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Hybrid organic–inorganic halide perovskite based solar cell technology has passed through a phase of

unprecedented growth in the efficiency scale from 3.8% to above 25% within a decade. This technology

has drawn tremendous research interest because of facile solution processability, ease of large scale

manufacturing and ultra-low cost production of perovskite based thin film solar cells. It has been

observed that performances of perovskite-based solar cells are extremely dependent on the morphology

and crystallinity of the perovskite layer. The high-quality perovskite films have made a significant impact

on the fabrication of efficient and stable hybrid perovskite solar cells. It has also been observed that

device lifetime depends on the perovskite morphology; devices with larger perovskite grains degrade

slowly than those of the smaller ones. Various methods of perovskite growth such as sequential

deposition, doctor blading, slot die coating and spray coating have been applied to achieve the most

appropriate morphology necessary for highly efficient and stable solar cells. This review focuses on the

recent progress in morphology optimizations by various processing condition such as annealing

condition, additive effects, Lewis acid–base adduct approach, precursor solution aging and post-device

ligand treatment emphasizing on grain sizes, film uniformity, defect passivation, ambient compatibility

and device efficiency and stability. In this review, we also discussed recently developed bifacial stamping

technique and deposition methods for large-area and roll-to-roll fabrication of highly efficient and stable

perovskite solar cells.
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1. Introduction

Since 2009, hybrid perovskites have turned into the star
compounds/semiconductors within the eld of solar cells, and
hybrid perovskite solar cells (HPSCs) are perceived as the fourth
era of solar cells.1–8 Perovskites are materials depicted by the
formula ABX3, wherever X is an anion and A and B are cations of
various sizes.9,10 The crystal structure and device architecture of
perovskites is represented in Fig. 1.11,12 Their crystallographic
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research fellow at the Department of Physics, University of Cam-
bridge, UK. His research investigates emerging semiconductors for
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He completed his PhD in 2018 at the Optoelectronics group,
Cavendish Laboratory, University of Cambridge. Prior to this,
Mojtaba obtained his MSc in Materials Science and Engineering
from École Polytechnique Fédérale de Lausanne (EPFL) in Swit-
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solar cells.
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stability and probable structure can be concluded by consid-
ering a tolerance factor t and an octahedral factor m; here, t is
characterized as the ratio of the distance A–X to the distance B–

X in an idealized solid-sphere model t ¼ ðrA þ rXÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðrB þ rXÞ

p , where rA,

rB, and rX are the ionic radii of the corresponding ions and m is
dened as the ratio rB/rX.13,14 For halide perovskites (X ¼ F, Cl,
Br, I), generally 0.81 < t < 1.11 and 0.44 < m < 0.90. If t lies in the
narrower range 0.89 to 1.0, the cubic structure, with lower t
values giving less symmetric tetragonal or orthorhombic
structures.15,16 Compared with different types of solar cells,
HPSCs have many points of interest. Firstly, the cost of HPSCs is
very low in comparison to silicon-based solar cells. At the same
level of efficiency, HPSCs is just 1/20 of the cost of silicon-based
solar cells. Second, the highest efficiency of HPSCs is achieved
up to 25.2%, which is near of silicon-based solar cells (�26.1%)
and efficiency of above 28% is forecasted for neat perovskite
thin lms with ideal transport layers.17 Third, the diffusion
length of perovskite is greater than 1 micrometer, which is an
order of magnitude larger than the absorption depth.1 Fourth,
due to the development of roll-to-roll technology, HPSCs can be
delivered at a large scale with a thickness of just a few
micrometers. With the efforts of scientists throughout the
world, the efficiency of HPSCs is right now exceeding the record
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for thin-lm solar cells. In pursuing high efficiency of PSCs
interface modication, compositional engineering and
morphology tailoring haves been the major research focus.7,18–20

The perovskite lm morphology and crystallinity are found to
be crucial factors in fabricating highly efficient and stable solar
cell.21 The objective of morphology control is to acquire
compact, pinhole-free lms with large grain sizes, high
immaculateness, and better crystallinity, which is normally
accomplished by tuning the annealing conditions to upgrade
growth of the perovskite crystal, by incorporating additives in
the precursor solution or by utilizing fast deposition–crystalli-
zation procedures.22–24

From these diverse investigations, it is obvious that opti-
mizing the crystallization and grain growth condition is critical
in accomplishing high-quality lms to increase device perfor-
mance. Since the morphology of the perovskite absorber thin
lm is one of the most critical factors that inuence the overall
power conversion efficiency of perovskite solar cells.12,25,26 A
phenomenal amount of effort has been dedicated toward
controlling perovskite crystallization for improved lm unifor-
mity and gaining a superior comprehension of these
processes.5,21,25–28 Understanding the role of fabrication meth-
odology in perovskite absorbers is important to increasing PV
performance further and reducing the overall production costs
for roll-to-roll production.29,30 Low-cost, easy reproduction, and
facile deposition methods are favoured for the fabrication of
perovskite thin lms.31–34 Different strategies have already been
subject to intense investigation, and have been checked for the
fabrication of high-quality perovskite layers for high-efficiency
perovskite solar cells.21,25–29,35–38 Therefore, fabricating methods
are optimized to grow larger crystals of perovskite while main-
taining homogenous and pinholes free thin lm, and grain
boundaries well passivized for better interfacial contact. The
importance of perovskite grain boundary passivation to achieve
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neering and Condensed Matter Physics from Iowa State University,
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Fig. 1 (a) Unit cell of a general cubic perovskite. (b) MAPbI3 illustrating the octahedral coordination around the lead ions. (c) MAPbI3 illustrating
the cuboctahedra coordination around the organic ion. Reproduced by permission ref. 11, Copyright 2017 Royal Society of Chemistry. (d) n–i–p
and (e) p–i–n perovskite solar cell device architectures.
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higher power conversion efficiency was demonstrated by Q. Guo
et al.39 In this review article, we discuss the ongoing progress
taken place in optimizing perovskite morphology to achieve
highly efficient and stable perovskite solar cells.
2. Morphology control

The morphology of perovskite has modied systematically,
because of the improvement of recent fabrication procedures
and usage of various mixed compositions. The evolution in
morphology, geared toward increasing the capability of perov-
skite, was empowered by an in-depth understanding of the
photoelectrical properties of perovskite. In this manner, one of
the essential challenges is the formation of high-quality
perovskite lms with optimized morphology, whole surface
coverage and the least pinholes for excellent performance in
solution-processed thin-lm perovskite solar cell devices.
Different device parameters including charge separation effi-
ciency, charge transport and diffusion length of charge carriers
are subjected to the crystallinity of the perovskite lms. The
crystallization behavior of these perovskite materials is thus
profoundly dependent on parameters, for example, deposition
strategies, composition, type of surfaces (surface chemistry, the
degree of hydrophilicity, surface structure, and so forth.), and
solvents/additives utilized. The earlier perovskite lms
demonstrated a dot-like morphology based on the one-step
spin-coating deposition technique that turned into a three-
dimensional morphology by employing a sequential two-step
technique. Recently, the bulk perovskite layer has settled
down as a representative morphology for efficient perovskite
solar cells using either anti-solvent or adduct strategies.
21358 | J. Mater. Chem. A, 2020, 8, 21356–21386
Additionally, different technologies have also been developed,
which are compatible with the large-scale fabrication of the
perovskite layer for commercialization to evade the spin-coating
technique that remains the foremost widely used for lab-scale
devices.
2.1 Impact of annealing conditions

Perovskite is formed via the hot casting of a precursor solution
on a preheated substrate; however, to achieve higher efficiency
of devices, further treatment with the heat of the perovskite lm
is important. The conditions of optimal annealing can also vary
with precursors, type of substrate, deposition strategy, and lm
thickness.40–45 In the organic–inorganic hybrid perovskite solar
cells, Dualeh et al. demonstrated the role of the annealing
temperature on the morphology of perovskite thin lm.46 In this
work, the effect of the different annealing temperatures were
investigated in the perovskite lms aer spin deposition. The
impact of the annealing temperature on the perovskite layer
morphology was examined by scanning electron microscopy
(Fig. 2a–h). A drastic change observed in the appearance of
perovskite lm when the annealing temperature increased up to
80 �C. The coverage of the mesoporous-TiO2 is much greater
and therefore the appearance of the individual crystallites is
improved. At annealing temperature 100 �C, perovskite lm is
comparatively similar in shape to that formed at 80 �C (Fig. 2b
and c) despite the fact that the time for the conversion proce-
dure is higher at 80 �C. Besides, in the case of 100 �C, the space
between the perovskite crystallites are slightly greater. Further,
when annealing temperature increased up to 120 �C, then
perovskite morphology adopts a larger individual size for the
islands of material (Fig. 2d). It was observed that with the
This journal is © The Royal Society of Chemistry 2020
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enhancement in annealing temperature, perovskite islands
become larger and furthermore, internal structuring becomes
discernable (Fig. 2e–g). Hence, Fig. 2a–g clearly demonstrates
that the morphology of the perovskite lms signicantly inu-
enced by annealing temperature. They observed that the
increase in the annealing temperature results in increasing the
rate of perovskite crystallization. At high temperature, large
crystalline islands formed associated with large space in
between and at lower temperatures smaller crystal formed.
Authors observed that a base temperature of 80 �C is needed to
adequately formation of the CH3NH3PbI3 perovskite. Annealing
temperature was found to have a critical impact on the
morphology of formed perovskite lm. W. Nie et al. reported
a solution-based hot-casting technique to achieve �18% solar
cell efficiency based on millimeter-scale crystalline grains.47 It
was observed that grain size is millimeter-scale large with
a unique leaf-like pattern radiating from the middle of the grain
(Fig. 2i). They determined that the CH3NH3PbI3�xClx perovskite
thin lms produced with the hot-casting technique (from
100 �C up to 180 �C) are uniform, pinhole-free, and cover the
whole substrate. However, Y. Deng et al. later on explained
similar type of pattern by the Rayleigh–Benard convection
which gives favourable mechanism on millimeter-scale crys-
talline grains.48

L. Huang et al. reported the morphology and structure of
perovskite lms treated by two different annealing methods,
Fig. 2 Scanning electronmicroscope images ofm-TiO2 films with depos
(b) 80 �C, (c) 100 �C, (d) 120 �C, (e) 150 �C, (f) 175 �C and (g) 200 �C. (h) Cr
bars correspond to (a) 5 mm, (b–g) 1 mm, and (h) 200 nm. Reproduced b
KGaA, Weinheim. Optical micrograph of CH3NH3PbI3–xClx perovskite th
Association for the Advancement of Science. Atomic force microscopy i
multi-step method (k). Reproduced by permission ref. 43, Copyright 201
hot-cast film (l) and an annealed hot-cast film (m), showing that the perov
Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

This journal is © The Royal Society of Chemistry 2020
one step (OS) direct annealing method andmulti-step (MS) slow
annealing method.43

Morphology of perovskites lm has signicantly improved in
multi-step annealing method. Uniform lms are obtained with
complete coverage byMS annealing technique. The AFM images
(Fig. 2j and k) show the surface morphology of perovskite lms
fabricated by MSmethod and OSmethod. Films obtained by MS
method have low roughness with an RMS value of 35 nm
whereas the lm obtained by the OS method has a high
roughness with an RMS value of 72 nm. By comparing the
corresponding morphology and structure of the treated perov-
skite lms, the author found that the MS method is a universal
annealing procedure to realize highly efficient and well repro-
ducible.43 Jacobus et al. have demonstrated a new, air-stable
process technique for CH3NH3PbI3 perovskites.45 During this
technique, a hot solution (70 �C) is applied on a preheated
substrate and lms was made by spin-coating in air. Aer then,
the perovskites lms are annealed between 80 �C and 100 �C
temperature in ambient conditions. They recognized the varie-
ties between the optimally annealed layer and the pristine hot
cast layer. In Fig. 2l and m SEM image of unannealed and
annealed hot-cast lm is shown which reveals that perovskite
crystal size increases during the post-deposition annealing. One
thing is more observed that aer annealing, chloride signals
disappears that suggest that for removing excess salts annealing
is a necessary step. The annealing environment effects a lot to
ited perovskite solution heat-treated at different temperature (a) 60 �C,
oss-sectional SEM image of the sample annealed at 150 �C. Black scale
y permission ref. 46, Copyright 2014 Wiley-VCH Verlag GmbH & Co.

in film (i). Reproduced by permission ref. 47, Copyright 2015 American
mages of perovskite thin films annealed with the one-step method (j),
5 Elsevier B.V. Scanning electron microscope image of an unannealed
skite crystals grow during annealing. Reproduced by permission ref. 45,

J. Mater. Chem. A, 2020, 8, 21356–21386 | 21359
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perovskite lm morphology. C. Wu et al. reported the low-
pressure assisted technique with thermal annealing in double
perovskite Cs2AgBiBr6 perovskite lm fabrication.49 In this
work, the spin coated lm was quickly placed in a low-pressure
chamber (20 Pa pressure) and aer lm was annealed at 200 �C.
Due to this low pressure treatment before annealing, double
perovskite lm showed smooth and dense morphology in
comparison to conventional thermal annealing method.
2.2 Effect of precursor aging

It was observed that precursor solution aging time has a subtle
effect on the nucleation efficacy, thin-lm formation, unifor-
mity, and trap state density of the perovskite thin-lm.50 All
the above-mentioned aspects of lm morphology determine
the crystalline quality of the perovskite layer and hence the
overall performance of the device. P. Boonmongkolras et al.
demonstrated the correlation between perovskite precursor
solution aging time and the triple cation perovskite Cs0.05(-
FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 device performance.51 It was
observed that devices which are fabricated from 6 hours aged
solution show the maximum average efficiency with narrowest
distribution and better reproducibility (Fig. 3a). The average
grain was estimated similar in all the lms but some voids
were found along grain boundaries for the 168 hours and 720
hours aged precursor solutions. It was concluded that
precursor solution which was aged longer than 6 hours
reduced the device performance due to chemical inhomoge-
neity of the micron-sized colloidal intermediates. In conven-
tional MAPbI3 PSC, this solution aging effect were not
observed.

The degradation mechanism in triple cation perovskite lms
was explained by B. Dou et al.52 In this work, perovskite ink used
for fabrication of the lms which contains the formamidinium
(FA+), methylammonium (MA+), cesium (Cs+), lead (Pb2+),
bromide (Br�) and iodide (I�). The photographs of perovskite
lms with storage days were shown in Fig. 3b and the photo-
graphs of perovskite lms fabricated from 24 days old ink were
shown in Fig. 3c. It was observed that the perovskite lm
appearance becomes visually lighter with the increased storage
days. The perovskite lm thickness and roughness were also
effected by solution aging. The lm thickness was enhanced
from 542 � 24 nm (on day 0) to 790 � 84 nm (on day 81) with
Fig. 3 (a) PCE distribution with precursor solution aging time (hours) of
Copyright 2018 Royal Society of Chemistry. (b) Photographs of triple cat
labeled as “Day 0”) and same ink is used for the 2–81 days storage. (c) Pho
permission ref. 52, Copyright 2018 American Chemical Society.

21360 | J. Mater. Chem. A, 2020, 8, 21356–21386
solution aging as well as becomes more rougher from 7 �
1.5 nm on day 0 to 16 � 3 nm on day 81 with ink aging. It was
found that hydrolysis of DMF in the precursor solution forms
dimethylammonium formate (DMA+), which incorporates in
perovskite lm along with a reduction of MA+ and Cs+ cations.
These studies shows perovskite solution aging affects the
perovskite morphology and device performance.
2.3 Effect of precursor temperature

PSCs are usually prepared with preheated perovskite solutions.
G. Namkoong et al. tried to explore the underlying mechanism
behind the inuence of precursor solution temperature on
PSCs.53 Perovskite (MAPbI3�xClx) solution was used aer heat-
ing in a hot plate at various temperatures of 40 �C, 70 �C, and
90 �C for 24 h and thin lms were coated by spin coating
method in nitrogen gas-lled glove box.

Fig. 4 shows the morphologies of CH3NH3PbI3�xClx lms
spin-coated on preheated glass slides at 180 �C with different
precursor temperatures. The average grain size in the case of 70
�C-heated solutions is much larger than that of heated at 40 �C,
but at 90 �C, there is a downfall in grain size. The solution
temperature also has an effect on lm thickness. The thickness
of perovskite layers was investigated by cross-sectional scanning
electron microscopy, and it was found as 210 � 8 nm, 252 �
7 nm, and 270 � 6 nm at perovskite solution temperatures of
40 �C, 70 �C, and 90 �C respectively.
2.4 Effect of additives in perovskite precursor solutions

The commercialization of PSCs technology is essentially limited
by the instability of MAPbI3 to water and ambient moisture.
Hydrolyzation of CH3NH3PbI3 due to moisture is the main
reason for perovskite degradation. Many attempts have been
made to make perovskite processing and solar cells compatible
with ambient humidity for large-scale production. Halide ion
doping of perovskite, increasing hydrophobicity, and interfacial
modication are the prominent methods of making perovskite-
based solar cells compatible with ambient humidity.54–61

Various kind of additives has been added into perovskite
precursor solution as an impactful way to enhance the lm
growth and formation with desirable surface morphology in
PSCs. Li et al. explored a novel crystal cross-linking strategy to
the triple-cation lead halide PSCs. Reproduced by permission ref. 51,
ion (FA, MA, Cs) films produced from a fresh ink (viz., 0 days of storage,
tographs of films which fabricated from 24 days old ink. Reproduced by

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Optical microscopic images of perovskite thin films with different perovskite solution temperatures of (a) 40 �C, (b) 70 �C and (c) 90 �C.
Reproduced by permission ref. 53, Copyright 2016 Elsevier B.V.
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passivate the CH3NH3PbI3 perovskite grains with bifunctional
organic molecule, butylphosphonic acid 4-ammonium chlo-
ride. This approach not only improved the performance of
resulting PSCs but also rendered the devices highly immune
towards the moisture.62 Chang Liu et al. used 4-tert-butyl pyri-
dine (tBP) as an additive in CH3NH3PbI3 to increase the stability
and performance of the solar cells fabricated in ambient
condition with average relative humidity (RH) exceeding 40%.58

The tBP has a tertiary butyl group at one end, which makes the
additive highly hydrophobic, and a hydrophobic layer is formed
on the surface of MAPbI3 as a shield against humidity. Addition
of tBP not only made the PbI2 and the upper perovskite layer
hydrophobic but also a signicant change in the lm
morphology. Fig. 5a–d shows the morphologies of the PbI2 and
MAPbI3 lms prepared with and without using of tBP additive,
labeled as PbI2 W/O tBP (Fig. 5a), MAPbI3W/O tBP (Fig. 5b), PbI2
W/tBP (Fig. 5c), and MAPbI3 W/tBP (Fig. 5d), respectively. It can
be observed that PbI2 W/O tBP lm is full of voids through
which the underneath mesoporous TiO2 is visible and similar
morphology of MAPbI3 W/O tBP. In contrast, PbI2 W/tBP and
CH3NH3PbI3 W/tBP lm are compact and pinhole-free. These
results indicate the signicant effect of tBP on the morphology
of CH3NH3PbI3. The imparted hydrophobicity in the lm
reduced the corrosion of CH3NH3PbI3 by ambient moisture and
pinholes. Morphology modication and moisture resistance of
Fig. 5 Scanning electron microscope images of PbI2 and MAPbI3 thin fi

Evolution of the power conversion efficiencies of MAPbI3 with tBP andMA
permission ref. 58, Copyright 2017 American Chemical Society.

This journal is © The Royal Society of Chemistry 2020
the perovskite layer induced by the tBP additive helps signi-
cantly in both improving device performance and stability of
cells in the air. Fig. 5e shows a 20% fall in PCE of CH3NH3PbI3
W/tBP and complete degradation of CH3NH3PbI3 W/O tBP-
based solar cells without encapsulation stored in the open air
with the average RH level above 50% for over 7 days.

M. Saliba et al. reported that the small and oxidation-stable
rubidium cation (Rb+) can be embedded into a “cation cascade”
to create perovskite materials with excellent material proper-
ties.63 Stabilized power conversion efficiency was achieved up to
21.6%. Aer coating the polymer on perovskite solar cell, it was
observed that solar cell is stable around 500 hours at 85 �C (95%
performance of its initial performance) under full illumination
and maximum power point tracking. Detailed insights gained
into the impact of Rb+ on the 3D perovskites amply brought out
the absence of Rb+ from the lattice of various 3D perovskite
structures, although, under similar experimental conditions,
a certain amount of Cs+ was found to occupy the lattice.64 In
fact, the presence of Rb+ in the precursor solution had a detri-
mental effect on the surface morphology, crystal structure and
photophysical properties of CH3NH3PbI3 structures without
even altering their bandgap. The increase in the photovoltaic
performance of PSCs involving Rb+ and multiple-cation based
compositions could be ascribed to positive interfacial effects
associated with the formation of Rb+ based photoinactive
lms (a and b) without tBP additive and (c and d) with tBP additive. (e)
PbI3 without tBP-based solar cells with respect to time. Reproduced by
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Fig. 6 Top-view SEM images of PbI2 (left side) and CH3NH3PbI3 (right side) structures: (a) pristine, (b) CuBr, (c) CuI, (d) NaI, and (e) AgI based
perovskite samples deposited on a mesoporous TiO2-coated FTO. Reproduced by permission ref. 69, Copyright 2016 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim.
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phases.65,66 In a similar direction, using different sources of
guanidinium cations, a signicant improvement in terms of
photovoltage (from 1.13 V to 1.20 V) was realized, which can be
explained by evoking the reduction in the non-radiative
recombinations and apparent gain in the charge carrier
lifetime.67,68

Abdi-Jalebi et al. investigated the impact of adding small
amount of monovalent cation halide based salts including NaI,
CuBr, CuI, and AgI into the perovskite precursor solution on
morphology, charge transport and optical properties of CH3-
NH3PbI3 perovskite.69 When NaI is added in the precursor
solution, a huge change was observed in morphology of PbI2
overlayer. This overlayer of PbI2 contains branched large crystal
and its surface is rough and porous.

In the presence of CuBr, there is no signicant change in the
morphology of PbI2 (Fig. 6b) while, in case of CuI and AgI based
samples, a uniform, and pinhole-free overlayer are obtained
(Fig. 6c and e). The right side of Fig. 6 displays top-view scan-
ning electronmicroscope images of MAPbI3 lms obtained aer
the conversion of pristine (Fig. 6a) and additive-based PbI2
lms. In the pristine large tetragonal-shaped perovskite crystals
formed on top of the mesoporous-TiO2 lm while in CuBr based
sample, the relatively better surface coverage of mesoporous-
TiO2 with perovskite crystal is observed (Fig. 6b). In the pres-
ence of CuI and AgI additives, signicant improvement in the
surface coverage of titania scaffold with uniform and contin-
uous perovskite structure is observed (Fig. 6c and e). In the case
of AgI, the connectivity between perovskite crystals is better. In
21362 | J. Mater. Chem. A, 2020, 8, 21356–21386
the case of NaI (Fig. 6d), large perovskite crystals with asym-
metric shape are observed. The root-mean-squared roughness
was estimated by atomic force microscopy and it was found for
the pristine, CuBr, CuI, NaI, and AgI based perovskite lms
51.2 nm, 28.2 nm, 21.3 nm, 63.0 nm, and 17.7 nm, respectively.
In the presence of NaI additive perovskite lm have branched
morphology with the highest roughness while CuI and AgI
based lms have less roughness compared with the pristine
sample. It was observed that CuI and AgI additives based
perovskite lms are nearly pinhole-free as compared to pristine
and other samples. The conuence of aforementioned favorable
properties led to the enhancement of power conversion effi-
ciency to 15.14%, 15.25%, and 15.61% for NaI, CuI, and CuBr,
respectively, in comparison with 14.01% for the additive-free
reference cell. The photovoltaic results, particularly for AgI
based cell, conrm that to achieving high efficiency, ideal
surface coverage of perovskite is not the only sufficient factor
but also a full conversion of lead iodide into the perovskite is
required.

D. Bi et al. demonstrated a molecular design strategy to
enhance morphology and photovoltaic performance of mixed-
cation based FA0.9Cs0.1PbI3 perovskite solar cell.54 To achieve
this goal, three imminent molecular modulators was designed,
including thiol-based 5-(methylthio)-1H-tetrazole (S),
ammonium-based anilinium iodide (N), and bifunctional 3-(5-
mercapto-1H-tetrazol-1-yl)benzenaminium iodide (SN), that
feature hydrophobic (hetero) aromatic cores functionalized by
ammonium and thiol groups that can interact with explicit
This journal is © The Royal Society of Chemistry 2020
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components of the perovskite phase and ensure abatement of
the defects. It was found that by the molecular modulation
strategy the perovskite grain size and crystallinity simulta-
neously enhances. The perovskite grain size is about 300 nm in
the control lm, and it increases up to 1 mm for the lms con-
taining either modulator S or SN. In the samples treated with SN
modulator, a PCE 20.9% was achieved. This outstanding
photovoltaic performance epitomizes the gainful impact of
molecular modulation on the structure and morphology of
perovskite lms. This methodology unveils a generation of
multifunctional molecular modulators (MMMs) with the
capacity to advance PSC research and practical applications. M.
Feng et al. built up a novel one-step solution approach utilizing
methanol as an additive to produce high-quality perovskite
lms.22 It was observed that adding a proper amount of meth-
anol into perovskite precursor solution not merely enhance the
morphology and crystallinity of perovskite lm, but enhance the
optical and electrical properties of perovskite photoactive layer.
Scanning electron microscopy was performed to investigate the
morphologies of the perovskite lms without and with (5 vol%)
methanol (Fig. 7a and b). The perovskite lm without methanol
demonstrates small grains with apparent pinholes and grain
boundaries. These deformities can introduce strong energetic
disorder, impede charge transport, induce recombination and
reduce photovoltaic performance. The addition of methanol
can signicantly enhance the morphology of perovskite lm.
The lm withmethanol has a superior surface roughness, larger
grain size and fewer lateral grain boundaries than that without
methanol. The grain size in the vertical direction of the lm
with methanol is comparable to the thickness of the lm. This
recommends that the charge carriers can efficiently transport
across the perovskite lm and reach the corresponding elec-
trode interfaces before recombination. The fabricated planar
perovskite solar cells with methanol have the highest PCE,
which is 19.51% (Fig. 7c). More importantly, high-quality
perovskite lms with methanol also have high stability. More-
over, the power conversion efficiencies of devices withmethanol
are still high aer kept in dark under ambient environment for
30 days. These outcomes give a new avenue for getting high
efficiency, stable perovskite solar cells. H. Zheng et al. demon-
strated the effect of DMSO amd thio-semicarbazide (TSC)
additives on 2D perovskite (BA)2(MA)3Pb4I13 solar cell.70 It was
observed that crystallization process regulates using these
additives. The (BA)2(MA)3Pb4I13 two dimensional perovskite
Fig. 7 SEM images of perovskite films (a) without methanol and (b) with
(5 vol%) methanol. Reproduced by permission ref. 22, Copyright 2018 E

This journal is © The Royal Society of Chemistry 2020
lms were obtained as vertical-oriented. These 2D lms have
uniform morphology, increased grain size, intensied crystal-
linity and reduced trap state density. This 2D perovskite device
have stability up to 720 hours in air atmosphere with relative
humidity 25 � 5% at 25 �C temperature.

The presence of defect states and grain boundaries in
perovskite lm have deleterious effect on perovskite device
performance. Defect passivation is a strategy to enhance the
device efficiency and stability simultaneously.71–74 D. Xin et al.
used 2-amino-5-cyanopyridine (ACP) molecule in perovskite
precursor solution to passivate the defects located at grain
boundary and surface through electrostatic interaction and the
improved the performance of exible PSCs.75 The reason of
effective passivation of charged electronic defects is that ACP
molecule have polar distributed electron density. Due to sup-
pressed charge recombination and better charge extraction,
a boost in efficiency was observed from 16.9% to 18.0%. J. Zhu
et al. used 1,3,5-triazine-2,4,6-triamine (melamine) additive into
PbBr2 precusor solution and fabricated high quality CsPbBr3
perovskite ms with lower grain boundary.74 It was observed
that a combination formed between lead ions and melamine
which produces void free perovskite lm with loose grain size
and less defect density. In melamine passivated lms, sup-
pressed recombination of charge carriers was observed due to
better energy level matching. This inorganic perovskite device
shows the superior stability with 85% RH over 720 hours. It was
observed that charge carrier recombination can be suppressed
and charge extraction can be enhanced using defect passivation
strategy in perovskite solar cell which helps to produced highly
efficient and stable perovskite solar cell.
2.5 Lewis acid–base adduct approach

The fabrication of highly efficient and long-term stable perov-
skite solar cell is critical for commercialization. Lewis acid–base
adduct approach was developed for defect passivation,
controlling grains in perovskite lms, treating grain boundaries
and for suppression of non radiative recombination.76–81 A Lewis
acid with the capability of accepting a pair of nonbonding
electrons has the capability to passivate electron-rich defects. J.
Wang et al. reported highly efficient inorganic perovskite solar
cell using a Lewis base and showed the suppressed non-
radiative recombination.82 A schematic diagram of fabrication
of CsPbIxBr3�x perovskite lms with using passivation by lewis
5 vol% methanol. (c) Histogram of the PCEs of PSCs without and with
lsevier Ltd.
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base 6TIC-4F shown in Fig. 8a. Perovskite lms shows homo-
geneous surface morphology and average grain size increased
from 110 nm to 200 nm aer 6TIC-4F treatment. High efficiency
16.1% with improved photostability was achieved in this work.
S. G. Ko et al. investigated the effect of thiourea on the perov-
skite crystallization.83 It is found that perovskite precursor
solution penetrate better into the mesoscopic scaffolds aer
thiourea treatment. Without using thiourea perovskite
precursor converts into rod like structure while aer using
thiourea perovskite precursor converted into ball-shaped crys-
tals. Author revealed that this effect might be associated with
the cross-linker function of thiourea. Another effect is that
conversion of iodine molecule to I� ion can be reduced using
thiourea, which will enhance the stability of perovskite lm. Y.
Zhao et al. reported the divalent hard Lewis acid doped CsPbBr3
lms with 9.63% efficiency and ultra-stability.84 In this work,
author doped Mg2+, Ca2+, Sr2+ and Ba2+ and optimized the
doping dosage. It was found that the CsPb0.97Sr0.03Br3 have
maximum PCE 9.63%, mainly attributed to the enlarged grain
sizes and suppressed formation of point defect (vacancies)
within perovskite lms. The average grain size of the CsPb0.97-
Sr0.03Br3 lm is enhanced signicantly to 870 nm from 390 nm
for the pristine CsPbBr3 lm (Fig. 8b–f). This enhanced grain
size is mainly attributed to the suppressed crystal nucleation
formation.

L. Su et al. reported the p-conjugated Lewis base passivation
of organic inorganic lead halide perovskites.77 The PCE was
improved 24% by adding 3,30,5,50-azobenzene-tetracarboxylic
acid (H4abtc) into the lead iodide (PbI2) precursor solution
with Lewis acid–base adduct via two-step solution method. The
device showed the superior stability in air, which efficiency can
be retained 84% of its initial efficiency aer 30 days. F. Zhang
Fig. 8 (a) Schematic diagram of the deposition processes of the prepare
Copyright 2020, Springer Nature. Top-view scanning electronmicroscop
CsPb0.97Sr0.03Br3 and (f) CsPb0.96Ba0.04Br3 films. Reproduced by permissi
Top (left, the scale is 1 mm) SEM of corresponding perovskite films and cro
devices. (1) Control; (2) BrPh-ThR; (3) bis-PCBM; and (4) BrPh-ThR + bis-P
of Chemistry.

21364 | J. Mater. Chem. A, 2020, 8, 21356–21386
et al. observed the suppressed defects reported and produced
highly efficient and stable perovskite solar cells.85 It was
observed that grain size was increased and grain boundary
reduces aer using both BrPh-ThR and bis-PCBM (Fig. 8g). The
combination of Lewis acid bis-PCBM and Lewis base BrPh-ThR
enhances the crystallization, mobility and conductivity in
perovskites. Using this combination, highest efficiency was
achieved 21.7%. J. W. Lee et al. fabricated highly reproducible
MAPbI3 perovskite solar cells with PCE as high as 19.7% via an
adduct of PbI2 with oxygen donor DMSO.79 The adduct
approach has been found to be adopted generally, where for-
mamidinium lead iodide perovskite [HC(NH2)2PbI3 (FAPbI3)]
with large grain, high crystallinity, and long-lived carrier life-
time is successfully fabricated via an adduct of PbI2 with thio-
urea as sulfur-donor Lewis base. D. Y. Son et al. treated the grain
boundaries in CH3NH3PbI3 lms using Lewis acid–base adduct
approach.81 A CH3NH3I layer was formed at the grain bound-
aries by adding 6 mol% excess CH3NH3I to the precursor solu-
tion. Due to this excess layer at grain boundaries, non-radiative
recombination was suppressed and electron–hole extraction
boosted because of high ion conduction. By this grain bound-
aries healing process, I–V hysteresis signicantly reduced and
an average power conversion efficiency of 20.1% over 50 cells
was achieved (best cell at 20.4%).
2.6 Post-device ligand (PDL) treatment

In a report, H. Zhang et al. presented the rst sort of basic post-
device ligand (PDL) treatment to signicantly enhance the
power conversion efficiency and stability of fully fabricated
perovskite solar cells.86 In this work, diethylenetriamine (DETA)
with three amine groups is employed as a ligand to treat
d CsPbBrxI3�x perovskite film. Reproduced by the permission of ref. 82,
e images of (b) CsPbBr3, (c) CsPb0.97Mg0.03Br3, (d) CsPb0.97Ca0.03Br3, (e)
on ref. 84, Copyright 2019 Royal Society of Chemistry. (g) SEM images.
ss-sectional (right, the scale is 2 mm) SEM of corresponding perovskite
CBM. Reproduced by permission ref. 85, Copyright 2018 Royal Society

This journal is © The Royal Society of Chemistry 2020
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perovskite solar cell. Specically, ligand vapors are utilized to
specically treat the as complete prepared perovskite solar cell
devices. Here DETA molecule can connect with MAPbI3 perov-
skite by substitution of the surface MA+ ion, resulting in an
altered MAPbI3 or a stable non-MAPbI3 phase (e.g., layered
perovskite). In Fig. 9a and b top view SEM image is shown and it
was observed that there is no obvious change in grain size aer
PDL treatment. The control device without PDL treatment
showed a power conversion efficiency of 18.67% and stabilized
power conversion efficiency of 18.11%. In striking contrast, the
device with PDL treatment demonstrated a signicantly
improved performance with a PCE of 20.13% and stabilized
power conversion efficiency of 19.90%. The histograms of the
device efficiencies are bestowed in Fig. 9c.

The PDL treatment considerably enhances the device
reproducibility with a standard deviation of just 1.94% in power
conversion efficiency that is over 220% increment over the
control (without treatment) of 4.46%. Inexact eighty percent of
the treated cells show power conversion efficiency above eigh-
teen percent. The ligand vapors will initiate synthetic change in
the selected lateral regions particularly that of the perovskite
layer that prevents the diffusion of water molecules into the
protected active perovskite region, so increasing the perovskite
solar cell stability. In the interim, the stability of the treated
devices without any exemplication amazingly enhances, with
seventy percent efficiency kept up under ambient conditions
aer a ve hundred hour maximum-power-point tracking test,
whereas the control unencapsulated device will completely
break down among one hundred hours.
2.7 Compositional engineering

Highly efficient and highly thermal stable perovskite solar cells
production is a major challenge now because the efficiency of
PSCs decreases at high temperature. By utilizing compositional
engineering, the thermal stability of perovskites solar cells has
been enhanced. Using mixed cation/halide approach highly
efficient and stable PSCs devices have been reported.7,87,88 The
cesium (Cs)–formamidinium (FA)–methylammonium (MA)
triple cation-based perovskite device made-up in a glove box
Fig. 9 Scanning electron microscope top view images of perovskite
treatment. (c) Histograms of the perovskite device efficiencies with PD
tested). Reproduced by permission ref. 86, Copyright 2019 Royal Societ

This journal is © The Royal Society of Chemistry 2020
empowers reproducible high-voltage performance.89 In
a work M. Saliba et al. used 3 cations, Cs, MA, and FA, to achieve
highly stable and efficient PSCs.89 It was observed that when Cs
is added to MA/FA mixtures then yellow phase impurities
suppresses and uniform perovskite grains extends from the
electron to the hole-collecting layer consistent with seed-
assisted crystal growth. The Csx(MA0.17FA0.83)(100�x)Pb(I0.83-
Br0.17)3 triple cation based perovskite device gives stabilized
power conversion efficiency exceeding 21% (Fig. 10a) and�18%
following 250 hours (Fig. 10b) under operational conditions.
These mixed triple cation perovskite lms were found more
thermally stable and less inuenced by uctuating surrounding
factors like solvent vapors, heating protocols, and temperature.
For reproducibility and large-scale fabrication of PSCs, this
robustness of perovskite lms is imperative. T. Singh et al.
demonstrated the fabrication of highly efficient and stable
solution-processable multi-cation PSC in ambient air and
humidity-controlled method.88 The Cs/MA/FA perovskite lm
was spin-coated on top of the TiO2 scaffold layer and crystalline
perovskite lm formed with large grain size and whole surface
coverage. The power conversion efficiency of this Cs/MA/FA
perovskite solar cell was achieved above 20%.

In Fig. 10c–e SEM top view image is shown of triple cation
perovskite lms with a variation of Cs Concentration. It was
observed that morphology and grain size of Cs/MA/FA perov-
skite thin lm is highly inuenced by Cs concentration under
the ambient air process, and Cs5% device gives the best
performance withmicrometer grain size (Fig. 10g). The device is
highly stable and retained high efficiency (PCE ¼ 19.5%) up to
eighteen weeks. T. Matsui et al. explained in a report that the
addition of Rb and the halide composition of the perovskite
absorber layer affects the thermal stability of perovskite solar
cells.90 Fig. 10f shows the top-view TOF-SIMS elemental
mapping of the Rb0.05Cs0.05FA0.75MA0.15Pb(I0.83Br0.17)3 perov-
skite thin lm before and aer thermal stress test at 85 �C for
1000 h. The solar cell device before the test demonstrated
a state-of-the-art efficiency of 20.6% (20.1% stabilized effi-
ciency). Aer testing, the power conversion efficiency of the
device was still 19.0% (18.5% stabilized efficiency), which
corresponds to 92% retention. The average efficiencies of four
thin films (a) without any treatment and (b) with post-device ligand
L treatment and without any treatment (37 cells were fabricated and
y of Chemistry.
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Fig. 10 (a) I–V scan for Cs5M device that shows power conversion efficiency above 21% (b) change in device efficiency with time up to 250 hours
of a high-performance Cs5M and Cs0M devices which kept in N2 atmosphere at room temperature with constant illumination and maximum
power point tracking. Reproduced by permission ref. 89, Copyright 2016 Royal Society of Chemistry. Top view scanning electron microscope
images of perovskite thin filmsmade from (c) Cs0, (d) Cs5, (e) Cs10. Reproduced by permission ref. 88, Copyright 2017Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim. (f) Top-view TOF-SIMS elemental mapping of the Rb0.05Cs0.05FA0.75MA0.15Pb(I0.83Br0.17)3 perovskite thin film before and
after thermal stress test at 85 �C for 1000 h. Reproduced by permission ref. 90, Copyright 2019Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(g) Current density and efficiency change with device storage time in weeks. Reproduced by permission ref. 88, Copyright 2017 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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devices also showed good stability, with 20.4% initial efficiency,
18.7% efficiency aer 1000 h of testing, and 92% retention. In
perovskite solar cells instability against thermal stress and
humidity is a major issue.

Abdi-Jalebi et al. investigated the effect of potassium
passivation on halide perovskites.91 In another report, Abdi-
Jalebi et al. investigated the moisture stability and the local
chemistry of the passivated triple cation perovskite thin lms.92

The perovskite lms were stored under elevated humidity
conditions (50% RH) in the nitrogen gas for a period of twenty-
four hours. The morphology of the triple cation and Rb- and K-
21366 | J. Mater. Chem. A, 2020, 8, 21356–21386
passivated triple cation perovskite lms was investigated before
(Fig. 11a–c) and aer (Fig. 11d–f) this humidity treatment.

In all the unexposed perovskite lms grain size was observed
�200 to 400 nm with uniform packing (Fig. 11a–c). Aer
humidity exposure for twenty-four hours, it was observed that
some material is formed on the surfaces of all thin lms. The
author proposed that the surface material for the triple cation
specimen corresponds primarily to PbI2, which is particularly
abundant at the GBs (Fig. 11d and g). This is similar to degra-
dation in other polycrystalline materials where grain bound-
aries are centers for degradation, oen called intergranular
degradation. Based on SEM-EDX analysis, some needle-like
This journal is © The Royal Society of Chemistry 2020
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long crystals ($30 mm) were found, that are rich in Cs.
Furthermore, it was observed that the formation of Rb-rich
crystals in Rb-passivated TCs, which appear to be primarily
rich in I but also smaller fractions of Br (Fig. 11e and h). Finally,
it was observed that the formation of KBr-rich surface crystal-
lites in the K-passivated TC lms aer the humidity treatment,
which has a similar composition as those in cross-sectional
STEM-EDX decomposition prole but is of larger size and
distributed across the surface (Fig. 11f and i). These results
suggest that moderate humidity exposure promotes the
formation of non-perovskite material in each of the lm
compositions, with the composition of the non-perovskite
material being consistent with that observed at elevated load-
ings of additives. Interestingly, the author observed a signi-
cant coalescence of small perovskite grains into larger “fused”
domains in the perovskite thin lms upon 50% RH treatment in
the TC and K-passivated TC (Fig. 11a, d, c and f). It was found
that the average grain size increases remarkably from �200 nm
to �2 mm in both samples for grain size distributions. Zhifang
Wu et al. fabricated a stable perovskite solar cell by combining
thermally stable formamidinium-cesium-based perovskite and
a moisture-resistant carbon electrode.19 This perovskite solar
cell maintain on average 77% of the initial efficiency value aer
Fig. 11 Scanning electron microscope top-view images of pristine (top r
four hours (second row) (a and d) triple cation, (b and e) Rb-passivated tr
SEM image with EDX elemental mapping of the same (g) triple cation, (h)
thin films. Reproduced by permission ref. 92, Copyright 2018 American

This journal is © The Royal Society of Chemistry 2020
being aged for 192 h under conditions of 85 �C and 85% relative
humidity without encapsulation.
2.8 Interface engineering

Interface engineering in organo-metal halide perovskite solar
cells (PSCs) has been an effective tool to enhance the photo-
voltaic performance and stability of photovoltaic (PV)
devices.18,19,55,93–98 It is renowned that zinc oxide (ZnO) is one in
all promising electron transporting layers for solar cells and is
additionally applicable for exible devices. Nevertheless, the
usage of ZnO in perovskite solar cells is limited because it reacts
with the perovskite lm amid the annealing procedure. M. M.
Tavakoli et al. demonstrated a perovskite device using a modi-
ed electron transport layer with a power conversion efficiency
20.94% (Fig. 12a and b). A monolayer of graphene is introduced
at the interface of the ZnO ETL and perovskite absorber.99 This
perovskite device keeps up over 80% of its initial efficiency value
aer 300 hours under continuous illumination. Strikingly,
author observed that the introducing a monolayer of graphene
at the ETL/perovskite interface enhances the carrier extraction
and photovoltaic properties and addition shields the perovskite
lm from decay at elevated temperatures, which is gainful for
the stability of the device. To enhance the stability considerably
more, the surface of the perovskite lm is passivated by utilizing
ow) and with 50% relative humidity, nitrogen over a course of twenty-
iple cation, and (c and f) K-passivated triple cation perovskite thin films.
Rb-passivated triple cation and (i) K-passivated triple cation perovskite
Chemical Society.
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another modulator, i.e., 3-(pentauorophenyl)-propionamide
(PFPA) to abate the surface trap states of the perovskite. In
view of this change with MLG and PFPA, a stable perovskite
solar cell device with a power conversion efficiency of twenty-
one percent was accomplished under AM1.5G illuminations
with insignicant hysteresis. The stability result shows that the
passivated device on MLG/ZnO keeps up 93% of its initial PCE
value aer 300 h under continuous illumination (Fig. 12c). In
another report, the author investigated the effect of adding
MACl on triple A-cation perovskite lms. It was found that bulk
and surface defects in perovskites are suppressed and high-
quality lms with large grain size are obtained.100 There is
a dramatic enhancement in the grain size from 200 to more
than 1000 nm aer adding this MACl additive.

Aer applying these modications, maximum efficiency
was obtained 21.65% and open-circuit photovoltage was ach-
ieved 1.24 V with a 370 mV loss. Furthermore, the defect
Fig. 12 (a) Cross-sectional SEM image of the PSC device based on MLG/
power point tracking. (c) Stability test of perovskite solar cell devices base
illumination for 300 hours at room temperature and under nitrogen flow
Chemistry.

21368 | J. Mater. Chem. A, 2020, 8, 21356–21386
healing improves the operational stability of the perovskite
devices that retain 96%, 90%, and 85% of their initial PCE
values aer 500 h under continuously light illumination at
20 �C, 50 �C, and 65 �C, respectively. X. X. Gao et al. demon-
strate that using the conjugated polymers (PD-10-DTTE-7) with
both the donor and acceptor alkylated as an interlayer between
MAPbI3 and doped Spiro-OMeTAD can signicantly increase
the performance of MAPbI3 solar cells.55 Atomic-force
microscopy (AFM) analysis reveals that the determined
roughness value was 24.6 nm for MAPbI3 lm and 16.3 nm for
PD-10-DTTE-7/MAPbI3 lm. With the tailored interface, the
MAPbI3 solar cells with PD-10-DTTE-7 interlayer shows the
best power conversion efficiency of 18.83%.

Abdi-Jalebi et al. demonstrated that thermally evaporated
dopant-free tetracene (120 nm) on top of the perovskite layer,
capped with a lithium-doped Spiro-OMeTAD layer (200 nm) and
top gold electrode, offers an excellent hole extracting stack with
ZnO. (b) Power conversion efficiency curve with time under maximum
d on ZnO, MLG/ZnO, andMLG/ZnO-with passivation under continuous
. Reproduced by permission ref. 99, Copyright 2019 Royal Society of

This journal is © The Royal Society of Chemistry 2020
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Fig. 13 Top-view scanning electron microscopy of (A) tetracene (Tc) single layer, (B) perovskite (Pk), (C) perovskite–tetracene (Pk–Tc), and (D)
perovskite–tetracene–Spiro (Pk–Tc–Spiro) films at three different magnifications. Reproduced by permission ref. 101, Copyright 2018 American
Association for the Advancement of Science.
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minimal interfacial defect levels.101 For a perovskite layer
interfaced between these graded HTLs and a mesoporous TiO2

electron-extracting layer, its photoluminescence yield reaches
15% compared to 5% for the perovskite layer interfaced
between TiO2 and Spiro-OMeTAD alone. The surface morphol-
ogies of different layers were investigated using a top-view SEM
at different magnications. In Fig. 13A–C shows that tetracene
and perovskite lms are compact polycrystalline with microm-
eter grain size while Spiro adopts a conformal coating
(Fig. 13D), ensuring total surface coverage of the combined
HTLs. For perovskite solar cells with a graded hole-transport
layer structure, the power conversion efficiency was achieved
21.6% and an extended power output of over 550 hours of
continuous illumination at AM1.5G, retaining more than 90%
of the initial performance. J. Lu et al. built up a facile technique
to improve the PCE and generously upgrade the stability of
perovskite solar cells via modication of the interface between
the light-harvester and the hole transporting layers with ben-
zenethiol dipoles.102 Highest power conversion efficiencies of
20.2% for the small area devices (0.16 cm2) and 19.6% for the
PSCs with an active area over 1 cm2 under 1 sun AM1.5G irra-
diation were accomplished with solar cells modied with HS-
Ph-CN. Under simulated solar cell working conditions (1 sun
AM1.5G irradiation, 50% RH, 50 �C device temperature), such
devices retained more than 80% of their initial photovoltaic
performance aer 50 h and operated stably over the following
135 h. The interfaces on either side of the hole conductor were
investigated to further improve the performance and stability of
PSCs. By the introduction of thin layer of reduced graphene
oxide layer between CuSCN, an inorganic hole conductor, and
Au-back contact, the potential-induced degradation effects were
completely mitigated leading to the realization of highly-stable
PSCs yielding efficiencies greater than 20%.103 To further
This journal is © The Royal Society of Chemistry 2020
improve the performance and moisture stability of PSCs,
a highly hydrophobic a two-dimensional (2D) A2PbI4 perovskite
layer using pentauorophenylethylammonium (FEA) as A-
cation, was introduced between iodide-based perovskite layer
and Spiro-MeOTAD. The efficiency of the resulting solar cells
exceeded 22% value.104
2.9 Solvent engineering

To improve the perovskite solar cell device performance, it is
necessary to control the lm formation kinetics and crystalli-
zation during perovskite deposition. The morphology of
perovskite lm can be optimized by controlling nucleation and
crystal growth, for this purpose solvent engineering is a very
viable strategy.105–107 Y. Zhou et al. employed an antisolvent–
solvent extraction process for crystallization behavior of mix
halide perovskites at room temperature (Fig. 14a).108 In this
strategy, a little amount of solvent diffuses within the large
amount of antisolvent. For the crystallization procedure, super-
saturation state and nucleation are accomplished by this anti-
solvent–solvent extraction method and nucleation rate may be
improved by the magnetic stirring of antisolvent. DEE (anhy-
drous diethyl ether) was used as antisolvent and in the anti-
solvent bath, advection was introduced by using magnetic
stirrers. MAPbI2Br and MAPbIBr2 perovskite thin lm were
formed. For the investigation of surface morphology of perov-
skite thin-lm scanning electron microscopy (SEM) and atomic
force microscopy (AFM) was performed. In without stirred case
grain size was found �100 nm to �250 nm and in stirred case,
the grains size was found approximate 100 nm. The overall
roughness of thin lm formed by both method without and
with stirring is approximate similar �9 nm. In stirred case, the
morphology of MAPbIBr2 perovskite lm is improved in
J. Mater. Chem. A, 2020, 8, 21356–21386 | 21369
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Fig. 14 (a) Schematic delineation of the crystallization process of perovskite in the antisolvent bath: (A) standard process without stirring; (B)
accelerated process with magnetic stirring. Reproduced by permission ref. 108, Copyright 2016 American Chemical Society. (b) The schematic
diagram of the DSEM technique. (c) AFM image of DSEM fabricated perovskite film. Reproduced by permission ref. 109, Copyright 2017 Elsevier
B.V. SEM images of the surface of a MAPbI3 film prepared by FDC with the addition of chlorobenzene (d) low magnification and (e) high
magnification. Reproduced by permission ref. 24, Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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comparison to without stirred case. In stirred case, surface
coverage is improved and the compact lm is formed while in
without stirred case, perovskite lm has big gaps between
micron-sized large grains. The roughness is also decreased from
�160 nm (without stirred) to�15 nm (stirred). The antisolvent–
solvent extraction process is a simple methodology for the
fabrication of perovskite lms with high quality and improved
morphology. In our group, A. Raghav et al. developed
a straightforward strategy to produce uniform perovskite lm
utilizing a dual solvent elimination method (DSEM) at room
temperature.109 In Fig. 14b, the schematic diagram of the DSEM
technique is shown. In this work, two solvents were used with
a huge difference in dielectric constant. The dielectric constant
of DMF and DEE is 36.7 and 4.3 respectively. The large differ-
ence in dielectric constant makes a difference in solubility. The
author observed that perovskite thin lm produced by this
DSEM technique has uniform lm coverage and average grain
size is 500 nm. In Fig. 14c AFM image is shown of CH3NH3PbI3
perovskite lm which reveals that the RMS value of surface
roughness of perovskite lm was observed approximate 7 nm.
Using the DSEM, by tuning solvent dielectric constants, author
found a uniform CH3NH3PbI3 perovskite thin lm with opti-
mized morphology. This DSEM approach as delineating here
gives a novel strategy of optimizing morphology in organic–
inorganic halide PSCs. M. Xiao et al. demonstrated a fast, single-
step, solution-based deposition crystallization technique which
allows control over the dynamics of nucleation and grain
growth of CH3NH3PbI3, and achieves the rapid and reproduc-
ible fabrication of high-quality perovskite thin lms.24
21370 | J. Mater. Chem. A, 2020, 8, 21356–21386
In this approach, a DMF solution of CH3NH3PbI3 perovskite
is spin-coated on a substrate, followed immediately a second
solvent introduced on top of the wet lm during the spin
coating process, like chlorobenzene (CBZ) to induce fast crys-
tallization. The second solvent plays a crucial role to reduce the
solubility of CH3NH3PbI3 and promoting fast nucleation and
growth of the crystals within the thin lm. Fig. 14d and e shows
the low and high magnication SEM image of the perovskite
lms. The perovskite lms formed by the FDC process shows
full coverage of surface and consists of micron-sized grains. It
was observed that the perovskite lm have large crystalline
grains and perovskite lm is free of grain boundaries.24 J. Liu
et al. reported effective and stable green mixed anti-solvent
engineering for inverted planar perovskite solar cells.106 The
surface morphology of perovskite lms could be enhanced and
grain boundary of perovskite thin lm could be passivated by
this green mixed anti-solvent technique. Therefore, the photo-
voltaic performance of p–i–n planar perovskite solar cell
signicantly increased. The power conversion efficiency of
18.98% with no hysteresis was achieved for the best performing
device. The device has praiseworthy stability over 30 days in dry
conditions.

Kun-Mu Lie et al. reported the effect a various mixture of
anti-solvent on perovskite precursors, which enhance the crys-
tallinity and surface morphology of the MAPbI3 active layer.105

The perovskite lm treated with toluene (TL) mixed with
dichlorobenzene (DCB) in an equal volume ratio has the best
lm quality and power conversion efficiency of 18.01%. All
bromide-based perovskite materials hold great potential
This journal is © The Royal Society of Chemistry 2020
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primarily to obtain high photovoltages, which could be exploi-
ted in driving the various non-feasible electrochemical reaction,
e.g., water splitting, and carbon dioxide reduction.110 Various
approaches have been employed to improve the photovoltage of
bromide perovskite-based solar cells.111 Towards this end,
a mixture of solvents including DMF and DMSO were used to
deposit highly contiguous PbBr2 layer onto mesoporous TiO2

layer.112 Subsequently, there lead bromide layers were converted
into FAPbBr3 layers exhibiting exceedingly slow charge-carrier
recombination dynamics, low energetic disorder, less non-
radiative recombination, and highly PLQY, which eventually
translated into remarkable photovoltages greater than
1.5 V.113,114G. Liu et al. reported the solvent inducedmorphology
control in two dimensional (BA)2(MA)3Pb4I13 perovskites.115 In
this work, DMF and GBL solvents used for the fabrication of
lms. In DMF processed lm lot of pin holes were observed
while in GBL processed lm uniform and condensed
morphology with full coverage was obtained. The device effi-
ciency was increased to 13.9% in GBL processed device in
comparison to DMF processed device (9.81%).
Fig. 15 Scanning electron microscope images of the thermally annealed
1015 nm (g), and solvent-annealed (SA) perovskite films with thickness
micrographs are 2 mm. (c, f and i) Grain-size distributions of the SEM imag
VCH Verlag GmbH & Co. KGaA, Weinheim.

This journal is © The Royal Society of Chemistry 2020
2.10 Solvent vapor annealing

Solvent vapor annealing of perovskite lms during a controlled
environment has been utilized as a technique by numerous
researchers to enhance the grain size, crystallinity and thereby
achieving highly efficient solar cells.23,116–118 The challenge in
solvent vapor annealing is the retaining of excessive residual
solvent within the lm that is destructive to the device perfor-
mance. The presence of excess residual solvent can be avoided
by appropriately modifying themorphology of PbI2 and uniform
perovskite lms can be acquired. This happens despite the fact
that compact amorphous PbI2 prompted to form compact
perovskite lms where the grain size remains only around 200
the nm. T. Liu et al. designed mesoporous PbI2 scaffold rst by
controlled nucleation and growth mechanism and then ob-
tained a highly-crystalline perovskite lm.119 Therefore, corre-
lations between the PbI2 lm morphology and solar cell
performance could be established. Z. Xiao et al. observed that
annealing of solvent can impact the crystallinity and grain size
of the perovskite lm.23 Fig. 15a–i shows the SEM top surface
(TA) perovskite films with thicknesses of 250 nm (a), 430 nm (d), and
of 250 nm (b), 430 nm (e) and 1015 nm (h); the scale bars in the SEM
es to the left. Reproduced by permission ref. 23, Copyright 2014 Wiley-
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Fig. 16 Schematic diagram of the annealing treatment of perovskite films under solvent vapor. Reproduced by permission ref. 116, Copyright
2015 American Chemical Society.
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images and grain size distributions of the thermally annealed
and solvent annealed CH3NH3PbI3 perovskite lms. It was
observed that the average grain size in perovskite lms
enhances uniformly in all directions. In the solvent annealed
perovskite lms grain size expanded linearly with the lm
thickness up to one micrometer and in thermally annealed
lms maximum grain size was solely around 260 nm. The
highest device PCE of solvent annealed PSC was found 15.6% at
630 nm thickness and device efficiency stayed above 14.5% as
the perovskite thickness increased to 1015 nm. H. Xiong et al.
demonstrate a low-priced and straightforward two-step depo-
sition technique to produce compact and high crystalline
lms.117 In this work rstly a high quality, well oriented and
crystallized lm of PbI2 was produced utilizing a vapor post-
annealing strategy in ambient conditions. This PbI2 lm
Fig. 17 Surface SEM images of perovskite films on ITO-coated substrate
(c) GBL, (d) DMF, (e) DMSO. Reproduced by permission ref. 116, Copyrig

21372 | J. Mater. Chem. A, 2020, 8, 21356–21386
converts into a compact, large grain size, pinhole-free CH3-
NH3PbI3 lm under ambient conditions. The CH3NH3PbI3 lm
morphology that resulted from the mesoporous precursor was
uniform as conrmed by AFM images. These results demon-
strate the importance of morphology control in the PbI2 phase
for high-performance perovskite solar cells fabricated under
ambient conditions. The straightforward strategy exhibited
here could be utilized to prepare large-area perovskite solar cells
in ambient conditions. J. Liu et al. investigated the impact of
annealing treatment of perovskite lms under different atmo-
spheric conditions on the crystallinity of perovskite lms.116

Fig. 16 delineates the schematic diagram of the annealing
treatment of perovskite lms under solvent vapor. In this
report, ve atmospheres N2, H2O, g-butyrolactone (GBL), DMF,
dimethyl sulfoxide (DMSO) were used to examine the inuence
after annealing under different atmospheric conditions: (a) N2, (b) H2O,
ht 2015 American Chemical Society.

This journal is © The Royal Society of Chemistry 2020
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of different annealing atmospheres on MAPbI3 perovskite lms.
In Fig. 17a–e SEM images show the morphology of perovskite
lm aer annealing under different solvent vapor. The author
observed that aer annealing in DMSO atmosphere, the voids
disappear and perovskite lm shows good crystallinity with
grain size exceeding its lm thickness. The variety in
morphology and crystallinity in the perovskite lms would be
expected due to differences in coordinating capability and vapor
pressure of the three solvents GBL, DMF, and DMSO. The vapor
pressure at room temperature (20 �C) is 1.5, 2.7, and 0.42mmHg
for GBL, DMF, and DMSO, respectively, which is predictable
with the pattern of grain size of perovskite lms. Since solvent
DMSO has low volatility because of its relatively high boiling
point (189 �C) and low saturated vapor pressure, it is very likely
that the DMSO vapor environment may be maintained in a long
time and thus results in remarkable lm growth.
2.11 Impact of deposition methods

Halide perovskite thin lm morphology includes two main
precursor components relies upon the deposition route. It can
be solution processable or vacuum-based deposition. The
precursors can be deposited simultaneously or independently.
So there are many deposition methods to produce perovskite
thin lms. In this section we have discussed some solution-
processable deposition methods of perovskites lms and their
effect on morphology and efficiency of perovskite solar cells.

2.11.1 Sequential deposition. Usually in a sequential
deposition method, rst a layer of PbI2 is formed and then the
same layer is treated by a solution of CH3NH3I to form the
organic–inorganic hybrid perovskite layer CH3NH3PbI3.5,28,120–124

In comparison to the conventional one-step deposition
methods, more dense and uniform perovskite thin lms can be
fabricated by the sequential depositionmethod. In this method,
the complete conversion of the inner PbI2 layer is hindered by
the freshly formed upper CH3NH3PbI3 layer.125 In this process,
incomplete conversion of PbI2 affects the nal device
Fig. 18 Schematic diagram of the fabrication process of CH3NH3PbI3 p
sequential deposition process and 2S means two-step MAI dipping by
permission ref. 126, Copyright 2016 Elsevier B.V.

This journal is © The Royal Society of Chemistry 2020
performance because the optical properties and electrical
conductivity of CH3NH3PbI3 are better than that of PbI2. The
remnant PbI2 may play a positive role in increasing efficiency
due to its passivation effect but may adversely affect the device
stability due to unbalanced stoichiometry. The conversion rate
of PbI2 and the size of the perovskite crystal can be tailored by
various factors such as the concentration of PbI2 and MAI
solutions and substrate temperature. S. Kim et al. modied the
single-step dipping process of PbI2 in MAI solution and fol-
lowed two steps (2S) dipping process with two different
concentrations of MAI.126 In Fig. 18, a schematic diagram is
shown of this modied dipping process. The high (Hi)
concentration was 40 mg MAI per 1 mL IPA and the Low (Lo)
concentration was 2 mg MAI per 1 mL IPA and also for
comparison there was a medium one i.e. 6 or 10 mg of MAI per
1 mL of IPA solution for one-step (1S) dipping.

In the case of one step dipping, lower concentrated MAI
solution (6 mg of MAI per 1 mL of IPA) creates a sparse and
uneven coverage of the lm while a higher concentration of MAI
solution (10 mg of MAI per 1 mL of IPA) creates dense CH3-
NH3PbI3 perovskite lm but with remnant un-reacted PbI2 as
detected by XRD data. In the case of two steps dipping, dense
and rough crystals were formed for the Lo–Hi sequence. In the
case of two steps dipping process, the rst treatment in low
concentrated MAI solution allowed to form few nuclei and thus
it becomes easier for the second high concentrated MAI solu-
tion to react with the inside PbI2 layer.

In the reverse case (2S Hi–Lo), the rst dense MAPbI3 layer is
formed due to the high concentration of MAI solution, which
then hinders the low concentrated MAI to diffusion into the
PbI2 layer. Thus CH3NH3PbI3 perovskite crystals aggregate on
top of the CH3NH3PbI3 thin lm and conversion of PbI2 remain
incomplete. A solar cell made from 2S Lo–Hi perovskite layer
reported to shows best performance with an average PCE of
15.1%, high reproducibility, and stability than the others. This
is due to increased Jsc due to light scattering effects and the
contact area between the MAPbI3 and the adjacent layer of
erovskite films. Here 1S means one-step MAI dipping as conventional
changing MAI concentration as Lo–Hi and Hi–Lo. Reproduced by

J. Mater. Chem. A, 2020, 8, 21356–21386 | 21373
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Fig. 20 (a) J–V curves of best performing perovskite solar cell devices. Reproduced by permission ref. 131, Copyright 2016 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim. Scanning electron microscope top-view image of perovskite film fabricated by (b) PSG method and (c) CsCl-
enhanced PbI2 precursor method. (d) Histogram of solar cell efficiencies with Gaussian function fitting in reverse scan for 40 devices. The black
curve is for without CsCl and the red curve is for with CsCl in eight batches. Reproduced by permission ref. 132, Copyright 2018 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

Fig. 19 (a) Schematic diagram of mediator extraction treatment (MET) representing each step and optical images of the resulting perovskite
films. The scanning electron microscope images of (b) PbI2-DMSO, (c) PbI2, and (d) MAPbI3 films fabricated by MET. Reproduced by permission
ref. 130, Copyright 2018 Royal Society of Chemistry.

21374 | J. Mater. Chem. A, 2020, 8, 21356–21386 This journal is © The Royal Society of Chemistry 2020
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Spiro-OMeTAD. In a similar direction, instead of pure PbI2,
a mixture of lead halide salts was employed to achieve precise
control over the morphology and optoelectronic properties of
resulting perovskite layer. The addition of chloride salt, irre-
spective of the source, seems to greatly inuence the formation
and growth of chloride-free CH3NH3PbI3 structures.127 Speci-
cally, the introduction of 2 mole% of PbCl2 or 1 mole% of PbBr2
into PbI2 precursor solution leads to the realization of
remarkable improvement in the photovoltaic performance of
PSCs without altering the bandgap of the light-absorbing
layer.128,129 Authors also unraveled that PbCl2 majorly
improves the photovoltage of the devices, associated with
desired charge-carrier recombination dynamics, whereas PbBr2
enhances both photocurrent density and photovoltage of the
devices.

Y. Y. Kim et al. proposed a new two-step processing strategy,
to be specic, mediator extraction treatment (MET), reasonable
for a large-area, rapid roll-to-roll process (Fig. 19a).130 In this
work a PbI2-DMSO lm was rst deposited and for extract the
DMSO this PbI2-DMSO lm was dipped in a 2-propanol bath.
The transparent lm turns a hazy yellow within a few seconds.
This yellow PbI2 lm dipped in MAI solution and dark-brown
MAPbI3 lm formed. The morphology of perovskite lms was
investigated by scanning electron microscopy. The PbI2-DMSO
lm had smooth morphology (Fig. 19b) while aer washing
DMSO mediator with IPA the lm morphology becomes porous
(Fig. 19c). The porous PbI2 lm reacts rapidly with MAI mole-
cules and converts in uniform, pin-hole-free and dense MAPbI3
perovskite lm within several minutes (Fig. 19d). The power
conversion efficiency of corresponding solar cells was achieved
by 18.8% under optimum conditions.

C. Yi et al. presented a new and effective strategy to produce
high-quality perovskite lms by a sequential deposition
Fig. 21 (a) Scanning electron microscope images of doctor-bladed CH
images of the selected area in (a). The grain size distribution of CH3NH3Pb
black color is for spin-coated films. Reproduced by permission ref. 142, C
the fabrication of mixed cation perovskite film. (d) SEM images of FA
Reproduced by permission ref. 143, Copyright 2016 Wiley-VCH Verlag
sectional SEM image of a-FAPbI3 films fabricated via doctor-blading. R
images of bladed and doped CH3NH3PbI3 perovskite film (g) low magnifi
Copyright 2018 Springer Nature.

This journal is © The Royal Society of Chemistry 2020
technique, in which a PbX2 capping layer is introduced that is
invested with a network of interconnected nanopores.131 In
this report, a mesoporous PbX2 lm was prepared onto
a nanocrystalline TiO2 scaffold. This highly porous PbX2 layer
covers the nanocrystalline TiO2 scaffold. The interconnected
mesopores serve as channels to allow for rapid inltration by
the solution of the reagents and provide a large internal
surface area, enhancing the insertion of the organic ammo-
nium halides into the lead halide lattice, resulting in rapid
and quantitative conversion to perovskite. They produced the
required continuous and dense perovskite capping layer con-
sisting of FA1�xMAxPb(I1�xBrx)3. The best power conversion
efficiencies (PCEs) were achieved 20.4% with negligible
hysteresis in their J–V curve (Fig. 20a). Qi Li et al. reported
a perovskite seeding growth (PSG) method and CsCl-enhanced
PbI2 precursor method to incorporate cesium cations into
FAPbI3-based low-bandgap perovskite lm through a sequen-
tial deposition.132 To investigate the difference between the
lms morphology the scanning electron microscopy experi-
ment was carried out. It was observed that grain size is twice
larger with CsCl in comparison to without CsCl (Fig. 20b and
c). The introduction of CsCl and perovskite seeds into PbI2
layer together led to a larger perovskite crystal, grain size,
better crystalline quality, less grain boundaries, fewer defect
states, and long carrier lifetime. The power conversion effi-
ciency of perovskite solar cell with CsCl-enhanced PbI2
precursor method was achieved to be 22.1% (Fig. 20d).

2.11.2 Doctor blading. Doctor blading is a scalable method
and can be suitable for the roll to roll mass production of the
large area perovskite-based solar cell.133–136 In this method, the
material consumption is less in comparison to spin coating due
to minimal wastage. Doctor blading is low-priced, a high-output
strategy and is appropriate for industrial-scale production.137–139
3NH3PbI3 film fabricated at 130 �C. (b) Scanning electron microscope
I3 films is shown in the inset. The red color is for the doctor-bladed and
opyright 2017 Elsevier B.V. (c) Diagram of the doctor-blade coating for

0.4MA0.6PbI3 perovskite films fabricated by doctor-blade technique.
GmbH & Co. KGaA, Weinheim. (e) SEM surface image and (f) cross-
eproduced by permission ref. 144, Copyright 2017 Elsevier B.V. SEM
cation and (h) high magnification. Reproduced by permission ref. 145,

J. Mater. Chem. A, 2020, 8, 21356–21386 | 21375
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Fig. 22 (a) Histogram of perovskite solar cell efficiencies based on
MAPbI3:F4TCNQ films (with 0.03 wt% F4TCNQ). Reproduced by
permission ref. 145, Copyright 2018 Springer Nature. (b) Histogram of
40 devices based on MA0.6FA0.38Cs0.02PbI2.975Br0.025: 5 mol% MACl
perovskite. Reproduced by permission ref. 146, Copyright 2017 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.
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Kim et al. demonstrated doctor blade coating as a simple and
air process able fabricationmethod for making efficient PSCs.140

H. Wu et al. reported an in situ thermal-annealing doctor
blading process in ambient condition with humidity of�45% to
fabricate high-quality perovskite CH3NH3PbI3 thin lm.141 The
authors showed that in situ thermal annealing could greatly
inuence perovskite lm morphology and crystallinity than the
post-deposition annealing. S. Tong et al. reported the fabrica-
tion of high-quality CH3NH3PbI3 perovskite thin lms via in situ
thermal treatment doctor blading in the ambient environment
(humidity � 45%) (Fig. 21a).142 The author observed that the
grain size distribution of doctor bladed lm is mainly in the
range from 400 to 800 nm, and the largest grain size up to one
thousand nm (Fig. 21b). Y. Deng et al. fabricated perovskite
lms of the pure phase of the mixed cation (FA and MA) by
a doctor-blade coating technique.143 Fig. 21c illustrates the
doctor-blade coating of mixed-cation perovskite FAxMA1�xPbI3
layer. It was observed that smooth and compact perovskite lms
with 100% coverage (Fig. 21d) produced with an FA : MA molar
ratio of 2 : 3 in the precursor solution as compared to FA : MA
molar ratio of 0.8 : 0.2, where big gaps are presented between
grains. The power conversion efficiency of the FA0.4MA0.6PbI3
perovskite device was achieved 18.3% and stability longer than
thirty days in the air for the unsealed devices.

S. Li et al. demonstrated the fabrication of FA-based perov-
skite lms by doctor blading strategy in ambient condition.144 In
this work high-purity, black a-phase formamidinium lead
iodide (FAPbI3) perovskite polycrystalline lm was fabricated
without further annealing procedure and any additives. The
substrate temperature was optimized at 170 �C for the forma-
tion of continuous FAPbI3 lm. SEM surface image shows that
the produced FAPbI3 lm has good surface coverage and a pin-
hole free lm formed rapidly with excellent coverage (Fig. 21e).
The perovskite lm is comprised of large-size grains and
therefore the cross-section image (Fig. 21f) demonstrates that
the grains can connect very well without obvious grain gap in
which the photon-generated carrier could transfer freely with
low recombination. W. Q. Wu et al. employed a molecular-
doping technique for a perovskite layer to doctor-blade HTL-
free PSCs. Here MAPbI3 perovskite precursor dissolved in
DMF containing p-type dopant 2,3,5,6-tetrauoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ) was dripped onto
substrates that were heated at 150 �C, followed by a quick
blading procedure to spread the solution onto the substrates.145

The perovskite domains were densely packed together, and
without observable voids at domain boundaries (Fig. 21g and
h). It should be noted that these domains don't seem to be
single crystalline grains. Every micrometer-scale convection
domain was comprised of micron-sized grains extending from
800 to 1700 nm. By utilizing a bladed and doped MAPbI3 lm as
the photoactive layer in an HTL-free device structure, a stabi-
lized PCE 20.2% with almost no J–V hysteresis is obtained
(Fig. 22a). Shi Tang et al. reported composition engineering in
doctor-bladed OIHP solar cells.146 In this work, a little fraction
of Cs+ cations and Br� anions were introduced into
(MAPbI3)0.6(FAPbI3)0.4 mixed precursor solution and a pinhole-
free and smooth perovskite MA0.6FA0.38Cs0.02PbI2.975Br0.025 lm
21376 | J. Mater. Chem. A, 2020, 8, 21356–21386
were produced via doctor blade coating at a lower blading
temperature of 120 �C. Fig. 22b shows the statistics of the PCEs
of 40 devices and the best power conversion efficiency of
MA0.6FA0.38Cs0.02PbI2.975Br0.025: 5 mol% MACl solar cell was
achieved 19.5%. The research demonstrated that doctor-
blading deposition gives a new procedure for fabricating high-
quality perovskite lms. The freedom of controlling parame-
ters amid the initial lm formation stage (e.g., in situ tempera-
ture, precursor stoichiometry) to get optimized morphology
perovskite lms with tunable composition shows that the
doctor-blade coating strategy can be a decent enhancement for
scalable fabrication perspective and furthermore lab scale
analysis.

2.11.3 Slot die coating. Slot die coating technique is
a component of the coating method, auxiliary system, and key
method. The most advantage of this methodology is that the
size and thickness of the required lm can be foreordained by
the slot width, length, feeding pump pressure, viscosity of
solution precursor and coating speed. Accomplishing a high
efficient PSC by slot-die coating is a crucial step toward large-
scale fabrication and commercialization of mixed halide
perovskite solar cells.147–150 The slot die approach gives
numerous advantages, for instance, higher line speed capacity
and more noteworthy coat weight uniformity. From slot die
coating technique defect-free perovskite lms can be made and
production speed also enhanced. There is minimal waste of
solution and controlled distribution with positive coat weight
This journal is © The Royal Society of Chemistry 2020
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control in slot die technique. Therefore, this technique is
a scalable method for large-area PSCs and for industrial
applications.137,151,152

Whitaker et al. demonstrated a perovskite device made by
slot-die coating with a modied Coatema Easycoater slot-die
coating station in ambient conditions.153 In this work, 5
different perovskite precursor concentrations with identical
compositions (20% w/w, 23% w/w, 25% w/w, 30% w/w, and 40%
w/w) were used for preparing the lms. They observed that 23%
w/w perovskite precursor concentration is optimum for this
composition and device architecture. Fig. 23a shows an SEM
image of slot-die coated MAPbI3 perovskite lm and it was
observed that the lm consists of grains spreading over the lm
thickness. This is alluring for collecting charges across the lm
thickness. The top view scanning electron microscope images
demonstrate that the lm formed by slot-die coating is compact
with least pinholes. In this perovskite thin lm, the average
grain size is estimated at approximate 1.5 mm. The power
conversion efficiency with a slot-die coated layer was achieved
up to 18% in reverse J–V sweep with the optimization of
precursor concentration and coating speed. C. Zuo et al.
developed a BADC (blowing-assisted drop-casting) technique to
Fig. 23 (a) Top view scanning electron microscope image of slot-die co
Copyright 2018 Royal Society of Chemistry. (b) Scanning electron mic
permission ref. 154, Copyright 2018 Elsevier Ltd. (c) Schematic diagram o
pinhole-free PbI2 layer. (d) Images of PbI2 thin films formed by slot-d
permission ref. 155, Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGa
(e) Bifluo-OMeTAD and (f) Spiro-OMeTAD on the underlying perovskite th
SEM images of the sequentially slot-die coated perovskite with various
converted to perovskite layer by a slot-die coating of MAI solution at room
155, Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

This journal is © The Royal Society of Chemistry 2020
form MAPbI3 lms in air.154 This BADC technique was then
transferred to an in-house altered slot-die coater, which has
a moving coating head with a connected gas blower. A compact
and uniform MAPbI3 lm was effectively formed utilizing the
slot-die coating strategy (Fig. 23b). Perovskite solar cell was
prepared in planar p–i–n structure using modied PEDOT:PSS
as the HTL and efficiency was achieved up to 19.48% efficiency.
The similar methodology was effectively translated to batch-to-
batch slot-die coating and roll to roll processing, empowering
the continuous production of MAPbI3 lms with the improved
morphology. Perovskite solar cells with a power conversion
efficiency of 15.57% and 11.16% were accomplished by batch-
processed slot-die-coating of perovskites on a glass substrate
and the continuous R2R on PET substrate, separately. The
developed BADC technique prompted to the acknowledgment
of the best outcomes for the perovskite cells utilizing slot-die-
coating and R2R processing. This work speaks to a note-
worthy jump at advancing the R2R processing of PSCs. K.
Hwang et al. reported the fabrication of PSCs by slot die coating
strategy.155 All layers in the solar cell was fabricated through
a scalable procedure using 3D printer based slot die coater.
Using 3D printer x,y,z positions can be control with acceleration
ated MAPbI3 perovskite thin film. Reproduced by permission ref. 153,
roscope image of slot-die coated CH3NH3PbI3 film. Reproduced by
f slot-die coating with a gas-quenching process for the fabrication of

ie coating method under various coating conditions. Reproduced by
A, Weinheim. Scanning electron microscope images of slot-die coated
in film. Reproduced by permission ref. 158, Copyright 2016 Elsevier Ltd.
processing-temperatures PbI2 layers were slot-die coated and then
temperature (g), 50 �C (h), and 70 �C (i). Reproduced by permission ref.
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and speed control. Author used slot die coater with the gas-
quenching process to produce pinhole-free PbI2 layer. Fig. 23c
shows gas quenching process with slot die coating. The more
uniform and dense lm was formed in a gas quenched process
comparison to naturally dried process. The naturally dried lm
had poor surface coverage. Very good uniform and amore dense
lm formed in the gas quenched process (Fig. 23d). Fig. 23g
shows SEM image of slot-die coated MAI. Very small and round
particles were formed at room temperature, which shows an
incomplete perovskite layer. Accordingly, the conversion reac-
tion was accelerated by heating the substrates and at 50 �C,
cubic crystals were observed and complete conversion of the
perovskite layer was obtained (Fig. 23h). At 70 �C temperature,
cubic-shaped crystals size increases and it is around 1 mm
(Fig. 23i) and more dense perovskite lm forms. Burkitt et al.
reported the fabrication of perovskite solar cell with four layers
is coated by a slot-die coating method.156 It was observed that
spin-coated lms show insufficient surface coverage and many
voids and slot-die coated lms show better surface coverage and
a more complete capping layer.

J. Ciro et al. reported exible PSCs in ambient conditions
produced by a slot-die coating method.157 Author observed that
at 33 wt% precursor concentration and 80 �C temperature, best
coverage percentage and surface roughness is obtained. T. Qin
et al. reported a unique small molecule, 2,20,7,70-tetrakis(N,N-di-
p-methoxyphenyl)amine-9,90-biuorenylidene (Biuo-OMe-
TAD).158 The author has found this new HTM Biuo-OMeTAD
shows excellent lm-forming properties and outperforms the
Spiro-OMeTAD in the slot-die coated device. The enhanced lm-
forming properties of Biuo-OMeTAD is accomplished via
suppressing crystallization amid the slot-die-coating procedure.
Additionally, with scanning electron microscopy (SEM) the
Fig. 24 Schematic diagram of the stamping technique includes two step
view scanning electron microscopy images of MAPbI3-before, MAPbI3(F
and EAPbI3-after. Scale bars are 1 mm. Reproduced by permission ref. 16

21378 | J. Mater. Chem. A, 2020, 8, 21356–21386
surface of the Biuo-OMeTAD sample presents a smooth
surface with very few aggregating lumps (Fig. 23e), whereas
Spiro-OMeTAD shows numerous clusters in 2–5 mm size
(Fig. 23f).

The Biuo-OMeTAD devices compared favorably to Spiro-
OMeTAD devices with all performance parameters enhancing,
yielding PCEs up to 14.7%, which is one of the most noteworthy
(uncertied) reported values for slot-die coated perovskite solar
cells. The good solubility and amorphous morphology also
afford high quality thicker lms. Y. Galagan et al. demonstrated
with proven feasibility for roll to roll slot die coating of the
electron transport layer and the perovskite layer on the 30 cm
width exible substrate in the ambient atmosphere.159 In this
report 13.5% stabilized power conversion efficiency achieved.
All the coatings of the electron transport layer and perovskite
layer are performed in ambient conditions and industrially
accepted solvents are used. Now slot-die coating technique is
turned out to be high throughput and low-cost process for the
large-scale manufacturing of PSCs. Be that as it may, building
up a quick and effortless approach to manufacture large-area
PSCs under the ambient condition is still needed.

2.11.4 Bifacial stamping method. Y. Zhang et al. reported
a bifacial stamping technique rst time to make high efficient
PSCs.160 This strategy permits to produce high efficient perov-
skite solar cells based on MAPbI3 as well as different composi-
tions, for example, FAPbI3 or EAPbI3. Non-pressed bifacial
contact can prompt morphologically high-quality MAPbI3 with
a defect-free interface and quick d/ a phase transformation of
FAPbI3 at low temperature. A schematic diagram of the bifacial
stamping process is shown in Fig. 24a and b. In this procedure,
pre-annealing and stamping steps are concerned. Firstly, the
MAPbI3, FAPbI3 and EAPbI3 perovskites lms were
s. (a) Pre-annealing and (b) the bifacial stamping technique. (c) Plane-
)-after, MAPbI3(E)-after, FAPbI3-before, FAPbI3(M)-after, EAPbI3-before
0, Copyright 2019 Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2020
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independently prepared and annealed. In the second step, that
is named “bifacial stamping”, the annealed MAPbI3 lm was
just laid on the annealed FAPbI3 or EAPbI3 lm, which was
followed by annealing at 100 �C for 9 min without pressure.
Aer the stamping procedure, the lms were separated. Yellow
FAPbI3 and EAPbI3 lms turned black aer the bifacial stamp-
ing process. It was seen that the grain size of MAPbI3 was
enhanced from 170 nm before stamping to 700 nm aer
stamping. The grain size of MAPbI3 is also enhanced aer
stamping with EAPbI3 Fig. 24c however its surface is kind of
different from the surface aer contacting with FAPbI3, that
demonstrates that the lm surface of MAPbI3 is impacted by the
stamped materials. The grain size and morphology of FAPbI3
are changed by stamping as can be seen in Fig. 24c that is
ascribed to the d / a phase transition. The morphology of
EAPbI3 perovskite lm changes before and aer stamping of the
perovskite lm, wherever tiny grains before stamping are
modied to larger sizes with various morphologies. When
considering the mechanism of the stamping technique, DMSO-
driven MA+ ion migration could occur and some of the EA
cations could probably be replaced by MA+ cations, prompting
a solid solution of EAPbI3 and MAPbI3. In Fig. 25a–f the effi-
ciency curve is shown for before the stamping and aer the
stamping. For the MAPbI3 case, the bifacial stamping strategy
prompts a power conversion efficiency of about 20%. The
bifacially stamped FAPbI3 shows a PCE of over 18%. In addition,
it was observed that a 548 nm-thick EAPbI3 lm contacted with
a MAPbI3 lm results in a PCE of over 13%. In the similar
perovskite phase interconversion approach, morphology
Fig. 25 J–V curves of the best performing perovskite devices with forw
EAPbI3 before and after stamping, under AM1.5 one sun illumination. P
scanned and reverse scanned data respectively. Reproduced by permiss

This journal is © The Royal Society of Chemistry 2020
evolution was shown in FAPbI3 perovskite thin lms through
organic-cation displacement. The PCE of this FAPbI3 perovskite
solar cells was achieved as�18%.161 In another report by S. Pang
et al., strong room temperature solid–gas interaction was
observed between HPbI3–CH3NH2 precursor pair.162 The
perovskite lms deposited through this approach have ultra-
smooth morphology and full-coverage of perovskite thin lms
was observed within seconds. In this MAPbI3 perovskite solar
cell, efficiency was demonstrated up to 18.2% using this
transformative process.

2.11.5 Spray coating. Spray coating technology has been
widely used in various applications such as fabricating thin
lms and painting and it is very suitable for scale up fabrication
of perovskite thin lms.98,163–165 T. T. Duong et al. demonstrated
a CNC assisted spray deposition technique and achieved
a microscale grain size, void free perovskite lm.166 In this work
perovskite lms fabricated by one-step and two-step spraying
process and it was observed that one-step spray coated perov-
skite lms have loosely accumulated particles in small sizes
ranged from below 100 nm while two-step spray coated lm
have thick large grain size (�550 nm) with a smooth surface. A
dense perovskite lm with larger grain size was obtained via
controlled reaction of CH3NH3I and PbI2 using sequential
spraying process. Ultrasonic spray was used by J. E. Bishop et al.
to fabricate triple cation perovskite solar cell with 17.8% effi-
ciency (Fig. 26b).167 In this work, spray-cast lms was exposed to
a low vacuum to control the lm crystallization. Author showed
that the vacuum unexposed lms are relatively rough and
inhomogeneous while vacuum-exposed lms are smooth and
ard and reverse scan. (a and d) MAPbI3, (b and e) FAPbI3 and (c and f)
CEF and PCER represent the efficiency values obtained from forward
ion ref. 160, Copyright 2019 Royal Society of Chemistry.
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consist of small and densely packed perovskite crystals. A large
area 25 cm2 mix halide perovskite lm fabricated by M. H.
et al.168 A automated spray coater was used and lm thickness
and roughness were optimized by controlling the solution
concentration and substrate temperature. Author revealed that
applying the optimum substrate temperature decreases the
standard deviation of the lm thickness and roughness, which
results in a defect free and reproducible large area lm.

S. Sansoni et al. fabricated eco-friendly perovskite lm on
macroscale-textured surfaces by spray coating.169 In this work,
CH3NH3PbI3 and CsFAMAPbI3�xBrx perovskite lms were
produced by sequential eco-friendly spray coating (SEF-SC)
technique. The usage of toxic and dangerous solvents were
avoided in this method. Fig. 26c–h shows the top-view and cross
sectional scanning electron microscope images of perovskite
lms over the textured c-Si surfaces and all lms shows the
uniform coating with smaller crystal grains. T. Mohammad
et al. fabricated the electric eld assisted spray coated lead free
Fig. 26 (a) Schematic illustration of spray coating process with the ap
perovskite thin films. Reproduced by permission ref. 170, Copyright 20
spraycast triple-cation PSC showing 17.8% efficiency in reverse scan. Th
167, Copyright 2018 American Chemical Society. Top-view and cross-se
bottom cell. (c and f) PbI2 NC ink, (d and g) MAPbI3 perovskite, and (e a
Reproduced by permission ref. 169, Copyright 2020 Wiley-VCH Verlag G

21380 | J. Mater. Chem. A, 2020, 8, 21356–21386
methylammonium bismuth iodide perovskite thin lm with
different bias voltage from 0 to 1000 V.170 Fig. 26a shows illus-
tration of electric eld assisted spray coating system. It was
observed that morphology, homogeneity, crystallinity and
surface roughness are inuenced signicantly by the electric
eld that is attributed to improve the atomization of spray
droplets due to process of coulomb ssion. In the absence of
electric eld loosely packed structure were observed and with
the increase of electric eld, packing density of grains was
increased (Fig. 27c–e). Surface roughness was also decreased
with the increased electric eld.

N. Kumar et al. used spray deposited nickel oxide lms for
fabrication of triple cation perovskite solar cells.171 In another
report, X. Fan et al. used spray-coated monodispersed SnO2

microsphere lms as scaffold layers for efficient mesoscopic
perovskite solar cells with 17.08% efficiency.172 M. park et al.
developed a megasonic spray-coating method for the fabri-
cation of large area perovskite devices.173 The schematic
plication of DC voltage used in the fabrication of lead free MA3Bi2I9
19 International Solar Energy Society. (b) J–V characteristics for the
e device photograph is shown in inset. Reproduced by permission ref.
ction SEM images of the spray-coated films onto the textured silicon
nd h) CsFAMAPbI3�xBrx mixed perovskite films after spray conversion.
mbH & Co. KGaA, Weinheim.

This journal is © The Royal Society of Chemistry 2020
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representation of megasonic nebulizer spray system is shown
in Fig. 27a which consists of four parts (i) the megasonic
nebulizer source, (ii) the rectangular plastic nozzle, (iii) the
motion stage and (iv) the mass ow controller. The scan speed
is varied to 10, 15 and 20 mm s�1 for the fabrication of
perovskite lms and largest grain size was observed for 15 mm
s�1 scan speed. Film thickness decreases linearly with the
scan speed increasing. Device structure is shown in Fig. 27b
and best efficiency was achieved 16.9% for the device made by
15 mm s�1 scan speed (Fig. 27f and g). Large grains in
perovskite lm lead to slow electronic recombination. This
megasonic spray coating method is a unique technique for the
polymer substrates, large area devices with low temperature
and ambient conditions.
Fig. 27 (a) Schematic illustration of the megasonic spray-coating metho
by the megasonic spray-coating method. Reproduced by permission ref.
SEM image of lead freeMA3Bi2I9 perovskite films at different bias during th
170, Copyright 2019 International Solar Energy Society. (f) Current–volta
coating scan speeds. (g) Histogram of photovoltaic performance under 1
Reproduced by permission ref. 173, Copyright 2018 Wiley-VCH Verlag G

This journal is © The Royal Society of Chemistry 2020
3. Summary and outlook

Among the current sustainable renewable energy technologies
accessible nowadays, photovoltaic technologies are the fore-
most encouraging and quickest developing technologies that
will provide a solution to the forthcoming energy crisis. Of all
photovoltaic advancement, solution-processable perovskite
materials have accomplished wonderful achievements in only
a couple of years. They have been utilized in a horde of appli-
cations from solar cells to light-emitting devices and photode-
tectors. Notwithstanding, the noteworthy progression in such
a small measure of time is remarkable and we may soon reach
crystalline silicon and GaAs records towards the 29% imprint.
Expecting that the eld proceeds at the present rate of
d. (b) Device configuration of an inverted planar MAPbI3 PSC produced
173, Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
e deposition (c) 0 V (d) 500 V (e) 1000 V. Reproduced by permission ref.
ge characteristics of the best performing devices with three different
sun illumination of 21 samples with a coating scan speed of 15 mm s�1.
mbH & Co. KGaA, Weinheim.
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advancement, oated by the developing action, it is conceivable
that a nancially suitable option in contrast to silicon photo-
voltaics, or a material t for improving silicon photovoltaics,
will emerge throughout the following couple of years. Never-
theless, the most challenging aspect of PSCs is to grow
a hydrophobic perovskite layer that can deliver a stable and
high-performance perovskite device. In this review article, we
have given the point of view toward the morphology optimiza-
tion of the perovskite solar cell device and compositional
development of halide perovskites to achieve highly efficient
and long-term stable organic–inorganic hybrid perovskite solar
cells. The control over the crystallinity and morphology of the
perovskite was viewed as signicant and exceptionally persua-
sive towards the overall performance of the solar cell. Here we
discussed the impact of annealing conditions, precursor solu-
tion aging, precursor temperature, the addition of additives to
the precursor solution, newly invented bifacial stamping
method, PDL (post-device ligand) treatment, compositional
engineering, interface engineering, solvent engineering, solvent
vapor annealing, sequential deposition, doctor blading, slot-die
coating and spray coating method on optimization of
morphology and material properties of perovskites towards
highly efficient and stable PSCs. The effect of additive,
precursor temperature, aging, annealing, and concentration of
MAI treatment on typical grain sizes in the lms and the device
performances were discussed. Hybrid perovskite lms with
larger grain sizes and fewer pinholes have been produced, from
one perspective, either by producing additive-doped lms or by
forming chemical bonds with self-assembled monolayers or by
adding a strongly coordinating solvent, improving interfacial
contacts between electrode/electron transport materials (ETM)
interface, ETM/perovskite interface, perovskite/hole transport
materials (HTM) interface and HTM/electrode interface, thus
reducing charge non-radiative recombination, simultaneously
increasing the exciton diffusion length/lifetime. On the other
hand, the crystallinity of hybrid perovskite layers can be
increased under controlled temperature and humidity condi-
tions, staying away from other chemical reactions and pre-
venting the penetration of water, consequently improving the
stability of hybrid perovskites. In spite of the quick advance-
ment in the performance of hybrid perovskite solar cells, there
are as yet a lot more opportunities for further improvement.
Morphology engineering has the extraordinary potential to
impressively increasing the efficiency and stability of hybrid
perovskite solar cells. Nonetheless, the interaction mechanism
between the hybrid perovskite and other interface layers still
remains unclear and should be additionally investigated to
facilitate the application of morphology optimization. Most of
the techniques of morphology optimization have been limited
to specic conditions during the fabrication of hybrid perov-
skite lms. Concerning the following course in morphology
optimization, lm quality could be improved by either inte-
grating these existing techniques with different functions or by
investigating new technologies to achieve distinctive and goal-
oriented morphology control. This has proceeded with the
excitement in the eld, in any case, some extra work needs are
done to comprehend and improve further the photovoltaic
21382 | J. Mater. Chem. A, 2020, 8, 21356–21386
parameters and long-term stability under operating conditions.
There are absolutely difficulties staying in endeavoring to
comprehend the role of ionic movement in long-term stability,
and how to improve the already excellent photovoltaic param-
eters of perovskite solar cells. Future research ought to incor-
porate investigations on the impacts of defect type, defect
density, and related photovoltaic effect mechanisms. Develop-
ment of stable and efficient lead halide perovskite solar cells
demands advance investigations to develop new materials and
device structures to moderate the future power crisis.
Notwithstanding experimental approaches, theoretical calcula-
tions still cannot be performed consistently in the area of
morphology control, however, can make a noteworthy contri-
bution to further advances in the design of morphological
techniques. It is expected, however, that the PSC eld will have
additional years of exciting new ndings, which will maintain
the interest of both academia and industry.
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