blade coating, slot-die coating, and inkjet printing, and
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Fig. 1. (a) The power conversion efficiency evolution of various solar cells with different device areas. (b) The power conversion efficiency evolution of solar cells prepared by

the dry methods.

690



Z. Jiang, B. Wang, W. Zhang et al.

(@)

(b)

cnu

S ;
.‘g c"m‘:n /f/
= o H
5 /
:c; / E3 ;‘ . *
O . [ o ek

i I il I\

t1 t2 ts
Time
(c) 2 2

Journal of Energy Chemistry 80 (2023) 689-710

v

! Nucleation rate

|

Growth rate

Formation rate of the solid phase

)
o i
1Cinin Chax

embryos nuclei

Solute Concentration

Slow Evaporation e et A e, A e .‘.

I

RRRRR

Fast Evaporation

I

II

I

I v Films

I v Films

Fig. 2. (a) The changes of concentration as a function of time with solvents evaporating. (b) Schematic illustrating the nucleation and growth rates with solvents evaporating.
Reproduced with permission from Ref. [68]. Copyright 2017, Royal Society of Chemistry. (c¢) The nucleation theory: the behaviors in solvent evaporation. Reproduced with

permission from Ref. [34]. Copyright 2019, Royal Society of Chemistry.

provides a summary of the performance of PSMs (Table 2) fabri-
cated using these methods [44-67].

Fundamentally, solvent engineering for various solution-
processed fabrication processes of perovskite films precisely
manipulates crystal growth dynamics. In general, the growth pro-
cess of crystals is subject to the classical LaMer Model, schemati-
cally illustrated in Fig. 2(a) [68]. First, with the evaporation of
the solvents, the concentration of the precursor solute gradually
reaches saturation (Cs) after the precursor ink spreads on the target
substrate, as illustrated in Fig. 2(a) (process I), coupled with the
upcoming formation of embryos. As the solvents continually evap-
orate, the concentration of solute reaches the minimum for nucle-
ation (Cpy,); the nucleation behaviour starts at this point (Fig. 2b,
process II) and the Gibbs free energy is higher than the surface
energy of the formed nuclei from this point. In other words, this
process can be understood as the growth of embryos towards the
nucleus. During this period (from process I to process II in Fig. 2a
and b), the embryos formed to overcome the critical nuclear barrier
and grow to the critical nucleation radius (Fig. 2b, process II),
which is also why nucleation cannot occur at Cs. Second, a coexis-
tence process occurs, which includes the formation of the nucleus
and the growth process (process Il in Fig. 2b), during which the
included atoms, ions, or molecules in the spread precursor ink
are assembled to form new embryos or nuclei, and the maximum
solute concentration is reached (C*). Finally, the solute concen-
tration gradually decreases as the solute is consumed and only
the nucleus growth process remains (process IV in Fig. 2a). The
crystal growth rate is very fast once the nucleus is formed (process
Il in Fig. 2b).

Consequently, the key to manipulating the nucleation and
growth kinetics is to control the volatilization rate of the solvents
(as illustrated in Fig. 2c) used in the prepared precursor ink. In
addition, nucleation and growth kinetics are also determined by
the properties of the solvents, such as their volatility, boiling point,
polarity, and interactions with the precursors [34,69-73]. In addi-
tion, these properties also affect the design of post-treatment
strategies for the scalable fabrication of films. In addition, the
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nucleation density (N) in the precursor films can be estimated by
the nucleation factor (P) and probability of atomic diffusion (I')
according to formula (1); these values are affected by the solution
viscosity (1), initial solution concentration (Gp), and critical energy
barrier (AG*) [68].

CoKT —AG"
323y exp< KT )

The C, value of the precursor inks is generally controlled by the
solvent evaporation rate, which can be tailored by the solvent boil-
ing point or extraction method. However, 17 or AG* is significant for
the diffusion and incorporation of atoms/ions into a liquid-solid
interface in precursor inks. Hence, the influence of solvents
adopted in the precursor inks is crucial to achieving a scalable fab-
rication process. In contrast to small-area PSCs, the photovoltaic
characteristics of every subcell have an essential impact on the
overall performance of the series of structural perovskite thin-
film modules. Hence, uniformity of perovskite films over a large
area is necessary for efficient PSMs. In addition, because of the
non-uniform hydrophilicity of the substrates and solvents-
extraction, the growth process of perovskite crystals during
scalable fabrication of perovskite films is complicated and uncon-
trollable, resulting in the “Coffee Ring Effect”. Therefore, to achieve
a scalable fabrication process, an optimized solvent system should
ensure a sufficient time window for wet film and controllable sol-
vent extraction to improve the uniformity and crystallization qual-
ity of the film over a large area.

We first examined the basic roles and design principles of sol-
vents in perovskite precursor inks, how they affect the quality of
large-area perovskite films and the performance evolution of PSMs.
Second, recent efforts in solvent engineering, as well as reasonable
post-operation strategies for efficient PSMs, are systematically
reviewed. Finally, perspectives for the further optimization of
green solvent engineering design strategies aimed at creating per-
ovskite films for highly efficient PSMs are provided to promote
their commercialization.

N_PF_{ (1)
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2. The basic roles of solvents in perovskite crystallization

Tremendous efforts have been devoted to the solution-
processed fabrication of uniform perovskite films over a large area
by implementing solvent engineering with appropriate solvent and
additive combinations [74,75]. There are three primary types of
solvent systems used for the large-scale deposition of perovskite
films: highly volatile, non-coordinating chemical solvents (VNCS);
moderately volatile, coordinating chemical solvents (MVCS); and
particularly less volatile, strongly chelating Lewis base additions
(SCLA) [76-78]. As a result, their relative amounts can significantly
affect the solvent evaporation rate and crystallization Kinetics,
which have far-reaching effects on the final perovskite film mor-
phology. In general, the boiling points or vapor pressures of sol-
vents and their coordination with Pb?* or monovalent cations in
precursor inks are critical for controlling the growth process of
crystals [79]. For instance, VNCS such as acetonitrile (ACN) and
2-methoxy ethanol (2-ME) are easily removed from precursor inks
because of their comparatively weak coordination with Pb%* or
monovalent cations.

In contrast, extracting solvents with relatively high boiling
points and strong coordination is difficult [67,80,81]. The solvent
ratio in the precursor inks determines the post-extraction strate-
gies used in the preparation of the perovskite films. To produce a
full-coverage morphology free of pinholes during the drying pro-
cess of perovskite films, the rapid removal of the VNCS can induce
supersaturation within a short time. In addition, owing to their
higher boiling point and stronger coordination ability, MVCS sol-
vents are required to enhance the solubility of perovskite chemi-
cals. Several Lewis bases have been widely used to control this
process by forming a stable intermediate phase [82,83]. However,
several desired perovskite compositions cannot be processed with-
out MVCS, resulting in a short lifetime of photogenerated carriers
without SCLA. Thus, the combination of VNCS, MVCS, and SCLA at
appropriate ratios to precisely adjust the physical and chemi-
cal properties of the mixed precursor is crucial for up-scaling the
fabrication of perovskite films, as depicted in Fig. 3.

In addition to the self-evaporation of solvents in wet films, the
supersaturation of precursor inks can be regulated by relevant
post-treatments. To date, various post-treatments, including sub-
strate heating, the vacuum flash method, gas knife blowing, and
antisolvent bath, have been designed for fabricating large-scale
perovskite films. However, further optimization is still required
to achieve high homogeneity and reproducibility. Antisolvent
removal is a common and well-established post-treatment method
for preparing perovskite films in laboratories. This process con-
sumes many chemical reagents for large-scale fabrication and
may not be a cost-effective and environmentally friendly strategy
[84,85]. Consequently, heating the substrate, vacuum flash, and
gas knife-assisted coating methods have been developed in recent
years. In summary, to achieve a controllable process, rapidly
removing solvents and forming a stable intermediate phase from
precursor states by adjusting the composition of the solvent sys-
tem, or their physical or chemical properties, are key.

Precursor inks can be coated onto the prepared substrates using
spin-coating techniques in a laboratory. The wet films can then be
transformed into solid films by post-treatment, similar to the com-
monly used antisolvent extraction method. As shown in Fig. 4(a),
the reagent for antisolvent extraction should be miscible with
MVCS and SCLA in precursor inks, but insoluble in their solutes.
When fabricating large-area perovskite films, antisolvents such
as ethyl acetate (EA), chlorobenzene (CB), and diethyl ether (DEE)
are often utilized as either drop-on treatments or soak solutions
in extraction baths. Once the antisolvent is applied, solvents such
as N, N-dimethylformamide (DMF), and dimethyl sulfoxide
(DMSO) are efficiently eliminated from the wet state, leaving
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behind the perovskite crystals and intermediate phase in the pre-
pared films [86]. DMSO in the intermediate phase was removed
entirely in the subsequent annealing process.

In addition, by introducing VNCS into the prepared precursor
inks, such as 2-ME and ACN, the solvent removal rate can be accel-
erated, which facilitates the quick removal of VNCS in wet films by
gas knife flow. During the drying process, the degree of supersatu-
ration is maintained above Cs. Thus, a compact perovskite film is
formed. Furthermore, the boiling points of the solvents can be
reduced by establishing a low-pressure atmosphere using a vac-
uum pump in a sealed container and promptly removing the sol-
vents. Hence, the combination of gas flow and reduced pressure
can be combined as a better post-treatment to promote the evap-
oration rate of solvents in the precursor inks and achieve compact
perovskite films. This method achieved a PCE of 20.44% (with a
device size of 0.1 cm?).

Moreover, owing to the “soft” nature of perovskites, the sec-
ondary grain growth in the extended depth scale can be optimized
by surface post-treatment (SISG) [87]. As shown in Fig. 4(b), the
minimized surface free energy provided a driving force (AF) on
the films. In Eq. (2), Ay is defined as the anisotropy of surface
energy [87]. Similar to the surface free energies of Cs* in CsPbl,Br,
n-butylammonium (n-BA), octylammonium (OCA), and oleylam-
monium (OLA) were applied in the SISG process. For the lowest
surface energies, films with large grain sizes were achieved with
OLA (Fig. 4c). The reduced grain boundary densities were beneficial
for photoelectronic behaviour and suppressed the degradation of
the devices.

287 B
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Furthermore, SCLA has been widely used to control nucleation
kinetics with a stable intermediate phase and to reduce the activa-
tion energy during nucleation and crystallization processes. As
polar aprotic solvents, the commonly used SCLA can coordinate
well with Pbl,. However, as shown in Fig. 5(a), rod crystals
appeared in the prepared film with pure DMF, leading to poor mor-
phology and coverage. Furthermore, the relatively slow evapora-
tion of the solvents resulted in gaps between the large crystal
grains within the films. Therefore, a method for extracting solvents
from wet films is required, and the commonly used solvents in the
antisolvent process, including 1,2-dichlorobenzene (DCB), butyl
acetate (BA), DEE, CB, and EA, are toxic to the environment [88-
92]. A solvent-quenching process for volatile solvents has been
gradually developed in recent years. As shown in Fig. 5(b), after
the antisolvent treatment, a relatively smooth and dense per-
ovskite film was achieved, but pinholes still existed in the films
after annealing.

By contrast, after introducing DMSO into precursor inks, the
intermediate phase could be formed due to the chemical interac-
tion between DMSO and Pbl,, which could enhance the stability
of the coated wet films, resulting in perfect homogeneity compared
to samples prepared with pure DMF. Nonetheless, the DMSO mole-
cules in the intermediate wet films cannot rapidly evaporate at
ambient temperature, allowing for their extraction during the sub-
sequent annealing process. As shown in Fig. 5(b), the combination
of the reduced energy barrier induced by the Lewis bases and the
rapid nucleation resulting from the antisolvent process allows for
larger grain size and improved contact with substrates. For optimal
control of perovskite growth, it is necessary to optimize the bal-
ance in the intermediate phase in the films or modify the DMSO
concentration in the solvent system. For pure DMSO, less-ordered
gain structures were induced by too many intermediate phases
in the films, leading to adverse orientation during the annealing
process. Therefore, adding a moderate amount of DMSO to a mixed

AF = F; — F; = )
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solvent system is beneficial for facilitating the growth of highly ori-
entated perovskite films [93]. Several reports have revealed that
the intermediate phase of MA,PbsXg(DMSO), mainly exists in
wet-coated films, as shown in Fig. 5(c) [78]. Because the
intermediate phase formed in wet films is generally stable at room
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temperature, it allows for a long processing window during
printing and enables the precise preparation of a large-area per-
ovskite film during the synthesis of perovskite crystals. The MA;-
Pb3Xg(DMSO), phase underwent annealing and transformed into
stoichiometric MAPbI; with a tetragonal perovskite phase. During
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Fig. 4. (a) Preparation of provskite films by spin coating with an antisolvent treatment. Reproduced with permission from Ref. [86]. Copyright 2018, Wiley-VCH. (b)
Schematic demonstration of surface-induced secondary grain growth. (c) Surface morphology of the films with different solvents-treatments (IPA, isopropanol; n-
butylacetate, n-BA; octylammonium, OCA; and oleylammonium, OLA). Reproduced with permission from Ref. [87]. Copyright 2019, American Chemical Society.

this process, temperature and time are crucial factors for film qual-
ity. A low annealing temperature (<90 °C) could lead to an incom-
plete transition of the intermediate phase. This resulted in a higher
concentration of the residual intermediate phase and inferior pho-
tovoltaic performance of the devices. However, a high annealing
temperature could lead to the sublimation of ammonium salt, fast
evaporation of DMSO, residual Pbl, and poorer morphology of the
prepared films. Hence, a suitable amount of DMSO and optimized
annealing conditions can ensure complete conversion and ideal
film morphology.

While solvent evaporation can aid diffusion and bond formation
during annealing, intramolecular exchange during intermediate-
phase conversion is beneficial for the complex reaction of
FA-based perovskites. Yang and co-workers showed that NMP (N-
methyl-2-pyrrolidone) preferentially interacts with the FA cation
(FA") over DMSO in FA-based perovskite precursor solutions [94].
As shown in Fig. 5(d), the wet film containing NMP was transpar-
ent, whereas the films prepared with DMSO became obscure, indi-
cating a stronger interaction between NMP molecules and the FA
cation. By comparing different Lewis bases, Lee and co-workers
concluded that the oxygen in NMP and DMI was more sterically
accessible to the FA cation. According to studies on acids and bases
(HSAB), the MA cation tends to interact with DMSO, whereas the
FA cation can form a more stable intermediate phase with NMP.
Therefore, a suitable Lewis base can facilitate the stability of the
intermediate phase in wet films, which is essential for enhancing
their homogeneity over a large area. In addition, solid additives
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such as NH4Cl and NH4l can also be applied to form stable interme-
diate phases, and NH; can promote this transformation process
without residues remaining in the films. Tong et al. controlled crys-
tallization and achieved compact large-area perovskite films for
efficient PSMs (Fig. 5e) [95]. Based on these strategies, the fabri-
cated large-area PSMs achieved a PCE of 14.55% (5 x 5 cm?) and
exhibited a prolonged Tgo lifetime. In addition, manipulating the
growth behaviour of perovskites can also be achieved by modifying
the volatility and chemical structure of the solvents (additives)
used and the bond formed between the cations and anions in the
prepared inks.

The formation pathways for a-FAPbI; also greatly influence the
films [96-98]. In addition to the coordination ability, volatility, and
chemical structure of the solvent, Zheng et al. reported that
solvent-containing intermediate phases can be classified into two
distinct configurations depending on the basicity of the solvent
(Gutmann donor number, Dy; Camlet-Taft value, ) [99]. As shown
in Fig. 6(a), when g is higher than Dy, the hydrogen bonds between
FA* and OXR become more robust, and (FA---OXR) Pbl; intermedi-
ates (Dy < B, SCLA/OXRs) are formed. On the other hand, when g
is lower than Dy, Pbl,-OXR is easily formed in the precursor inks.
As shown in Fig. 6(b and c), the interaction between FA*/Pb?* and
OXRs played a significant role in the phase transition process.
The critical phase transition from intermediate to perovskite
involves two processes: the breakage of Pb-O bonds and the forma-
tion of Pb-I bonds. Then, the stronger Pb-O bond requires higher
energy for breakage, easily leading to the formation of 3-FAPbIs.
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from Ref. [94]. Copyright 2018, American Chemical Society. (e) The architecture of the PSMs. Reproduced with permission from Ref. [95]. Copyright 2022, Wiley-VCH.
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The Pb-O bonds in (FA---OXR) Pbl; were relatively lower and helped
reduce the energy required for this structural evolution. As a result,
they replaced DMSO (Dy > ) with NMP (Dy < f) in the precursor
inks, the formation of o-FAPbI; was facilitated, and the 5-phase
was restricted in FA-based films. Consequently, it is more impor-
tant than ever to select Lewis bases with a wide range of physico-
chemical properties to produce high-quality perovskite films.

3. Progress of solvent engineering for PSMs
3.1. Solvents for coating pre-heated substrates

Generally, a higher temperature can promote rapid evaporation
of solvents and substrates can be preheated during the coating pro-
cess. As shown in Fig. 7(a), Kim et al. developed a slot-die coating
strategy for preheated substrates to print large-area perovskite
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films for PSCs [100]. By simply preheating the substrate tempera-
ture to 60 °C, the DMF in the mixed solvent system was primarily
evaporated. The perovskite crystals, a small amount of DMF, and
intermediate phase were the key components in the pre-
pared films. (Fig. 7b). The coating bed temperature was raised from
60 °C to 80 °C, resulting in a homogenous and compact perovskite
film owing to the increased evaporation rate of solvents. The corre-
sponding device efficiency improved from 0.31% to 4.26%, as
shown in Fig. 7(c). As the solvents in the solutions began to evap-
orate, larger hexagonal crystals appeared in the films, indicating
that the intermediate phase was transformed into the perovskite
phase. When the temperature reached 130 °C, the photovoltaic
device performance was significantly improved. Based on the opti-
mized preheated temperature, the preparation of perovskite films
over a large area by the slot-die coating method was greatly sim-
plified, showing great potential for future industrial applications.
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In addition to the pre-heating temperature, the coating speed of
precursor inks on preheated substrates is another critical parame-
ter that affects the quality of the target films and corresponding
device performance. The optimized thickness of the perovskite film
can facilitate the light-harvesting efficiency and carrier transporta-
tion. As shown in Fig. 7(d), when the coating speed was relatively
low, the precursor inks dried as blade-coating rods moved away
from the substrates, and the film thickness was inversely propor-
tional to the speed of motion [101-106]. In the other mode, a thick
film was also prepared by accelerating the moving pace of the
blade-coating rod, but the films were still wet after the blade-
coating rod moved away. Considering the existence of coordinated
solvents in wet films and the high surface tension during solvent
evaporation, preparing a uniform perovskite film with high quality
on the preheated coating bed was difficult. For example, the hole-
transport material used in inverted high-efficiency PSCs is PTAA.
Although PTAA layers can be readily produced on substrates using
a blade-coating technique, perovskite films have limited coverage
owing to their poor wettability. To solve this problem, Deng and
co-workers prepared perovskite films on a preheated substrate
by introducing surfactants into the precursor inks. As the wet films
are uniformly spread across the substrates, the rapid evaporation
of DMF molecules can be achieved in a short time by pre-heating
the substrates, resulting in a fast nucleation process and compact
structure in the prepared films. However, during the evaporation
of solvents, the complex hydrodynamic process led to in-
homogeneous nucleation and growth of crystals over a large area,
inducing the “Coffee Ring Effect”. The introduction of a surfactant
effectively enhanced the viscosity of the precursor inks and their
affinity for substrates, as shown in Fig. 7(e). Owing to the compli-
cated fluid flow dynamics in the blade-coating process, large crys-
tal particles grew in the films.

When the particles were heated for an extended time, large
gaps developed between them, resulting in films with poor
microstructures. (Fig. 7f). Because surfactants lower the surface
tension of wet films, they can efficiently improve the homogeneity
of films on a wide scale by impeding fluid flow during drying,
resulting in a compact film without holes and improved PCEs of
the PSMs. In the scalable fabrication of perovskite films, high uni-
formity is usually required to ensure the photovoltaic performance
of each sub-cell, which is essential for the overall performance of
the fabricated PSMs.

3.2. Solvents for antisolvent treatment

Aiming at a controllable crystallization process in the scalable
fabrication of perovskite films for PSMs, a variety of SCLAs have
been introduced to form a stable intermediate phase and improve
the crystal quality, as shown in Fig. 8(a). Further research on Lewis
base additives is warranted to achieve a more controllable and
reproducible fabrication process. Generally, O-donor bases, such
as DMSO, are commonly used as polar aprotic solvents to form
the intermediate phase Pbl,-DMSO or FAI-Pbl,-DMSO [107-109].
The molecular interactions between Pbl, and diverse Lewis bases
in films can be revealed by Fourier transform infrared spectroscopy
(FTIR). As shown in Fig. 8(b), a stretching vibration related to S=0
for a bare DMSO appeared at 1045 cm™'. After introducing Pbl,, the
shift of the stretching vibration to a lower wavenumber indicated
that the Pbl,-DMSO adduct formed.

Upon further dissolving FAI into the inks, hardly any shift in the
stretching vibration position indicates the negligible coordination
of FAI with DMSO. By introducing thiourea, a kind of solid-state
Lewis acid-bases adduct, a gradual shift of the stretching vibration
position (S=C) at approximately 1045 cm~' lowered the
wavenumber direction, indicating a FAI-Pbl,-thiourea with stron-
ger interaction. After antisolvent treatment, DMF and most of the
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Lewis bases were extracted from the prepared wet films. If the film
originated from an unstable intermediate phase, the film without
thiourea gradually became obscure, whereas the film containing
thiourea was transparent. Even though DMSO can form an inter-
mediate phase to improve the morphology of MAPbI; films, the
intermediate phase containing thiourea was more suitable for
the reproducible synthesis of FAPbI; films.

Similarly, by employing mixed additives of NMP (liquid) and
phenyl sulfoxide (solid, DPSO) into MVCS (DMF) precursor inks,
Yang et al. reported that a slot-die-coated wet film
(20 x 14 cm?) showed a prolonged stable time compared to sam-
ples containing only DMF [55]. With a stable molecular structure
and stronger interaction energy (Fig. 8c) between DPSO and the
solutes in the precursor inks, the wet films can be kept for more
time during the fabrication process. Semi-in situ examination at
various timeframes depicted in Fig. 8(d) indicates the microstruc-
ture development of the coated wet films. This evolution demon-
strated the development of a coated wet film microstructure.
Adding small amounts of NMP and DPSO to the precursors sup-
pressed unordered growth in wet films. A compact film can be
obtained by transitioning the intermediate phase to the stoichio-
metric perovskite phase during the subsequent annealing process.
The crystal grains first appeared in the samples (precursor 1) pre-
pared with pure, indicating the extraction of solvents in the films
and weaker interaction with Pbl,. For wet films containing DMF
and NMP, crystal grains began to appear in the films after 4 min
(precursor 2), indicating that the intermediate phase formed in
the films delayed the growth of crystals. With the introduction of
DPSO (precursor 3), stronger interactions in the intermediate
phase (Pbl,-DPSO) prolonged the time to 8 min, meaning that the
dependency of wet films on time was further reduced. Therefore,
the complicated production process for perovskite films may be
reliably replicated because the intermediate phase with stronger
contact makes wet films less dependent on temperature and time.
Ultimately, the wet film delivered a dense, uniform perovskite film
across a wide area by controlled homogenous crystallization. Based
on the optimized parameters, the parallel-interconnected solar
module (active area = 20.77 cm?) achieved a certified PCE of
16.63% (Fig. 8e) and exhibited excellent repeatability (Fig. 8f).
The importance of the intermediate phase formed with SCLAs in
the process of crystal growth has been reported by many groups,
and controllable and uniform crystal growth is essential for upscal-
ing the films. The selection and introduction of Lewis bases will be
significant for fabricating PSMs with high efficiency and stability in
a reproducible manner in the future [110]. We discuss the solvents
design and treatments used in the scalable production of per-
ovskite films for high-efficiency PSMs, except for the solvents sys-
tem used for the antisolvent.

3.3. Solvents for vacuum flash-assisted methods

By reducing the boiling point, low pressure can facilitate the
uniform evaporation of solvents in large-scale wet films and deli-
ver high-quality perovskite films after annealing; this process is
called the vacuum-assisted processing method (VASP). Fig. 9(a)
shows that the prepared wet film was immediately transferred to
the vacuum chamber after the spin-coating process. Most of the
solvents were rapidly removed in a low-pressure atmosphere.
Then, highly oriented film crystallization can be achieved along
with evaporation of the residual solvent during thermal annealing
[111]. Recently, the VASP method was developed to prepare per-
ovskite films over a large area for PSMs [112]. The wet films were
prepared on substrates using different coating methods, and then a
vacuum chamber with low pressure was employed to remove the
solvents. Compared with the antisolvent process, which consumes
a tremendous amount of toxic solvents, VASP is more environmen-
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Fig. 8. (a) Reaction between Lewis acid A and base B. (b) The measure on FTIR for SCLA, the photos were the coated films. Reproduced with permission from Ref. [108].
Copyright 2019, American Chemical Society. (c) Interaction energy of additives with the FA* and Pbl,. (d) Changes of film morphology over time, observed with an optical
microscope (scale bar, 100 um). (e) The J-V curves of large-area PSMs with a stabilized efficiency output, and (f) the reproducibility of PSMs. Reproduced with permission from

Ref. [55]. Copyright 2021, American Association for the Advancement of Science.

tally friendly and can be used during continuous fabrication. Based
on the aforementioned solvent engineering for small-area devices,
Li and co-workers coated a GO/QD interlayer to reduce the resistive
losses. Consequently, they achieved a certified PCE of 17.85% for
PSMs with an aperture area of 17.11 cm? (Fig. 9b).

Subsequently, Mai et al. reported that, combined with the
related solvents and VASP strategy, a shiny film (4 x 4 cm?) was
achieved after thermal annealing. Similar to conventional SCLA,
MACI can also work differently as an additive. As shown in Fig. 9
(c and d), after being treated by vacuum extraction, a small amount
of MACI and the intermediate phase containing DMSO resided in
the films. As shown in XRD patterns of precursor films prepared
by the solution containing DMSO, three diffraction peaks (the blue
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curve) at approximately 6.63°, 7.25°, and 9.23° can be attributed to
the interaction of amine salt and Lewis bases in Pbl,. The absence
of diffraction peaks at 12.7° confirmed that the formation of MA;-
Pbslg-2DMSO intermediate phase predominated in the precursor
films, which transform into the tetragonal perovskite phase by
low-temperature annealing [113]. After adding the MACI, the
diffraction peak at 14.1° became narrower and higher, indicating
MACI can help to facilitate the growth of the perovskite phase in
prepared films. Accordingly, during the gradual evaporation of
MACI, the film possessed a larger grain size than that of the film
prepared from the precursor without MACI. Based on the VASP
treatment, a small amount of MACI in the precursor inks was intro-
duced to control the morphology and crystallization of the pre-
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pared film, and the resultant mini-module (active area = 10.08 ¢
m?) was fabricated with a PCE of 11.25%. Meanwhile, as shown
in Fig. 9(e and f), based on the VASP and related solvents, Chen
et al. realized the management of surface iodide by surface chela-
tion on perovskite films with cesium sulfonate (CsF). The prepared
PSMs obtained a PCE of 15.7% over a total area of 100 cm? [114].

3.4. Solvents for the gas-assisted drying process

3.4.1. Less-volatile solvents for low-speed coating

The time window for the solvent extraction process is also crit-
ical, resulting in low fault tolerance in the manufacturing process
and limiting the reproducibility of PSMs manufacturing. Although
the coating methods combined with antisolvent treatment and
VASP can be applied to PSMs, the time window for the non-
in situ preparation process severely limits this technique for fur-
ther mass production. Compared with small-area precursor films
prepared in the laboratory, the complete and uniform extraction
of solvents from wet films over a large area with an in-situ fabrica-
tion process is relatively difficult. Therefore, the in-situ fabrication
process is more attractive to achieve a low-cost, stable, and envi-
ronmentally friendly solar module preparation method for
industrial-scale compatible manufacturing. Various solvents and
extraction methods have been used to realize an in-situ process
for scalable fabrication. Gas-assisted film formation and related
solvent design can be substituted for the aforementioned methods.

A blade was used to scrape the perovskite precursor ink to pre-
pare a wet film on the substrate. Uniform horizontal nitrogen was
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blown from the air knife to accelerate solvent evaporation [115-
117]. The pressurized gas flowing through the aerostatic chamber
was discharged in a high-strength and uniform laminar flow sheet,
which generated a constant linear moving airflow and drove the
solidification of the wet films coated on the substrates. In addition,
the gas-knife-assisted coating method is suitable for most
perovskite-solution systems. Owing to its merits, including the
in-situ fabrication process, high reproducibility, and low consump-
tion of chemical reagents, the gas-assisted drying method is
promising for up-scaling perovskite films in future industrialised
production. To date, many crucial factors closely related to the sol-
vent system design exist for the as-knife-assisted method, such as
solution concentration, viscosity, coating speed, slit width, air knife
flow pressure, and blowing time [118]. The growth of perovskite
crystals can be explained by the classical diffusion-controlled crys-
tal growth model, called the Lamer mechanism, and the Weizmann
theory, which is discussed above.

Furthermore, Li et al. proposed associating the supersaturation
degree of the precursor inks with the morphology evolution of
the perovskite film and connecting it with the performance of
related PV devices [119]. As shown in Fig. 10(a), the gas knife-
assisted blade coating method is an extensible manufacturing pro-
cess [118]. Hence, the solvents and related volume ratios in the
precursor inks are significant for controlling the growth behaviour
of perovskite films over large areas.

However, further studies on the extraction of solvents from wet
films and the quality of prepared films are needed and will benefit
the development of efficient PSCs and PSMs. Currently, it is still
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Fig. 10. (a) Schematics of prepared films obtained with a dying-assisted blading process. Reproduced with permission from Ref. [118]. Copyright 2020, Elsevier. (b) Surface
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as marked separately) as a function of the supersaturating degree and the spatially resolved PL maps of the films. Reproduced with permission from Ref. [119]. Copyright
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challenging to tailor the solvent coordination in precursor inks to
improve the quality of large-area absorption layers. For example,
the grain size in an air-bladed film can reach approximately
700 nm, whereas that of the anti-solvent treated (SA-processed)
film was only 300 nm (Fig. 10b) [116]. Compared with natural dry-
ing, constant flow accelerated the evaporation of the solvents in a
linear direction, which ensured the uniformity of the prepared film
in the same order. Thus, the application of the gas-knife-assisted
blade method requires precursor inks with sufficient volatility at
room temperature. Additionally, photoluminescence (PL) mapping
of the naturally dried samples revealed a larger perovskite domain
with poor substrate coverage, which can be attributed to the
impact of the gas flow on the crystallization of the produced films
[118]. However, for samples dried by N, flow, a uniform PL signal
indicated a uniform perovskite film, which highlighted the vital
role of the gas blow in this process (Fig. 10c) [120].

Furthermore, after the evaporation of solvents, several addi-
tives, such as SCLA, still exist in the films and control the crystal
growth behaviour. The Lewis base additives in the inks for the
gas-assisted method were beneficial for reducing the time depen-
dency and facilitating crystallization in the subsequent annealing
process. However, the instability of the intermediate phase under
gas blow caused an unpredictable crystallization process in the
precursor films as the SCLA evaporated. Therefore, the Lewis
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acid-base for the in-situ creation of FA-based perovskites sup-
ported with a gas blow requires further investigation. Using blade
coating processes, FA-based perovskites may not be compatible
with conventional polar aprotic solvents, such as DMSO. Studies
on Lewis bases have found that a small amount of these solvents
evaporate along with DMF to form holes in the drying process,
assisted by a gas-knife flow, leading to poor surface morphology
in the films. Park et al. found that diverse Lewis bases with higher
donor numbers and boiling points could also be applied in the gas-
assisted bar coating process to form stable intermediates [54].
Compared to conventional Lewis bases, the stronger bonding
energy between DMPU and Pb?* results in controlled crystal
growth. Subsequently, the crystal growth can be analyzed using
its XRD pattern, and the characteristic peak of Pbl, cannot be
detected. The related peak intensity of perovskite is much lower
than that of other SCLA (Fig. 10d), indicating that DMPU is involved
in the formation of intermediates, mainly because DMPU has the
highest boiling point and donor number. The relative percentage
of the intermediate phase (Fintermediatephase ) in films can be calculated
with A, representing the peak area at angle x, as shown in formula

(3).
As.54 + A7.08

= x 100%
As.54 + A7.08 + A14.04 ’

3)

F intermediatephase
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As shown in Fig. 10(e), the peak at 12.6 ° for Pbl, disappeared
after DMPU was introduced into precursor inks. The peak at
approximately 14.1° is relatively low, indicating the formation of
a stable intermediate phase in films [54,120]. After the subsequent
annealing process, the DMPU molecules evaporated from the inter-
mediate phase, and a uniform FA-based perovskite film with fewer
defects was obtained. The PCE of the series-interconnection PSMs
was 17.94%, indicating better performance than that of the refer-
ence samples [54].

These changes can also express the stability of the intermediate
phase in the optical microscopic images of the wet films with the
air-blowing time. Owing to their physical and chemical properties,
Lewis base additives can be used to delay crystal growth with a
controllable process, which is necessary to achieve homogeneity
at a large scale. They also reported that hexamethylphosphoramide
(HMPA) with strong interaction was suitable for forming a stable
intermediate phase and successfully prepared an FA-based per-
ovskite film assisted by an Nj-knife (Fig. 10f). Better photovoltaic
performance was observed in the perovskite films prepared using
HMPA-containing precursor solutions. The perovskite films with
better photoelectrical properties exhibited a PCE of 17.01%
(Fig. 10g) [53,121]. Despite achieving a homogeneous film over a
large area using solvents, tailoring the solvent coordination for per-
ovskite thin films still requires further research.
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To study the influence of SCLA additives on the growth process of
FAC-based films in depth, Bu et al. analyzed the impact of additives in
this process [56]. As shown in Fig. 11(a), following the evaporation of
DMF in the precursor inks, the intermediate phases (Cs,Pbslge4DMF
and FA,Pbslge4DMF) gradually transformed to 8-(FACs) Pbls. Based
on density functional theory (DFT) calculations (Fig. 11b), a-FAPbI3
requires a higher energy for phase transformation. Although even
5-(FACs) Pbl; can be transformed to the o-phase through a subse-
quent annealing process, the second phase transformation results
in a poor film morphology. In general, the conversation energy can
be decreased. After adding NMP to the precursor inks, the intermedi-
ate phase Pbl,eNMP restricts the formation of FA,Pbslge4DMF in pre-
cursor inks and is directly transformed to o~(FACs)Pbls by reacting
with FAI during the subsequent annealing process, avoiding unde-
sired phase transformation and achieving high-quality films [122].
In contrast to NMP, adding MACI to precursor inks can reduce the for-
mation energy needed for the a-phase perovskite crystals and facili-
tate the transformation of FA,Pbslge4DMF to the required o~(FACs)
Pbl; (Fig. 11c) [123-125], Based on the controlled growth process
for forming high-quality perovskite crystals over a large area, a PCE
of 15.3% for the submodule (aperture area of 205 cm?) was achieved,
as shown in Fig. 11(d). Therefore, introducing appropriate SCLA addi-
tives into precursor inks can help realize controllable crystal growth
at a large scale.
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3.4.2. Volatile solvents for high-speed coating

Fast and low-temperature fabrication of perovskite films in a
dry atmosphere by introducing VNCS in precursor inks is preferred
because it is essential for ensuring the uniformity of coated films
over a large area and reducing the time needed for industrial fab-
rication. Commonly used solvents, such as MVCS and SCLA, cannot
satisfy the need for drying in a high-speed coating process. How-
ever, pure VNCS, such as 2-ME and ACN, employed in precursor
inks can lead to lower crystallinity and poor contact with the sub-
strates, leading to low efficiency and stability of the PSMs. Huang
et al. used a new ink design to promote crystallization in films
via a Nj-assisted drying process, thereby resolving the contradic-
tion between fast deposition and high crystallinity. The ink com-
prises VNCS and SCLA at the appropriate volume ratio (Fig. 12a)
[126]. Related parameters were analyzed. The Dy of I” ions in 1,
2-dichloroethane was 28.9 kcal/mol, while the value was much
higher than that of 2-ME, CAN, and GBL, indicating that 2-ME
and ACN can be used as VNCS (Fig. 12b). The coordination capacity
of the solvent refers to the binding strength between the solvents
and perovskite precursors, particularly Pbl,. The strong bonding
between SCLA and Pbl, led to the formation of an intermediate
phase. To understand the coordination ability of the solvents in

702

detail, the coordination ability of DMSO, DMF, GBL, 2-ME, and
ACN to MAPbI; was investigated in previous research. DMSO and
DMF were found to exhibit stronger coordination with Pbl,,
whereas GBL, 2-ME, and ACN did not dissolve Pbl, very well
[127,128]. Thus, a combination of two or more solvents at room
temperature for the N-assisted blade coating can satisfy the need
for fast coating and yield large grains (Fig. 12c). The films remained
wet following rapid blade coating when DMF, DMSO, or GBL were
used as the main solvent. The prepared films were dried at room
temperature for a long period of time. In addition to the formation
of an inhomogeneous film thickness, the grain size of the per-
ovskite film reached hundreds of nanometres. However, when 2-
ME or ACN:2-ME was applied as the only solvent in the blade-
coating process, the films rapidly dried and turned black, assisted
by N, flow, which induced the formation of the perovskite phase,
and the grain size generated in the perovskite thin films was less
than 100 nm. Although the combination of VNCS with a small
amount of SCLA could avoid these shortcomings, the films formed
remained dense and uniform. The average grain size of the crystals
reached nearly 2 pm, as shown in Fig. 12(d). With these solvent
mixtures, a compact perovskite film could be prepared with a fast
coating speed of 99 mmy/s at room temperature, and the fabricated
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PSMs achieved an efficiency of over 16% (with an aperture area of
more than 60 cm?).

In addition, Chen and co-workers reported an improved ink sys-
tem consisting of 2-ME and ACN for high-speed blade coating and
introduced carbohydrazide (CBH) to replace part of the DMSO in
precursor inks [129]. In the Nj-assisted blade coating process, all
volatile solvents (2-ME and ACN) and most DMSO in the wet films
were removed by N, flow, resulting in a solid shell on the top of the
films. Hindered by the solid top cover, small amounts of DMSO
were trapped at the bottom. Residual DMSO evaporated during
the subsequent annealing process. The voids in the films were left
near the lower interface (Fig. 13a), leading to faster degradation of
the perovskite films under light illumination. In addition, introduc-
ing a solid additive of CBH reduced the generation of detrimental I,
during the subsequent aging process in films. The PL emission of
the CBH-related sample was more robust and uniform than that
of the DMSO-treated sample (Fig. 13b). This contributed to a
decrease in voids in the films. The mini-module achieved showed
a certified PCE of 19.2% (with an aperture area of 50 cm?), without
significant performance loss after 550 h at 60 °C (Fig. 13c). In con-
trast, obvious degeneration was observed in samples treated with
DMSO. Therefore, in addition to conventional Lewis bases, intro-
ducing various solid additives in precursor inks is equally impor-
tant for the scalable preparation of high-quality perovskite films.

In addition, 1-cyclohexyl-2-pyrrolidone (CHP) can solidly sub-
stitute for DMSO to form a stable intermediate phase. Unlike the
samples with DMSO, as shown in Fig. 14(a), a black perovskite film
can be transformed from a dark yellow film, indicating that the

(b)
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intermediate phase formed with CHP is stable [130]. Hence, the
films prepared at a large scale with CHP were more uniform and
denser than those prepared with DMSO (Fig. 14b). Meanwhile,
inorganic solid additive ammonium chloride (NH4Cl) can also be
used to control the growth of crystals in films on flexible sub-
strates. Dai et al. employed additive engineering to prepare high-
quality perovskite films on flexible Corning Willow glass. NH4Cl
can prevent nucleation in perovskite films, thus avoiding the for-
mation of cavities between the perovskite films and the glass inter-
face. The MAPbI; solutions in 2-ME (Fig. 14c) were entirely
dissolved, and N, gas was used to remove part of the solvent to
form a supersaturated solution with black perovskite clusters.
Then, after adding NH4Cl powder to the supersaturated solution
while stirring at room temperature, the precursor ink became clear
again, and the clusters completely dissolved within 1 min, indicat-
ing that NH4Cl enhanced the solubility and dissolved the precipi-
tated perovskite clusters [131-133]. Consequently, after the
residual solvents escape from the valley under the top layer, the
films tend to grow from the top to bottom. By inhibiting nucleation
for slow curing, most precursor inks, especially those in the valley,
have sufficient time to form good contact with flexible substrates.
Thus, the efficiencies of the devices prepared by adding ammo-
nium chloride were 15.0% for small-area PSCs and 15.8% for PSMs
with an aperture area of 42.9 cm?. This work demonstrates the crit-
ical role played by the NH4Cl additive for films on flexible sub-
strates (Fig. 14d).

In a volatile chemical ink system, reducing the use of SCLA can
minimize the time required for the subsequent annealing process,

Time (h)

Fig. 13. (a) Illustration shows the formation of voids at the interfaces (perovskite/substrate). (b) PL mappings of the control (left) and target perovskite films(right) on glass
excited with a 485 nm laser. (c) Operational stability tests of the encapsulated control and target PSCs under 1-sun equivalent illumination in air. The inset was the top-view
SEM images of the peeled-off perovskite-substrate interface of the light-soaked control (left) and target(right). Scale bars were 1 mm (Inset). Reproduced with permission

from Ref. [129]. Copyright 2021, American Association for the Advancement of Science.
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which is cost-effective for manufacturing and transportation. Deng
et al. demonstrated that a reduced self-doping mechanism with a
short-time annealing process could enhance the photovoltaic per-
formance of the resultant PSMs. The self-doping level of perovskite
materials is suppressed by reducing the annealing and aging times
at room temperature (Fig. 14e) [134]. Reduced self-doping results
in less charge recombination and improves the photovoltage out-
put. Scalable fabrication of perovskite thin films can be achieved
with a short annealing time (3 min), as shown in Fig. 14(f). At a
1/4 sun intensity (25 mW/cm?), the aperture efficiency of the
mini-module reached 18.7%. Shortening the thermal annealing
time can maintain the stoichiometric composition of the per-
ovskite crystals and restrict the spontaneous de-doping of the as-
fabricated films. A similar phenomenon can also be observed in
FACs film-based PSMs, indicating that the short-time annealing
process has universal applicability for preparing efficient PSMs.
Furthermore, perovskite films annealed for a shorter time are more
stable for storage, which can further enhance the commercial com-
petitiveness of this emerging PV technology.
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3.5. Solvents engineering and performance of PSMs

Developing a stable, low-cost, and environment-friendly sol-
vent system for upscaling perovskite films is of great significance
for improving the photovoltaic performance of PSMs. Moderating
solvent mixtures (solvent engineering) plays a decisive role in
the coating process for the quality of films over large areas. With
respect to the commonly used solvent system, a confirmed volume
ratio of highly volatile solvents is needed to promote the concen-
tration of wet films to reach supersaturation within a short time.
Then, a smaller amount (compared to the volume ratio of highly
volatile solvents) of Lewis base additives is needed to form a stable
intermediate phase to prolong the time window and promote fur-
ther growth of perovskite crystals [135-141]. In addition, the cost
and toxicity of solvents should also be crucial factors for carefully
considering the solvent system design rules for films. According to
relevant reports in recent years, commonly used solvents and
Lewis base additives are used for the photovoltaic parameters of
the corresponding modules (Table 3). DMF has played an indis-
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pensable role in the fabrication process and is a solvent with excel-
lent solubility for most perovskite materials, moderate volatility,
and coordination ability. Deng and co-workers used pure DMF as
the solvent during the coating process on preheated substrates.
With a small amount of L-a-phosphatidylcholine, the homogeneity
of the growth behaviour at a large scale is improved [106].

For a controllable growth process of perovskite crystals, a high
volume ratio of liquid Lewis bases (volume ratio of approximately
25%) is generally introduced into DMF. During the antisolvent
treatment, DMF and most of the Lewis base additives in the precur-
sor films were removed, yielding the preliminary perovskite films.
The intermediate phase formed with residual Lewis base addition
not only prolongs the processing window of the as-coated wet
films but also promotes the further growth of perovskite crystals
in the subsequent annealing process. Using mixed solvents of
DMF and DMSO (volume ratio = 4:1), Huang et al. prepared films
(10 x 10 cm?) with an antisolvent bath and achieved a module effi-
ciency of 13.85% [48]. In addition, based on a similar solvent sys-
tem (DMF/DMSO, volume ratio 4/1), Nazeeruddin et al.
achieved a recorded PCE of 19.0% on V1366 layers (the active area
of PSMs was 30.24 cm?) [66]. By introducing solvent mixtures of
DMF, NMP, and DPSO, Yang et al. prepared a high-quality FAggs3-
Csq.17Pbl, g3Brg 17 film over a large area with a controlled fabrica-
tion process. They achieved parallel-interconnected modules with
a certified PCE of 16.63% [55]. As reported by Zhu et al., heptade-
cafluorooctanesulfonic acid tetraethylammonium salt (HFSTT) is
also a potential substitute additive for fabricating uniform films
over large areas, and the PSMs exhibited a PCE of 21.05% (with
an active area of 25.98 cm?) [142]. Although antisolvent treatment
has matured as a technology for scalable manufacturing of per-
ovskite films, the use of a large variety of solvents in this process
not only increases the price of PSMs, but also increases environ-
mental and security concerns. [143-147].

To avoid wasting solvents in the antisolvent bath, the solvents
designed for VASP also need further modulation; this modulation
is mainly achieved by reducing the volume ratio of Lewis base
additives in precursor inks. Assisted by a low-pressure atmosphere,
the fast evaporation of DMF contributes to a rapid nucleation in
precursor films, and the Lewis base additives with a high boiling
point only evaporate during the subsequent annealing process.
The intermediate phase from the interaction between the Lewis
base and solutes can avoid the negative influence of excessive
growth on the surface morphology of the prepared films and pro-
mote crystal growth by reducing the formation energy. Using the
solvent mixtures designed for VASP, Li, and co-workers employed
the cross-linked 1D Pbslg-DPPO (1D-Pbl;) complex with ethane-
1,2-diylbis (diphenylphosphine oxide) (DPPO) to passivate defects
caused in the film formation process and achieved a certified PCE
of 17.8% for PSMs with an active area of 17.11 cm? [65]. In addition,
Mai and co-workers have applied MACI to further improve the
crystallization of films in the intermediate phase, achieving a resul-
tant PCE of 18.06% for prepared PSMs with an active area of
18.00 cm? [113]. Then, they introduced a small amount of 4-
guanidinobutanoic acid additives to form 2D and 3D perovskite
heterostructures and achieved a PCE of 14.48% for PSMs on flexible
substrates with an active area of 10.64 cm? [148]. In addition,
based on mixed solvents (DMF/NMP), Chen and co-workers
restrained the movement of perovskite colloidal particles in wet
films using the sticky functional groups in Bio-IL; the fabricated
PSMs (the active area was 14.63 cm?) achieved a PCE of 16.87%
[149].

Other Lewis bases with high donor numbers, such as HMPA and
DMPU, can also substitute for traditional DMSO in the gas-assisted
film formation process. Furthermore, owing to the strong polarity
and high boiling point of DMPU, the stable intermediate phase
structure further promotes the uniformity of the prepared films
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over a large area. In based solvents systems (DMF/DMPU), Park
and co-workers have reported a PCE of 17.94% for PSMs with an
active area of 19.96 cm? [53]. In addition, by adding alkali salts
(CsPbBr3, KPb2Brs), Mathews and co-workers have slot-die coated
uniform FACs films (100 cm?) with high crystallinity assisted by N
blow post-treatment and achieved a PCE of 16.22% for the fabri-
cated mini-module with an active area of 57.5 cm? [57]. However,
although DMF can evaporate at room temperature, the slow evap-
oration rate restricts the coating speed, which cannot meet the gas-
assisted high-speed coating process demand. Therefore, Deng et al.
replaced DMF with ACN and 2-ME in precursor inks and rapidly
dried the wet films using N, flow, calling for a high-speed coating
technique, during which a rapid nucleation and growth process for
perovskite crystals has been achieved. In addition, combined with
a small amount of intermediate phase formed by Lewis bases such
as DMSO and NH4C], films with compact structures and large grain
sizes have been achieved with controllable growth behaviour of
perovskite crystals in the subsequent annealing process [129].
Then, as reported by Chen and co-workers, the solid Lewis base
additive CBH was an excellent choice for partially replacing the liq-
uid DMSO to avoid the appearance of voids near the interface dur-
ing the annealing process and to achieve PSMs with better stability
under illumination. In addition, compared to the use of SCLA in
antisolvents-related solvent systems, the use of SCLA in precursor
inks for air blow-assisted in situ preparation was drastically
reduced. In addition, reducing the volume ratio of SCLA in the sol-
vent system shortens the time required for the subsequent anneal-
ing process, thereby decreasing the cost of fabrication.

Although the high volatility of 2-ME and ACN in precursor inks
is beneficial for realizing a rapid nucleation process, their poor sol-
ubility in inorganic perovskite materials has limited their wide-
spread application in various perovskite materials. In precursor
inks containing MVCS and several other SCLAs with higher polarity,
most inorganic perovskite materials can be fully dissolved
[150,151]. Hence, to coat perovskite films with various composi-
tions over a large area, the solvent mixtures must be further regu-
lated according to the physical and chemical properties of the
solvents to develop a solvent system with better material compat-
ibility and process control. The high boiling point, suitable chemi-
cal structure, and strong interaction with lead halides can keep the
intermediate phase stable at room temperature [152-155]. How-
ever, according to the basicity of the solvents and their interactions
with solutes, the selection and ratio of Lewis bases (liquid or solid)
introduced into the inks need to be more precise. Excessive or
fewer Lewis base additives may lead to the appearance of holes
in perovskite films during the annealing process, resulting in poor
photovoltaic performance and stability of PSMs. Considering its
critical role in the fabrication process, solvent selection and usage
are essential for improving the quality, uniformity, and repro-
ducibility of perovskite films over a large area.

4. Alternative nonhazardous solvents in solvent systems

In the development of industrial manufacturing of PSMs, the
large consumption of solvents such as DMF, NMP, DMSO, and
DMAC used in the scalable fabrication of perovskite films has a sig-
nificant impact on the natural environment, especially in terms of
health and safety [156-163]. The criterion for defining safe sol-
vents is non-toxicity to humans after exposure during manufactur-
ing. Vidal et al. studied the risks of polar aprotic solvents used in
conventional ink systems, as shown in Fig. 15(a) [164]. The Human
health characterisation factors expressed in disability-adjusted life
years (DALY) per kilogram of solvents can act as the measurement
of the danger induced by the solvents. It is alarming that the most
commonly used solvents in precursor ink systems and DMF have
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[165]. Copyright 2016, Wiley-VCH.

the highest DALY values. In addition to its destructive impact on
the liver, DMF has also been identified as a harmful substance to
fetal growth. Additionally, dimethylacetamide (DMAC), NMP, and
DMPU are toxic to humans. As reported by Gardner et al., the risks
associated with various solvents are shown in Fig. 15(b) [165].
DMF, NMP, and DMAC are toxic and can easily cause cancer, and
DMSO can be absorbed through the skin. Ethyl alcohol (EtOH),
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IPA, GBL, ethylene glycol, diethyl ether, toluene, and acetic acid
(AcOH) are non-hazardous solvents.

However, as reported by the related medical articles, the 2-ME
and Ethyl ether have been recognized as safe solvents for many
medical treatments and measurements. Furthermore, compared
to the commonly used MVCS and SLCA, most VNCS are relatively
safe for humans [166-169]. Hence, considering the toxicity, the
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selection of solvents in precursor inks must decrease the use of
MVCS and SLCA and promote the wide use of VNCS, which is con-
sistent with the aforementioned suggestion regarding improving
solvent engineering.

5. Challenges and suggestions for further development

Compared to small-area perovskite films, up-scaling high-
quality films requires a moderately prolonged processing window
for controlled crystal growth. Despite tremendous efforts in sol-
vent engineering devoted to the scalable coating of perovskite
films for efficient PSMs, an appropriate green solvent system for
industrial production is still desired. By adjusting the concentra-
tion, volatility, viscosity, interactions between the solvents and
solutes, and coating temperature of the precursor inks, the crystal-
lization dynamics of the perovskite films can be precisely manipu-
lated. Based on the solvents system, the corresponding post-
treatments, such as pre-heating the coated substrates, vacuum
flash or pump, gas blowing, and antisolvent baths, can accelerate
the supersaturation of precursor inks and play an essential role
in realizing rapid nucleation and controllable growth processes
over a large area.

In conclusion, various VNCS, MVCS, and SCLA are necessary sol-
vents in the solvent system to move perovskite precursor ink
towards scalable coating technologies and play a prominent role
in related design rules. Utilization and associated physicochemical
properties are listed in Table 4 and Table 5. Commonly used MVCS,
such as DMF, can dissolve most inorganic perovskite materials at
room temperature, but its slow evaporation leads to uncontrollable
nucleation and random crystal growth, resulting in heterogeneous
perovskite films. Furthermore, solvents with strong coordination
ability and low vapour pressures have been introduced, such as
the Lewis bases of NMP, DMSO, DMPU, and DMI; these solvents
form stable intermediate phases in wet films. However, stronger
interactions between the solvents and solutes, make the complete
extraction of the solvent molecules in the fabricated wet films

Journal of Energy Chemistry 80 (2023) 689-710

more difficult; in addition, too much SCLA adversely affects the
crystal growth during the subsequent annealing process. Although
a suitable antisolvent bath strategy has been developed, the mass
use of antisolvent may increase the safety risks and manufacturing
costs.

To accelerate the industrialization of PSMs, a fast and continu-
ous fabrication process for perovskite films over a large area should
be reproducible, inexpensive, and environmentally friendly. Fur-
thermore, owing to its low boiling point, VNCS can be easily
extracted by a simple post-treatment. However, for volatile solvent
systems such as ACN/2-ME mixed solvents, the poor solubility of
inorganic halide salts is still a large challenge and restricts their
widespread application. Therefore, considering the different
physicochemical properties of VNCS, MVCS, and SCLA, suggestions
for improving solvent engineering are listed below and schemati-
cally depicted in Fig. 16.

(1) The evaporation, solubility, and toxicity of the primary sol-
vents in the precursor ink should be balanced, and MVCS
must be partly replaced by VNCS.

(2) A small amount of SCLA can realize a controllable growth
process for high-quality perovskite crystals.

(3) Apart from avoiding the waste of solvents, in-situ fabrication
processes, such as N-assisted blade coating and related sol-
vent mixtures, can be used to enhance the reproducibility of
the scalable fabrication process.

In addition to avoiding the waste of solvents by the conven-
tional anti-solvent bath, mixed solvents containing both MVCS
and VNCS can satisfy the need to completely dissolve most types
of perovskite solutes and rapidly evaporate solvents by regulating
the ratio. In addition, a small amount of suitable Lewis bases or
solid additives is essential to grow perovskite crystals and extend
the time window, resulting in a controllable crystal growth pro-
cess. Simultaneously, this improved solvent system can also be
suitable for a high-speed in situ fabrication process, ensuring high
reproducibility and low cost of this technique for future continu-

Solvent mixtures in perovskite precursor inks

VNCS MVCS
ACN, IPA, EtOH, Ethyl
acetate, Trichloromethane, DME......

Hexane, Ethyl ether,
Chlorobenzene, GBL.......

-

DMSO, NMP, HMPA,
DMPU, NMF, DML.......

SCLA Solid additives

Urea, Thiourea, DPSO,
MACI, CH<CI......

Solvent system with balanced physicochemical properties
for the scalable fabrication of perovskite films

Solvents extraction

In-situ fabrication

Controllable crystal growth process in a large area

Fig. 16. Schematic illustration of a novel solvent system strategy toward the scalable fabrication of perovskite films.
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ous fabrication. Therefore, except for the introduction of more suit-
able solvents, a novel solvent system design strategy for scalable
fabrication of perovskite films should be preferred to promote
the future industrialization of high-efficiency PSMs.
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