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Conventional antisolvents such as chlorobenzene and benzotrifluoride are highly toxic and volatile, and
therefore not preferred for large-scale fabrication. As such, green antisolvents are favored for the eco-
friendly fabrication of perovskite films. This review primarily discusses the impact of various green
antisolvents on the fabrication of thin perovskite films and analyzes the main chemical characteristics of
these green antisolvents. It also interprets the impact of green antisolvent treatment on crystal growth
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and nucleation crystallization mechanisms. It introduces the effective fabrication of large-area devices
using green antisolvents and analyzes the mechanisms by which green antisolvents enhance device

DOI: 10.1039/d4mh00290¢ stability. Subsequently, several green antisolvents capable of preparing highly stable and efficient devices

are listed. Finally, we outline the key challenges and future prospects of antisolvent treatment. This

rsc.li/materials-horizons review paves the way for green fabrication of industrial perovskite solar cells.

Wider impact

This review summarizes the recent developments of green anti-solvents for perovskite solar cells, which has been a revolutionary photovoltaic technology. The
broader significance of developing green anti-solvent for perovskite solar cells lies in its potential to catalyze revolutionary change in the renewable energy
sector, offering a green and cost-effective alternative to traditional solar cell fabrication. Currently, most efficient perovskite solar cells are fabricated using anti-
solvent methods with commonly used anti-solvents like chlorobenzene and toluene, which brings toxic and volatile risks to human health and damage to the
ecological environment. Consequently, environmentally friendly, green anti-solvents offer significant advantages for large-scale production of stable and
efficient solar cells. In the future, the use of green anti-solvents in the fabrication of perovskite solar cells will continue to improve the efficiency, stability and
scalability, addressing environmental challenges and driving broader applications. Thus, this review comprehensively covers the development of green anti-
solvents, including their impact on nucleation and crystallization mechanisms, mechanisms for enhancing solar cell stability, and the advantages of using
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green anti-solvents for large-scale solar cell fabrication. This will offer researchers novel research directions for green production of perovskite devices, which

will contribute to the commercialization of perovskite solar cells.

1. Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) have
achieved impressive progress, in particular in terms of promising
inverted device structures. Because perovskite materials have bipo-
larity, the exciton binding energy is small and the carrier diffusion
length is long."™ In the meantime, it also has the advantages of low
trap state density, low cost and easy preparation, which has
attracted extensive attention from researchers.®™" The chemical
composition of metal halide perovskites is typically represented as
ABX;. In this formula, A stands for a monovalent cation like Cs,
formamidine (FA), or methylammonium (MA); B represents a
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divalent metal cation, specifically Sn>" or Pb**; and X denotes a
monovalent halide anion, which can be CI™, Br™, or I".**™** In the
past ten years, for preparing perovskite solar cells a variety of
methods, such as one-step spin-coating,””*® continuous spin-
coating method,"** dual-source vapor deposition method,** and
vapor-assisted solution deposition* have been developed,*?>>°
with the power conversion efficiency of perovskite solar cells sky-
rocketing from 3.8% in 2009 to more than 26%>' in 2024.
Currently, the most highly efficient PSCs are prepared via
the one-step method, which is simple and suitable for large-scale
fabrication. The use of antisolvents is essential in this one-step
method. The principle of antisolvent engineering is extracting
the DMF/DMSO solvent using an antisolvent. This process leads
to rapid oversaturation of the components, resulting in the
formation of a black perovskite, after low temperature
annealing.>* The application of antisolvents is usually in one
of three ways: one-step spin-coating,®® antisolvent bath,*® and
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antisolvent vapor-assisted crystallization.”” Among these, the
one-step spin-coating method is the widely adopted one due to
its simplicity and cost-effectiveness. Although the antisolvent
treatment can lead to enhanced coverage, together with uniform
and dense films, this technology requires extremely precise
control of parameters such as drip time, temperature, spin-
coating parameters, antisolvent diffusion rate, and antisolvent
type, etc.***° In previous work, the optimal annealing tempera-
tures suitable for different types of green antisolvents have been
listed and analyzed, and the results showed that a spin-coating
time of 5-30 seconds and an antisolvent volume of 50-700 pL
were the most suitable parameters.*"**

According to their influence on the environment, the anti-
solvents are categorized into two types: toxic antisolvents and
green antisolvents. In the early years, antisolvents such as
toluene, chlorobenzene, and trifluoromethylbenzene were
widely used. Although they greatly enhanced the efficiency of
PSCs, these organic solvents are highly flammable and toxic.
Thus, they are not acceptable in large-scale commercial produc-
tion due to their high health risks. Therefore, green antisol-
vents such as ethyl acetate, diethyl carbonate, anisole, and ethyl
lactate were developed. These green antisolvents are not only
environmentally friendly, facilitating the advancement of large-
scale commercialization, but also enable the fabrication of
uniform and dense high-efficiency devices.**™*>

In this review, some recently reported green antisolvents
favorable for enhancing stability are listed such as PMMA/EA,
EA/acetylacetonate, and lead 2-ethyl hexanoate. Furthermore,
the mechanisms contributing to increased stability are dis-
cussed in detail.

Due to the assistance of green antisolvents in controlling the
formation of perovskite films, making perovskite films more
uniform and denser, the efficiency and stability of the cells are
also enhanced. This is crucial for achieving large-scale produc-
tion. Although green antisolvents have been used for large-scale
fabrication, they still suffer from low film coverage and excessive
antisolvent. Therefore, some researchers also introduce methods
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such as blade coating,*®*” spray coating,*® inkjet printing,*® slot-
die coating,”® and others for the fabrication of large-area devices,
paving the way for industrial-scale fabrication."*>

This review provides a comprehensive overview to guide the
development of more environmentally friendly green antisol-
vents. It may also broaden the researchers’ understanding of
their application and promote commercial applications. To
better analyze all the antisolvents mentioned in the review,
we have compiled a table based on material safety data sheets
(MSDS) for reference as shown in Table 1.

2. Crystallization mechanisms after
antisolvent treatment

Crystallization generally occurs in two stages: nucleation and
growth. During the nucleation stage, small crystal nuclei form
on the surface of the perovskite film. The rate and quantity of
nucleation are influenced by various factors, including solution
concentration, temperature, reaction time, among others. The
nucleation rate is primarily determined by the degree of super-
saturation. After nucleation, the crystal nuclei continue to grow
in the supersaturated solution, forming larger crystals. To
achieve a high coverage and dense perovskite film, it is crucial
to attain a high nucleation rate before the crystal growth begins.
The optimal approach to optimize the nucleation-growth process
is through regulated nucleation, where the fundamental idea is to
promote nucleation while suppressing crystal growth simulta-
neously. Fast nucleation and slow crystal growth are advantageous
for forming films with high coverage and minimal defects. Liu
et al. derived the nucleation rate formula and knew that the
nucleation rate mainly received supersaturation, temperature,
and surface free energy influences.® Temperature affects the
volatilization of precursors, and crystallization mainly depends
on saturation, so antisolvent engineering is able to promote the
nucleation rate by adjusting saturation. The working mechanism
of an antisolvent is: soluble in solvent but not soluble in solute so

Table 1 The mentioned green antisolvents and additives indicating their boiling points, GHS hazard categories, and health hazards

Antisolvent Boiling point [°C] GHS hazard category Health hazards Ref.
IPA 82 °C H336 May cause drowsiness or vertigo 59
Di-isopropyl ether 68.5 °C H336 May cause drowsiness or vertigo 62
Anisole 155 °C H335 May cause drowsiness or vertigo 63
EA 77.2 °C H336 May cause drowsiness or vertigo 64
MB 199 °C H319 May cause eye irritation 65
PhOMe — H335 May cause drowsiness or vertigo 66
HAc 118 °C H319 May cause eye irritation 69
Diethyl carbonate 126 °C — There are no health hazards 70
Tetraethyl orthocarbonate 159 °C — There are no health hazards 72
Ethyl lactate 154 °C H335 May cause drowsiness or vertigo 73
Dimethyl carbonate 89 °C — There are no health hazards 74
n-Ethane — — There are no health hazards 75
Petroleum ether 90-100 °C — May cause drowsiness or vertigo 77
Polymethyl methacrylate — — There are no health hazards 79
Tetrabutylammonium hexafluorophosphate — H319 May cause eye irritation 80
Polymethyl methacrylate 101 °C — There are no health hazards 88
Ammonium acetate 117.1 °C — There are no health hazards 89
OTTM — — There are no health hazards 96
3466 | Mater. Horiz., 2024, 11, 3465-3481 This journal is © The Royal Society of Chemistry 2024
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that the solution quickly changes from unsaturated solution to
supersaturated solution, and finally crystallizes solute. The choice
of antisolvent is generally based on the principle that lower
polarity leads to better results. The polarity and boiling point
should be the major factors when the green antisolvents are
selected. An ideal antisolvent material should have a polarity in
the approximate range of 2.0 to 4.5. This is because a higher
solution polarity increases the solubility of perovskite, resulting in
less precipitation and lower coverage of perovskite thin films,
which leads to uneven and less dense quality, which is not
conducive to perovskite thin film growth crystallization. When
using low polarity antisolvents for processing, it may lead to the
following four adverse effects: (1) reduced or unstable solubility of
perovskite precursor solutions, affecting the formation process
and grain quality. (2) Low polarity antisolvents have a slower
diffusion rate in precursor solutions, which is not conducive to
the formation and morphology control of perovskite crystals. (3)
This can result in the instability of precursor solutions, leading to
precipitation and phase separation, thereby affecting the for-
mation and quality of perovskite crystals. (4) It is not conducive
to the growth of perovskite grains and may lead to the generation
of impurities and surface defects, thereby affecting stability and
photovoltaic efficiency. When the boiling point of the anti-solvent
is low, it may lead to rapid evaporation of the perovskite precursor
solution after coating onto the substrate, resulting in too fast film
formation and potential issues with uneven crystallization or
excessively small crystal sizes. On the contrary, antisolvents with
higher boiling points have slower evaporation rates, which favor
the formation of more uniform and dense perovskite thin films.
However, excessively high boiling points may cause the perovskite
precursor solution to remain on the substrate for too long,
potentially affecting the formation and quality of the film.

It is worth noting that most antisolvent studies focus on
crystallization in planar structures®® and seldom explore the
three-dimensional crystallization process of PVK. To investigate
this, Zheng et al. employed techniques such as GD-OES (glow
discharge optical emission spectroscopy), XRD, and SEM to
analyze the mechanism of crystal growth during the processes
of antisolvent treatment and annealing. By studying four dif-
ferent types of perovskite made from nine precursor solutions,
it is concluded that there are three growth trends (upward,
downward, and lateral) in the grains after annealing, among
which the lateral growth is of the highest rate.”” Interestingly,
in another paper, Chen et al. found that the perovskite film was
obtained via a top-down growth of MAPbI; from the mixture
solution of DMF/DMSO, using CB as an antisolvent. During
the growing process, the samples at 3 s, 10 s, 30 s, 60 s and
10 minutes were studied with GIXRD. By studying the char-
acteristic peaks for perovskite, it has been proven that the
intermediate phase was transformed from the top down to
perovskite, and the transformation was completed within 10
minutes. DMSO evaporation from the top was the main motiva-
tion for the crystal growth from top to bottom, and the crystal
growth was independent of the composition of perovskite.*®

In addition, Ayan and his colleagues achieved the rapid
synthesis of metal halide perovskites through inverse temperature

This journal is © The Royal Society of Chemistry 2024
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crystallization (ITC). They demonstrated that surface tension plays
a pivotal role in the nucleation and growth of the crystalline
phase. Due to the influence of surface tension, ITC initiates
nucleation from the surface layer of the solution. Nuclei then
continue to grow into crystals at the solution’s surface until it
reaches the size when surface tension can no longer keep the
crystal afloat.”” It is well known that rapid nucleation and slow
crystallization are essential for the formation of high-quality films.
Rapid nucleation can generally be achieved by the saturation of
precursor in solution, and the saturation is generally reached
under antisolvent treatment and high-temperature annealing.
However, besides that, in a work reported recently Huang et al.
used the inert gas Ar to accelerate the evaporation of the solvent
from the precursor and thus accelerate nucleation, as shown in
Fig. 1.>® Compared with the widely used antisolvent treatment, in
this method no organic solvent was further introduced, which
decreases the cost of fabrication and makes the process more
environmentally friendly.**°

3. The development process of green
antisolvent treatment

After more than ten years of development, perovskite solar cells
have received widespread attention for low cost and simple
operation. The two-step deposition operation is complicated
and requires long-term oxidation. Although inkjet printing,
printing, and spraying are conducive to large-scale production,
they also have shortcomings: the need for the strictest operating
environment, expensive equipment, low film coverage, and film
deposition discontinuity. In comparison, the advantages of the
one-step route are obvious. These include low preparation costs,
simple operation, and optimized energy level matching at the
interface. Additionally, the prepared perovskite film exhibits high
coverage, large crystal size, and excellent performance. Green
antisolvent solubility is relatively better, allowing for the for-
mation of high-quality films. Most green antisolvents have a low
boiling point and are easy to volatilize, eliminating the need for
additional annealing treatments, which can significantly reduce
experimental costs. Moreover, green antisolvent is environmen-
tally friendly and human-friendly, which can simplify the
treatment process. Finally, the development progress of green
antisolvents is proposed, which is the basis for the development
of new green antisolvents and the optimization and improvement
of some green antisolvents.

3.1. Single-component green antisolvents

In the early years of PSC development, toluene, chlorobenzene,
and benzo trifluoride were firstly proposed as antisolvents to
prepare perovskite films. With the treatment of those antisol-
vents, nucleation and crystal growth in the perovskite films can
be optimized, with the rapid crystal growth inhibited and rapid
nucleation promoted. Thus, the coverage of the film turned
more even and the performance of the device was improved.
However, toluene, chlorobenzene, and benzo trifluoride are
toxic with pungent odors. Consequently, they are harmful to

Mater. Horiz., 2024, 11, 3465-3481 | 3467
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Fig. 1 (a) Schematic procedure for the gas-assisted spin-coating method progressing from left to right; (b) XRD patterns of the FTO/glass substrate

(diffraction peaks for the FTO crystal are marked), and perovskite films made by the conventional spin-coating method and the gas-assisted method; (c)
an optical microscope image of the perovskite film prepared using the gas-assisted method. The films were annealed at 100 °C for 10 min. Reproduced

with permission.>* Copyright 2014, Elsevier B.V.

the environment and human health, making them unsuitable
for large-scale production. Therefore, environmentally friendly,
pollution-free, low-cost green antisolvent has become a new
research direction for scientists.

Most antisolvents have low polarity. When these antisol-
vents are introduced into the DMF solutions, the poor misci-
bility with DMF will lead to a small amount DMF residue after
annealing, resulting in poor perovskite film morphologies. As a
resolution to this problem, Li et al. used the high-polarity
antisolvent isopropanol (IPA) to ensure good miscibility
with DMF, and a perovskite layer with a smooth surface was
obtained in this way.®

Very limited research on how surface morphologies affect
the efficiency of perovskite devices has been reported. One of
these works carried out by Kim et al. was published in a Nature
communication. In this article, the authors found that the
performance of the PSCs could be influenced by the wrinkles
in perovskite thin films, while the wrinkles could be adjusted
by the antisolvents. In detail, it has been found that the
wrinkles in perovskite thin films occur during the stress
relaxation process. The wrinkles can facilitate carrier transport
in the perovskite film, by reducing defects, and improving V.
and fill factor. Furthermore, the morphology of the wrinkles
could be controlled by the antisolvent diethyl ether, based on

3468 | Mater. Horiz., 2024, 11, 3465-3481

the temperature-dependent miscibility of dimethyl sulfoxide
(DMSO) with diethyl ether."®

Byranvand et al. utilized diethyl ether as an antisolvent for the
crystallization of perovskite thin films. It was able to generate
uniformly dense films with smooth surfaces without the need for
annealing treatment. The most significant advantage was the
generation of large-sized crystals, coupled with a shorter crystal-
lization time, which greatly reduced production costs.*"**

Due to the low boiling point of diethyl ether (34.6 °C),
in situations where the preparation environment temperature
is elevated, diethyl ether tends to evaporate, thus failing to
effectively serve as a counter solvent. Wang et al. published that
diisopropyl ether can also serve as an antisolvent for removing
DMF. It has a higher boiling point, allowing film formation at
40 °C (suitable for high-temperature and large-scale produc-
tion). This antisolvent demonstrates good crystallinity and
reproducibility.®®

However, it is difficult to determine the optimal treatment
time for antisolvent spin-coating, and the treatment window
period is short. To solve this problem, Zhao et al. found that
the use of anisole as an antisolvent can extend the processing
window (5-20 seconds). It is also found that there are inter-
molecular hydrogen-bonding forces between anisole and DMF/
DMSO that play critical roles in the wide process window.

This journal is © The Royal Society of Chemistry 2024
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Therefore, extending the processing window can protect the
perovskite precursor from volatile degradation, and the final
device can reach 22.7%.%*

Because the commonly used antisolvents such as toluene,
chlorobenzene, and ethyl ether are not at all soluble in water,
they cannot protect the perovskite layer from being decom-
posed by water. So, when using these antisolvents, the fabrica-
tion had to be carried out in a glovebox filled with inert gas.
Ethyl acetate, an organic solvent with low water solubility has
been used by Troughton as an antisolvent to solve this problem.
This antisolvent could absorb the tiny amount of moisture in
the environment during spin-coating, to keep the perovskite
dry and stable. With ethyl acetate, the films even prepared
under 75% humidity all exhibited highly uniform thickness
and smooth surfaces.®

However, due to its low boiling point and high volatility,
ethyl acetate can lead to defective film morphologies. Yun et al.
reported the use of a new green bifunctional antisolvent,
methyl benzoate (MB), with a boiling point of 198 °C much
higher than most of the other antisolvents. At low temperature,
it worked as an antisolvent to promote rapid crystallization.
During high-temperature annealing it could act as a solvent to
dissolve perovskite precursor, preventing the loss of organic
components during the thermal-annealing stage and effectively
suppressing the formation of miscellaneous lead halide
phases.®® Unfortunately, the use of the two mentioned anti-
solvents (EA and MB) resulted in relatively low energy conver-
sion efficiency after film processing, indicating the need for
further efficiency improvement.

In a recent paper Zhang et al. came up with a new green
antisolvent, methoxybenzene, which is widely used in fra-
grances and cosmetics. Compared to CB, the films produced
after methoxybenzene treatment showed minimal carrier
recombination, lower defect density, and smoother surfaces.
All these lead to a significant improvement in conversion
efficiency which reached as high as 19.42%.%”

In traditional lead halide perovskite batteries, as a heavy
metal, lead leakage during the manufacturing process or in the
long-term use will affect human health. With lower toxicity, tin-
based perovskite is considered a suitable green alternative.***°

View Article Online
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The nucleation rate of tin-based perovskite crystals is slow, but
the crystal growth rate is ultra-fast, which leads to poor film
coverage and low-quality. For this reason, Su et al. used acetic
acid as an antisolvent to fabricate the PSCs, because it can
accelerate the nucleation rate. Besides it can form hydrogen
bonds with the precursor solution, which increased the stability
of the device. Furthermore, the non-volatilized residual HAc
reduces the loss of organic amine salts and passivates defect
states in the perovskites.”®

Besides the chemicals mentioned above, some other excellent
green antisolvents have also been developed, including diethyl
carbonate (DEC),”""* tetraethyl orthocarbonate (TEOC),”* ethyl
lactate,”* and dimethyl carbonate.”” Here they are all termed
single-component antisolvents.

The above solvents are applied in the antisolvent treatment
as shown in Table 2. While these single-component antisol-
vents exhibit advantages such as low cost and simple operation
in application, they also present drawbacks, like limited solu-
bility with DMF/DMSO and constrained structural control to
the crystallization of perovskites. Due to the varying polarities
and boiling points of different anti-solvents, it is challenging to
precisely control the crystal structure and morphology.

3.2. Mixing treatment of two antisolvents

Based on the concept of traditional hybrid-antisolvent using
chlorobenzene and toluene together, researchers have devel-
oped a treatment method by taking advantage of the mixture of
two antisolvents. While most single-component antisolvents
can lead to an obvious enhancement in crystallization, they
often fail to significantly promote nucleation, resulting in poor
film coverage. When it comes to mixing anti-solvents, four
aspects need to be considered: (1) complementarity: after
mixing two anti-solvents, their properties and effects should
enhance each other rather than canceling out or weakening
each other. (2) Solubility: the two mixed anti-solvents should
have good solubility to ensure even dispersion and thorough
mixing of their components. (3) Stability: the mixed anti-
solvents should exhibit good stability to avoid precipitation or
adverse reactions during use or long-term storage. (4) Safety:
the selected mixed anti-solvents should be safe for both

Table 2 The mentioned green solvents including the precursor solvent, antisolvent volume [uL], and PCE [%]

Perovskite material Precursor solvent ~ PCE [%]  Antisolvent Antisolvent volume [uL]  PCE [%]  Ref.
MAPDBTr; DMF — IPA 950 — 59
(FAo.85MA¢.15)0.05Pb(Io.85BT0.15)3 DMF/DMSO — n-BA Antisolvent bath 17.65 61
(FAPDI;)_g75(CSPbBI3)0.15 DMF/DMSO 21.04 Diethyl ether 350 23.02 16
MAPDI; DMF/DMSO 17.67 Di-isopropyl ether 1000 19.07 62
[CsPbI,]o.0s[(FAPbI;)g 65(MAPDBr3) 15]o0s ~ DMF/DMSO 19.76 Anisole 100-900 22.7 63
CH;NH;PbI; DMF/DMOS 14.5 EA 200 >15 64
(FAo.55MAo 15) Pb(Io.55Bro.15)3 DMF/DMSO 19.89 MB 350 22.37 65
MAPDBTr; DMF/DMSO 17.79 PhOMe 19.42 66
FASnI; DMF/DMSO 10.7 HAc 150 12.78 69
FASnI; DMF/DMSO 12.1 DEC 300-600 14.2 70
MAPDI; DMF/DMSO 15.38 TEOC 350 18.15 72
CS0.05(FAg.53MAg 17)0.05PD(I0.63BT0.17)3 DMF/DMSO 17.09 Ethyl lactate 400 21.78 73
MAPDI; DMF/DMSO 15.73 Ether/n-ethane 1:1 17.08 75
MAPDI; DMF 15.18 EA/PE 1:0.6 17.19 76
(FAPDI;).s5(MAPbBI3)g 15 DMF/DMSO — EA/Hex 130 20.06 77
This journal is © The Royal Society of Chemistry 2024 Mater. Horiz., 2024, 11, 3465-3481 | 3469
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operators and the environment, avoiding any hazardous out-
comes post-mixing.

Films prepared using ethyl acetate as antisolvent alone
always suffer from problems such as high surface roughness,
crystal orientation disorder, and pinhole gaps, partially because
the residual MDF cannot be removed thoroughly from the
precursor solution. To address this issue, Yi et al. reported
using a mixture of ethyl acetate and petroleum ether as the
antisolvent (in a ratio of 1:0.6) to fabricate the PSCs. Petroleum
ether possesses unique features such as low boiling point and
low polarity, allowing it to remove residual DMF effectively. As a
result, the number of grain boundaries in the thin film was
reduced, and carrier recombination decreased. It is beneficial
to obtain a smooth film morphology with large crystals.”®

To further enhance the conversion efficiency and stability of
PSCs, Lee et al. utilized a mixture of ethyl acetate and ethane as
the antisolvent to control the crystallization and passivate
defects. As shown in Fig. 2, the resulting film exhibited a

Without encapsulation
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smooth and crack-free appearance, effectively reducing carrier
recombination. As a result, the PCE reached an impressive
20.06%. Moreover, an astounding PCE retention of >98% is
recorded after >3000 hours storage in air.”” Recently, perovs-
kite/silicon light-emitting LEDs have received widespread atten-
tion. Xu et al. used a polymethyl methacrylate (PMMA) and
tetrabutylammonium hexafluorophosphate (TBAPF6) mixture
as an antisolvent to manufacture high-efficiency perovskite
light-emitting devices (PeLEDs). In such devices, with phos-
phate ions and butylammonium ions TBAPF6 effectively passi-
vated the defect density of perovskite. In the PL spectrum, it
was found that the mixed antisolvent treatment resulted in a 7-
fold enhancement compared to the control samples (without
antisolvent treatment). The authors attributed this PL enhance-
ment primarily to the suppression of carrier non-radiative
recombination by the mixed antisolvent. The addition of PMMA
provided protection to perovskite, preventing it from being
affected by oxygen and moisture, thus enabling the fabrication
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Fig. 2 AFM topography images and RMS surface roughness of perovskite films treated with (a) pure EA, (b) EA + 30% Hex and (c) EA + 40% Hex
antisolvent. Average PCE of (d) unencapsulated and (e) encapsulated PSCs as a function of storage duration under an ambient environment (temp.: 20—
24 °C; RH: 25-30%). (f) Corresponding XRD spectra of the unencapsulated perovskite films after >1500 hours of storage in air. (g) J-V characteristics of
representative EA and EA + 30% Hex devices after >3000 hours of aging in air; the inset shows a photograph of an encapsulated PSC device.

Reproduced with permission.”® Copyright 2019, Wiley-VCH.
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of PeLEDs under air conditions. The resulting devices achieved
an EQE of 10.4%, and all of this provides strong evidence that
PMMA-assisted antisolvent can effectively passivate the defects
of perovskite films, and this kind of antisolvent not only
induces perovskite crystal growth but also passivates defects
in perovskite films.”®

The above introduction of the two green antisolvent mix
treatment films exhibit obvious enhancement to the perfor-
mance of PSCs. These good results inspired the researchers to
further explore the new green hybrid antisolvent. But the key
point is to accurately control the optimal ratio of the two
components to help generate excellent film products.

4. High-performance green additives

When the concept of using antisolvents to reduce defects in the
perovskite layer and improve film coverage was first intro-
duced, various antisolvent methods gained significant atten-
tion, ranging from common single-component antisolvents like
PhOMe,”® EA,*>%9782 and IPA,**®° to mixed antisolvents. These
approaches greatly improved the film morphologies, but they
lacked precise control over the crystallization process. As such
they resulted in a larger roughness of the resulting surface and
the formation of excessive grain boundary defects. To address
these challenges, researchers have proposed additives into the
antisolvent to enhance the film morphologies and achieve a
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high-quality, uniform, and dense perovskite layer. These addi-
tives can be classified into categories such as fullerene deriva-
tives, polumers, radical derivatives, and other additives.?¢™%®
Next, we will analyze and discuss the impact of various addi-
tives on the morphologies of perovskite layers.

4.1. Green polymers

Despite the encapsulation of PSCs to prevent moisture and
oxygen reactions, their stability still requires further improve-
ment under continuous light irradiation and thermal treat-
ment. During the growth of thin film crystals, grain boundaries
(GBs) are present, and the downward growth of GBs can easily
result in pinholes and defects on the film surface. To solve the
crystal grain problem, Wang et al. introduced an insulating
moisture-proof polymer (polymethyl methacrylate PMMA) in
EA, which can effectively eliminate the voids, pinholes, and GBs
generated by DMSO volatilization after annealing. The carbon
group (C—O0) contained in PMMA can form coordination bonds
with under-coordinated Pb, thereby reducing the perovskite
degradation and improving the stability.®

To delay rapid crystallization and to prepare devices in an air
environment, Zhong et al. introduced ammonium acetate
(NH4Ac) as an additive into ethyl acetate, the antisolvent.
Ammonium acetate’s NH** can form hydrogen bonds with
formamidinium iodide (FAI), as shown in Fig. 3, which makes
the intermediate phase more stable and enabling device
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(a) Architecture of device. (b) J-V curves of champion devices under different additive concentrations. (c) Schematic diagram of the hydrogen

on.Bé Copyright 2021 American Chemical Society.
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fabrication in air. The optimal crystallinity was observed at an
ammonium acetate concentration of 0.01 mg mL~". Addition-
ally, the crystal size increased to 470 nm, effectively reducing
carrier recombination. The highest efficiency reached 20.41%,
and the PSCs without encapsulation could maintain 82% of
their initial PCE when stored under full ambient air conditions
(30-40% RH) for 30 days.”®

In summary, the introduction of polymers offers several
advantages in the fabrication process, including simplifying the
process, increasing the efficiency, enhancing the light absorption,
and improving the stability. However, polymers can undergo
degradation after prolonged exposure to light, which not only
affects the stability of PSCs but also forms blocking layers that
restrict carrier transport. Therefore, it is crucial to select polymers
that can coexist with perovskite materials for an extended period,
ensuring their long-term stability.

4.2. Green radical derivatives

Currently, the presence of excessive under-coordinated Pb can lead
to the formation of GBs and non-adiative recombination.”**
Some researchers have proposed the use of additives to passivate
defects, achieving the suppression of non-radiative recombination
and efficiency improvement.”>*® By introducing Lewis bases
with lone electron pairs to coordinate with lead ions, a new
approach has been provided for defect passivation. Therefore,
Xie et al. developed a radical derivative (OTTM) as a green
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additive to fabricate stable and efficient PSCs in air, as
shown in Fig. 4, OTTM contains a methoxy group and multiple
chlorine groups, which can obviously enhance the electron
density of Lewis bases to reduce defects in perovskite films.
The authors synthesized OHTTM as a control. In experiments,
perovskite films were treated with EA and 0.5 mg mL ™" addi-
tives, either OTTM or OHTTM, in an environment with 25% air
humidity. Comparing them to the OHTTM- PVK sample, the
larger crystal size (0.37 pm) of the OTTM-PVK sample indicates
better coordination of OTTM with the thin film, reducing
the defect in the thin film and optimizing the energy level
arrangement.’”

The introduction of radical derivatives can effectively
improve the crystallization, promote the carrier transport,
and reduce the charge recombination. But it should be noted
that the long-term work of free radical additives will lead to
their decomposition and degradation, thereby affecting the
morphologies of the films and reducing the stability.

4.3. Other green additives

Due to the presence of crystal boundaries, which provide
shortcut pathways for charge recombination, the introduction
of quantum dots (containing carboxyl and hydroxyl groups) can
passivate the under-coordinated Pb at the crystal boundaries,
thereby reducing non-radiative recombination and improving
the efficiency and stability of PSCs.
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(@) XRD patterns of pristine, OHTTM-treated, and OTTM-treated perovskite films (left side, enlarged XRD patterns in the Pbl, region); (b)

schematic diagram of the interaction between uncoordinated Pb?* and Cl groups in OHTTM and OTTM; (c) time-resolved PL spectra and (d) UV-vis
spectra of pristine, OHTTM-treated, and OTTM-treated perovskite films deposited on quartz. Reproduced with permission.®” Copyright 2023, Elsevier.
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Table 3 The mentioned green additives including the antisolvent, anti-
solvent volume [uL], and PCE [%]
Precursor PCE

Perovskite material ~ Antisolvent Additive solvent [%]  Ref.
FAMAPDI,CI EA PMMA DMF/DMSO 22.21 89
MA, oFA, ,PbI;_,Cl,  EA NH,AC DMF/DMSO 20.41 90
MAPDI; EA OTTM DMF/DMSO 21 97
FA( sMA, 1Cso115_,Br, Alkane NCs DMF/DMSO 23.10 104

Surprisingly, Xiu et al. recently reported that low-polarity
green alkanes can be used as antisolvents. But when using
alkanes as a single antisolvent, the inability to effectively
remove excess DMSO resulted in poor film morphologies and
lower PCE.'*® However, after the treatment with alkanes/nano-
crystals, FTIR observations revealed a shift in the S—=O peak
of DMSO at 1020 cm ', indicating that nanocrystals can
effectively remove residual DMSO. Moreover, the phase segre-
gation that easily occurs in the CB processed perovskite film is
successfully suppressed by the alkane/nanocrystals method.
Perovskite films processed with alkane/nanocrystals exhibit
ultra-high stability, after continuous 500-hour MMP testing,
and the efficiency only decreased by 6%.'**

The introduction of quantum dots in the antisolvent can
effectively improve film morphologies, but further exploration
is needed to understand the underlying mechanisms of how
quantum dots in antisolvents affect the film, to pave the way for
the exploration of additives that can simultaneously enhance
efficiency and stability. The above addition applied to antisol-
vent treatment is as shown in Table 3.

5. Effect of green antisolvent
treatment on stability

At present, the efficiency of perovskite solar cells is comparable
to silicon cells. But for commercialization, the stability of PSCs
must be considered. The current working life of perovskite
solar cells is about 12 months, which is much lower than that of
silicon solar cells. This is mainly because PSCs can easily
decompose in an environment of strong light, enriched oxygen,
and high humidity. Therefore, long-term storage in air will lead
to a decrease in stability. Although inorganic perovskites are
relatively stable, their efficiency is too low. Therefore, improving
stability is of great significance for PSC commercialization. Some
works published recently have shown that treatment with anti-
solvents can efficiently enhance the stability of PSCs, which
paves the way for accelerating commercialization. Among them,
the studies using green antisolvents are listed and discussed
below. The high stability of PSCs mainly depends on whether
they can effectively inhibit the decomposition reaction of the
film. To address this, the researchers introduced the insulating
polymers PMMA into EA, the antisolvent, for treatment, as
shown in Fig. 5. PMMA helped reduce gaps and pinholes at
the interface. Its C—O0 bonds can form hydrogen bonds with the
NH’" ions, enhancing the hydrophobicity of the perovskite. As a
result, the prepared PSCs, treated with EA containing PMMA,

This journal is © The Royal Society of Chemistry 2024
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exhibited a loss of only 5% in efficiency after 200 days storage in
a nitrogen environment.'® Besides polymers, the addition of
small organic molecules into antisolvent also led to satisfying
stability. Frank et al. demonstrated that the treatment of adding
acetylacetone (AA) in green solvent ethyl acetate (EA) can pro-
mote the binding of under-coordinated Pb, leading to improved
film quality and increased crystal size, with a maximum PCE of
21.1%. It also exhibits better hydrophobicity, which ensured it
can retain 87% of its initial efficiency after storage for 1224 hours
in an 70% humidity environment without encapsulation.'%®

Although significant breakthroughs have been achieved in
the efficiency of most PSCs at present, stability remains the
primary obstacle hindering the commercialization of PSCs.
Therefore, it is crucial to explore ways to enhance the stability
of PSCs. The device prepared by Wang et al. using iodine as an
additive introduced into antisolvent can show high stability,
and the efficiency remains at 91% after 30 days of storage at
room temperature with a relative humidity of 45%, because the
additive can control the crystallization process and thus effec-
tively reduce defects, showing high hydrophobicity and benefits
in terms of performance improvement.'®” Subsequently, Yang
et al. published the application of a new antisolvent, 2-ethyl
hexanoate lead (LDE), which changed the crystallization
kinetics. With delayed crystallization, a film was generated to
protect the perovskite layer yielding an improved hydrophobic
surface. After storage at 85 °C for 300 h, the efficiency was
maintained at 85%, and the efficiency loss was only 9% after
3000 h in air with 25% humidity."%®

Surprisingly, Lee et al. prepared ternary PSCs (ITO/SnO,/
PVK/spiro-OMeTAD/Ag) by mixing ethyl acetate and ethane as
antisolvents, and the efficiency lost was only 2% after storage in
air for more than 3000 h after encapsulation. And even after
storing for more than 1500 h without encapsulation, it could
maintain 71% of the original efficiency.”” Recently, Sun et al.
fabricated a high-quality perovskite film with (111) preferred
orientation ((111)-a-FAPDbI;) using a short-chain isomeric alco-
hol as an antisolvent. Even without annealing, the use of
isopropyl alcohol (IPA) treatment resulted in the formation of
o-FAPDbI; with the (111) crystal plane. The shift in the peak
observed in the FTIR spectrum after IPA treatment confirmed
the reaction between IPA and Pbl,, which suppressed the
formation of 3-FAPbI;. PSCs based on the (111)-perovskite films
show 22% power conversion efficiency and excellent stability,
which remains unchanged after 600 h continuous working at
maximum power point, and 95% after 2000 h of storage in an
atmosphere environment.'® Recently, a group of researchers
introduced a low-toxicity chemical solvent called bis-diazirine
(BD) molecules as an antisolvent. BD can form covalent bonds
with perovskite materials, thereby reducing excessive lead and
increasing stability. With this treatment, the efficiency reached
24%. After being stored at high temperatures for 1000 hours,
the efficiency only experienced a minimal loss of 2.4%."*°

In summary, green antisolvents took generally a lot of advan-
tages for the stability of perovskite layers. They can reduce
corrosion, degradation or oxidation, and lower the occurrence
of side reactions, thus extending the life of the devices.
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Fig. 5 Comparison of long-term stability (a) and (b) J-V curves, (c) the value of PCEs, and (d) normalized PCE for pristine and PMMA-passivated
perovskite solar cells for storage under N2 conditions (25-30% temperature). Top-view SEM images of (e) pristine and (f) passivated perovskite films.

Reproduced with permission.’°® Copyright 2022, Elsevier B.V.

6. Popular green antisolvents

So far, a wide variety of solvents have been widely used as
antisolvents for PSC processing. Interestingly, these various
anti