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Perovskite solar cell (PVSC) has emerged as a game-changing photovoltaic technique in recent years.
Remarkable advances have been realized in its efficiency, stability, and large-scale fabrication
techniques. High-quality halide perovskite films are the core component of PVSCs, which require
suitable fabrication strategies. This review includes three key sections to provide a comprehensive
overview of these strategies. First, we discuss the crystallization reaction-controlled growth of halide
perovskite films from the aspects of intermediates and reaction conditions. Second, organic and
inorganic additives are introduced to show their influence on film formation, as well as the underlying
mechanism. Third, mass transfer-controlled growth of perovskite films is reviewed, including ion transfer
and molecule transfer. Finally, the review is concluded by summing up the key points covered and
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1. Introduction

Electricity generated from photovoltaics (PV) exceeded 1000 TW
h in 2021, which was among the largest absolute generation of
all renewable technologies worldwide.! From 2011 to 2021, PVs
have grown at an average global rate of 30%, and PV modules
prices have decreased by 40% for each doubling of the produc-
tion capacity, which is becoming the lowest-cost option for
renewable electricity generation around the world.> However,
continuous reductions in costs per watt peak is not a foregone
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conclusion as the leading commercial PV—silicon solar
cells—have been reaching its theoretical limit of power conver-
sion efficiency (PCE). Emerging PV technologies are highly
required for improvements in the years to come.

Perovskite solar cells (PVSCs) have developed very rapidly in
the past decade, of which the certified PCE has reached 26.1%,
stability exceeds 3000 h, and active area surpasses 200 cm?>*>~®
With such great achievements, PVSC has been regarded as a
dark horse in the PV technology. The general formula of halide
perovskites is ABX;, where A is a monovalent cation [such as
organic cations: CH;NH;" (MA'), CH3(NH,)," (FA"), or inor-
ganic metal cation: cesium (Cs')], B is a divalent metal cation
[such as lead (Pb*"), tin (Sn>"), and germanium (Ge*")], and X is
a monovalent halogen anion [such as iodide (I"), bromide (Br™),
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and chloride (C17)].*"" Benefiting from the hybrid composi-
tion, halide perovskites exhibit excellent properties such as
adjustable band gap, high carrier mobility, large optical absorp-
tion coefficient, small exciton binding energy, and solution
processability."®™"” These properties are crucial to achieve high
performance and low cost solar cells.

To realize the above properties, high quality halide perov-
skite films should be synthesized, which requires effective
strategies for film deposition."®'® The formation of halide
perovskites in precursors is a chemical process, which is highly
related to the crystal growth.” It could be soon recognized that
adjusting the crystallization reactions of halide perovskites
might be an effective way to manipulate their growth process
and even the film quality. Indeed, various powerful strategies
have been developed, which are based on controlling the
chemical reactions for halide perovskite formation.>'* With
these strategies, perovskite films could exhibit large grain sizes,
flat and compact surfaces, low defect density, long carrier
lifetime, and good stability.>**' The PVSCs fabricated with
these films have achieved record PCE and passed IEC61215
specifications, which make it possible to manufacture highly
performed, stable, and low-cost PV products in industries.*?*%?
Therefore, it is important to review the fabrication strategies for
high-quality halide perovskite films, including the aspect of
crystallization reaction-controlled growth.

The main part of this review is divided into three sections.
In the “crystallization reaction-controlled growth” section, we
summarize the methods to adjust the reaction activity for high-
quality perovskite films via intermediate engineering. Then,
typical reaction conditions are discussed to show the influence
of temperature, precursor concentration, and pressure toward
film growth. In the “additive-controlled growth” section, we
summarize the representative organic and inorganic additives.
Meanwhile, the mechanism of additive-controlled growth of
perovskite films is discussed. In the “mass transfer-controlled
growth”, we introduce typical methods to improve the quality
of perovskite films by controlling ion and molecule transfer in

Cangtao Zhou is a chair professor
at the Center for Advanced
Material Diagnostic Technology,
and College of Engineering
Physics, Shenzhen Technology
University. His current research
interests include new particle
accelerators driven by ultra-
intense lasers, ultrafast precision
diagnosis technology, large-scale
computer simulation in high-
energy-density physics, high power
pulse laser loading technology, and
extreme matter.

Cangtao Zhou

View Article Online

Materials Chemistry Frontiers

the film formation process. Finally, we summarize the review
and provide perspectives for future developments in this
exciting area.

2. Crystallization reaction-controlled
growth

In this section, we summarized and discussed the typical
methods for synthesizing perovskite films, which are controlled
by crystallization reactions. These methods can be divided into
two categories: intermediate engineering and reaction condi-
tions. In the “intermediates engineering” part, we discussed
intermediate-controlled perovskite growth. In the “reaction
conditions” part, we discussed the influence of reaction tem-
perature, pressure, and precursor concentration.

2.1 Intermediate engineering

At present, most PVSCs with outstanding performance have
been fabricated by solution-based methods.>*™*® To achieve
this, tremendous efforts have been undertaken to improve
these classical and universal strategies, which yields several
important progresses. Before introducing details of each
method, the chemical routes of intermediate conversion should
be discussed, which could facilitate the understanding of
advanced solution-based methods.

When the solute is dissolved in solution and forms a
precursor solution, some solute molecules and solvent mole-
cules will bind with each other to form adducts, which are
called as Lewis adducts.*®?%*" This concept comes from the
Lewis acid-base theory. In this theory, a base is defined as an
electron-pair donor, and an acid is defined as an electron-pair
acceptor. They can easily have chemical interaction to form
adducts and share electrons. In short, the intermediate can
be defined as a complex, which is formed by the interaction
between perovskite precursors and small molecules.*> For
example, the usually used molecules with Lewis-base feature
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Fig. 1 Calculated structures and electronic energies of the lead complexes without H,O (a) and with H,O (b). The electron scanning microscopy (SEM)
images of the MA,Pbszlg-2DMSO intermediate made in (c) glove box and (d) ambient atmosphere without the antisolvent dripping step. The SEM images of
(e) the intermediate films without annealing and (f) perovskite films after annealing at 98 °C for 7 min synthesized using the conventional method in
ambient air. The SEM images of (g) the intermediate/perovskite films after aging, without annealing and (h) perovskite films after annealing at 98 °C for
7 min synthesized using the prenucleation method in ambient air. The scale bar is 2 pm in (c) and (d). The scale bar is 500 nm in (e)—-(h). Reproduced from

ref. 18 with permission from Springer Nature, copyright 2020.

are N,N-dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO). They can bind with Lewis-acid molecules such as lead
iodide (Pbl,) to form the Lewis acid-base adduct such as Pbl,-
DMSO, MA,Pb;Ig-2DMSO, and MA,Pb,Is-2DMF.'®%37%5 These
adducts are named as Lewis acid-base intermediates. To date, a
great number of intermediates have been found, which depend
on the type of binding forms. The chemical properties of
intermediates could significantly influence the growth of the
perovskite crystal.

The ambient water could accelerate the formation of lead-
based intermediates, which is harmful and results in the
uncontrolled growth of halide perovskites.'® To uncover the
mechanism related to the water-influenced formation of inter-
mediates, Zhang et al. compared the conversion processes from
the PbI,-2DMSO complex to the MA,Pb;I3-2DMSO intermediate
in a glove box and in ambient air. As shown in Fig. 1(a) and (b),
they calculated the electronic energy of each intermediate state.
In the anhydrous environment, the electronic energy of Pbl,-
DMSO and PbI,-2DMSO was 0.24 eV and 0.0 eV, respectively.
This implies the difficulty in eliminating DMSO from PbI,-
2DMSO. Thus, the formation of Pbl,-DMSO and MA,Pb;lgs-
2DMSO is slow in an anhydrous environment. However, in
ambient air, the H,O molecule yields a low electronic energy of
PbI,-DMSO-H,0 (0.03 eV), which made it easier to remove

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

DMSO from Pbl,-2DMSO-H,0. Thereafter, the formation
of MA,Pb;I3-2DMSO should be accelerated with the help of
ambient water.

As expected, the size of the MA,Pb;15-2DMSO intermediate
grown in ambient air was significantly larger than those grown
in a glovebox (Fig. 1(c) and (d)). Even employing antisolvent
dripping in the fabrication process, the water-induced large
fibrillar crystallites still existed (Fig. 1(e)). Thereafter, the
quality of perovskite films could be poor because of the very
large intermediate fibers. As shown in Fig. 1(f), the perovskite
film converted from intermediates shown in Fig. 1(e) was rough
and had many pinholes, whose morphology appeared as mixed
nanosized blocks and rods. To address this issue, they devel-
oped a prenucleation strategy, which includes several times of
dripping to advance the nucleation process and prevent the
overgrowth of intermediates. The intermediate film fabricated
by the prenucleation method was smooth and free of pinholes.
Irrespective of without or with annealing, the intermediate
could transfer into a high-quality perovskite film, which is
shown in Fig. 1(g) and (h). The solar cells fabricated by the
prenucleation method achieved an average PCE of 18.8% with a
strikingly small standard deviation of 0.43%. Furthermore, the
PVSCs showed impressive stability. After 100 days of storage in
a dry N,-filled glove box, the unencapsulated PVSCs only lost

Mater. Chem. Front., 2023, 7, 5309-5332 | 5311
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about 10% of the initial efficiency. In addition, the prenuclea-
tion method is much more tolerant to the changes in environ-
mental humidity and impurity of chemicals than that of
conventional methods, which should be an advantage for
large-scale fabrication in industry.

Yang et al. developed a low-dimensional intermediate-
assisted growth (LDIAG) method to fabricate the CsPbI,Br film
in ambient atmosphere.*® In this method, they introduced
imidazole halide (IMX) such as IMI and IMBr into the
precursor. Fig. 2(a) showed the crystallization process of the
LDIAG film. The IMX combined with the precursor’s molecules
to form the 2D (IMCs),Pbl, ,Br, intermediate instead of the
unstable 3D perovskites. By introducing the 2D intermediate,
this procedure could prevent the direct formation of unstable
CsPbI,Br and retard the crystallization rate. To prove this, they
stored the precursor films with and without IMX in ambient air
(RH: 30%). The intermediate film with IMX was still yellow after
3 h storage in air, while the film without IMX turned to brown
in 2 min (Fig. 2(b)). After annealing, the control perovskite film
made with IMX-free precursors was rough, full of pinholes, and
had small grains with a thickness of 370 nm (Fig. 2(c)). In stark
contrast, the perovskite film fabricated by the LDIAG method
was compact, smooth, had no pinholes, and had large grains
with a thickness of 560 nm, indicating a significantly improved
film quality. The PVSCs fabricated by the LDIAG method
showed a maximum PCE of 17.26%, which is remarkably larger
than the control PVSCs fabricated in air (PCE: 9.10%) and glove
box (PCE: 15.67%).

In a similar way, Budiawan et al. added core-twisted tetra-
chloroperylene diimide (CIPDI) derivatives (n-type small mole-
cules) into precursor solutions and used two-step method to
deposit the MAPbI; film. The CIPDI molecules have carbonyl
(C=0) groups, which could act as Lewis base and combine
with Pb>" ions to form Lewis adducts.” The formation of Lewis
adducts could passivate the Lewis acid traps from uncoordi-
nated Pb** ions and lower crystallization rate of the perovskite
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films to improve the crystallinity. Benefiting from the above
effects, the perovskite films with CIPDA exhibited higher
steady-state photoluminescence (PL) than that of the control
perovskite films, which indicated that the nonradiative recom-
bination was reduced by CIPDA. The PVSCs with CIPDA
achieved a champion PCE of 18.77%, which is higher than
the PCE of the control PVSC (PCE = 15.88%). For the device
stability, the modified PVSCs maintained 90% of its PCE after
720 h storage inside a glove box.

Li et al. added 2-hexyl-thiophene (2HT) into the precursor
solutions and used the antisolvent dripping method to fabri-
cate the MAPDI, film.*® 2HT could combine with PbI, molecule
to form the intermediate in the precursor solution. This kind
of organic group-anchored intermediates could increase the
activation energy of nucleation to prevent the formation of
additional nuclei as well as accelerate the growth of perovskites
(Fig. 3(a)). Thus, the perovskite film with 2HT showed larger
grain sizes and more uniform surface than the control film
(Fig. 3(b)). Besides, time-resolved photoluminescence (TRPL)
curves showed that the decay time of 2HT-modified perovskite
films is significantly larger than that of the control perovskite
films. This indicates that the nonradiative recombination was
suppressed in the perovskite films with 2HT. As the major
nonradiative sites are defects, the TRPL results also implies
that 2HT could reduce the defects density of perovskites, which
agrees well with the morphology change. With the assistance of
2HT, the modified PVSCs reached a PCE of 20.61%, which is
higher than that of the pristine PVSCs (PCE = 18.65%).

The fast volatilization of DMF could facilitate the homoge-
nous nucleation of quasi 2D perovskite [(BA),(MA);Pb,l,;] and
thus resulted in random-orientated perovskite grains.”® As a
consequence, many unfavorable cracks and pinholes formed
on the surface of perovskite films. To solve this problem,
Zhang et al. developed a binary solvent engineering of DMF/
DMSO in the precursor solution. In this method, DMSO was
coordinated with the solute molecules to form the intermediate

(a) The crystallization process of low-dimensional intermediate-assisted growth of halide perovskites film with an imidazole halide (LDIAGq 5-mx)-

(b) Optical photographs of the two perovskite precursor films (control and LDIAGq 5-;mx) stored in ambient air for different times (yellow dashed box)
and annealed at 240 °C after 3 h storage (green dashed box). (c) The top-view and cross-section SEM images of the control perovskite film and the
LDIAGq 5-1mx film. The scale bar is 1 um. Reproduced from ref. 46 with permission from Wiley-VCH, copyright 2021.
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Fig. 3 (a) Schematic illustration of the mechanism of 2-hexyl-thiophene
(2HT) passivation for perovskite films. (b) Top-view SEM images of the
control and 2HT-modified perovskite films. The scale bar is 1 um. Repro-
duced from ref. 48 with permission from Wiley-VCH, copyright 2022.

of benzylamine hydroiodide (BAI)/methylammonium iodide
(MAI)/PbI,/DMSO. The formation of this intermediate could
slow the crystallization process, which enabled the growth of
high-quality perovskite films.

The fast crystallization of wide-bandgap perovskite, Csg 17~
FA, g3Pbl, gBr, ,, could lead to high trap density and hinder the
further enhancement of PV performance. To address this issue,
Yu et al. introduced a FACI additive in the precursor solution.>®
With the addition of FAC], a stable and phase-pure intermediate
thin film, Cs,17FA; g3Pbl; gBr; ,Cl, was formed. This phase-
pure intermediate could lower the crystallization rate of
perovskites and allow the obtained perovskite films to have
favorable morphology such as brighter appearance, larger
crystal grain sizes, and smooth surface than those of pristine
films. Compared with the pristine films, the perovskite films
converted from Csg 17FA; g3Pbl; gBr; ,Cl exhibited higher quan-
tum efficiency and lower trap density, which is based on the PL
mapping results. The PVSCs based on modified perovskites
showed higher PCE of 19.02% than the PCE (15.07%) of PVSCs
based on pristine perovskites, which was fabricated by the
conventional method.

The intermediate also plays an important role in the growth
of a mixed perovskite. During the formation of a mixed-
perovskite, FA; _,MA,PbI;, the crystalline phase of intermediate
films, could influence the resulting perovskite film’s morphology,
crystallinity and electronic property.”" In the experiment, the
intermediate film prepared in ambient air was a & nonperov-
skite phase of FA; ,MA,Pbl;. But the control intermediate
film prepared in N, glove box was an a-perovskite phase of
FA; ,MA,PDbI;. The perovskite films, which converted from the
d-phase intermediates, showed larger grain sizes, less densities,
higher crystallinity, and better stability than those of the
perovskite films converted from a-phase intermediates. More-
over, the perovskite films converted from §-phase intermediates
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had less nonrecombination losses, higher absorbance, and
longer carrier life time, compared with ones from o-phase
intermediates. The PVSCs based on od-phase intermediates
showed a champion PCE of 22.09%, while the control device
only showed a PCE of 20.38%.

In ambient air, the a-phase FAPbI; (o-FAPbI;) perovskite is
easy to convert to 6-phase FAPbI; (8-FAPDI;). To fabricate stable
a-FAPDI; perovskite in ambient air, Wang et al. developed a
solution-based method, which employed the N-methyl pyrroli-
done (NMP) additive.>> The NMP could combine with forma-
midinium iodide (FAI) and Pbl, to form the FAI-Pbl,-NMP
adduct without &8-FAPbI;, while the precursor with DMSO
additive yielded intermediates with &-FAPbI;. During the
annealing process of intermediates, the detachment of NMP
from FAI-PbI,-NMP triggered the formation of o-FAPbI;, which
yielded high-quality perovskite films with a smooth and dense
morphology. However, other intermediates experienced the
transition from 6-FAPDbI; to o-FAPbI;, which could only produce
less performed perovskite films compared with the FAI-PbI,-NMP
case. Through this route, a champion PCE of 17.29% was
achieved, which was 10% higher than that of PVSCs fabricated
without additives and 20% higher than that of PVSCs fabricated
with DMSO.

In another work, Wang et al. reported an amorphous inter-
mediate formed by the reaction between cesium iodide (CsI)
and Pbl,.>® The interaction between CsI and PbI, could convert
the crystalline Pbl, to a noncrystallized form, which produced
the amorphous intermediate. This intermediate could improve
the quality of perovskite films and was used to fabricated
oriented perovskite films under ambient air condition. Using
this method, the crystallinity of perovskite films was improved,
and the grain size was improved from 0.46 pm to 0.96 um.
Corresponding to the improvement of the film morphology, the
defect was suppressed and the nonradiative recombination
reduced. The PVSCs based on this method achieved a champion
PCE of 23.46%, which was larger than that of PVSCs fabricated in
a glovebox (22.31%).

Because perovskite is sensitive to water and the outside
atmosphere, although there have been more studies on improv-
ing the resistance of perovskite to water and the outside
atmosphere, a considerable part of the perovskite film of
high-performance perovskite batteries is still grown in non-
atmospheric environments. Some recent advances in perov-
skites manufactured in non-atmospheric environments are
described below.

To produce high-quality FAPbI;-based PVSCs, Ge et al
develop an effective method called 2,2-azodi(2-methylbutyro-
nitrile) (AMBN) intermediate phase engineering (AMBN-IPE)
to solve incomplete and random transformation of PbI, films
with organic salts by introducing AMBN into the precursor
solution.”® The AMBN has two symmetrical cyano groups
(C=N) that contain lone-pair electrons from N, which can
coordinate with the PbI, to form the AMBN-PbI, intermediate.
This intermediate could induce the aggregation of the precur-
sor solution to form mesoporous Pbl, films, which is beneficial
for the complete reaction between Pbl, and organic precursor

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023  Mater. Chem. Front., 2023, 7, 5309-5332 | 5313
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and the formation of o-FAPDbI;. At the same time, the AMBN
also could react with FAI to form the FAI-AMBN intermediate,
which could suppress the vigorous reactivity of FA" ions and
lead to the ordered reaction between Pbl, and organic precur-
sors. Therefore, the perovskite films produced by AMBN-IPE
showed less defect density and more stable structure than the
control films because the above reaction also passivated the
uncoordinated Pb®>" and FA" and released the residual strain.
The FAMA, ,Pbl;-based PVSCs fabricated by AMBN-IPE
achieved a champion PCE over 25% and a stabilized PCE of
24.8%. Furthermore, the device retained 96% of its initial PCE
under 1000 h continuous white light illumination with an
intensity of 100 mW cm ™2 at ~55 °C in N, atmosphere.

Li et al. reported a hydrogen bond-bridged intermediate
(GBAC-PbI,-DMF) by adding a multifunctional molecule (4-
guanidinobenzoic acid hydrochloride (GBAC)).>® This inter-
mediate could slow down the crystallization rate and control
the nucleation rate, which can improve the crystallinity and
stability of perovskite films. The inverted PVSCs fabricated by
this method achieved a champion PCE of 24.8% with an open-
circuit voltage (V,.) of 1.19V, short-circuit current density ( Js)
of 24.55mA cm™?, and fill factor (FF) of 84.78%. Furthermore,
the device showed T98 lifetime over 1000 h under continuous
heating at 65 £ 5 °C in a nitrogen-filled glovebox.

Moreover, McMeekin et al. developed a high-temperature
dimethyl sulfoxide-free method that utilized dimethylammo-
nium halide (DMAX) to control the intermediate phases and
adjust the crystallization process.>® The DMAX could induce the
formation of hexagonal perovskite polytype (2H, 4H, and 6H)
intermediate phases, which can decrease the crystalliza-
tion speed. In this way, the crystallization kinetics of
FA,Cs,_,Pb(I,Br;_,); perovskites could be controlled to realize
the growth of the highly ordered face-up domains. The per-
ovskite films after adding DMAX showed larger grain sizes,
higher crystallinity, and more compact surface than the pris-
tine films. The PVSCs fabricated by this method achieved a
champion PCE of 20.2%, while the control PVSCs showed
18.8%. Furthermore, the DMAX PVSCs showed a T80 (the time
over which the device PCE decreases to 80% of its initial value)
lifetime of 1410 (1190)h for the champion (median) PVSCs,
while the control DMF/DMSO device showed 1040 (780)h for
the champion (median) device.

For the low-dimension perovskite, Wang et al. developed an
intermediate engineering method for quasi-2D Ruddlesden-
Popper (RP) perovskites, (BDA)(MA),Pbsl;¢, by introducing the
sulfonium cations into the precursor solution.’” In the control
precursor solution without sulfonium cation, it is easy for
the Pbl, and MAI to react with DMF/DMSO to form [(MA"),-
(PbI3),-S,] (S = DMSO/DMF) and (Pbl,),-S, intermediates. The
(MA"),(Pbl;),'S, can easily transform to the perovskite fiber
(MAPDI;) by losing the solvent. But the (Pbl,),-S, could convert
to (MA"),(Pbl;),-S, by adding ammonium salts and could also
turn back to PbI, by losing the solvent. The two transformation
processes could be uncontrollable and resulted in disordered
crystallization, which is harmful for perovskites. The sulfonium
cations could induce the formation of (MA"),(Pbl), S, and
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inhibit the formation of (Pbl,),-S,, which led to the ordered
crystallization of (BDA)(MA),Pbsl;c. The PVSCs fabricated by
this method showed a champion PCE of 19.08% at room
temperature and 20.52% at 180 K with decent stability. In
another work, Xu et al. produced 2D Cs,PbI,(SCN), by adding
FACI into the precursor solution, which could induce the
formation of the Cs,PbI,_,ClL(SCN), intermediate.’® This inter-
mediate could slow down the crystallization rate and passivate
the I" vacancies. The perovskite films with FAC] showed less
defect density and larger grain sizes than the pristine ones.
The PVSCs fabricated by this method showed a champion PCE
of 4.7%.

Moreover, Yang et al. developed a dual-component green
solvent consisting of isopropyl acetate (IA) and acetonitrile
(ACN) for MAPbI; perovskite fabrication.>®* The IA and ACN
could slow down the nucleation rate and assist the formation
of room temperature-stable perovskite intermediate phase,
CH;3NH;I-Pbl,-CH3NH, (MAI-PbI,-MA), which could convert to
the perovskite by simple thermal annealing. In addition, the
released MA gas could passivate the defects during the anneal-
ing process. Therefore, the final perovskite showed better film
morphology and PV performance than the control ones. The
PVSCs reached PCEs of 20.80% and 16.37% for the areas of
0.04 cm” and 14.08 cm?®, respectively.

To promote the complete transformation from the inter-
mediate to perovskite, Tang et al. developed a highly effi-
cient phase-transition pathway using a polydimethylsiloxane
(PDMS)-based facial mask incubation technique, which could
slow down the perovskite crystallization rate and depress the
perovskite aggregation behavior.®® They fabricated inverted
PVSCs with a champion PCE of 20.93% and high stability,
whose PCE was maintained at 91% of the initial value after
shelf storage over 3700 h in an inert atmosphere and 80% of
the initial value after 1190 h under continuous one sun

illumination. . . .
In this section, we discussed the typical methods of using

intermediates to control the crystallization reactions of perov-
skites. The rational usage of intermediates can control the
crystallization rate of perovskites, inhibit undesirable nuclea-
tion, improve the quality of films, and finally increase the
performance of PVSCs.

2.2 Reaction conditions

The reaction conditions can significantly influence the for-
mation of perovskite films.®*"®® The perfect control of the
reaction conditions can greatly improve the quality of the
perovskite. In this section, three reaction conditions of tem-
perature, pressure, and concentration as well as their effects on
the perovskite will be discussed. At the same time, we will show
several methods to improve the quality of the perovskite by
controlling these reaction conditions.

2.2.1 Temperature. Ren et al. changed the temperature of
the ammonium salt precursor solution to fabricate (FAPbI); ,-
(MAPbBr;),, FA,MA,_,Pbl;, and MAPbI; with two-step methods.*
They found that all the perovskite films’ grain sizes were enlarged
with the increase in the temperature of ammonium salt
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precursors. In addition, the grain sizes of perovskite films with
different composition followed the sequence of (FAPbI3); ,-
(MAPDbBr;), > FA\MA,_,Pbl; > MAPDbI; under the same fabri-
cation temperature. This result indicates that adding FA or Br
into the precursor will make the grain sizes even larger.
Intuitively, the larger grain sizes of halide perovskite films
imply less defects and thus higher performance of the
PVSCs. But enlarged grains with increasing temperature was
not monotonously positively related to the improved perfor-
mance of PVSCs. A very-high reaction temperature can cause
the formation of photovoltaic nonactive phase and deteriorate
the performance of PVSCs. The rivalry between the two
effects of the high reaction temperature decides that the
optimized temperature for fabricating (FAPbI;); ,(MAPbBr;),,
FA,MA,_,Pbl;, and MAPbI;-based PVSCs were 30 °C, 30 °C, and
55 °C, respectively.

Kim et al. also observed the high temperature-induced
degradation of halide perovskites.”® To avoid this, they chose
to shorten the annealing time. Their annealing conditions
are: (a) 100 °C for 30 min (HTSA-100), (b) 200 °C for 2 min
(HTSA-200), (c) 300 °C for 8 s (HTSA-300), and (d) 400 °C for 4 s
(HTSA-400). The grain sizes of HTSA-100, HTSA-200, HTSA-300,
and HTSA-400 are 300 nm, 500 nm, 700 nm, and 1 pm,
respectively. Besides, perovskites merely suffered decomposi-
tion under such annealing conditions. As a result, the PVSCs
made with HTSA-400 showed a PCE of 20.75%, which was the
best among the four conditions.

For the slot die-coating-based PVSCs, the temperature is
also an important parameter, which significantly influences the
growth of perovskite films.”* The grain size and crystallinity of
perovskite films increased as the temperature of the substrates
increased from 70 °C to 130 °C. However, they decreased when
the temperature further increased from 130 °C to 150 °C.
Corresponding to the change in the surface morphology and
crystallinity, PVSCs reached the highest PCE of 15.40% at
130 °C among all the conditions.

2.2.2 Concentration. Modulating the concentration of pre-
cursors is an effective way to control the quality of perovskite
films.”” Du et al. investigated the impact of precursor concen-
tration on Csg ¢5FAgsMAg 15Pb(Iy.84Br¢ 16)s perovskite crystal-
lization. In Fig. 4(a) and (b), the top-view SEM images and
curve of film thickness showed that the grain size and thick-
ness of perovskite films increased with the increase in the
precursor concentration from 0.8 M to 2.3 M. The perovskite
films made with 2.3 M precursors (2.3 M-PVK) exhibited the
largest thickness and grain size among all the conditions,
which proved that the increasing concentration could be bene-
ficial to crystal growth. Furthermore, they characterized the
absorption of perovskite films from 550 nm to 850 nm and
found that the absorption of perovskite films increased as their
thickness increased (Fig. 4(c)). The 2.3 M-PVK exhibited
the highest absorption among all precursor concentrations.
However, according to the PL spectra result, the perovskite
films with the 2.0 M precursor exhibits the highest PL intensity
while the perovskite films with 2.3 M precursor showed the
lowest PL intensity, which indicated that the perovskite films
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made with the 2.0 M precursor had lower trap density than that
of the perovskite films made with the 2.3 M precursor. There-
fore, they obtained the champion PCE of 21.13% of PSCs with a
2.0 M precursor concentration.

Du et al. developed a two-step sequential deposition method
to fabricated hole-transport-layer-free carbon-based MAPDbBr;
PVSCs.”” In their work, they firstly spin-coated the precursor
solution (PbBr, and MABr) on the substrate. Then, the addi-
tional MABr solution was dropped into the precursor solution
to slightly increase the concentration of MABr. The increase in
the MABr concentration could promote the dissolution of PbBr,
and the transition from PbBr, to MAPbBr;. Therefore, perov-
skite films fabricated by this method exhibited better crystal-
linity, lower trap density, and longer carrier lifetime. The PVSCs
showed forward scanning PCE of 6.88% and reverse scanning
PCE of 7.64%, and no significant PCE degradation was
observed after the PVSCs was stored in dry air for one year.

2.2.3 Pressure. Similar to temperature, pressure is also a
key parameter in the process of perovskites’ growth, which
has an obvious impact on their morphology, defects, carrier
mobility, etc.”* Luo et al. investigated the impact of pressure on
the perovskite films and developed a pressure-assisted solution
processing (PASP) method to improve the quality of perovskite
films.”> The procedure of the PASP method is depicted in
Fig. 5(a). They firstly spin-coated the precursor solution on
top of a TiO, film. Two perovskite precursor films were then
placed face-to-face and different pressures were applied. After
that, they were annealed at 110 °C for 60 min to convert
into perovskite films. As the pressure increased from 1225 to
12250 Pa, the grain sizes of perovskite films were remarkably
enlarged from several hundred nanometer to ~ 3 pm (Fig. 5(b)).
Nonetheless, when the pressure increased from 7350 Pa to
12250 Pa, several cracks appeared on the grains. According to
the result, the pressure of 4900 Pa was selected in further
studies. In particular, they analyzed the extrinsic moisture-
induced degradation of PVSCs by synchrotron-based two-
dimensional grazing incidence X-ray diffraction (2D-GIXD) to
study the influence of PASP on the stability of PVSCs. For the
control film without the PASP method, its decomposition was
evidenced by the appearance of hydrated perovskites and
excessive Pbl,. On the contrary, no hydrated pattern could be
observed for PVSCs with the PASP method, indicating negligi-
ble degradation. These results indicated that the large grain
sizes of PASP-perovskites could effectively improve their stabi-
lity when facing moisture. Besides, the PCE of PVSCs with the
PASP method was 20.74%, which was higher than the PCE of
control PVSCs (18.11%).

In this section, we introduced methods to improve the
quality of perovskite films by controlling the reaction condi-
tions: (1) reaction temperature engineering, (2) concentration
engineering, (3) pressure engineering. By adjusting the tem-
perature, we can significantly improve the surface morphology
of the perovskite film, reduce the concentration of the defect
state, and finally improve the performance of perovskite films.
By adjusting the concentration and proportion of one or several
solutes, the solubility of some solutes can be improved, the
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Fig. 4 (a) SEM images of the perovskite films with various precursor concentrations. The scale bar is 500 nm. (b) Thickness of perovskite films and
(c) absorption spectra of perovskite films with various precursor concentrations. Reproduced from ref. 72 with permission from Multidisciplinary Digital

Publishing Institute, copyright 2022.

surface morphology of the perovskite can be improved, and the
defects can be reduced. Regulating the pressure in the process
of perovskite film growth can make the perovskite film more
compact and enlarge the grains. However, due to the poor
mechanical properties of the perovskite, excessive pressure will
destroy the perovskite film. Notably, the success of these
methods is based on the precise control of the reaction condi-
tions, but even a deviation from the reaction conditions can
damage the morphology and performance of perovskite.

3. Additive-controlled growth

In recent years, additives have been widely utilized to control
the crystallization process and improve the quality of various
perovskites.”®”° Besides, great number of additives has been
developed, encompassing both inorganic substances and
organic compounds. The functional groups or specific ions of
these additives could influence the formation reaction of
perovskites in precursors. In this way, we can regulate the
crystallization rate of the perovskite through the usage of
specific additives and eliminate some impurity phases in the
crystallization process. Furthermore, the additives can effec-
tively control the surface morphology and internal defects of
the perovskites as well as improve the photoelectric properties

and stability of perovskite films.**"®* In this section, several

typical additives will be introduced, which are divided into two
parts: (1) organic additives and (2) inorganic additives.

3.1 Organic additives

Polymers have been widely blended into precursors to improve
the quality of perovskite films. Ning et al. blended a biodegrad-
able polymer macromolecule, poly(p,i-lactide) (PDLLA) into
precursor solutions, to fabricate MAPbI; films with good
crystallinity.®® The Fourier transform infrared (FTIR) spectra
show that the C=O0 groups and O-H groups stretching vibra-
tion in perovskite films containing PDLLA were at about
1738 and 3457 cm ™, respectively (Fig. 6(a)). These peaks could
confirm the strong molecular chemical interaction between
PDLLA and the perovskite. Moreover, the X-ray photoelectron
spectroscopy (XPS) shows that the pristine perovskite had Pb**
peaks at 138.2 and 143.1 eV, and the metallic Pb peaks were
located at 136.4 and 141.3 eV (Fig. 6(b)). After blending PDLLA,
the peaks of Pb>" shifted to lower binding and the metallic
peaks disappeared, which indicated the electron donation of
the C=o0 functional groups of PDLLA to Pb*>* ions. The inter-
action between PDLLA and the perovskite precursor decreased
the free energy of crystallization and prompted the formation
of larger grain sizes. Compared to the film without PDLLA,
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Fig. 5 (a) Schematic of the fabrication procedure of perovskite films using pressure-assisted solution processing (PASP). (b) Top-view SEM images of the
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permission from Elsevier, copyright 2020.

the average grain sizes of the film with PDLLA were signifi-
cantly enlarged (Fig. 6(c) and (d)). With the addition of PDLLA,
the PDLLA-integrated PVSCs achieved a champion PCE of
18.94% on the rigid substrate and 16.61% on the flexible
substrate. The control device only showed a PCE of 13.38%
on the flexible substrate.

Polymers could also be blended into inorganic perovskites.
Zhang et al. introduced polyethylene glycol (PEG) into the
precursor solution to modify the CsPbI,Br films.** The SEM
images of CsPbI,Br films with different concentrations of PEG
are shown in Fig. 6(e). The control perovskite film without PEG
exhibited a rough surface with uneven grain sizes and indis-
tinct boundary. On the contrary, the film with the addition of
0.25 mg PEG showed compact and uniform grains, which
should be beneficial to the PV performance. However, when
0.5 mg or 1.0 mg PEG was added, the films showed smaller
grain sizes than those of films with 0.25 mg PEG. Furthermore,
there were some gaps between the grains, which could lead to
current leakage and are harmful for PVSCs. The reason for this
may be because the oxygen atoms of PEG interacted with lead

ions to accelerate the nucleation rate, which could decrease the
grain sizes. The PCE of modified PVSCs with PEG improved
from 10.09% to 13.59%. Furthermore, the modified PVSCs with
PEG not only had lower trap density of 8.35 x 10'® cm ™ than
that of the control PVSCs (9.57 x 10'® cm™?) but also had lower
dark current than that of the control PVSCs.

In addition to the examples mentioned above, there are
many kinds of polymeric additives that could improve the
quality of perovskite films, such as polyvinylpyrrolidone (PVP),
polyamidoamine (PAMAM), poly(vinylidene fluoride-co-hexa-
fluoropropylene) (PVDF-HFP), poly(vinylidene fluoride-co-tri-
fluoroethylene) P(VDF-TrFE), polymethyl methacrylate (PMMA),
and mixture of polymers. Zhong et al. added a mixture of PVP
and PEG into perovskite precursors.®> C=0 groups in PVP have
strong interaction with Pb** and O atoms in PEG, which have
intense hydrogen bond with H atoms in CH;NH;". This inter-
action between the polymer mixture and perovskite could
adjust the position of the crystal nuclei to make them evenly
distributed in PVP chains, which was beneficial to the homo-
geneous nucleation and the formation of dense perovskite
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copyright 2021.

films. In this way, they successfully controlled the crystal-
lization process of the perovskite film and eventually improved
the PCE of PVSCs from 7.71% to 9.63%. Shaik et al. used
PAMAM as an additive to prepare the precursors.*® The amine
functional groups of PAMAM could chelate with Pb** in the
precursor solution and inhibit the nucleation and growth of
the perovskite along the (110) direction, which influenced the
crystallization kinetics of the MAPbI; perovskite. Narendhiran
et al. reported a method of using PVDF-HFP as an additive.®”
The high electronegative fluorine atoms in PVDF-HFP could
combine with hydrogen atoms of the MA cation and form
hydrogen bonds, which could reduce the nucleation rate during
the crystallization process of the perovskite. In this way, the
perovskite films showed enlarged grain sizes and improved
crystallinity. Furthermore, the hydrogen bond could prevent
the degradation of PVSCs from moisture. To obtain compact
and smooth perovskite films, Wu et al. added various polymer
additives to the 10.0 mol% Ba-doped mixed-cation perovskite.®®
With the addition of P(VDF-TrFE) and PMMA additives, the
pinholes of perovskite films were reduced. However, P(VDF-TTFE)
and PMMA precipitated on the films’ surface, which was an
obstacle for charge transportation. In stark contrast, the perovskite
films with PEG showed no pinholes and precipitates as PEG has
better solubility in perovskite precursors than that of P(VDF-TIFE)
and PMMA. He et al blended ~3 wt% PVP into a perovskite

precursor containing ~30 vol% water to improve the quality
of MAPbI; films.®® With a hot-casting strategy, perovskite films
with PVP showed a (200) plane-oriented growth and compact
morphology. However, perovskite films without PVP showed a
(110) plane-oriented growth and uneven morphology.

Small molecules could also be used as additives. Zhao et al.
used (benzylamine)trifuoroboron (BBF) as an additive to
improve the quality of the FAMAPbI; perovskite.’ The FA/MA
ions of MAI and FAI could combine with the fluorine atoms of
BBF to form hydrogen bonds (N-H---F) in the precursor
solution. Besides, the fluorine atom and N-H groups could
combine Pb ions and I ions to from ionic bond. Therefore, the
BBF can passivate cationic and anionic perovskite defects. The
perovskite films with BBF showed lower trap density of 5.87 x
10" em™® and higher carrier average lifetime of 676.66 ns than
those of the control films (trap density = 8.67 x 10" ecm 3,
carrier lifetime = 242.63 ns). Furthermore, the PVSCs with BBF
exhibited higher PV performance than the control PVSCs; the
PVSCs with BBF achieved J,. of 25.33 mA cm ™2, V. of 1.14 V, FF
of 0.81, and PCE of 23.24%, while the control PVSCs only
showed a PCE of 21.6%.

The RbCsFAMA-based multication perovskites show great
potential for PVSCs because of their narrow bandgap and high
lattice stability. Wang et al. introduced an aromatic zwitterion,
1-(3-sulfopropyl)pyridinium hydroxide inner salt (SPHI), into

5318 | Mater. Chem. Front., 2023, 7, 5309-5332 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023


https://doi.org/10.1039/d3qm00496a

Published on 25 7 2023. Downloaded on 2025/11/11 12:02:06.

Materials Chemistry Frontiers

the perovskite precursor.”” The sulfonic group could interact
with the Pb*>" and passivate the under-coordinated Pb>" defect.
Also, the pyridine N* of SHPI could have the electrostatic
interaction with the I" and compensate the FA vacancy.
Through the above interaction between SHPI and the perov-
skite, the quality of RbCsFAMA-based multication perovskite
films has been greatly improved. Finally, the PCE of PVSCs,
which used SHPI additive, was greatly improved to 25.01%
(certified 24.60%).

3.2 Inorganic additives

Halides additive has played an important role in improving the
quality of perovskite films. Park et al. developed an antisolvent
dripping method, which used the alkylammonium chlorides
(RACI]) to control the crystallization process and improve the
quality of a-FAPbI; perovskite films.** The RACI could bind to
PbI, to form RA.--H'-Cl and lead to the deprotonation of RA",
which resulted in the fast volatilization of RACI. Therefore, the
type and amount of RACI could influence the §- to a-phase
transition rate, crystallinity, preferred orientation, and surface
morphology of the final o-FAPbI;. As shown in Fig. 7(a), the
perovskite film with the FAPbI;-containing 35 mol% methyl-
ammonium chloride (MACI) (PA = 0) showed obvious grain
boundaries and some pinholes. But with the addition of
propylammonium chloride (PACI), the grain boundaries and
pinholes disappeared, and the films were dense and uniform
(PA = 5, 10, and 15). The result indicated that the increase in
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RACI could decelerate the nucleation rate of the intermediate.
They also investigated the surface morphology of perovskite
films after annealing at 120 °C for 40 min, as shown in Fig. 7(b).
All the films had dense and uniform surface, but the films with
PAC] showed an extremely flat surface. Then, they set the
sample with 35 mol% MACI in the FAPbI; precursor solution,
which is referred to as ‘control’, the sample with the addition of
10 mol% MACI and BACI is ‘ref. 1 and 2’, and the sample with
the addition of 10 mol% PACI is the ‘target’. The target had the
highest PL intensity among all the samples according to the PL
spectra (Fig. 7(c)). Furthermore, the TRPL spectra (Fig. 7(d))
showed that the target had the highest carrier lifetime of
T = 2929 ns, which was higher than that of the control and
ref. 1 and 2 films (r = 2187, 2582, and 1503 ns, respectively).
The PL spectra and TRPL spectra indicated the lowest trap
density in the target film, which led to the lowest nonradiative
recombination among all the samples. For the PVSCs perfor-
mance, the target achieved the Jg., Vo, FF values, and PCE
of 25.69 mA cm ™2, 1.178 V, 86.15%, and 25.73%, respectively.

In another report in 2021, Zhang et al. used n-propyl-
ammonium chloride (n-PACIl) instead of MACI to fabricate
FAPbI; PVSCs with high efficiency and stability.”> The PA*
cation in n-PACI could passivate the grain boundary of the
FAPDI; films but could not be incorporated into the perovskite
lattice due to the large ionic size. The AFM images shows that
n-PACI reduced the surface roughness from 26.5 to 22.5 nm,
which improved the uniformity of perovskite films (Fig. 8(a)).
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Fig. 7 SEM images of the surface morphologies of the perovskite thin films spin-coated with 0—15 mol% PACl added to the FAPbls precursor containing
35 mol% MACI (a) without annealing and (b) with annealing. The scale bar is 1.0 um. (c) Photoluminescence (PL) and (d) time-resolved photolumines-
cence (TRPL) spectra of the perovskite films deposited on a glass substrate. Reproduced from ref. 32 with permission from Springer Nature,

copyright 2023.
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Fig. 8 (a) Atomic force microscopy (AFM) images of the perovskite films formed from the precursor solution without additive (control) and with additives
of 20 mol% MACL or 20 mol% n-PACL. The scan size of the AFM images was 5 um x 5 um. (b) 2D Grazing-Incidence Wide-Angle X-ray Scattering
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(c) SEM images of the perovskite films prepared with different precursor recipes. The scale bar is 2.0 um. Reproduced from ref. 97 with permission from

Multidisciplinary Digital Publishing Institute, copyright 2020.

Besides, the grain sizes of films with n-PACI were larger than
that of the control films. Furthermore, the GIWAXS patterns are
shown in Fig. 8(b). They compared the out-of-plane profile
integrated scattering intensity in the g, direction. The PbI,
at g, = 0.9 A~* disappeared and the 5-phase peak intensity at
g, = 0.84 A~ was reduced after adding the n-PACI additive. The
intensity of the (100) plane of o-FAPbI; with n-PACI was twice
that of the pristine film. Moreover, the patterns showed that
the meridian out-of-plane (100) peak had the most intense
scattering signal, which indicated the preferential crystal orien-
tations for the o-phase FAPbI; in the perovskite film with
n-PACI additive. The above analysis indicated that the perovskite
film with n-PACI had better crystallinity and preferential crystal
orientation than films without n-PACL Benefiting from the
improved film quality, the perovskite films with n-PACI had longer
carrier lifetime and stronger PL intensity than that of the control
films. Finally, the PCE of PVSCs with n-PACI could reach 22.22%,
which was higher than the PCE of the control PVSCs (17.67%).

Tan et al. used an inorganic additive, ammonium halides
(NH,I), to improve the quality of cesium lead iodide (CsPbl;)
films.”* In the pristine precursor solution, the Pb-I colloids
could form and lead to uncontrollable nucleation. When NH,I
was introduced into precursor solution, the NH,I could interact
with Pb-I colloids to reduce their radius and then decrease the
nucleation rate to adjust the growth process of the perovskite.
In this way, the surface of CsPbl; films became more uniform,
and the grain sizes became larger. Furthermore, the defect was
suppressed and led to the reduction of nonradiative recombi-
nation. In this way, the carrier life time of CsPbl; films was
improved from 2.1 ns (control film) to 15.7 ns (PVSCs with
NH,I). For the PVSCs performance, the PCE value was improved
from 17.04% (control PVSCs) to 18.71% (PVSCs with NH,I).
Furthermore, the PVSCs with NH,I can remain 96% of its initial
PCE after 2000 h operation, which indicated its ultrahigh
photoelectrical stability under continuous light illumination
and relatively high bias voltage. The control PVSCs can only
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retain 85% of its initial efficiency after 300 h under the same
conditions.

To improve the film morphology and stability of Sn-based
perovskite films under ambient conditions, S. Sandhu et al
used binary additives composed of 2-phenylethyl ammonium
iodide (PEAI) and ethylene diammonium diiodide (EDAI,) on
formamidinium tin iodide (FASnI;).** The EDAI, could reside
on the grain boundaries as a bridge between adjacent perovs-
kite crystals, while the PEAI worked as a spacer molecule
between Snls octahedra layers, forming the mixed 2D/3D per-
ovskites. Therefore, the perovskite film with binary additives
became more compact and stable with enlarged grains. With
the addition of binary additives, the dark current was reduced
by more than one order of magnitude, and the trap density was
reduced from 1.78 x 10"® em ™ t0 0.95 x 10'® cm™>. The PVSCs
with the addition of binary additives achieved the champion
PCE of 8.47%, which was significantly larger than the PCE of
the control PVSCs (PCE = 3.64%).

Pseudo-halides have been also used as additives. Jeong et al.
developed an anion engineering method, which used pseudo-
halide anion, formate (HCOO™), as the additive.”® The HCOO™
could strongly coordinate with undercoordinated Pb>" cations,
which helped to passivated the anion (I") vacancy, which are
present at the grain boundaries and at the surface of the
perovskite films. This strong coordination could also slow the
growth process of perovskite, which led to enlarged stacked
grains. The PVSCs fabricated by this method achieved a
champion PCE of 25.6% (certified 25.2%) and 450 h stable
operation time.

Tang et al. used a kind of 2D nonlayered materials called
In,S; nanoflakes (Nano-In,S;) as the additive.”® With the addi-
tion of Nano-In,Ss;, not only the defects were passivated but the
grain sizes of the perovskite films were also enlarged. The
Nano-In,S; had a random nanoflake that exhibits clear lattice
fringes with a spacing of ~3.2 A, which could be assigned to
the (311) planes of cubic B-In,S; with an interplanar distance of
3.24 A. These two values were very close to dyo = 6.15 A of (100)
plane and d,y = 3.08 A of (200) plane in cubic o-CsPbI,Br.
Therefore, the lattice match was good. In addition, the In-S
dangling bonds of nonlayered NanoIn,S; could interact with
the Pb*" to form a Pb-S bond. Thus, the In,S; additive could
passivate the unsaturated Pb>" defects. Therefore, according to
the above analysis, the epitaxial growth of the perovskite film
would be allowed, which could lead to larger grain sizes and
improved crystallinity of the perovskite film. Furthermore, the
film with the addition of Nanoln,S; showed more uniform
surface and larger grain sizes than that of the control films.
Finally, the optimized PVSCs with NanolIn,S; exhibited an
enhanced PCE of 15.17%, which is considerably higher than
that of the control PVSCs (13.17%).

In a similar scenario, Li et al. investigated the impact of
MACI additive on the properties of perovskite films.®” They set
up several experiment groups with different concentrations of
MACI of 40:4:4, 50:5:5, 60:6:6, and 70:7:7, which refer to
the mass ratios of FAI, MABr, and MACI, which were 40 mg:
4 mg:4 mg, 50 mg:5 mg:5 mg, 60 mg:6 mg:6 mg, and
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70 mg:7 mg:7 mg, respectively. Fig. 8(c) shows that the grain
sizes of the perovskite film first increased and then decreased
as the concentration changed from 40:4:4 to 70:7:7. The
60:6:6 film exhibited the largest grain size among all
the conditions. Besides, the 60:6:6 film was flat and free of
pinholes. In contrast, the 40:4:4 film showed irregular mor-
phology and its grains were small. For the 70:7: 7 film, obvious
pinholes can be seen, which confirms that the concentration
of the precursors has a great impact on the morphology of
FA\MA,_,Br,CLI,_,_, perovskite films.

Moreover, Li et al. developed another inorganic additive,
carbon nitride (C3N3).”® The C;N; is an ultrathin 2D sheet-like
material with a smooth surface. The C;N; complexation energy
with uncoordinated MA" and Pb*" cations were —1.295 eV and
—1.718 eV, and the bond length between C;N; and MA" and
Pb** cations were 1.887 A and 2.875 A, respectively. These
indicated that the complexes of C3N;-MA" and C;N;-Pb”" are
easy to form. Therefore, when the C;N; was added into the
precursor solution, the C;N; could interact with the uncoordi-
nated Pb*>" and MA" and passivate the MA™ and Pb*" defects.
With the addition of C3;Nj3, the grain sizes of the perovskites
became larger, and the charge recombination was suppressed.
They also investigated the influence of concentration of C;N;
on PVSCs performance. The PCE of PVSCs first increased with
the increase in the concentration of C;Nj3, then decreased. The
PVSCs with 0.075 mg mL ™" showed the highest PCE of 19.91%,
and the PCE of control PVSCs was only 18.16%.

In this section, we introduced typical methods of adding
additives to the solution to regulate the crystallization reaction
and ultimately improve the quality of perovskite films. These
additives could interact with the solutes in the precursor
solution, such as Pb®>" and 1" in the FAPbI; precursor solution.
Through these chemical reactions, we can control the nuclea-
tion and growth of perovskites, passivate the defects, and thus
improve the performance of solar cells.

4. Mass transfer-controlled growth

Mass transfer refers to the process of transporting a substance
from one place to another. During the crystallization process,
molecules or ions migrate across precursors to aggregate and then
constitute a perovskite crystal. Thus, the growth of perovskites
could be adjusted by regulating the mass transfer process. For
example, we could control the species of ions in the exchange
reaction to change their migration speed, which should influence
the formation rate of perovskites. Similarly, we could also change
the pressure of molecules vapor to modulate the formation rate of
perovskites. In this section, a certain number of methods for
controlling the perovskite growth using mass transfer will be
introduced. The main content will be divided into two parts: ion
transfer and molecule transfer.

4.1 Ion transfer

Halide perovskites are ionic crystals, whose ions are relatively
easy to move.”” This feature could be used to fabricate the
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perovskite films, such as ion exchange.'®%’ In this section,
A-site cation exchange and X-site halogen anion exchange will
be discussed.

4.1.1 Cation exchange. For organic-inorganic perovskites,
A-site ions are organic cations. Li et al. developed a FA'/MA"
cation exchange method to obtain high-quality Sn-based per-
ovskite films, which improved the stability and efficiency of Sn-
based PVSCs."'*® The route of FASnI; perovskite films growth is
shown in Fig. 9(a). Firstly, formamidine acetate (FAAc) salt and
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MAI were added into the precursor solution as dual cation sources
instead of FAL The FAAc and MAI could lead to the formation of
mixed-cation MA,FA, _,Snl; perovskite films. During the annealing
process, the MA cation in mixed perovskite could be replaced by
free FA" cation from FAAc and form methylammonium acetate
(MAAc), which then evaporated. Moreover, a higher annealing
temperature could influence the ion exchange process and the
evaporation of MAAc, and thus affect the film morphology and
photoelectric property. Fig. 9(b) showed the SEM images of
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Fig. 9 (a) Schematic diagram of the cation exchange strategy (CES) method. (b) Top-view SEM images of FAAc-RT, FAAc-70 °C, FAAc-90 °C, FAAc-110
°C, FAAc-130 °C, and FAAc-150 °C perovskite films. The scale bar is 2 um. Reproduced from ref. 108 with permission from American Chemical Society,
copyright 2021. (c) lllustration of the CsPbls crystal formation using the cation exchange growth (CEG) method and control method. Reproduced from

ref. 112 with permission from Wiley-VCH, copyright 2019.
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perovskite films with different annealing temperature. It is
obvious that the grain sizes increased as the temperature
increased from room temperature to 130 °C. Perovskite films
with 130 °C annealing showed the largest grain sizes of 1.429 pm
and a compact, uniform surface without pinholes. But, a very high
temperature such as 150 °C could accelerate the evaporation rates,
which could promote the nucleation of perovskite, resulting
in smaller grain size. For photoelectric properties, the 130 °C
perovskite film had the longest carrier lifetime (2.54 ns) and lowest
lower trap density (2.90 x 10~ "> cm™?) among all the conditions.
Accordingly, the Sn-based PVSC achieved an average PCE of 8.64 +
0.21% and a champion PCE 9.11%. After 1320 h storage in dark in
a glove box, the PVSCs could retain 80% of the initial PCE, which
indicated the excellent stability.

Jeong et al. demonstrated a lamination-assisted bifacial
cation exchange method to obtain high-quality perovskite film
for flexible semitransparent PVSCs (ST-PSCs).'*® Two separate
perovskite films (MAPbI; and FAPbI;) were laminated in this
method. During the lamination process, the FA and MA cations
could exchange between two perovskite films. After the cation
exchange, high-quality perovskite films with larger grain sizes
and higher crystallinity than the control perovskite films were
obtained. Accordingly, PVSCs with FA/MA cation exchange
reach a champion PCE of 15.1%.

For mixed-cation PVSCs, Shao et al. developed a Cs,Pblg-
mediated method to synthesize Cs-rich FA,Cs;_,Pbl;."*® They first
introduced excess FAI in the precursor solution and annealed the
film at 100 °C. Both Cs,Pbls and FA-rich FA,Cs,_,Pbl; perovskite
were formed during the 100 °C annealing process. In the next
annealing process at 220 °C, the fast FA"/Cs" exchange took place
between Cs,Pbls and FA-rich FA,Cs; ,Pbl; perovskite to form
Cs-rich FA,Cs,_,Pbl; because of the lower ion diffusion barrier
of Cs,Pblg. For the PVSCs performance, PVSCs fabricated by this
method showed a V,, of 1.02 V, Js. of 21.4 mA cm ™2, FF of 80.0%,
and a champion PCE of 17.5%. After storing in a dry box at room
temperature and RH of 20% for 300 h, the PVSCs fabricated by this
method could retain 87% of the initial PCE, which indicated the
higher stability than the control CsPbI; PVSCs.

Ion exchange can induce phase conversion. Miao et al.
synthesized a 1D perovskite, (pyrrolidinium)Pbl;, with ortho-
rhombic phase.'** Then, the 1D perovskite was put in CH;NH,
(MA) atmosphere to transform to the 3D MAPDI; perovskite.
The cation exchange reaction is as follows.

C4NH,(Pbl,(s) + CH3NH,(g) — CH;NH,PbI,(s) + C,NHo(g)

(1)

The transformed MAPbI; films showed a dense and compact
surface with larger grain sizes up to &1 pm than that of 1D
(pyrrolidinium) PbI;. For the PVSCs performance, a champion
PCE of 19.2% was achieved.

In inorganic perovskite, A-site ions are metal cations. Lau
et al. developed a cation exchange growth (CEG) method to
obtain high-quality CsPbl; by adding MAI in the precursor
solution." Fig. 9(c) shows the procedure of this CEG method.
The MAPDI; perovskite was formed firstly because of the
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addition of MAI, which acted as a perovskite template for
subsequent ion exchange. In the subsequent annealing pro-
cess, the MA" ions in the MAPbI; could be replaced by Cs* in
the precursor solution to form the y-phase CsPbl; perovskite.
Using this method, a champion PCE of 14.1% was obtained,
which was significantly higher than the PCE of the control
PVSCs (PCE = 9.8%).

4.1.2 Anion exchange. X-site ions in perovskite could be I",
Br—, and Cl~, which move much faster than the cations. Thus,
the X-site ion exchange showed significant difference to A-site
ion exchange.

To obtain high quality Cs, 14FA¢ s6Pb(Br,l;_,)3 with proper
I /Br~ ratio, Niu et al'*® developed a vapor-solid reaction
employing alkali-metal ions (Na', K', Rb') to regulate the
halogen ion-exchange process. The schematic illustration is
shown in Fig. 10(a). They first deposited cesium bromide
(CsBr)/Pbl, inorganic frameworks with different alkali metal
iodide (Nal, KI, and RbI). Then, the frameworks were treated in
FAI/FAC] mixed vapor. The Cl~ with high migration speed
transformed the frameworks into perovskite films via Cl"/Br~
ion exchange. Then, the Cl will release in the form of FACI at
high temperature. In this process, the alkali metal cations
reacted with the halogen anion through Coulomb force to
inhibit the movement of halogen anion, thus allowing the
perovskite films to reach a proper amount of Br. Proper ion
exchange could improve the film morphology and photoelectric
property. Fig. 10(b) showed the SEM images of perovskite films
with alkali metal iodides. When Nal, KI, and RbI were added,
perovskite films showed large grain sizes (from 600 nm to 1
pm), while the control films only showed small grain sizes of
about 400 nm. Finally, the PCE of the PVSCs was increased
from 17.3% for the control PVSCs to 19.6% for the PVSCs using
this method. In the same way, Ding et al. developed a vapor-
solid reaction, which used MAI or FAI vapor to react with
crystalline film and led to the ion exchange between Cl~ and
17.114

Solid-solid and solid-liquid reaction are also good ways to
achieve ion exchange between halogen ions. Zhang et al
reported a slow ion exchange method by physically pairing
CsPbIBr, and MAPbI; films.'*® The schematic illustration of
this slow ion exchange is shown in Fig. 10(c). When the
temperature increased, the Br~ and I" could slowly exchange,
which form CsPbl,,Br,_, and MAPbI;_,Br, films. Further-
more, the grain sizes of CsPbl,.,Br,_, films became larger with
increasing ion exchange time. The root-mean-square (RMS) of
CsPbl,,,Br,_, were 22.3, 19.4, 18.7, and 15.5 nm with ion
exchange time of 0, 1, 2, and 3 h, respectively. This meant that
the surface of the perovskite film became smoother with
increasing ion exchange time. The best-performing PVSCs that
used this method showed a PEC of 10.94%, which was higher
than the PCE of PVSCs fabricated with the pristine CsPbIBr,
film (8.21%).

Wu et al. developed a halogen ion-exchange method to
obtain mixed-halide double perovskite Cs,AgBiBrg_,I, by drop-
ping MAI solution onto Cs,AgBiBrs perovskite films."'® The
solid-liquid reaction could take place between MAI solution
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Fig. 10 (a) Schematic illustration of the vapor-solid reaction process. (b) SEM images of the control, Na-PVK, K-PVK, and Rb-PVK films. Reproduced
from ref. 113 with permission from Wiley-VCH, copyright 2021. (c) Schematic illustration of the halide exchange strategy with a slow reaction rate.
Reproduced from ref. 115 with permission from Springer Nature, copyright 2021.

and Cs,AgBiBrg perovskite film, which could induce ion
exchange between Br~ and I and lead to the formation of
Cs,AgBiBrs_,I,. In another work, Jiao et al. synthesized a 1D
single crystal FA,Pb;IsAc, and then react with MAI solution.*”
In this way, the I" from MAI could exchange with CH;COO™
(Ac™) from FA,PbsIcAc, to form 3D black a-phase FAPbI;. The
modified perovskite film showed a compact surface and small
grain sizes with few pinholes. The modified film also showed
longer carrier (784 ns) lifetime than that of the control film
(499 ns), which indicated the low trap density of the modified
perovskite films. The PVSCs with modified perovskite films
achieved a champion PCE of 23.65%, while the PCE of the
control PVSCs was 22.48%.

To obtain high-performance CsPbI,Br PVSCs, Shan et al
developed a combined method of nonstoichiometric composi-
tion and post-cation exchange."'® In their work, nonstoichio-
metric composition means that they adjusted the composition
of precursor solution with excess Pbl, (marked as NS-films,
short for nonstoichiometric). The excess Pbl, could adjust the
precipitation and crystal growth process during spin coating.
For the performance of PVSCs, as the Pbl, composition
increased, the FF first increased then decreased, indicating
that the series resistance (R;) first decreased then increased.
The PVSCs with 5% excess Pbl, showed the best PCE of 16.36%

while the control PVSCs showed PCE of 14.73%. However, the
PVSCs with excess Pbl, still had the instability problem such as
bad stabilized power output (SPO). To solve this issue, they
capped the perovskite surface with FAI to passivate the defect
and improve the quality of perovskite films. The FAI could react
with perovskite on the top surface and grain boundary to form
I -rich and FA'-containing lattice. When extending the anneal-
ing time, FA" proceed into the bulk crystal via ion exchange
between FA" and Cs", which improved charge extraction and
suppressed the carrier’s recombination of PVSCs. Benefiting
from the combined methods of nonstoichiometric composition
and post-cation exchange, the PVSCs achieved the champion
PCE of 17.80%, which is the record PCE of CsPbl,Br-based
PVSCs so far.

In this section, we discussed ion-exchange methods to
fabricate perovskite films, including cation exchange and anion
exchange. The difference between these two methods lies in the
movement speed of ions. For inorganic and organic mixed
perovskite, the ion at A-site is an organic cation, and its move-
ment speed is slower than that of the anion at X-site, which
makes the above two methods different in practical applica-
tions. Thus, the X-site anion exchange can take place quickly at
room temperature and easy to apply to the fabrication of
PVSCs. At the same time, not only single component perovskite
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film but also mixed perovskite film can be manufactured by the
ion-exchange method. The ion-exchange method can also be
used in many cases because the exchange reactions can occur
in liquid-liquid, gas-solid, solid-liquid, and solid-solid.

4.2 Molecule transfer

Molecules and ions are different in some of their properties,
such as their sizes and charges. As a result, molecular transfer
is very different from ion transfer. Since molecules are electri-
cally neutral and ions are charged, ions can be moved by
electric fields, whereas molecules can only be moved by concen-
tration gradients or by certain devices or carriers. By molecular
transfer, such as the vapor deposition, we can accurately
control the thickness and quality of perovskite films and
produce high-quality perovskite film. Vapor deposition
includes vacuum deposition and chemical vapor deposition.
Vacuum deposition usually requires a high vacuum, but
chemical vapor deposition usually operates under low pressure
or even close to ambient pressure.

Perovskite films produced by vacuum deposition had uni-
form and large grain sizes, which was first realized in 2013.'*°
In the following research, Arivazhagan et al. applied a similar
vacuum co-deposition method to produce high-quality MAPDbI;
films."*® The scheme of vacuum co-deposition method is
shown in Fig. 11(a). The two source materials of MAI and
PbI, were placed in two crucibles and heated to produce vapor.
The vapor of MAI and PbI, could contact the glass substrate
together and form MAPDI; films. The pressure had great impact
on the perovskite film and is easy to control. Fig. 11(b)-(e)
shows SEM images of MAPbI; with different deposition pres-
sures and temperatures of the MAI source, which were 7.5 +
0.3 x 107* Pa (125 °C), 1.5 £ 0.3 x 10> Pa (150 °C), 4.5 +
0.3 x 107 Pa (175 °C), and 7.5 + 0.3 x 10 Pa (175 °C),
respectively. The grain sizes of the perovskite films increased
and the films became denser as the pressure increased from
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7.5 + 0.3 x 107* Pa to 4.5 + 0.3 x 10 > Pa. However, the
perovskite film with 7.5 & 0.3 x 10™® Pa pressure showed a
mass of small grains, which is located at the grain boundaries.
This indicated that a very high pressure could damage the film
morphology. Accordingly, the perovskite films with 4.5 £+ 0.3 x
107 Pa pressure showed the highest carrier life time of 31 ns
among all the samples. They also showed better crystallinity
than that of the perovskite films with 7.5 + 0.3 x 10 Pa and
1.5 4 0.3 x 10 Pa pressures but were same as the films with
7.5 £ 0.3 x 107® Pa pressure. The PVSCs fabricated at a
pressure of 4.5 + 0.3 x 10> Pa showed the best PCE of 15.74%.

Through the similar route, many kinds of perovskite films
were produced for PVSCs by vacuum deposition. Escrig et al
designed a four-source vacuum deposition process to obtain
FA,_,Cs,Pb(l,_,Br,) perovskite film with wide bandgap and
controlled morphology, which used FAI, Csl, Pbl,, and PbBr,
as the sources.’®' To obtain the MAPb,_,Cl, perovskite film,
Babaer et al. used three-source vacuum deposition, which included
MALI, Pbl,, and PbCl,."** They found out that MAPb;_,Cl, showed
high electroluminescence efficiency, long PL lifetimes, and large
photovoltage because of the existence of chloride. The incorpora-
tion of chloride could reduce the trap density and thus suppressed
the nonradiative recombination. For the PVSCs performance,
the PVSCs fabricated by this method achieved a champion PCE
of 16.1%.

However, the high vacuum that vacuum deposition usually
needs has already become a disadvantage because of its high
cost. But chemical vapor deposition (CVD) only requires low
pressure or even ambient condition, which should be relatively
cost-effective. In 2016, Yin et al. used the CVD method to
produce MAPbI; films.'®® The schematic illustration of their
experimental setup is shown in Fig. 12(a). The MAI vapor was
transported alone in the chamber driven by the carrier gas. In
this way, the MAI vapor could move into Pbl, film to form
MAPDI; film. With this method, the perovskite films showed a

—
1 ym

Fig. 11 (a) Schematic illustration of the pressure-controlled co-deposition method. (b)-(e) SEM images of MAPbIz thin films prepared at different
pressures. (b) 7.5 + 0.3 x 10~* Pa (125 °C), (c) 1.5 + 0.3 x 103 Pa (150 °C), (d) 4.5 + 0.3 x 107 Pa (175 °C), and (e) 7.5 + 0.3 x 10> Pa (175 °C). The scale
bar is 1 um. Reproduced from ref. 120 with permission from Elsevier, copyright 2019.
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Fig. 12 (a) Schematic illustration of the ambient atmosphere vapor-
assisted deposition equipment. Reproduced from ref. 123 with permission
from Royal Society of Chemistry, copyright 2016. Top-view SEM images of
Pb (b) and Pb—In-based (c) perovskite films. Reproduced from ref. 124 with
permission from Wiley-VCH, copyright 2022. (d) Photograph of the CsBr/
PbBr, film and the mixed-cation perovskite films. Reproduced from
ref. 125 with permission from Elsevier, copyright 2018.

dense and uniform surface. For the PVSCs performance, a high
PCE of 18.90% of PVSCs was achieved.

In another work, Tavakoli et al. developed a CVD method to
grow lead-indium (Pb-In)-based perovskite films, which used
metal alloying of halide-perovskite domain via ion-transfer
(MAHDI)."** This method allows them to replace toxic Pb metal
with other metals. They first produced Pb-In alloy thin films,
then placed the metal films in the middle of a tube. The MAI
source was heated to 180 °C to produce MAI vapor. This MAI
vapor was driven by argon gas to contact metal films to grow
perovskites. Fig. 12(b) and (c) shows the SEM images of
Pb-based and Pb-In-based perovskite films. These images
indicated that the Pb-In-based perovskite films had large
average grain sizes of 920 nm but the Pb-based perovskite
films’ average grain sizes was only 780 nm. This method also
improved the crystallinity and PL of perovskite films. Finally,
the PVSCs made by this method achieved a maximum PCE
of 21.2%.

Using a similar route, mixed-perovskite films could be
produced by CVD. Tong et al. developed a precisely tunable
stack sequence physical-chemical vapor deposition (SS-PCVD)
method."® In this way, they successfully produced Cs, 15FA¢ g5
Pbl, g5Br, 15 perovskite films with a gradient distribution of Cs
ions. They firstly deposited CsBr and PbBr, on substrates.
Then, CsBr + PbBr, films were put into a CVD system to react
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with FAI vapor and subsequently to form perovskite films.
At room temperature, a-phase FA-perovskite could transfer into
the B-phase, which is bad for the stability of PVSCs. With the
existent of Cs cations, the mixed perovskite films could be
stabilized at black a-phase (Fig. 12(d)). Using this method, the
PVSCs based on the Csg15FAj gsPbl, g5Bry 5 film showed a
relatively higher PCE of 18.22% than that of FAPbI; (PCE =
11.69%) and MAPbI; (PCE = 15.10%).

In this section, two typical methods of vapor deposition are
introduced: (1) vacuum deposition and (2) chemical vapor
deposition. The differences between the two methods are as
follows: vacuum deposition requires a higher vacuum and has
higher requirements of equipment; chemical vapor deposition,
on the other hand, does not require a high vacuum and can
be carried out even in ambient environments. Due to the
simple requirements for the production of perovskite films
by chemical vapor deposition, it has become one of the most
desirable manufacturing methods for perovskite films. The
advantage of vacuum deposition is that the thickness of the
perovskite film can be precisely controlled.

5. Summary and outlook

In this review article, we have discussed and summarized three
kinds of strategies to synthesize high quality perovskite
films, including the crystallization reaction-controlled growth,
additive-controlled growth, and mass transfer-controlled
growth.

The crystallization reaction-controlled growth includes the
“intermediate engineering” part and the “reaction conditions”
part. Engineering the intermediates is a powerful route to
control the crystallization of films by regulating the formation
process of intermediates. In this way, we can delay the crystal-
lization rate of halide perovskites. As a result, it can increase
the grain size of films, make the surface compact, and improve
the crystallinity. In the reaction condition part, we introduce
three reaction conditions, including temperature, pressure,
and concentration of perovskite precursor solutions. Their
effects on the film’s crystallization reaction are discussed. Then
we introduce several typical methods to improve the quality of
perovskite films by controlling the three reaction conditions.
Through this route, we can effectively control the crystallization
rate of perovskite films, improve the solubility of the solute in
the precursor solution, and make the surface of the perovskite
film smooth and compact. Finally, the defects of the film are
reduced, and the performance of the corresponding PVSCs is
improved.

In the additive-controlled growth section, we introduce
typical additives and their effects on perovskite films, including
organic and inorganic additives. During the crystallization of
perovskite films, these additives can react with the precursors
or perovskite through their functional groups or atoms and
thus passivate the uncoordinated bonds, increase the carrier
lifetime, and improve the films’ stability. Furthermore, with
the help of additives, the crystallization rate of the films is
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regulated and the surface morphology of the films is improved.
Finally, high-performance PVSCs have been achieved, whose
PCE exceeded 25.7% through additive engineering.

Unlike the above two strategies, mass transfer is more like a
physical process. In this section, we introduce ion and mole-
cular mass transfer-controlled growth of halide perovskites.
Both ions and molecules can be moved by concentration
differences. But ions are charged and molecules are not, which
allows ions to move when driven by an electric field.

In the ion transfer part, we focus on ion exchange, which is a
classical method to control crystal growth. Ion transfer can
occur not only between liquid and liquid but also between solid
and liquid, liquid and gas, etc. The A-site cation exchange and
X-site anion exchange of perovskite are discussed, respectively.
By ion transfer, it is possible to produce not only single
component perovskites of high quality but also mixed perov-
skites of high quality. In this way, we can regulate the band gap
of perovskites, increase the grain size and crystallinity of the
films, and make the film smooth and compact. Moreover, the
trap density is reduced and the carrier lifetime is enlarged.

In the molecule transfer part, we focus on vapor deposition.
Vapor deposition is divided into vacuum deposition and
chemical vapor deposition. Vacuum deposition can accurately
control the thickness of perovskite films and improve their
quality, with accurate control of the gas generation rate. But
this technology is expensive and requires an extremely high
vacuum, with relatively low growth rates. Chemical vapor
deposition, however, does not require a very high vacuum
and can be carried out at low pressure or even close to ambient
temperature. Also, its manipulation is easy and suitable for
deposition of large area of perovskite films. This technology has
become one of the promising perovskite film manufacturing
technologies.

At present, the main goals of research for PVSCs are improving
their efficiency, enhancing stability, and reducing cost.'>¢*2”
As for the fabrication strategies mentioned in this review, there
are several development directions of PVSCs as follows.

(1) In the field of intermediate engineering, first of all, the
mechanism of the influence of intermediate phases on perov-
skite thin films should be further studied. Various instruments,
such as XRD, SEM, and GIWAXS, should be used to in situ
characterize the conversion process of intermediates to perovs-
kites. Secondly, advanced intermediate engineering strategies
should be designed for the robust production of high-quality
perovskite films in the ambient environment.

(2) The combination of additive engineering and other
types of strategies is an important development direction. For
example, additive engineering can be combined with inter-
mediate engineering. Some additives can form complexes with
perovskite precursors to regulate the growth of perovskite films.
But, at the same time, there still remain problems to be solved
for additive engineering, such as the reaction of the additive
with the perovskite, the relationship between the additives
and the stability improvement of the perovskite film, and the
difficulty of commercialization due to the high cost of some
additives.
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(3) For chemical vapor deposition, techniques should be
developed to enable large area perovskite films deposition at a
low cost. To achieve this, the uniformity of film deposition
should be carefully optimized. Besides, precursors should be
customized for vapor phase crystallization reactions, which
should further improve the quality of perovskite films for PV.
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