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Halide perovskites are compelling candidates for the next generation of clean-energy-harvesting
photovoltaic technologies owing to an unprecedented increase in power conversion efficiency and their
low cost, facile fabrication and outstanding semiconductor properties. The potential of perovskite
materials has been identified by understanding the fundamental science of perovskites such as
crystallisation dynamics and charge carrier dynamics and finding various novel perovskite combinations
from the periodic table. Current evidence suggests that the synthetic approach applied for the
deposition of halide perovskite layers is a key factor dictating device efficiency and stability. In
this review, we aim to investigate the large variety of synthetic procedures followed for the deposition
of perovskite polycrystalline films and single crystal layers. We will summarize the current under-
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1. Introduction

Halide perovskites (HPs) have recently drawn great atten-
tion due to their outstanding optoelectronic properties,
such as their solution processability," high absorp-
tion coefficients, ambipolar charge carrier mobility and
large carrier diffusion lengths, and facilely tunable compo-
sition and dimensionality’”” that can potentially enable
the corresponding devices to exhibit unprecedented
performances.®*** This unique combination of properties
has stimulated intense research studies in solar cells,**2°
light emitting diodes (LEDs),*'"* field effect transistors
(FETs),”**° and memories.>*® The significant perfor-
mance metrics that have been achieved in these optoelec-
tronic devices are strongly dictated by the method these HPs
are synthesized/deposited in thin films. Moreover,
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perovskite single-crystals have also emerged as an
alternative material platform that can overcome the limi-
tations of common polycrystalline films.>*® For both
perovskite films and single crystals, appropriate syn-
thetic protocols are applied aiming to fabricate a high
quality perovskite material and layer and the corres-
ponding device that meets the specific needs of a given
application.

However, the soft lattice of these perovskites poses several
challenges to the formation of smooth, pinhole-free perovs-
kite films.**"*° Many methods have already been developed
for the efficient synthesis and processing of polycrystalline
films and single crystal layers. The aim of this review is to
summarize recent approaches for the synthesis of perovskite
films, both polycrystalline and single-crystal based, and
discuss the advantages and obstacles encountered with each
of these methods used to deposit this family of materials.
This review is intended to be comprehensive and to provide a
thorough description of the large variety of different process-
ing routes applied for halide perovskite thin films and
single crystals. A brief description of the basic halide per-
ovskite material properties is given prior to the presentation
of their fabrication methods, aiming to make the paper
also accessible not only to those wishing to gain a holistic
understanding of the whole field but also to those seeking
essential information regarding a certain type of deposition
process.
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2. Structures, compositions and
properties of 3D and 2D
halide perovskites

Three-dimensional (3D) halide perovskites (HPs) crystallize in
the ABX; perovskite structure, where A and B are monovalent
and divalent cations, respectively, and X is a halide anion. The
A" cations, in particular, are larger than the B** metallic ones
and function as structural templates with their shape, size, and
charge distribution being crucial factors for the stabilization of
the perovskite structure. More specifically, A" is usually an
organic (CH3;NH;', methylammonium, MA; formamidinium,
FA; CHgN;", guanidinium, Gua) or inorganic (caesium, Cs")
cation, B>" is a large atomic number metal (such as lead, Pb*";
tin, Sn®" and germanium, Ge>*) and X is a halogen (chloride,
Cl~; bromide, Br; and iodide, I7).

The simplest possible ABX; perovskite consists of a high-
symmetry cubic structure belonging to the space group
Pm3m.*° In this structure the halogen anions X~ occupy the
vertices in [BXg|,  octahedra, which share corners in all three
orthogonal directions to generate infinite 3D [BX;] frame-
works, while the divalent metal cations B> are placed at the
centers of these octahedra (Fig. 1).>' The smallest volume
enclosed by neighbouring octahedra defines a cuboctahedral
cavity and hosts the monovalent cation A*. Different possible
perovskite structures can be regarded as being obtained by
rotating or distorting the BX, octahedra, displacing the B**
metal cations off-center and rotating the A" cations within the
cuboctahedral cavity. More than one structure is usually found
for a perovskite material with a given chemical composition,
depending on the temperature and preparation method. For
example, methylammonium lead triiodide (MAPDI;), a proto-
typical hybrid organic-inorganic metal halide perovskite, can
undergo phase transformations from cubic to tetragonal at a
temperature of 54 °C and from tetragonal to orthorhombic at
—111 °C during cooling.>”

The crystal structure stability of HPs can be predicted by

A +7x
V2(rg + rx)

(with r; being the radii of i = A, B and X ions in the perovskite

calculating the so-called tolerance factor, & = 53,54

¢
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ABX;), which gives an estimate of the ionic size mismatches
that a perovskite structure can tolerate until a different
structure-type is formed. Both the performance and stability
of inorganic-organic perovskite solar cells are limited by the
size of the cations required for forming an appropriate lattice.
It has been found that compounds with tolerance factors of a =
0.9-1.0 have an ideal cubic structure; a = 0.8-0.9 results in a
distorted perovskite structure with octahedral tilting (usually
orthorhombic), while when the tolerance factor is higher than
1 or lower than 0.8 non-perovskite structures are formed
(Fig. 2a).”® It is common in the halide perovskite literature to
denote the phase with a cubic structure as the a-phase and the
phase with a non-perovskite structure as the §-phase.”>’ Based
on the above considerations, only three A" cations known to
date have tolerance values between 0.8 and 1 and are thus able
to form a stabilized perovskite, namely Cs*, CH;NH;" (MA), and
HC(NH,)," (FA).>°

However, commonly used single-cation HPs present limita-
tions due to their thermal or structural instabilities. MAPbI;,
for example, the prototypical halide perovskite studied in PSCs,
degrades fast upon exposure to light and moisture (the latter is
due to the hygroscopic nature of the methylammonium cation),
while it is also decomposed during annealing at 85 °C even in
an inert atmosphere.””>° On the other hand, despite being
advantageous in terms of its bandgap (1.48 eV vs. 1.57 eV for
MAPbI;)® and thermal stability (it is relatively stable up to
150 °C in air), FAPbI; suffers from severe structural instability
at room temperature as it commonly crystallizes into a photo-
inactive, non-perovskite hexagonal §-phase (‘“‘yellow phase”)
instead of a photoactive perovskite a-phase (‘“black phase”);
in addition, it is sensitive to solvents or humidity.**

A reasonable way to overcome the limitations of single-
cation (and anion) HPs is the compositional engineering
approach by mixing cations and halides in order to achieve
perovskite compounds with improved thermal and structural
stability.”® Intermixing different cations can combine the
advantages of the constituents, while avoiding their drawbacks.
Mixed cation 3D perovskites of the composition (MA),-
(FA);_,Pbl;, where x = 0.6, delivered superior device perfor-
mance when used as light-harvesting layers in mesoscopic solar

a-FAPbI, B-MAPbI; y-CsPbl, TIPbl,
¢ =179.9° ¢ = 163.6° ¢ =153.2° ¢ =136.4°
w=87.2°

Fig. 1 Crystal structures of the APbls series at room temperature for A = FA, MA, Cs, Tl, and NH,4 cations, highlighting the effect of the structural
distortions and the connectivity of the [Pblg]*~ octahedra. Adapted with permission from ref. 51.
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(a) Correlations between the tolerance factor and crystal structure of perovskite materials. (b) Calculated energy difference between the o-phase

and different §-phases for FA; ,Cs,Pbls alloys with different Cs ratios. Adapted with permission from ref. 55.

cells.®® The mixed-cation composition with optimized stoichio-
metry MA, sFA, 4Pbl; outperformed the single-cation composi-
tions MAPbI; and FAPDI;, while it also completely avoided the
undesirable formation of the é-phase, while maintaining the
red-shifted band gap of FAPbI;. The superior carrier-collection
efficiency was related to the longer exciton lifetime of more
than 130 ns in the MA,(FA,.Pbl; material. These results
showed that even a small amount of MA is sufficient to induce
a preferable crystallization into the photoactive phase of the FA
perovskite, resulting in a more thermally and structurally stable
composition than the pure MA and FA compounds. This
illustrates that the MA can be thought of as a “crystallizer”
(or stabilizer) of the black phase FA perovskite. The fact how-
ever that MA is only slightly smaller than FA still permits a large
fraction of the yellow phase to exist. Furthermore, by alloying
FAPDI; with CsPbIz, the tolerance factor can be effectively
tuned, and the stability of the photoactive a-phase of the mixed
FA,_,Cs,Pbl; perovskite is significantly enhanced (Fig. 2b).>®
These mixed cation perovskite films demonstrate much
improved stability in a high-humidity environment and better
solar cell performance and device stability than the FAPbI;
counterparts.

Moreover, the substitution of the larger I atoms with smaller
Br ones in the mixed halide structure, MAPb(I, _,Br,)3, for x >
0.2, leads to the reduction of the lattice constant and a transi-
tion from the distorted tetragonal perovskite structure of pure
MAPDI; to the cubic perovskite structure of MAPbBr;, hence
inducing advanced optoelectronic properties and superior PSC
performance.®>®* Further intermixing both MA/FA cations and
I/Br anions in an optimized (FAPbI;), g5(MAPbBr3)o.15 perovs-
kite structure stabilizes the perovskite phase and increases its
crystallinity.®® As a step forward, intermixing Cs”, which has a
considerably smaller ion than both MA" and FA", in a triple
cation configuration Cs,(MAy.17FAg g3)(100—xPb(Io.s3Br0.17)3 pro-
vides additional versatility in fine-tuning high quality perovs-
kite films that can yield stabilized PCEs."® Incorporation of
optimum amounts of Cs* reduces the trap density by one order
of magnitude, which is responsible for the increased Voc
and FF, eventually leading to an enhancement in PCE. The
triple cation perovskite films are less affected by temperature
for a fixed halide ratio, while an increased Br content also

© 2023 The Author(s). Published by the Royal Society of Chemistry

contributes considerably to thermal stability. Cs" induces the
black phase of FA-based HPs at room temperature and better
morphology as more uniform grains are formed that enable
better charge transport, which in turn endows the fabricated
devices with higher FFs. Moreover, alkali halide (NaX) additives
effectively passivate both the organic cation and halide anion
vacancies in the triple CSMAFA perovskite. Especially, sodium
fluoride forms strong hydrogen bonds (N-H---F) with the
organic (FA/MA) cations and strong ionic bonds with Pb in
the triple perovskite film, protecting the materials from degra-
dation and leading to long-term stability of the corresponding
device.®®

A pseudo-halide anion, formate (HCOO™), also improves the
growth and crystallization of perovskite films.®” The insertion
of FAHCOO into the precursor solution removes the halide
vacancies in the FAPbI; film, reducing the trap-assisted recom-
bination. Consequently, formate results in an increase of FF,
leading to higher PCE.®® Moreover, the elimination of deleter-
ious lattice defects in FAPbI;, which can lead to degradation of
the halide perovskite film, is beneficial for the operational
stability of PSCs.

Furthermore, incorporation of traces of small radius rubi-
dium (Rb) (rgp+ = 152 pm versus rcs+ = 167 pm) has been recently
found to stabilize the black phase of FA perovskites.®® Whereas
it is clear from the tolerance factor discussion above that Cs" is
the only elemental cation that is large enough to sustain the
perovskite structure, Rb' can still be integrated into PSCs,
despite not being suitable as a pure RbPbl; compound. PSCs
based on perovskite materials bearing the rubidium cation
along with caesium and/or organic cations have reached rea-
sonable device performances.'® The outstanding maximum Vo
of 1240 mV indicates a “loss in potential” (difference between
Voc and the band gap) of only ~0.39 V, which is one of the
lowest recorded for any perovskite material, implying very small
non-radiation recombination losses owing to its very low bulk
and surface defect density. Moreover, it was observed that the
charge transport within the RbCsMAFA perovskite layer is
substantially faster than in CSMAFA, which is already much
more defect-free than MAFA. Enhancement in charge extraction
can also be achieved by reactive surface engineering of the
perovskite layer. The creation of a built-in electric field in the
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surface of the perovskite film reduces surface recombina-
tion, which favors the improvement of the photovoltaic
parameters.”®

Halide perovskites exhibit a direct bandgap, which can be
effectively tuned through compositional adjustment to allow
absorption to reach the high energy frontier of the near infrared
spectral region. The change in band gap observed with compo-
sitional adjustment, such as tailoring of halide concentration,
can be explained as follows: the electronic states at the top of
the valence band are mainly of halide p-character with a small
contribution from metal s-orbitals (i.e., Pb 5s orbitals); those at
the bottom of the conduction band are mainly derived from the
metal p states (i.e., Pb 6p).”° The fully-occupied 5s orbital of
Pb>" has strong antibonding coupling with I 5p, making upper
valence bands dispersive. The strong s-p antibonding coupling
results in a small hole effective mass, which is comparable with
electron effective mass, making MAPbI;-based perovskites ideal
candidates for thin-film solar cells with a p-i-n configuration.
The replacement of I" with C1I™ or Br~ leads to an increase in
the band gap, due to the lower-lying Br-4p and Cl-3p electronic
states that populate the top of the VB.”" In addition, the smaller
dielectric constant associated with the larger bandgap in
MAPDBr; results in a larger binding energy, a smaller Bohr
radius, a larger effective g-factor (i.e., a quantity that charac-
terizes the magnetic moment and angular momentum of an
atom or particle), and larger oscillator strength of the lowest-
energy excitons in MAPbBr; compared to those in MAPbI,.*

Due to the antibonding character and mixing of s and p
orbitals to form band extrema, perovskites present only shallow
defects, primarily A- and X-site vacancies, while interstitial and
antisite defects, which would form detrimental deep trap states
in the electronic structure, are almost absent.”> However,
several types of extrinsic surface defects caused by unsaturated
surface bonds and/or the surrounding environment are a major
issue in grainy, polycrystalline HP films. For instance, X-
terminating surfaces form traps due to the lack of local
stoichiometric composition and improper surface bonding,
which can be mitigated by introducing an appropriate passiva-
tion agent (PA). In an effective passivation scheme, new
chemical bonds are formed at the perovskite surface and the
derived orbitals shift the defect level either toward or into the
band edges, hence suppressing the detrimental influence of
the defect.”?

In a similar manner, substitution of Pb with Sn lowers the
conduction band bottom, hence reducing the bandgap due to
the lower-lying Sn-p states (1.2-1.4 eV in Sn-based iodide
perovskites as compared to 1.45-1.7 eV in Pb-iodide
perovskites).>® This arises from the greater instability of the
Sn** lone pair of electrons (residing in the s orbital), which in
the octahedral coordination environment is pushed up in
energy, creating broader bands than the corresponding Pb lone
pair. In a first approximation, the MA cations do not contribute
to the optical absorption, and their role is to act as a structural
filler and to ensure the charge neutrality of the unit cell.
However, they can affect the band gap energetics through steric
and coulombic interactions, which may deform the perovskite
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lattice in a cation-specific way. On the other hand, mixed halide
perovskites were found to be prone to photo-instability as
photo-excitation during light-soaking was suggested to cause
halide segregation into two crystalline phases, namely iodide-
rich and bromide-rich domains, the former having a lower
band gap and acting as a recombination trap centre, thus
limiting the photovoltage attainable with these materials.

Two dimensional (2D) HPs can be generally described by the
general formula L,A, ;1M,X;.1, where L is a large aliphatic or
aromatic alkylammonium cation of the chemical type R-NHj,
such as 2-phenylethylammonium (PEA) and n-butylammonium
(n-BA).”* They are also known as Ruddlesden-Popper (RP)
layered perovskites because they consist of alternative organic
spacer and perovskite layers. Other structures of the 2D per-
ovskites are the Dion-Jacobson (DJ) phase and the phase with
alternating cations in the interlayer space (ACI), corresponding
to the differences in crystallography and stacking motif,
respectively.”” They are hence quite similar to conventional
2D materials having a van der Waals layered crystal structure.
The (A,_1M,X3,+1)> part of their formula denotes the conduc-
tor layer that derives from the parent 3D (AMX;) perovskite. The
MX, octahedrons form the perovskite sub-layers that are sand-
wiched by the insulating organic spacers formed by the long
chain molecular cations. The number of BXg octahedrons and
thus the thickness of each perovskite layer are defined by the n
value (n=1, 2, 3, 4,...) and can be adjusted by careful control of
the stoichiometry.”®

The incorporation of large organic spacers within their
structure endows this class of HP materials with superior
structural, thermal and moisture stability.”” Their structural
stability is due to the strong van der Waals forces among the
organic layers.”® Notably, the formation of even a small amount
of a 2D perovskite structure can successfully inhibit the low-
temperature phase transition of FAPbI; and CsPbI; perovskites,
hence rendering o-FAPbI; and o-CsPbl; stable at room
temperature.”® The moisture stability is due to the hydrophobic
nature of the organic spacers, typically ammonium cations,
that prohibit the water molecules from penetrating into the
perovskite crystal lattice.®® In addition, ion migration, which is
a severe limitation in PSCs based on 3D HPs, is not a great issue
in 2D RP perovskites due to the higher activation energy of ion
migration in 2D perovskites compared to 3D ones with similar
compositions.®” Moreover, “edge states” that existed in per-
ovskite layers when n > 2 can provide a direct pathway for
dissociating excitons into longer-lived free carriers.

However, besides their exceptional overall stability, 2D HPs
also present some not very appealing characteristics regarding
their application in PSCs. The electrically insulating nature of
the organic spacer and the high conductivity of the perovskite
conductor layers give rise to a natural multiple-quantum-well
structure: the perovskite layers serve as potential “wells”, while
the organic spacer layers play the role of potential “walls”.
This results in a weaker absorption ability of RP 2D perovskites
within the visible spectrum due to their larger bandgap values
compared to the 3D counterparts. For example, the bandgap
(Eg) values of BA,MA, Pb,ls,,; and PEA,MA, ;Pb,l;,.; RP

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Views of the (a) (BA),Pbl, single-layer (n = 1), (b) (BA)2(MA),Pbslio three-layer (n = 3) 2D, and (c) MAPbIs (n = o0) 3D lead iodide perovskite crystal
structures, highlighting their three-dimensional distortions. This figure illustrates the differences in the distortion modes of the n = 3 perovskite,
emphasizing the in-plane and out-of-plane views of the perovskite slabs. Slabs belonging to different layers have been drawn in different colors (yellow,
blue, green) to project the connectivity of the slabs in the third dimension. Adapted with permission from ref. 86.

perovskites are 2.24 eV and 2.36 eV (for n = 1), respectively,®**?

while that of MAPbI, is only 1.54 €V.** Moreover, they present
higher exciton binding energies (BEs), which make it more
difficult for dissociation of excitons to photogenerated carriers
to occur.®® Excitons in 2D HPs are generally considered as the
Wannier-type and their BEs in a single layer (n = 1) RP
perovskite are in the range of ~157-480 meV (depending on
the organic spacer, Fig. 3).%*%” This large exciton BE is much
higher than the thermal energy at room temperature (kg7 =
25.7 meV). Therefore, the photogenerated electron and hole
pairs in RP HPs are strongly bound together by coulombic
attraction. This is why the so-called excitonic absorption can be
easily observed even at room temperature in these 2D perovs-
kites in the form of a sharp peak below the bandgap onset.
However, in most cases the excitonic absorption is merged with
the absorption onset at room temperature, while at low tem-
peratures this sharp peak is quite distinct.

In addition, the insulating organic spacer largely prohibits
carrier transport, hence inducing charge accumulation and

© 2023 The Author(s). Published by the Royal Society of Chemistry

non-radiative recombination at the conductor/insulator inter-
face. Moreover, the charge extraction can also be hindered by
the insulation of the organic spacers. The charge mobility is
much higher in the direction along the perovskite slabs than in
the direction perpendicular to the orientation of these slabs. To
this end, for efficient 2D PSCs it is important to have perovskite
slabs with the out-of plane orientation, so that thicker films
with balanced charge transport and light absorption can be
used to achieve a high PCE.

Because of these unfavorable characteristics, RP perovs-
kite-based PSCs have lagged behind in efficiency compared to
their 3D counterparts, and the goal of current research
efforts is to maximize the efficiency without compromising
their stability. For example, huge research efforts have been
devoted to altering the composition of 2D perovskites, aim-
ing to improve their optoelectronic properties. These also
include molecular design of spacer cations, such as altering
alkyl chain length,®® exposing ammonium dications,®*® and
inserting m-conjugated segments.’® Thus, a much wider

Energy Adv., 2023, 2,1075-1115 | 1079
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range of optoelectronic properties can be tuned for 2D
perovskites than for 3D analogues.

An attractive approach to tackle the limitations of lower
absorption and limited charge transport of 2D HPs is their
combination with the parent 3D structure. In fact, as the value
of n in the perovskite formula increases above 10, HPs with
properties similar to those of their corresponding 3D counter-
parts are obtained; yet these materials present features of 2D
perovskites.”! Typically, the absorption onset of such perovskite
materials combining the 2D and 3D structures is close to that of
the corresponding 3D counterparts. Moreover, as the bandgap
values of 2D perovskite phases are much larger than those of
3D ones, charges are highly confined to the 3D phase, hence
overcoming the limitations of trapping and recombination at
the interfaces between layers in the 2D phase, resulting in
longer carrier lifetimes.®> Nevertheless, the presence of the 2D
component endows their devices with exceptional stability and
ultrahigh V¢ values resulting in PCEs comparable to 3D ones,
indicating them to be highly attractive candidates for PSCs.
Finally, due to their highly hydrophobic nature and resilience
to moisture, thin 2D perovskite films are also inserted as
protective interlayers at either the bottom or top side of a 3D
perovskite absorber.®’

3. Synthetic approaches for
polycrystalline perovskite films

The structural and optoelectronic properties of HPs are highly
determined by the synthetic procedure adopted for their pre-
paration. This is because only high-quality films can enable
excellent intrinsic perovskite material characteristics to be fully
exploited. A variety of synthetic procedures for 3D perovskites
aiming to achieve high-quality perovskite films has been
reported. They can be categorized into vacuum vapor deposi-
tion and solution processes.

3.1 Vacuum deposition methods

With the vacuum deposition method, high-quality perovskite
films and, consequently, high efficiency PSCs can be obtained.
The perovskite films are prepared by co-evaporation of the two
precursors, the inorganic metal halide (MX, such as Pbl,) and
the organic halide salt (i.e., MAX, FAX, CsX, where X = I, Br, Cl).
With this technique high quality perovskite films that exhibit
satisfactory substrate coverage and uniformity within expecta-
tions can be constructed; such thin films are highly appropriate
for planar junctions. For example, in 2013 Snaith and co-
workers succeeded in achieving a record efficiency of 15% in
planar PSCs by using a dual-source vapor deposition system to
deposit MAPbI; ,Cl, perovskite films of superior quality by
evaporating lead chloride (PbCl,) and methylammonium
iodide (MAI) precursors simultaneously.”® However, this
method requires the use of expensive vacuum facilities, thus
increasing the device manufacturing cost. Moreover, it is not
appropriate for the fabrication of mesoscopic PSCs, which
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requires the infiltration of the perovskite pigment onto meso-
porous metal oxide.

3.1.1 Thermal evaporation. Thermal evaporation can be
described as a physical process during which one or more
precursor materials are placed inside a semimetal basket and
are evaporated above this basket source when heated under low
pressure conditions at around 10~ ° Pa or lower. The vapors are
then sublimed into the cooler substrate surface and, subse-
quently, deposited onto it. By employing vacuum conditions,
the vapor particles can travel freely for longer distances from
the source towards the substrate, thus producing a final film
with better morphology and quality compared to solution-
based techniques. Moreover, this method can be used in the
deposition of layered thin films towards the creation of multi-
ple junction solar cells on top of large substrates, which is quite
promising for the creation of larger devices.”® Another consid-
erable advantage making the technique an attractive option for
scale-up is its employment in the case of flexible substrates. A
determining parameter for this technique, however, would be
the evaporation temperature of each moiety, which is critical
in controlling the grain size.’® This family of techniques can
be divided into dual-source evaporation and sequential
evaporation.

3.1.1.1 Single source and dual-source vapor deposition (VD).
The easiest way to employ thermal evaporation is by one-step
evaporation of the precursor material on top of the desired
substrate. For example, the Pbl, and MAI precursor salts are
placed inside metal boats, are evaporated simultaneously
under vacuum conditions and then deposited on the desirable
surface, which is then annealed for the film crystallization to be
completed (Fig. 4a).”> However, this process requires careful
adjustment of the deposition rate of each reagent, since the
stoichiometry of the perovskite plays an important role in the
efficiency of the final thin film.®> Another possibility would be
for the MAPbI; powder to be prepared before being placed
inside the metal basket under vacuum conditions and
evaporated.®” This would allow better control over the stoichio-
metry of the thin film, which would affect its properties. In both
cases, this method offers the deposition of extremely uniform
and pinhole-free films of adjusted thickness all over the sub-
strate area.”® The improved uniformity of the perovskite film is
very important to ensure successful fabrication of not only
highly efficient small-size perovskite optoelectronic devices,”®
but also of large-area devices.'**'*

3.1.1.2 Sequential evaporation. During sequential evapora-
tion, Pbl, powder is first sublimed onto the substrate through
the same process as the dual source technique. Following this,
MAI reacts with the already deposited inorganic layer and
forms the final thin film, accompanied by a color change
(Fig. 5a-c). A major advantage of this sequential method is
the highly smooth surface compared to solution processes, due
to the first-deposited PbI, film. Moreover, films created
through a two-step process exhibit full surface coverage and
high crystallization phase purity,'”" because of the low-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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contamination deposition under vacuum conditions during the
molecular time-of-flight. In any case, more perovskite films
with better carrier-diffusion properties are fabricated with this
method, since the size of the grains is larger and the control
over the film properties is more effective through the control of
each moiety separately.'®® This layer-by-layer deposition is
affected by physicochemical factors such as the temperature
of the substrate, which, when not properly controlled, could
result in non-stoichiometric films. It has been reported that the
post-sublimation steps of the crystallization can be performed
under ambient conditions so that this problem is avoided,
since the air moisture contributes to the transformation of
the unreacted MAI to MAPbI;.'%* Unfortunately, in spite of the
exceptionally uniform films and the high reproducibility that
this technique offers, the cost of the infrastructure required for
the perovskite formation is not a favorable factor towards its
use on a larger scale. Nevertheless, Feng et al. demonstrated
uniform large-scale Csg 15FAqgsPbl; perovskite films of high
quality using a three-source layer-by-layer vacuum deposition
method (Fig. 5d-f)."°* The prepared perovskite films showed
also large grain size and good crystallinity, resulting in highly
efficient Csg15FAq ssPbls-based solar cells with outstanding
stability.

3.1.2 Pulsed laser deposition (PLD). Pulsed laser deposi-
tion is another type of physical vapor deposition technique. In
this method, the precursor material, sometimes in pellet form,
is subjected to a pulsed laser beam of high energy, while being
inside a high vacuum chamber (Fig. 6a). In this way, the laser
vaporizes the target material almost instantly, thus creating a
plasma plume which is deposited as a thin layer onto the
desired substrate. The substrate can be either perpendicular
(on-axis deposition) or parallel to the plasma plume (off-axis
deposition), with the latter not being used as often as the
former.'” This methodology was employed in earlier years
for the deposition of a moiety onto a substrate by maintaining
the precursor composition on top of the deposited film for
perovskite-like structures. Additionally, the solid precursor
materials can be kept at room temperature during the deposi-
tion and the plasma energy source is placed outside the
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vacuum chamber, making this method quite simplistic com-
pared to other vacuum methodologies.'°® At the same time, the
superior quality of the crystalline layers could be attributed to
the high energy of the impacting ions.'%®

However, one possible disadvantage of PLD could be the
non-uniform deposition of films, since re-evaporation takes
place after the initial laser burst, which could be counter-
attacked by multiple laser pulses on top of the same substrate.
Moreover, the amount of material deposited should gradually
decrease with each pulse, so as to create the appropriate
number and size of crystals inside the perovskite layer. In this
way, one can gain control over the film thickness."%>'®

Nevertheless, some additional difficulties may still arise in
the case of organic-inorganic thin films caused by the different
vaporization rate of each composing moiety, which in turn
affects their deposition. Although this may be of little impor-
tance in conventional perovskite film fabrication,'®” its con-
sequences are more apparent in more complicated structures
such as (NH,CH),_,(CH3;NH3;),Snl; that shows enhanced ther-
mal stability. As reported by Hoffmann-Urlaub et al.,'°® the
organic moiety creates a smoother surface on the film, because
of its volatilization through plasma, while the inorganic moiety
has a different morphology due to a different forming path,
thus creating inhomogeneous areas on the substrate. This is
why the target material should not be stoichiometric but its
organic part is in excess.

In this way, it is obvious that many parameters should be
controlled so as to fabricate large-grained thin films. Some of
them would be the power of the beam, the pulse repetition rate,
the deposition pressure and the substrate temperature (Fig. 6b
and c). Such a procedure tailored to each deposition and
subsequent high perovskite solar cell performance could be
made possible through a two-step hybrid process.'® This
technique for MAPDbI; perovskites involves the deposition of
the lead halide through PLD onto the substrate and the sub-
sequent addition of methyl ammonium iodide by spin-coating,
followed by an annealing step. Through this process, an
increase in grain size and control over film thickness are
observed, minimizing any defects and increasing -carrier
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Fig. 6 (a) Schematic representation and photograph of substrate arrangements for “on-axis” and "off-axis” deposition by pulsed laser deposition (PLD).

Adapted with permission from ref. 107. (b) Ratio of iodine to tin (black symbols) and deposition rate (red symbols) as functions of energy density for
MAFASI, MAFA,4SI and MAFAgSI thin films. (c) Diffractograms of MAFASI thin films deposited at various energies, ranging from 80 to 200 mJ. The dotted
lines indicate the positions of [001]-reflections of a-Snl,, while the dashed ones indicate the (111), (002), (022) and (222)-lattice planes of the perovskite
structure from left to right, respectively. Note that the intensities are plotted on a linear scale. Adapted with permission from ref. 108.
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mobility. In this way, the creation of highly crystalline and
uniform films is possible, while the low temperature employed
is promising for future fabrication under more flexible
conditions.

3.1.3 Chemical vapor deposition. Chemical vapor deposi-
tion (CVD) can be characterized as a vacuum deposition
chemical process. At first, the volatile precursors Pbl, and
MAI of the perovskite film are generated and then injected
from the main gas flow into a quartz chamber under vacuum
conditions. In the chamber, gas-phase reactions take place,
forming intermediate products which are then deposited on
top of the substrates. The precursors are adsorbed onto the
surface of the substrates, followed by diffusion of the reagents,
nucleation and island growth, with the final result being the
formation of the perovskite film. During the film formation, the
precursors can either react or decompose. Any volatile by-
products formed during the reaction are desorbed and trans-
ferred to the main flow."'® When the pressure conditions
during the reaction are taken into consideration, the CVD
techniques can be categorized as atmospheric pressure CVD
(APCVD), low-pressure CVD (LPCVD) and ultrahigh vacuum
CVD (UHVCVD)."""*? If the gas phase is taken into considera-
tion, the technique can have as subcategories metal organic

One-step CVD
a) P b)
Substrate PbX, (X=Iand Cl) MAI
Zone2 Zone 1
Low temperature High temperature
c) Two-step CVD
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chemical vapor deposition (MOCVD), aerosol assisted CVD
(AACVD), direct liquid injection CVD (DLICVD), and hybrid
physical CVD (HPCVD).""*"''® The easiest way of categorization,
however, is based on the methodology used: one-step and two-
step CVD. Fig. 7 illustrates some examples of CVD systems for
deposition of perovskite films.

3.1.3.1 One-step CVD. During one-step deposition, the
organic and inorganic moieties in the gas phase of the per-
ovskite thin film are simultaneously injected into a vacuum
chamber, are co-evaporated and adsorbed on the preheated
substrate. This method is quite helpful, since no secondary
evaporation step is necessary and is a gas-only method.'*°
However, this method can also be applied in the case of mixed
halide perovskites, producing pinhole-free CH;NH;PbI;_,Cl,
films, containing PbCl,, PbI, and MAI moieties, as far as planar
cells are concerned (Fig. 8).""> In this case, the differences in
vaporization time should be taken into consideration. The best
results in terms of crystallinity are obtained with the use of
argon as a gas carrier, at 360 °C evaporation temperature and
100 °C annealing temperature. In this way, perovskite films
with larger grain size and longer carrier diffusion lengths can
be obtained.

AACVD

Fig. 7

evaporation, $pin coating,
spin coating, spray, etc.
spray, etc. HCVD (

(a) Schematics of the perovskite film fabrication using MAI and PbX, sources deposited onto a c-TiO,-coated FTO glass substrate which is

performed in a CVD furnace. Adapted with permission from ref. 111. (b) Schematics of the all-inorganic perovskite CsPbBr,l| by an aerosol assisted CVD
method. Adapted with permission from ref. 116. (c) Schematic of the CVD furnace and growth conditions of a perovskite film, and schematics of reaction
details of the metal film with MAI, resulting in perovskite film formation. Adapted with permission from ref. 118. (d) Hybrid chemical vapor deposition
based perovskite synthesis (top) diagram of the HPCVD furnace and MAI deposition onto metal halide seeded substrates. (Bottom) Layered structure of a
complete solar cell fabricated by a HPCVD process. The complete solar cell is a glass substrate followed by a FTO layer, an electron transport layer, a
perovskite layer, a hole transport layer, and a top metal contact. Adapted with permission from ref. 120.
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Fig. 8 Structural characterization of the perovskite films deposited on c-TiO,-coated FTO substrates using the CVD method: (a) XRD patterns of FTO,
the TiO5 film on the FTO substrate (the peaks labeled with “*" are from TiO,), CHsNHzPbls_,Cl, and CHzNHzPbls; (b) top-view secondary electron SEM
image of a CHsNH=Pbls_,Cl, layer, with an inset showing a backscattered electron (BSE) image with higher resolution; (c) cross-sectional BSE SEM image
of a CHsNHzPbls_,Cl, layer; and (d) AFM height images (10 x 10 pm?), with an inset showing a 3D topographic image. (e) Photoluminescence spectra of
lead halide perovskite films. (f) Carrier life-times and diffusion lengths of the perovskite films prepared by CVD which were derived from the time-resolved

PL data. Adapted with permission from ref. 113.

3.1.3.1.1 Aerosol assisted CVD. In this variation of the
aforementioned method, the precursor mixture of the main
gas flow is in the form of an aerosol, which is later decomposed
during the deposition. For this method to be applied, the
solvents and moieties used should be relatively volatile, making
this variation a plausible deposition method for large-area
substrates.'™® This statement is also supported by the fact that
AACVD takes place under ambient pressure, reducing the need
for vacuum equipment. Unfortunately, perovskite solar cells
fabricated through this method have shown low efficiency that
originated mainly from the high surface roughness of the
prepared perovskite film due to the large density changes
during film formation.''%'"”

3.1.3.2 Two-step CVD. In the case of two-step deposition,
each moiety is deposited separately on a substrate. At first, Pbl,
is transferred into the quartz tube and consequently onto the
substrate. The Pbl, coated substrate remains in the chamber,
while a new flow of MAI vapor is injected, reacting with the
already deposited thin film and thus forming the desired
product. This allows the property tuning of each layer sepa-
rately by gaining more control over the final film thickness and
stoichiometry.

Two-step chemical vapor deposition can also be combined
with the metal-alloying technique, in order to control better the
film morphology. The team of Tavakoli et al.'*® suggested a
solvent-free process, where Pb and Sn metals are evaporated
separately, forming an alloy layer with controlled thickness on
top of the substrate, with the MAI vapor being deposited on top
of the alloy layer under vacuum conditions. The engineering
process of the alloy composition enables the creation of a
eutectic mixture which, in turn, enhances the quality of

1084 | Energy Adv, 2023, 2,1075-1115

perovskite films through large-sized grains in the uniform film
(Fig. 9).

3.1.3.2.1 Low-pressure CVD. A variation of two-step CVD
employing milder conditions is low-pressure CVD, which is a
slow solid-gas reaction. This method, promising for future
scalability of perovskite optoelectronic devices, involves the
deposition of a Pbl, thin layer on top of the substrate through
spin-coating. Subsequently, the covered substrate and CH;NH;I
powder are placed at different positions and at different
temperatures inside a tubular furnace. The two moieties react
with each other and are finally annealed under ambient con-
ditions. The derived films show strong absorption and satisfac-
tory stability, while the method itself requires less energy
consumption and more cost-friendly machinery.'*?

3.1.3.3 Hybrid physical-chemical vapor deposition (HPCVD).
In the previous sections, we described the differences between
thermal evaporation and chemical evaporation techniques. In
some cases, however, there is a combination of both methods
applied during the formation of organic-inorganic thin films
through a hybrid chemical evaporation procedure. More speci-
fically, thermal evaporation under high vacuum conditions is
employed for the deposition of the metal halide, while the
addition of the organic moiety on top of the already covered
substrate through chemical vapor deposition follows. By all
means, during the deposition steps, the substrate is main-
tained under low pressure and temperatures below 170 °C
and the post-annealing steps take place under ambient
conditions, for the deposition to be uniform and without any
defects.""® The advantage of this two-step fabrication would be
control over the thickness and the uniformity of the film
because of the vacuum thermal evaporation (VTE) process, as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Photographs of substrates after (al) deposition of the metal alloy, and after reaction times of (a2) 20 min (intermediate Snl,/Pbl; phase) and (a3)
40 min (perovskite film). Top-view SEM images of the (b1) Pb metal, (c1) eutectic alloy film, and (d1) Sn metal; and intermediate phases for the (b2) Pb, (c2)
eutectic alloy, and (d2) Sn formed after 20 min reaction time; and perovskite films for the (b3) Pb, (c3) eutectic alloy, and (d3) Sn after 40 min reaction
time. X-Ray diffraction patterns of metal films, intermediate phases after 20 min reaction, and perovskite films formed by the reaction between the metal
precursor and MAI after 40 min, for different metal precursors (e) pure Pb, (f) the eutectic alloy, and (g) pure Sn. Adapted with permission from ref. 118.

well as better nucleation and crystallization through the MAI
moiety diffusion on top of the substrate on the gas phase."**'*!
Recently, crystalline CsPbBr; films were prepared with a two-
step hybrid CVD process. In order to increase the quality of the
perovskite films, the reaction temperature was set between
310and 360 °C."** The same conditions were also reported for
the fabrication of scaled-up modules, with the economical
aspect taken into consideration."®® Qiu et al. demonstrated
the fabrication of large area perovskite solar cells, where the
FA-Cs mixed perovskite layer was deposited via a hybrid CVD
process.”* Upon increasing the area of the cell by a factor of
1000, a slight reduction of the device performance was
obtained, suggesting that hybrid CVD is a promising method
for scalable perovskite optoelectronic devices. Table 1
summarizes the electrical parameters of perovskite solar cells

© 2023 The Author(s). Published by the Royal Society of Chemistry

based on vacuum deposition methods for the preparation of
the perovskite absorption layer.

3.2 Solution deposition approaches

In the early attempts, deposition was sufficiently accomplished
in a single step using a common solution of Pbl, and MAI
precursors.'® However, the lack of suitable solvents that can
dissolve both components and the high perovskite reaction rate
resulted in large morphological variations and therefore in
large deviations in the achieved efficiencies. In 2013, Gritzel
and co-workers described a sequential deposition method for
the successful infiltration of the perovskite pigment within a
porous TiO, film."*® In particular, lead iodide (Pbl,) was first
introduced via spin coating from solution into the nanoporous
TiO, film and subsequently dipped into a solution of methyl
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Table 1 Perovskite solar cell parameters based on vacuum deposition methods of perovskite layers

Method Perovskite Jsc (mA cm™?) Voc (V) FF PCE (%) Ref.
Vapor-deposition MAPDI;_,Cl, 21.5 1.07 0.67 15.4 94

Vapor-deposition MAPDI; 21.6 1.08 0.83 19.5 97

Physical vapor-deposition MAPDI; 19.47 0.932 0.60 10.9 98

Thermal evaporation MAPDI; 16.12 1.05 0.67 12.04 99

Co-evaporation MAPDI; 23.3 1.12 0.777 20.28 100
Sequential evaporation CsPbBr; 7.59 1.328 0.752 7.58 101
Sequential evaporation CH;NH;PbI;_,Cl, 20.89 1.02 0.722 15.4 102
Vacuum deposition Csg.15FA g5PbI; 24.88 1.11 0.772 21.32 104
Pulsed laser deposition CH;NH;PbI;_,Cl, — — — 7.7 107
Pulsed laser deposition MAPDI; — — — 1.12 109
LPCVD MAPDI; 21.7 0.91 0.645 12.73 112
One-step CVD CH,NH,PbI,_,Cl, 18 0.97 0.64 11.1 113
One-step CVD MAPbDI; 15.9 0.95 0.61 9.2 113
AACVD MAPDI; 16.1 0.77 0.44 5.42 117
CVD MAPb,Sn,; I, 25.5 0.796 0.692 14.04 118
Hybrid evaporation MAPDI; 13.14 1.029 0.4267 5.77 119
Hybrid CVD CH,;NH;PbI,_,Cl, 19.1 0.92 0.62 10.8 120
HPCVD MAPDI; 18.58 1.00 0.66 12.3 121
Hybrid CVD CsPbBr; 4.85 1.39 0.65 4.41 122
LPHCVD MAPDI; 18.20 0.991 0.72 13.52 123
HCVD CS0.1FAq oPbI, oBry 4 20.2 0.90 0.67 12.3 124

ammonium iodide (MAI) to synthesize the resultant MAPbI;
perovskite film. It was found that the conversion to the per-
ovskite occurred within the nanoporous oxide as soon as the
two precursors came into contact, hence allowing for better
control over the morphology and reproducibility of perovskite
films. As a result, solid-state mesoscopic perovskite solar cells
with a high efficiency of 15% were obtained, thus providing
new opportunities for the fabrication of solution-processed
mesoscopic PSCs. However, this method is not very convenient
for the preparation of planar devices because it often results in
films with significant surface roughness that frequently peel off
from the substrate.'®”

3.2.1 Spin-coating. The most widely used technique for the
fabrication of perovskite optoelectronic devices on the labora-
tory scale is spin-coating. It can be either a one-step or two-step
deposition method that is characterized as a solution-
processing based one. The main advantages of this method
are its simplicity and its low cost.

3.2.1.1 One step spin-coating. During the one-step process,
organic halides along with metal halides are mixed with an
appropriate solvent, forming the precursor solution. Mostly
aprotic polar solvents, such as N,N-dimethylformamide
(DMF), dimethyl sulfoxide (DMSO), y-butyrolactone (GBL), 2-
methoxyethanol (2-ME) and acetonitrile (ACN), are used, which
exhibit high boiling point and low vapor pressure when at room
temperature.'*® The solution formed is subsequently deposited
on the substrate surface on top of the electron transport layer in
standard architecture solar cells. This substrate is placed on a
spin-coater and spun at high rotational speeds for a couple of
seconds so that the excess solvent evaporates. During the
evaporation, the creation of the perovskite layers takes place,
with crystals being formed and grown due to the ionic inter-
action between metal cations and halogen anions.'*® The
substrate is finally annealed at a temperature between 80 and
150 °C for 10 minutes to 2 hours, so that the remaining solvent
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is removed."®® A similar technique to this is hot casting, during
which the mixture of the organic and inorganic solutes is first
heated at 70 °C and subsequently deposited on an already
heated substrate at 180 °C. The substrate is then put in a
spin-coater and finally annealed on a hot plate, which leads to
the development of millimeter-scale crystallites.'*"

Even though this method may appear to be quite simple,
there are some problems found within it. The uniformity of the
perovskite layer, crucial to its light harvesting properties, is
dependent on factors such as annealing conditions. As reported
by Wang et al.,"** fast crystallization due to accelerated solvent
evaporation leads to incomplete pore filling, while Li et al.*®
suggested that low-volatile organic components need higher
temperatures to be driven out, thus creating defects in the film.
A solution to this problem would be a solvent-induced crystal-
lization method, in which a second solvent is added to the
substrate before the annealing step so as to induce the nuclea-
tion process, resulting in the formation of large crystals."**
However, even if such a methodology is employed, the thick-
ness of the film and the possible grain boundaries should be
taken into consideration with a more elaborate method being
employed.'?*

3.2.1.2 Two-step spin-coating. To overcome the aforemen-
tioned defects, a two-step spin-coating method is proposed as
a better alternative. The metal halide mixed with the appro-
priate solvent, usually DMF, is first deposited on the bottom
electrode material and subsequently subjected to spin-coating
followed by annealing under the conditions mentioned above.
In the next step, the organic halide moiety is dissolved in a
solvent, where the organic halide exhibits low solubility and is
deposited on top of the dried metal halide layer. Then the
already prepared metal halide film is placed on the spin-coater
and thermally annealed in a similar fashion. In this way, the
first layer is converted into the desirable perovskite film.
The morphology of the final film can be adjusted by the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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manipulation of spinning speed and deposition time."?*'**
Fig. 10a illustrates the one-step and two-step coating proce-
dures of CH3NH;PbI; on mesoporous TiO, substrates. In the
two-step deposition, the perovskite film fills the TiO, pores,
resulting in a void-free CH;NH;PbI; layer, while in the one-step
deposition the formation of perovskite islands is clearly seen
(Fig. 10b and c).

The two-step method has also been proved to solve the
hysteresis effect in a planar device, since the homogeneity of

6 (Pbl, + CH,NH,1)/DMA

ONE-STEP COATING
R

=

CH,;NH,|/IPA

i
<U> 5 a3° —

TWO-STEP COATING

6 Pbl,/DMF

Tio2

one-step two-step
Fig. 10 (a) One-step and two-step spin-coating procedures for
CH3NHzPbls formation. Pbl, was mixed with CHsNHzl in N,N-

dimethylacetamide (DMA), which was spin-coated and heated for one-
step coating. For two-step coating, a Pbl,-dissolved N,N-
dimethylformamide (DMF) solution was first spin-coated on the substrate,
dried and then a CH3zNHsl-dissolved isopropyl alcohol (IPA) solution was
spin-coated on the Pbl, coated substrate. Cross-sectional SEM images of
(b) one-step deposition of CH3NHzPbls and (c) two-step deposition of
CHsNHzPbls. One-step deposition leads to imperfect pore-filling as
shown in the high magnification SEM image. Two-step deposition results
in the pores of the TiO, layer being fully filled with CHsNHzPbls as
confirmed by the void-free CHzNHzPbls layer. Adapted with permission
from ref. 135.
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the film minimizes the existence of defects and charge traps.
Moreover, it is more cost effective in terms of materials than the
one-step deposition method, since the quantity of the second
solution is adjusted according to the concentration of the metal
halide solution. Thus, the thickness of the second deposited
film depends on the thickness of the first one, which supports
their immediate reaction upon contact.'*>"%°

3.2.2 Drop-casting. Drop-casting can be characterized as
the simplest technique for perovskite film deposition. Along
with spin coating, its main advantages lie in its low cost and
easy execution. During this method, the perovskite solution
containing both the organic and the inorganic moieties is
deposited into a substrate with the help of a pipette. This is
followed by heating the substrate in a hotplate so that the
solvent can be evaporated, thus forming the film. Nonetheless,
the thickness of the perovskite film as well as its optoelectrical
properties are dependent on the concentration of the solution,
its viscosity and the rate of evaporation of the solvent while on
the substrate, since no spinning is performed."*” Compared to
the spin-coating procedure, perovskite films formed by drop-
casting show improved film quality and uniformity without
pinholes."** More importantly, the growth of perovskite crystals
prepared by drop-casting is significantly affected by the tem-
perature during film preparation. It is shown that MAPbI;
presented a (110) orientation when low temperature (60 °C)
was applied to the prepared perovskite film. On the other hand,
at high temperatures (> 120 °C) the MAPbI; crystals were (200)
oriented, demonstrating that this different orientation resulted
in a different perovskite film morphology with needle-like and
ground grains, respectively."** Zuo and Ding also showed that
the solar cells based on the drop-casting perovskite films
exhibited high performance under a high relative humidity of
88% attributed to the prevention of water invasion in the
MAPDI; layer through a surrounding solvent vapor that pro-
tected the prepared film during its formation. Recently, all-
inorganic and lead-free perovskite films were prepared by
the drop-casting method; they exhibited highly-crystalline
phase-pure layers under a low-temperature process. When the
corresponding all-inorganic CsPbBr; film was employed in
photodetectors, an improved device performance with higher
responsivity compared to spin-coated film devices was
demonstrated."*°

This deposition method was also used for the creation of
larger-scale perovskite thin films. Mei et al.'*' reported the
creation of a TiO,/ZrO, scaffold in which the perovskite
solution could enter through drop casting. This solution, con-
taining Pbl,, CH3NH;l, 5-ammonium valeric acid iodide (5-
AVAI) and y-butyrolactone as a solvent, led to the creation of a
perovskite with stoichiometry (5-AVA),(MA); ,PblI;. This ame-
liorated the contact with the TiO,, so as to create a layer with
fewer defects, enhanced performance and promising reprodu-
cibility on a 10 cm x 10 cm substrate. This type of device
structure, employing carbon as a back contact, seems also to
have enhanced stability under continuous illumination under
outdoor conditions.'** In a recent work, 2DRP perovskite films
were prepared by using the drop-casting method without any

Energy Adv.,, 2023, 2,1075-1115 | 1087


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ya00098b

Open Access Article. Published on 05 June 2023. Downloaded on 1/20/2026 10:55:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

further processing step such as antisolvent treatment or inert-
gas blowing. For large-scale perovskite solar cell fabrication, a
slot-die coating system was used to deposit a homogeneous and
compact perovskite film on a 25 mm x 25 mm PET/ITO/
PEDOT:PSS substrate. The fabricated device achieved a power
conversion efficiency of 8.8%, which was lower compared with
that based on a perovskite film drop-cast on a glass/ITO/
PEDOT:PSS substrate due to the higher sheet resistance of
the PET/ITO."*?

3.2.3 Vapor-assisted solution process. So far, it has become
clear that vacuum and solution processes constitute two domi-
nant fabrication techniques for perovskite films. Nevertheless,
although vacuum-based environment processes where the
inorganic and organic compounds (i.e. PbX, and MAX, respec-
tively) serve as the vapor source provide high quality films
with respectable features, they also lead to time consuming
deposition steps and costlier equipment. On the other hand,
while the fabrication of a perovskite film via any solution
coating process appears to be an alternative approach due to
the simple concept that both materials can rapidly form from
their solution phase reaction after annealing, undesired pin-
holes may occur across the whole film.'**'** Thus, a different
deposition technique is developed called the vapor-assisted
solution process (VASP) that combines the advantageous char-
acteristics of both processes.'*® The VASP is considered to be a
modified two-step sequential solution deposition process in
which the second step is replaced with a gas-phase reaction.

According to this technique, the evolution of the film starts
with the construction of the inorganic framework of the per-
ovskite material by a solution process, and subsequently an
in situ reaction between the inorganic species and the desired
organic vapors takes place, forming the perovskite film.'*” A
crucial factor to the formation of the film is the source
temperature that creates the appropriate vapor pressure so as
not to damage or decompose the gaseous halide salts comple-
tely. The substrate temperature will also affect the dynamics of
the perovskite formation. In other words, the VASP exploits the
kinetic reactivity of the organic vapor and the thermodynamic
stability of the perovskite during the in situ growth process.
Hence, the advantage that this technique has over pure vacuum
and solution processing is the intercalation of the organic
components into the inorganic framework through vapor, as
it prevents the high growth rate of the perovskite material
during the co-deposition of precursors and the degradation of
the latter upon dipping the inorganic framework into an
organic solution. In sum, the VASP can provide perovskite films
with full substrate coverage, small surface roughness and well-
defined grain sizes up to the microscale. Chen et al.'*” reported
the formation of CH3;NH;Pbl; (MAPDI;) films on mesoporous
TiO, by means of a vapor-assisted solution method for use in
solar cells. The cross-sectional SEM images showed that the
VASP fabricated MAPDI; films exhibited a continuous capping
layer with a flat surface, yielding better optical and electrical
properties and hence higher power conversion efficiency as
compared to solution deposited perovskite films (Fig. 11a). In
addition, Sedighi et al'*® employed the VASP approach to
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prepare mixed halide perovskites (CH3;NH;Pbl; ,X,) in an
ambient atmosphere for solar cell fabrication, as well. The
perovskite films were synthesized by exposing PbI, to CH;NH,;X
(where X = I, Br, or Cl) vapor. The final films exhibited good
crystallization (Fig. 11b), particularly CH;NH;Pbl;, while the
inclusion of chlorine and bromine into the perovskite lattice
led not only to lower temperature and shorter reaction time but
also to smaller grains (Fig. 11c-e) and surface roughness.

Recently, high-performance perovskite solar cells with PCEs
of ~21% were demonstrated using methylammonium chloride
(MACI) vapor in order to improve the quality of the MAPDbI;
layer and increase its grain size.'*® In another work, solar
devices with a planar structure of fluorine-doped tin oxide
(FTO)/compact-TiO,/Cgo/(FA)(MA); _,PbI;/spiro-OMeTAD/Au
with different MA:FA mixed cation ratios were fabricated by
Chen et al.’>® The formation of the mixed perovskite films was
achieved by heating the PbI, coated substrates with the FAI and
MAI powders uniformly applied around them at 170 °C for
30 min under low vacuum. Their best planar device revealed a
PCE of 16.48%. Furthermore, 2D/3D mixed perovskite films
were developed using a low-pressure VASP, where phenylethy-
lammonium iodide (PEAI) was added in Pbl, and then the
prepared film was reacted with methylamine (CH;NH,() and
MA(, vapors).'>" It was demonstrated that the 3D MAPbI,
perovskite was formed on the surface of multiple 2D RP
perovskite layers of PEA,MA,,_,Pb,X3,,., with different n values,
suggesting a vertical-gradient phase distribution, which could
be effectively applied in perovskite optoelectronic devices.
Moreover, quasi-2D PEA,(FAPbBr;), PbBr, films prepared
through the VASP were incorporated in perovskite light-
emitting diodes, exhibiting not only high luminance and
external quantum efficiency, but also good reproducibility.'*?
In a moderate concentration DMSO-vapor environment, a
smooth perovskite film with uniformly distributed nanograins
was formed, showing an enhanced photoluminescence quan-
tum yield and quenched nonradiative recombination. DMSO-
vapor also plays a crucial role in the crystallinity and growth of
the perovskite film in order to form a high-quality and pin-hole
free perovskite layer. Shadabroo et al. "> showed that DMSO
vapor-annealing treatment of Cs,AgBiBs was beneficial to the
performance of Pb-free all-inorganic perovskite solar cells.

3.2.4 Hydrothermal synthesis. The term “hydrothermal” is
historically rooted in earth science during the middle of the
nineteenth century, where it was used to describe the formation
of minerals by hot water when magma cooled. On this basis,
hydrothermal synthesis emerged as a frontline technology for
single crystal growth'* and metal leaching.'>® Since then,
extensive research has been performed regarding the synthesis
of new materials via the hydrothermal route and the under-
standing of the reaction mechanism focusing mainly on the
reactivity of the reactants, regularities of synthetic reactions
and conditions, and their effect on the structure and properties
of the final products.'>®

Today, hydrothermal synthesis refers to the synthesis of
substances by chemical reactions in a sealed heated aqueous
solution at appropriate temperature (100-1000 °C) and pressure

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of perovskite film formation through a vapor-assisted solution process. Adapted with permission from ref. 147. (b) XRD

patterns for films of CHsNHzPbls, CHsNHzPbls_,Br,, and CHzNHsPbls_,Cl, deposited by the VASP method. FTO = fluorine-doped tin oxide. SEM surface
images of (c) CH3NHzPbls_,Cl,, (d) CH3NHzPbls_,Br,, and (e) CHsNH3zPbls deposited by the VASP method. Scale bars are 500 nm. Adapted with

permission from ref. 148.

(1-100 MPa)."*>'*® According to reaction temperature, hydro-
thermal synthesis is classified into two categories: subcritical
and supercritical synthesis reactions. A subcritical synthesis
reaction is carried out in the temperature range of 100-240 °C,
while a supercritical synthesis reaction occurs at much higher
temperatures. In addition, according to the vapor pressure of
the main composition in the reaction, either low-pressure or
high-pressure conditions can be employed to control the mor-
phological features of the as-made materials. The uniqueness
of this technique stems from the fact that any stable precursor
used in the process can break at relatively low temperature,
thus preventing the extensive agglomeration that solid-state
reactions generally cause at high sintering temperature. Con-
sequently, other problems encountered with high-temperature
processes, like poor stoichiometry control due to the volatiliza-
tion of components, can be avoided. Moreover, another factor
that distinguishes hydrothermal synthesis from other conven-
tional synthesis methods is that it is a rather environmentally
benign method which may be attributed, apart from the low
processing temperatures, to the absence of milling and the
ability to recycle or dispose waste that cannot be recycled."”
Nowadays, hydrothermal synthesis is linked to several inter-
disciplinary branches of science, favoring the preparation of
numerous advanced materials’*® including perovskites.'®
Given the fact that hydrothermal synthesis permits rapid mix-
ing of precursors for homogeneous products with controllable
parameters, it has become one of the most preferable and
adaptable chemical routes to prepare homogeneous perovskite
films. In 2012, the Peng group'®’ first demonstrated the synth-
esis of CH3;NH;PbBr; and CH;NH;PbI; by mixing lead acetate
with HI/HBr solution and methylamine alcohol solution and
then heated at 150 °C in an oven for 1-12 h. The hydrothermally
grown microcrystals were used as the active material in Li-ion

© 2023 The Author(s). Published by the Royal Society of Chemistry

batteries, presenting a discharge capacity of 331.8 mA h g™ (at
a current density of 200 mA g~ ). Fig. 12a-c shows the SEM
image and the corresponding EDX spectrum of the hydrother-
mally prepared CH;NH;PbBr; along with the cycling perfor-
mance of the Li-ion batteries based on the CH;NH;PbI; and
CH;NH,PbBr; perovskites. Mahmood et al'®’ reported the
synthesis of lead iodide (PbI,) micro-needles using a hydro-
thermal method in the presence of surfactant cetyltrimethy-
lammonium bromide (CTAB) at a low temperature of 100 °C for
8 h. Highly crystalline MAPbI; micro-needles were produced by
covering the surface of Pbl, micro-needles using an isopropa-
nol solution of CH;NH,I (MAI) that resulted in a pin-hole free
perovskite solar cell yielding a PCE of 17.98%, as shown in
Fig. 12d. All-inorganic based cesium lead-halide (CsPbX;) was
also synthesized by a hydrothermal method.'®® In particular,
CsPbl; and CsPb,Brs; powders were hydrothermally prepared
and then deposited via a spin-step spin-coating method to form
the active layer of perovskite solar cells. Hydrothermally devel-
oped CsPbl; and CsPb,Brs crystals formed highly crystalline
nanowires and nanorods, respectively, as shown in SEM images
of Fig. 12e and f. Both 8-CsPbl; and tetragonal CsPb,Brs
nanostructures were PL active with unique optical properties,
suggesting their successful use in Cs-based perovskite opto-
electronic devices.'®>

3.2.5 Solvothermal synthesis. Like hydrothermal synthesis,
solvothermal synthesis is a solution reaction-based procedure.
The difference between the two techniques is that instead of
water, in the solvothermal synthesis the primary solvent is
usually an organic one. The implementation of solvothermal
synthesis, whereby an often homogeneous mixture of liquid
and solid precursors is heated in a sealed reaction vessel close
to or above the boiling point of the main solvent, is particularly
well known for the preparation of crystalline materials. In
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Fig. 12 (a) SEM image of hydrothermally synthesized CHzNHzPbBrsz and
(b) the corresponding EDX spectrum with the photograph of
CH3NHzPbBrs inset. (c) Cycling performances of the Li-ion batteries made
of perovskite CHsNH3PbBrs and CHzNHzPbls. Adapted with permission
from ref. 160. (d) J-V curves (in both the forward and reverse scans) for the
best-performing device with MAPbls micro-needles. Adapted with per-
mission from ref. 161. FE-SEM images of (e) high quality yellow phase
CsPbls nanowires and (f) highly crystalline CsPb,Brs nanorods. Adapted
with permission from ref. 162.

general, the production of materials of specific form with
certain physical properties of well-defined structures would
traditionally require high-temperature solid-state reactions for
long periods of time often combined with pressure and con-
trolled gas atmospheres to ensure homogeneous mixing of the
precursors used.'*® Rationally, solid-state chemists have endea-
vored to find an alternative synthesis approach to master the
difficulties of acquiring homogeneous mixing of solid precur-
sors under milder reaction conditions using soft chemistry and
being able at the same time to gain control over the crystal form
(particle size and phases).'®> Among several soft chemical
routes to synthesis proposed, solvothermal synthesis appears
to be the most appealing one. In other words, solvothermal
synthesis constitutes a versatile alternative to calcination for
developing at milder temperatures inorganic solids'®* and,
most recently, metal-organic framework structures.'®® To date,
hydrothermal synthesis has been fine-tuned for the synthesis of
industrially applicable solid materials'®**®” and especially
quartz'® from mimicking the synthesis of natural minerals
to a varying synthesis of advanced materials, highly documen-
ted in the literature."

Unfortunately, there has been little research related to one-
step preparation of mixed-metal oxides via the solvothermal
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These functional materials, having provided the
momentum for a large number of technological applications,
usually contain one or more transition-metal elements, whose
oxidation states are pivotal in dictating their underlying proper-
ties (i.e. electronic, magnetic or redox properties).'”® Perovs-
kites containing transition metals exhibit constructive
properties derived from the control of certain oxidation states.
Nevertheless, controlling crystal morphology in terms of parti-
cle shape and size is also crucial for the use of solvothermal
synthesis. Lately, a number of studies have demonstrated the
benefit of solution-mediated crystallization of multinary oxides
containing metals whose oxides are volatile, which can be
prevented without affecting the stoichiometry of the precur-
sors. In most of the cases, it has been shown that the crystal-
lization of materials could be attained by the use of solvents."¢*
The solvent medium is linked to the solubility of the reactants
and, apart from its contribution to the nucleation process by
bringing the precursors, it may lead to the crystallization of the
final product without the need for high concentrations of
hydroxide salts. In this regard, apt selection of the precursor
composition and reaction conditions can result in very homo-
geneous particles with a narrow size distribution.'”""”? Crystal-
line CH3NH,;PbI; was prepared via a solvothermal method for
the first time in 2015, where the crystal growth depended on the
temperature and reaction time.'”® Recently, all-inorganic per-
ovskites have also been solvothermally synthesized. Zhai
et al."””* showed that by modifying the solvothermal reaction
sources, the versatility of perovskite crystal structure could
occur, demonstrating phase transformation from cubic
CsPbBr; nanoplatelets to rhombohedral Cs,PbBrg nanocrystals,
and vice versa. The solvothermal method was also proved as a
successful procedure for Mn-doped CsPbX; perovskite quan-
tum dots and nanoplatelets. It was shown that controllable
solvothermal reaction conditions and most importantly the
Cs-to-Pb feeding ratio were crucial to the perovskite
preparation.’””>'7® Furthermore, high-quality CsPbX; nano-
wires prepared by the solvothermal method exhibited good
crystallinity and a high photoluminescence quantum yield.
Consequently, the incorporation of CsPbl; in photodetectors
was beneficial to the device performance, achieving fast light
response speed and a high switching ratio."””

Moreover, self-assembled CsPbBr; nanowires prepared by a
two-step solvothermal procedure and a direct-dripping method
showed unique polarization characteristics."”® Interestingly,
excitation polarization-dependent emission was demonstrated,
attributed to the anisotropic charge distribution of the perovs-
kite nanowires. More recently, a new approach to solvothermal
preparation of CsPbBr; nanowires was demonstrated, using
short-chain ligand engineering in order to improve the photo-
electric properties of the perovskite. The prepared nanowires
exhibited excellent uniformity, a good photoluminescence life-
time and high mobility."”®

3.2.6 Ultrasound-assisted synthesis. Ultrasound-assisted
synthesis, also known as ultrasonication, is considered to be
a green synthetic route widely employed for the acceleration of
various organic reactions which would conventionally require

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ya00098b

Open Access Article. Published on 05 June 2023. Downloaded on 1/20/2026 10:55:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy Advances

a)
Ultrasonic Irradiation

Fig. 13

View Article Online

Review

Ultrasounds + Bead Milling——>

Before
Milling

Halide Mixing
o e e ——
=

!

11

(a) Ultrasound-induced synthesis of APbX3 perovskite nanocrystals with a wide range of compositions, where A = CH3zNH=, Cs, or HN=CHNH3

(formamidinium), and X = Cl, Br, or I. (b) EDX maps showing homogeneous distributions of Cs, Pb, and Br in CsPbBrs NCs. Adapted with permission from
ref. 186. (c) Optical image of the monocrystalline film (left). Cross-sectional SEM image of a freshly cut monocrystalline film (right). Illustrations of the
CTAC mechanism on a microscopic scale. Adapted with permission from ref. 187. (d) Schematic illustration of the ultrasound-assisted bead milling (top)
and photograph under a UV lamp of the colloidal halide-mixed perovskite nanocrystals. Adapted with permission from ref. 189.

not only long reaction times but also toxic and costly precur-
sors, possibly resulting in poor yields along with expensive
products.'® Ultrasonically induced and intensified reactions
provide an easier and more sustainable synthetic methodology
for the preparation of various nanostructured'®® as well as
light-activated materials'®'™"®* that usually cannot be manufac-
tured by traditional techniques. The application of ultrasound-
assisted synthesis is based on the cavitation phenomenon
whereby the formation of small vapor-filled cavities in a
liquid-solid phase occurs when it is subjected to extreme
conditions of pressure and temperature.'®® The crystallization
procedure is affected and governed by the ultrasonic treatment,
yielding controllable size properties of the single crystalline
nanoparticles. Recently, the research community has managed
multiple types of ultrasonically assisted perovskite crystal
growth. Jang et al.'®® reported the successful ultrasound-
assisted synthesis of lead halide perovskite nanocrystals
(Fig. 13a and b) used for the fabrication of high-sensitivity
photodetectors. APbX; perovskite nanocrystals with different
compositions (where A = CH3NHj;, Cs, or HNQCHNH; (forma-
midinium), and X = Cl, Br, or I) exhibited uniform plate-
type morphologies with an average size of 10 nm. Ultrasonic
irradiation accelerated the dissolution of the precursors (AX
and PbX,) in toluene, which determined the growth rate of the
nanocrystals.

Peng et al.'® used ultrasonication to grow CH;NH;PbBr;
(MAPDbBr;) monocrystalline films of various thicknesses for
perovskite solar cells. By exploiting the perovskite’s tendency
to crystallize in solution, they designed a novel growth method
termed cavitation-triggered asymmetrical crystallization (CTAC)
to aid heterogeneous nucleation via the introduction of a very
short ultrasonic pulse (~1 s) into the solution when it reached
a low supersaturation level, thus overcoming the limitations of
conventional single-crystal growth techniques due to their
propensity to create solely free-standing perovskite single crys-
tals. At high supersaturation levels, cavitation triggered immo-
derate nucleation and thus the growth of numerous small-scale

© 2023 The Author(s). Published by the Royal Society of Chemistry

crystals. Fig. 13c shows an optical image and a cross-sectional
SEM image of the monocrystalline film (left and right, respec-
tively). Lately, ultrasound assisted synthesis was used to pre-
pare high-quality perovskite quantum dots (QDs).

Chen et al.*®® presented in their research work that ultra-
sonic irradiation, apart from its use in accelerating the pre-
cipitation of perovskite quantum dots, contributed to the
crystallization process of QDs providing particles of smaller
sizes with a narrower size distribution. They also prepared
perovskite quantum dots with different chemical compositions
that led to an immensely wide color gamut. In addition, the
photoluminescence peak intensity can be controlled by adjust-
ing the halide component in the perovskite precursor through
an ultrasound-assisted bead milling method (UBM).'®* Fig. 13d
illustrates the perovskite MAPbBr; QD preparation and the
different colors emitted under UV irradiation. Purification of
red-emissive MAPbI; QDs prepared by UBM using different
carboxylate esters resulted in minimizing the particle size
distribution and thus improving the optical properties of
perovskite QDs. When purified MAPbI; QDs were incorporated
in light emitting devices, an excellent external quantum effi-
ciency was obtained."®°

3.2.7 Microwave-assisted synthesis. Another green syn-
thetic technique, besides ultrasound-assisted synthesis, used
for the activation and acceleration of organic reactions is
microwave-assisted synthesis.’®* While originally used merely
in organic synthesis, this technology has taken a new dimen-
sion experiencing exponential growth both in industry and in
academia in recent years and is continuously refined with new
and innovative applications in materials science,'”
technology'®® and further disciplinary areas of science.®* In
general, microwave chemistry is based on the utilization of
microwave irradiation to heat matter or to introduce energy
into a system by dielectric heating. By extension, microwave-
assisted synthesis consists of the conversion of electrical energy
delivered to a substance through electromagnetic waves into
kinetic energy by dielectric heating. Kinetic energy is eventually
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converted into heat that will uniformly and rapidly be distrib-
uted throughout the reaction mixture. The efficiency of this
process relies on the susceptibility of the irradiated substance
(e.g. solvent and/or precursors) to absorb the microwave energy
of appropriate wavelength and subsequently induce heating
that drives chemical reactions. In order for this to happen, the
specific substance must have a dipole-moment and/or ionic
conductivity. Gedye et al.'®® and Giguere et al.'® were the first
to demonstrate the effect of microwave warming on accelerat-
ing organic chemical transformations. The major advantage of
microwave heating, compared to other heating strategies, is
that it does not require external heating sources such as oil-
bath systems or electric heaters. The differentiating feature of
microwaves from other forms of irradiation like X- and y-rays is
their non-ionizing nature, and thus, no change in the molecu-
lar structure of the material being heated occurs, only thermal
activation occurs.

One of the most effective ways to form better crystals is by
temperature tuning. Several approaches of synthetic protocols
have been proposed for hybrid perovskites ranging from two-
step processes to direct crystallization.”®'”'*® Although per-
ovskites have the merit of being deposited from their precur-
sors into a thin film by solution-based processes, it is rather
difficult to gain control over the nucleation and crystallization
of the as-prepared film from a saturated solution by evapora-
tion of the solvent. The procedure of crystallization is affected
by a number of variables like an oxygen-rich atmosphere and
humidity that may cause a compounding effect of crystal sizes
and surface chemistries."*® Both chemical and physical proper-
ties can be adjusted at the atomic level via the use of reactants
and thermal annealing. The most popular procedure to initiate
crystallization of perovskite films is thermal annealing at
100 °C for 10 min. Thereafter, different thermal annealing
processes have been reported such as high-temperature ther-
mal annealing,*® multistep thermal annealing®®' and laser
induced thermal annealing.”°> However, aside from the afore-
mentioned thermal annealing processes, it has been shown
that the microwave irradiation process can lead to a faster
crystallization of the perovskite material requiring less
energy.”®? In fact, the implementation of microwave irradiation
as a thermal initiator can lead to the crystallization of the
perovskite material within few minutes, thus making micro-
wave assisted synthesis one of the most promising synthetic
routes towards the generation of hybrid perovskites. During
optimization experiments, it has been found that the applied
microwave power is pivotal to both crystallinity and device
efficiency.””* Tuning the irradiation time changes not only
the crystallization of the synthesized perovskite, but also the
photoluminescence emission and quantum yield.>*> However,
prolonged exposure to microwave irradiation will lead to the
opposite result. Another factor that plays a crucial role in
the preparation of perovskites under microwave irradiation is
the solvent. In order to point out how critical the effect of
solvents is on perovskite materials, Cao et al.'®® mixed Pbl,~
CH;NH;I adducts with different solvents, including DMEF,
DMSO and diethyl ether. It was noticed that while the adducts
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added to DMF or DMSO would turn black when irradiated, the
mixed PbI,-CH;NH;I added to diethyl ether did not change to
black, indicating that the latter could not absorb the radiation
and convert it into heat. The change in the color of the mixed
PbI,-CH;3;NH;I added to DMF or DMSO suggested that the
solvents could absorb energy, convert it into heat and thus accel-
erate the perovskite precursors to react at the atomic level and
crystallize. In fact, according to their research, the grain size of
perovskite films revealed a trend of linear increase between the
time of microwave treatment and different time intervals.

3.2.8 Solid-state reaction-based methods. Methods based
on solid-state reactions have been developed to solve some
of the problems arising during the two-step dipping
method, where Pbl, films are dipped in CH;NH;I solution to
form CH3;NH;PbI; perovskite. These problems include the
incomplete conversion of Pbl, precursor salt into the perovskite
and the lack of control concerning the grain morphology.**®
The principle of the solid-state method, also characterized as a
direct contact and intercalation process (DCIP), is that the salt
precursors of a conventional CH;NH;PbI; perovskite material
are able to react through diffusion promoted by high
temperature.”®” During a solid-state reaction process, the initial
perovskite precursor solutions, namely Pbl, and CH;NH;I, are
deposited through spin-coating on top of two separate sub-
strates and are subsequently annealed to form thin films. Next,
the substrates with the deposited films come into direct con-
tact, with the CH;NH;I film being placed face-to-face on top of
the Pbl, film. An annealing step in the 100-200 °C range®® for
30 minutes then takes place so that CH;NH;I diffuses effec-
tively into the yellow PbI, film. During annealing, perovskite
nuclei start forming at the interface between the two deposited
films, a process being completed gradually in the whole bulk of
the PbI, film.?*® At the end of annealing, the top substrate is
removed, revealing a compact dark brown CH;NH;PbI; per-
ovskite film. The color change from yellow to dark brown is a
sign that the initial Pbl, film has been fully converted into a
perovskite material.>'® The preparation of the CH;NH;Pbl; film
using the solid-state reaction method and the corresponding
photographs of the formed films are presented in Fig. 14a.

As mentioned, the interdiffusion step of this process
includes annealing at high temperatures. A high temperature
of above 100 °C is most commonly applied because effective
diffusion between the two precursor films is impeded by the
kinetically unfavourable van der Waals gap in the interface
between them. However, the necessity of applying higher
annealing temperature to enable the diffusion entails consum-
ing more energy and creating more non-radiative defects in the
final film. It is thus possible to shorten the diffusion distance
through the use of a nanoporous Pbl, film or a less crystallized
nanoporous one, so that lower temperatures can be applied. In
nanoporous films, the diffusion distance is determined by
the size of particles and not the bulk film thickness, while
the larger surface area accelerates the reaction. In this way, the
temperature employed can be decreased to 75 °C.>"*

A main advantage of this solid-state reaction method is that
there is no need for orthogonal solvents during the film

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) Schematic illustration of the fabrication process of perovskite films using a solid-state reaction (top) and the corresponding photographs of
the real films (bottom-left). The J-V curves of the perovskite solar cells prepared using the solid-state chemical reaction method under AM 1.5G
irradiation and in the dark (bottom-right). Adapted with permission from ref. 210. (b) Schematic illustrating the formation processes for different CsPbX3
(where X = Cl, Br, I) nanocrystals mediated by organic acid and amine ligands at room temperature: hexanoic acid and octylamine for spherical quantum
dots; oleic acid and dodecylamine for nanocubes; acetate acid and dodecylamine for nanorods; and oleic acid and octylamine for few-unit-cell-thick
nanoplatelets. Adapted with permission from ref. 222. (c) Photograph of a milling jar loaded with milling balls, MAI, and Pbl, precursor powders (left),
schematic of the ball milling procedure for the mechanochemical synthesis of perovskite powders (middle), and photograph of the milling jar after the
ball milling process and successful mechanochemical synthesis of black MAPbls powder (right). (d) XRD patterns of MAPbls powders before and after

more than two and a half years of storage in a dry atmosphere. Adapted with permission from ref. 237.

fabrication and that the final film is compact with minimal
surface roughness. Moreover, no careful control of the ratio of
the two precursor salts is required in order to form stoichio-
metric perovskites. The sole controlling parameters of the
reaction in question are the quantity of CH3;NH;I and the
reaction time, both of which should be sufficient enough to
let the PbI, film be converted into CH;NH;Pbl;. Any CH;NH;I
excess can be removed via both the annealing step and the
removal of the top substrate, which creates the possibility that
it could be reused in another deposition process. Finally, the
solid-state reaction method shows potential for a future-scale
up, thanks to the reproducibility of this process as well as lack
of solvents.**”**°

3.2.9 Precipitation reaction. Generally, precipitation refers
to a chemical reaction that occurs in solution when two ions
bond together to form an insoluble salt, which is known as the
precipitate. A precipitation reaction can occur when the solu-
bility of a solution changes, inducing supersaturation. Accord-
ing to the supersaturation principle, a solution of the desired
substance is added to another solvent (the so-called anti-
solvent) in which the former is sparingly soluble. After this
addition, precipitation will follow, because of the lower solubi-
lity of the substance. Generally, precipitation takes place when
the concentration of a substance becomes higher than its
solubility, as in the case of supersaturated solutions.

Indeed, in the case of perovskites, their crystallization
process is controlled by the supersaturation induced by the

© 2023 The Author(s). Published by the Royal Society of Chemistry

solubility change with solvent mixing. More specifically, after
the initial perovskite precursor salts are dissolved in a suitable
highly polar aprotic solvent, a non-polar solvent is added. The
precursor ions are insoluble in the latter, leading to the
production of a highly supersaturated state which results in
the crystallization of perovskite material in the mutually mixed
solution. Considering that multiple ions bond together to
create the final perovskite structure, the precipitation reaction
is often called co-precipitation, since it implies the simulta-
neous precipitation of ions from the precursor salts. However,
in the case of techniques employed for the synthesis of per-
ovskite crystals, the term used is anti-solvent precipitation.>'>
3.2.10 Anti-solvent dripping technique. The anti-solvent
precipitation or crystallization method is used for simple
fabrication of uniform perovskite films from solutions. During
this procedure, the solution containing perovskite precursors
dissolved in aprotic solvent is deposited through spin coating
on top of the desired substrate. For example, in the case of
MAPDI; perovskite, the salt precursors are MAI and Pbl,. At a
specific time point during spin coating, a certain quantity of
anti-solvent is quickly dripped onto the substrate, so that the
salt precursors precipitate out of the solution. In this way,
crystallization takes place, yielding a compact film as a final
result and thus leading to the desired film formation. This film
formation can be accompanied by a change in color, such as in
MAPDI; perovskite films, where the initial film is yellow-colored
but it darkens to brown after the anti-solvent is added because
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of the precipitation of salts out of the solution and the
subsequent film crystallization.>**>

It is worthwhile to note that there are certain combinations
of solvents with anti-solvents used for the precipitation method
to take place effectively, producing compact and uniform
perovskite films. As a general rule, solvents in which perovskite
precursor salts have poor solubility, such as chlorobenzene
(CB), toluene (TL) and diethyl ether (DE), seem to be most
commonly employed as anti-solvents, even though many other
green antisolvents, such as ethanol and ethyl acetate, have been
probed.”*>?'” According to Paek et al,>'® the critical para-
meters to decide on an appropriate anti-solvent are its misci-
bility, high boiling point, and dielectric constant (with a value
of >5). Moreover, according to the anti-solvent employed in
each synthesis, the quantity dripped and the point of dripping
during spin coating tend to differ and need to be optimized
appropriately.

3.2.11 Hot-injection method and ligand-assisted reprecipi-
tation (LARP) method. As mentioned, the precipitation
reaction is commonly employed to form perovskite crystals
from solution. The growth of these crystals can be limited
to the nanometer scale through the addition of organic
ligands, namely carboxylic acids and amines, in the perovskite
precursor solution. This modified method, yielding nanocrys-
tals of various morphologies in colloidal solutions, is called
the hot-injection method or ligand-assisted reprecipita-
tion method, according to the temperature and specifics
employed.”*’

The ligand-assisted reprecipitation technique involves two
steps. In the first step, the perovskite precursors and ligands
are added in a ‘“good” polar solvent such as dimethylforma-
mide (DMF), tetrahydrofuran (THF) or dimethyl sulfoxide
(DMSO). The dissolution of precursor salts and molecule
ligands is favored by polar solvents. For the fabrication of
CH;NH;PbBr; nanoparticles, the salts used are CH;NH;Br
and PbBr,, the ligands added are a medium-to-long chain alkyl
ammonium bromide, such as octylamine, and oleic acid, while
octadecene was also incorporated in the solution as a non-
coordinating solvent. The solution is then stirred and heated at
60-80 °C until it becomes colorless. In the second step, a “bad”
non-polar solvent in which the perovskite materials are slightly
soluble, such as toluene, acetone or hexane, is added to the
aforementioned solution, while rigorous stirring follows. The
poor solubility of the perovskite precursor salt ions in such
solvents promotes their reprecipitation and the formation of
the desired products as solids at the bottom of the reaction
flask, with solution colour changes indicating the identity of
the reaction products. The mixture is finally cooled and cen-
trifuged in order to collect the desired nanocrystals.***>**
Fig. 14b illustrates the formation processes for different CsPbX;
nanocrystals, such as nanorods, quantum dots, nanocubes and
nanoplatelets.

A similar method to LARP is the hot-injection method,
requiring higher temperatures in the 80-200 °C range. In this
type of synthesis two solutions containing precursor salts and
ligands need to be prepared. In order to fabricate CsPbX;
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nanocrystals, cesium acetate and oleic acid are dissolved in
hexadecane at 120 °C, thus forming cesium oleate solution. For
preparing the second solution, PbX, is added to octadecene and
the mixture is dried under vacuum at 120 °C. After drying, a
capping ligand mixture of dried oleylamine and oleic acid at a
1:1 ratio as is injected in a N, atmosphere. After PbX, has been
dissolved, the temperature is raised to 140-200 °C for tuning
the nanocrystals’ size. The cesium oleate solution is then
injected into the second solution, with perovskite crystals
forming instantaneously. The solution is cooled in an ice bath
and then subjected to centrifugation, resulting in the final
perovskite crystals.>® For the fabrication of other perovskite
crystals, such as FAPbBr; with formamidinium instead of
cesium, formamidinium acetate is added in lieu of cesium
acetate and heated at 130 °C, thus forming FA-oleate as the first
reaction solution. Another more complex approach for synthe-
sizing FAPbBr; nanocrystals incorporating oleylammonium
bromide and CH;MgBr precursors was proposed by Protesescu
et al, with the former precursor producing brightly-
luminescent cubic-shaped nanocrystals.?**

The use of long alkyl chain ammonium cations as capping
ligands on the surfaces of nanoparticles is a strategy enabling
control over their size and morphology, by preventing the
formation of nanostructures other than the desired. Octyl-
amine, along with longer chain amines such as dodecylamine
and hexadecylamine, is used to control the kinetics of the
crystallization by slowing down the crystallization rate of the
precursors. On the other hand, the use of oleic acid or other
long chain alkyl acids, such as octanoic acid and butyric acid,
involves the stabilization of the colloidal solution under storage
conditions, by suppressing the aggregation of nanocrystals.
This leads to the crystallization of perovskite moieties into
colloidal nanoparticles in a controlled way.

Through the reprecipitation reaction assisted by ligands, it
is possible to synthesize a variety of perovskite nanostructures
in solution, including zero-dimensional spherical quantum
dots, nanocubes, one-dimensional nanorods and two-
dimensional nanoplatelets. This is especially pertinent to
CsPbX; perovskites. For each nanostructure, a different organic
acid and an amine as capping ligands are employed in order to
control the size and morphology of the final product. More
specifically, along with the polar solvent and the perovskite
precursor salts, hexanoic acid and octylamine were added in
order to create spherical quantum dots. Similarly, oleic acid
and dodecylamine were employed for nanocubes, acetate acid
and dodecylamine for nanorods and oleic acid and octylamine
for few-unit-cell-thick nanoplatelets.?**

Another application of the hot-injection and LARP methods
is the creation of quantum dots in a wide color range. By using
salt precursors with different halogen anions and tunable
compositions, a range of brightly luminescent colloidal CsPbX;
and CH;3;NH;PbX; quantum dots with high photoluminescence
quantum yield values above 70% can be fabricated. In this
way, color tuning is performed, since the absorption and
photoluminescence maxima vary according to the X-moiety
incorporated.***

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The main advantage of the LARP method over the hot-
injection method is that it is performed at moderate tempera-
tures below 70 °C. This also comes in contrast to other
techniques requiring heating at high temperatures, such as
vacuum ones. Moreover, there are minimal equipment require-
ments compared to the hot-injection method, where the rate of
injection and the inert atmosphere need to be modified accord-
ingly, making it a low-cost technique with scale-up potential.
Another benefit is the dispersion of the perovskite product in a
colloidal solution medium, making its further deposition on
substrates simple.**® In addition, lead-free perovskite films and
nanocrystals, such as CsSnX3, can be easily prepared through
the LARP method in the same way as their counterparts
containing lead.*?”

3.2.12 Electro/chemical bath deposition. Halide perovs-
kites have also been synthesized via electrochemical bath
deposition. However, this method has not yet attracted atten-
tion and there are few reports demonstrating electrochemically
prepared perovskites. For the synthesis of MAPDbI;, which is the
mostly investigated perovskite formed through electrochemical
deposition, usually lead oxide (PbO,) was first deposited by
electrodeposition and then the PbO, was immersed in a
solution of hydroiodic acid (HI) in ethanol to convert it to
Pbl,. Consequently, the Pbl, film was immersed in a MAI/
isopropyl solution to form the desired perovskite.””® In a
similar but simpler approach, the electrodeposited PbO, film
was immersed in a MAI/isopropanol solution and MAPbI; was
directly formed.**® Although the PbO, did not fully convert to
MAPDI;, the temperature during the conversion procedure
played a crucial role in the preferable (110) orientation of the
synthesized perovskite. Furthermore, the electrochemical per-
ovskite exhibited a higher photoluminescence intensity peak
than that prepared by solution-processing of Pbl,, along with
lower trap density and almost eliminated grain boundaries. In
another approach, Popov et al.**° demonstrated the prepara-
tion of uniform MAPDI; films by sequentially exposing the
electrodeposited PbO, film to HI and MAI vapors. The depen-
dence of the crystallinity, grain size, and thickness of the
prepared perovskite films on the deposition time was also
reported. Recently, electrodeposition of MAPbI; single-crystal
particles on indium-tin-oxide (ITO) was reported.>*" The novelty
of this work was attributed to the adjustment of perovskite
crystal size and density by changing the electrochemical
potential applied to the ITO.

Besides PbO,, PbS has also been used as a precursor for the
preparation of MAPbI;. Luo et al.>** electrodeposited PbS and
then a MAI CVD process was used for the successful conversion
into the desired black perovskite film. More importantly, the
authors managed to develop high-quality, curved and large-area
MAPDI; films, which are promising for large-area perovskite
optoelectronic devices. In a recent work, a Pb film was electro-
deposited on mesoporous titanium oxide (m-TiO,) and then
MAI was deposited atop.”*> MAPbI; was formed in a MAI/
isopropanol solution by adjusting the time of reaction. In
addition, the incorporation of the MAPbI; films in mesoscopic
perovskite solar cells led to high values of the electrical
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parameters, making electrodeposition a feasible method for
preparing homogeneous and uniform perovskite films for
perovskite-based devices.

Moreover, electrochemical deposition has been applied to
prepare all-inorganic perovskite films, as well. For the for-
mation of CsPbBr;, Pb was deposited on mesoporous TiO, in
Pbl,/isopropanol solution, and then it was converted into
CsPbBr; perovskite in a CsBr/methanol solution.>** The reac-
tion was performed in air at room temperature under a positive
bias. The deposition current and time of the PbI, during the
first-step of the method were the important factors for the
control of the grain size and film thickness of the synthesized
perovskite. On the other hand, the crystallinity of the CsPbBr;
film was affected by the second-step-conversion voltage and
time. CsPb,_,Br;., was also prepared by immersing an electro-
deposited PbO, in Hl/ethanol solution to form as already
mentioned the PbI, film. The preparation of the perovskite
film was completed via spin-coating CsBr solution in methanol.
The authors demonstrated that the addition of a small amount
of DMF in the CsBr/methanol solution improved the perovskite
film formation and crystallinity, and thus the efficiency of the
fabricated perovskite solar cells based on the synthesized
CsPb,_,Bry .

3.3 Mechanochemical synthesis

Mechanochemical synthesis is a solid-state solvent-free method
for halide perovskite preparation. In this method a mixture of
AX and BX, (e.g., MAI, MABr, FAI, and Csl, and PbI, and PbBr,)
precursor powders are placed together in a ball mill**® or in a
simpler approach in a portal,”*® and ground until the corres-
ponding perovskite is formed. In order to prepare a cleaner
crystalline perovskite, ball milling is the best strategy that
avoids remains of unreacted precursors that might exist due
to pestling. The balls and bowls are usually made of stainless
steel or zirconia. During the reaction, energy transfer from the
balls to the precursor powders occurs, crushing the reactant
materials and forming the perovskite with a simultaneous color
change. Fig. 14c shows the mechanochemically synthesized
MAPbDI; powder along with the change in color from yellow to
black. Thus critical parameters for the size and crystallinity of
the prepared perovskite are the bowl rotation speed, the
number of milling balls, and the reaction energy.**’

Over the last decade, various halide perovskites have been
synthesized via a mechanochemical method including hybrid
organic-inorganic perovskites with MA" or FA" as the organic
compound and I, Br~ or Cl~ as the X~ halide anion***2*° and
all-inorganic CsPbX; perovskites.”*'>*> Moreover, mechano-
chemically synthesized Pb-free perovskites based on Sn,**®**
copper (Cu)**® and bismuth (Bi)**° have been demonstrated.
Interestingly, the use of CsCl as precursor powder led to the
successful preparation of multiple-cation perovskite materials,
solving the problem of the poor solubility of some cesium
halides in traditional DMSO and DMF solvents.>®® Table 2
summarizes the electrical parameters of solar cells based on
solution-processed and mechanochemically synthesized
perovskites.
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Table 2 Perovskite solar cell parameters based on solution deposition methods and mechanochemical synthesis of perovskite layers

Method Perovskite Jsc (mA em™?) Voc (V) FF PCE (%) Ref.
Dip-cast MAPbDI; 17.1 0.992 0.73 12.9 126
One-step spin-coating MAPDI; 21.2 0.96 0.74 16.7 127
Hot-casting spin-coating PbCH;NH;I;_,Cl, 22.4 0.92 0.82 16.9 131
Drop-cast Cso.1RDp.05FA, ssPbI; 22.69 0.909 0.786 16.21 132
Two-step spin-coating MAPDI; 16.50 0.97 0.66 10.58 133
One-step spin-coating MAPbDI; 21.1 1.04 0.63 13.8 134
Two-step spin-coating CH;NH;PbI; 21.47 1.024 0.634 13.9 135
Two-step spin-coating MAPDI; 19.6 0.99 0.793 15.4 136
Drop-cast MAPDI; 22.76 1.08 0.7563 18.57 139
Drop-cast (5-AVA),(MA),_,PbI, 22.8 0.858 0.66 12.84 141
Drop-cast (5-AVA),(MA), _,PbI, 22.7 0.85 0.66 12.9 142
Slot-die (C4A),MA,Pb;l6 15.58 1.08 0.52 8.75 143
VASP MAPbDI; 19.8 0.924 0.663 12.1 147
VASP CH;NH;PbI; 19.9 0.90 0.76 13.5 148
VASP CH,NH,PbI, ,Cl, 15.1 1.11 0.69 11.6 148
VASP CH,NH,PbI,_,Br, 14.2 1.07 0.69 10.5 148
VASP (FA)(MA),_,PbI, 22.51 1.00 0.7356 16.48 150
Hydrothermal Cs,AgBIBrg 3.96 0.98 0.624 2.43 153
Hydrothermal MAPDI; 24 1.015 0.74 18.02 160
Hydrothermal 5-CsPbl, 2 0.55 0.66 0.74 162
Hydrothermal a-CsPbl; 13.8 0.94 0.52 6.90 162
Hydrothermal CsPb,Br; 5.7 0.82 0.59 2.82 162
Ultrasound-assisted MAPDbBr; 6.69 1.36 0.69 6.53 187
Microwave-assisted MAPDI; 21.9 1.041 0.735 16.8 199
Solid-state reaction MAPDI; 22.49 1.08 0.67 16.21 206
Solid-state reaction MAPDI; 19.6 1.00 0.747 14.7 207
Solid-state reaction MAPDI; 22.20 1.01 0.6808 15.21 209
Solid-state reaction MAPDI; 17.9 0.87 0.643 10.00 210
Low-temperature solid-state reaction MAPbDI; 22.5 0.956 0.642 13.8 211
Anti-solvent dripping technique Csg.15FA(. g5PbI; 24.26 1.05 0.7635 21.53 215
Anti-solvent treatment MAPDI; 22.2 1.082 0.74 17.75 216
Anti-solvent treatment MAPDI; 24.48 1.12 0.7695 21.09 217
Anti-solvent treatment MAPDI; 23.3 1.10 0.79 20.3 218
Electrodeposition MAPbDI; 19.1 0.97 0.55 10.19 228
Vapor-assisted chemical bath deposition MAPDI; — — — 4.68 232
Electrochemical deposition MAPDI; 23.24 0.92 0.663 14.33 233
Electrochemical deposition CsPbBr; 8.85 1.43 0.62 7.86 234
Mechanochemical synthesis (Cs0.05FA0.95PbI3)0 g5(MAPbBI3) 15 16.8 1.00 0.74 12.4 237
Mechanochemical synthesis FAI/PbI,/MABr/PbBr,/CsCl 22.54 1.16 0.711 19.12 250

One of the main advantages of mechanochemically synthe-
sized perovskites is their high stability, making them
promising candidates for perovskite optoelectronic devices. It
is demonstrated that FAPbI; and CsPblI; prepared via a
mechanochemical method directly crystallize into the desired
black a-phase and more slowly degrade into the yellow &-
phase compared to the corresponding solution-processed
perovskites.>*”>>' MAPbI; also shows outstanding stability
when stored in dry nitrogen for 2.5 years, as revealed by X-ray
diffraction measurements presented in Fig. 14d.>*” Further-
more, the same perovskite powder was thermally stable when
exposed to 160 °C for 11 h and humidity conditions, as well.
Moreover, a mechanochemical process was applied for upscale
synthesis of perovskite powders. Recently, Tang et al>>?
reported the synthesis of 100 g MAPDb(I,Br; ,); and
MAPD(Br,Cl;_,); powders using ball milling and MAPbX; pre-
cursors. Hong et al.>*” synthesized 250 g of CsSnX; powder and
used it for the fabrication of perovskite photodetectors based
on a completely solvent-free protocol, suggesting the successful
development of perovskite devices with reduced environmental
and energetic footprints.
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4. Growth of single crystals and the
corresponding layers

There are several techniques that have been used so far, to grow
single-crystal (SC) halide perovskites. The method that is used
is very important, since the quality of the crystal is a defining
factor in scientific and industrial applications. In this section
the corresponding methods for perovskite single-crystal growth
and the formation of the corresponding layers are summarized.

4.1 Growth of perovskite crystals

Perovskite single crystals have gained enormous attention in
recent years due to their facile synthesis and excellent optoelec-
tronic properties. The synthetic approaches adopted for the
growth of perovskite single crystals, particularly through
solution-based growth, are described in the following sections.

4.1.1 Droplet-pinned crystallization. The droplet-pinned
crystallization (DPC) method was developed in order to grow
aligned single crystals.**>*>** Ye et al. used this method to
grow single-crystalline perovskite arrays on top of poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of the growth process of CHsNHzPbls arrays. Adapted with permission from ref. 249. (b) Photographs of single-halide and mixed-

halide perovskite SCs with different halide compositions. Adapted with permission from ref. 3. (c) Crystal structures of (CHsNH3),Pb(SCN),l, (left) and
KoNiF4 (right). Adapted with permission from ref. 46. (d) CsSnls SCs grown in a Bridgman furnace. Adapted with permission from ref. 264. (e) Photograph
of the SC specimens: CsPbBrs-1 and CsPbBrs-2. Adapted with permission from ref. 255. (f) As-grown SC ingot with a diameter of 11 mm, and the single

crystal wafers with different sizes. Adapted with permission from ref. 263.

layers.>*® 20 uL of CH;NH;Pbl, solution was dropped onto the

substrates and a piece of silicon wafer was placed on them, in
order to pin the solution droplet. The crystal arrays formed
after the solvent started evaporating at 80 °C on a hotplate, and
then, after 15 minutes, were annealed at 100 °C for 3 minutes.
Fig. 15a illustrates the proposed DCP method for CH;NH;Pbl;
arrays. The single-crystalline perovskite arrays that were devel-
oped with this method were then used for making an inverted
solar cell, but with very low performance, due to the incomplete
coverage of the PEDOT:PSS substrate and to the defects on the
crystal surface.

4.1.2 Solvothermal growth. As already mentioned, the sol-
vothermal growth method is performed in a sealed environ-
ment, where no generation of an inert atmosphere is needed,
while offering accurate control over the morphology of the
generated SCs, thus making it an easy and not very complicated
method for growing crystals. Yet, there are some safety issues,
because the reaction process takes place in a closed environ-
ment, where it cannot be observed. Zhang et al. used this
method in order to grow (CH3;NH;)Pb(Br; ,Cl,); mixed
halide perovskite SCs of stoichiometric PbBr, and [(1 — y)-
CH;NH;Br + yCH;NH;Cl] DMF precursor solutions.>®® The
PbBr,, CH;NH;Br and CH;NH;CI precursors in various molar
ratios were dissolved in DMF and heated at 50 °C for up to

© 2023 The Author(s). Published by the Royal Society of Chemistry

5 hours, leading to the formation of CH;NH;Pb(Br; ,Cl,); SCs.
The optical absorption studies displayed a blue shift when the
chloride content was increased in the reaction mixture. The
XRD measurements of the crystals showed an increase of the 260
value with more chloride content, suggesting contraction of the
unit cell length. Using the same technique, Fang et al. reported
the growth of single-halide perovskite SCs, as well as
MAPbBr;_,Cl, and MAPbI;_,Br, mixed-halide perovskite SCs,
with an absorption peak shifting from blue to red.* The
precursor solution was consisted of the mixing of methylamine
with haloid acids of different halide ratios, and of lead(u)
acetate, in order to form a super-saturated aqueous solution
at 100 °C. Then, the SCs were precipitated when the tempera-
ture was slowly decreased and crystals with thicknesses of
about 0.5-5 mm were synthesized. Fig. 15b shows photographs
of 5 mm thick single halide and mixed halide perovskite SCs
with different halide compositions.

4.1.3 Slow evaporation. This method for obtaining single
crystals with a solution growth process is a straightforward one.
A solution is prepared by mixing the reactants in the appro-
priate solvent and then letting it slowly evaporate in a suitable
container. It can be performed either under an inert atmo-
sphere, or under atmospheric conditions, in a variety of con-
tainers like an NMR tube, a centrifuge tube, a beaker or a round
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bottom flask. However, due to the low solubility of the per-
ovskite precursors, it is difficult to use this method with high
precision; therefore this method has a limited application and
is not widely used. Liao et al. managed to grow hybrid organo-
plumbate (benzylammonium),PbCl, small crystals, by mixing
stoichiometric PbCl, and benzylammonium chloride in a con-
centrated HCI aqueous solution.>*” After slowly evaporating the
solution, they took large crystals of up to 5 x 10 x 2mm?®, The
tunability of the hybrid organo-plumbates makes it easy to
customize the band gap and the visible absorbance for an
appropriate application in photovoltaics through cation and
halide replacement. Daub et al. used this method for the
reaction of CHz;NH;I with Pb(SCN), in order to grow
(CH;3NH3;),Pb(SCN),I, crystals, with a structure that was similar
to the K,NiF,-type as seen in Fig. 15¢.%°

4.1.4 Bridgman method. The Bridgman method is used in
order to grow large crystals inside sealed ampoules.>*® A quartz
ampoule is filled with the reactants, which are sealed under
vacuum, and then the ampoule is moved inside a furnace that
is under a temperature gradient. The nucleation of the crystal
takes place at the ampoule tip at a defined temperature, and
the crystallization spreads through the melted powder. During
this process, when impurities have different solubilities than
that of the crystal, they get separated from the crystal, but in
case the solubility is about the same, the Bridgman method is
unable to remove the impurities. This method is used for
inorganic SC perovskites, since organic compounds are chemi-
cally unstable near their melting point. Also, since the grown
crystals are in contact with the ampoule wall, mechanical
stresses are induced and the densities of impurities and defects
are increased with this method, thus limiting the fabrication of
high quality devices.”*® Using the Bridgman method Chung
et al. managed to grow CsSnl; polycrystalline ingots (Fig. 15d),
which were promising candidates for use in thermoelectric
applications.>®® The SC growth was achieved by putting a
stoichiometric mixture of Csl, Snl, and SnF, under vacuum at
450 °C for 30 minutes and then cooling at room temperature.
First Rodova et al.”®" and later Stoumpos et al.>*> grew CsPbBr;
SC perovskites with the same method (Fig. 15e), mainly as
promising candidate materials for X- and y-ray radiation detec-
tion. The CsPbBr; SCs were prepared from equimolar amounts
of CsBr and PbBr, that were transferred to a sealed silica
ampoule and then gradually annealed up to 600 °C for 6 hours
under vacuum and then left to cool at room temperature.

More recently, He et al. managed to grow CsPbBr; SCs as
well, with a modified melt growth method. They obtained large
SC ingots that were crack-free with a purity of lower than
10 ppm of total impurities and a low defect density.>®* In order
to form polycrystalline CsPbBr;, both CsBr and PbBr, were
mixed in a stoichiometric ratio of 1:1 at 580 °C. The synthesis
and growth were both done in the same silica tube, in order to
reduce contaminations that may develop in a multistep pro-
cess, where the tube that was used had 11 mm inner diameter,
with a conical shaped end, as shown in Fig. 15f. Zhang et al.
reported also the growth of CsPbBr; SCs using a modified
Bridgman method.*** A quartz ampoule with an inner diameter
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of 24 mm, filled with 170 g of polycrystalline CsPbBr;, was
transferred to a 2-zone Bridgman furnace. The high and
low temperature zones of the furnace were 600 °C and
200 °C, respectively, and the gradient of the temperature was
30-40 °C cm ™ '. The ampoule was heated in the high tempera-
ture zone for 12 hours and then was cooled slowly, at 1 mm h™".
Finally, the furnace was cooled to room temperature during
3 days and a large crack-free SC of CsPbBr; was obtained.

4.1.5 Inverse temperature crystallization (ITC) method.
The ITC method is based on the different solubilities of
materials at different temperature values. In particular, these
materials are very soluble at room temperature, while their
solubility decreases with increase in temperature, leading the
perovskite molecules to concentrate in the solution. The crystal
growth starts when the solution is supersaturated. Therefore,
the SC growth in the ITC method depends equally on the
dissolution and precipitation. Fig. 16a—c illustrates the growth
of SC perovskites via an ITC process.”®® In addition, the most
important factor of ITC growth is the selection of solvents, such
as GBL, DMF, and DMSO, which are used for the preparation of
MAPbX; (where X = I, Br, Cl, respectively) SCs.>°® On the other
hand, the selection of one solvent for the growth of mixed
halide perovskites with two and more precursor materials is
more challenging.

Saidaminov et al.*® investigated the influence of different
solvents at various temperatures on the preparation of MAPbX;
and FAPbX; SCs, suggesting that GBL and DMF were suitable
solvents for ITC growth of I- and Br-based perovskites, respec-
tively. In the same context, MAPbI; was synthesized via the ITC
method using GBL solvent.?” The solution was first prepared at
100 °C under vigorous stirring, and then the temperature was
increased to 190 °C in order to form the perovskite crystals.
Afterwards, the temperature was decreased to 25 °C, leading to
undesirable dissolution of the synthesized SCs. Recently, a
large-sized MAPbI; SC was formed with the ITC method and
the anisotropic properties at the surface and bulk of the SC
were investigated.”®” Parikh et al. suggested that the (112) facet
of the MAPDI; SC exhibited higher trap density than the (100)
facet, resulting in higher hysteresis. Furthermore, low trap
density along with high mobility was reported for the MAPbBr;
SC based photodetector.®® The proposed ITC method used a
low dissolution process, forming high-crystalline-quality per-
ovskite SCs, which played a critical role in the photoresponse of
the fabricated SC devices.

All-inorganic perovskite and mixed cation SCs were also
prepared using ITC growth. For instance, large-sized orange
colored CsPbBr; crystals were grown using ternary solvents,
where DMF and GBL or cyclohexanol were used to improve the
solubility of the perovskite in DMSO0.?***°° Furthermore, a
mixed cation (FAPbI;), o(MAPDBr3)0.05(CSPbBr3)0.05 Single crys-
tal was grown in a GBL solution heated at 95 °C.** Interestingly,
the prepared SC exhibited high stability upon light and water/
oxygen exposure for 1000 h and 10 000 h, respectively. Recently,
high performance perovskite solar cells based on a mixed
cation FA(¢MA, 4Pbl; SC were reported. The ability of the
prepared SC, used as the absorption layer, to red-shift the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Temperature-dependent solubility of CsPbBrs in DMSO. (b) Schematic illustration of the inverse-temperature crystallization in DMSO.
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temperature crystallization in water. (f) Optical image of the as-prepared CsPbBrs SC. Adapted with permission from ref. 266.

external quantum efficiency spectrum increased the short-
circuit current density of the device, exhibiting a high PCE of
22.8%.%”° In addition, Pb-free perovskite SCs, such as MASnI;,
were synthesized via an ITC procedure.””* A 2 mm x 1 mm x
1.2 mm MASnI; without a sign of Sn(IV) in the crystal, as
revealed by X-ray photoelectron spectroscopy, exhibited good
crystalline properties, along with high optical absorbance,
making it a promising material for solar cell fabrication.

4.1.6 Modified inverse temperature crystallization (MITC).
Modified inverse temperature crystallization (MITC) combines
the ITC method with cooling solution for the synthesis of SC
perovskites, where crystal seeds are prepared via cooling
solution, then they are placed in a precursor solution to grow
larger perovskite crystals through the ITC method. Large
MAPDX; and FAPbX; SCs have been successfully prepared with
different shapes. Black MAPbI; SCs are commonly formed as
dodecahedra and sometimes as rhombo-hexagonal
dodecahedra.?”* On the other hand, MAPbBr, and MAPbCI,
single-crystals, which are transparent and orange colored,
respectively, exhibit a cuboidal shape.””* For the synthesis of
FAPDI; SCs, a seed crystal was formed through cooling solution,
then ITC growth was repeated three times.>”* The prepared SCs
exhibited long carrier lifetimes and high carrier mobility.
Moreover, a redshift in the PL emission spectrum of FAPbI;
SCs was observed with respect to that of the corresponding
perovskite thin film.

MITC is a useful method to grow all-inorganic SCs. Espe-
cially, synthesis of pure CsPbBr; SCs can be achieved by
avoiding undesirable impure crystals formed due to the poor
solubility of CsBr.>’>*’® Recently, CsPbBr; was prepared

© 2023 The Author(s). Published by the Royal Society of Chemistry

through MITC using water as solvent. The solubility of the
crystals at various temperatures was investigated, and the
structural and electronic properties of the SCs were studied
and compared with those of the CsPbBr; crystal synthesized in
DMSO.?” Fig. 16d-f illustrates the growth of SC perovskites via
a MITC process. More recently, Cl-doping of CsPbBr; SCs grown
via the MITC method was proposed to improve the photo-
electric properties of the perovskite.””” Reduced trap density
and improved carrier mobility were reported for the
CsPbBr, 5Clys SC compared with the undoped perovskite crys-
tal, along with the high sensitivity of X-ray detectors, when the
Cl-doped SCs were incorporated in the device. Pb-free all-
inorganic perovskite SCs were also synthesized using the MITC
process, such as CsCu,l;.>”® The 1D CsCu,l; SC with a size of
13 mm showed high quality and stability, as well as a record
PLQY of 50.4% at that time.

4.1.7 Antisolvent vapor-assisted crystallization (AVC)
method. The antisolvent vapor-assisted crystallization (AVC)
method is based on the different solubilities of perovskite
precursors in various solvents, at a constant temperature. In
particular, a solution is prepared consisting of the precursor
perovskite and a solvent with high-solubility. The solution
contained already in a vial is transferred to a larger vial having
the antisolvent, which un-dissolves the precursor. During this
process, the antisolvent diffuses into the perovskite solution
acting as a contamination source, thus affecting the crystal
growth and quality. Therefore, the choice of solvents is a crucial
parameter for AVC growth. On the other hand, the molar ratio
of the precursor materials is also important. For instance, 3:1
MALI : Pbl, were dissolved in GBL solvent, and MAPbI; SCs were
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formed using DCM as antisolvent, while for the growth of
MAPDBr; a solution of 1:1 MABr and PbBr, in DMF was
prepared using DCM as antisolvent.””® In the same context,
Yang et al.*®° proposed the use of toluene as antisolvent for the
growth of MAPbBr; SCs. Furthermore, Wei and co-authors®®'
demonstrated the formation of large and clear MAPbBr; SCs,
dissolving MABr and PbBr, in a molar ratio of 1:0.8 in DMF.
Interestingly, when incorporated in X-ray detectors, the devices
were extremely efficient compared with those based on poly-
crystalline thin films. In a different approach, Pbl, was dis-
solved in HI at 120 °C, forming a yellow solution, in which MAI
was added afterwards. Then, the solution was cooled down and
diethyl ether was used as antisolvent to grow MAPbI; SCs.>*>

Moreover, Pb-free (NH,);Sb,I, SCs were synthesized via the
AVC procedure.*®* NH,I and Sbl; were dissolved in ethanol,
while chloroform was the antisolvent, forming a 5.7 mm X
2.1 mm perovskite SC. Recently, mixed Cs,MA; ,PbBr; SCs
were prepared according to the AVC method, where PbBr, and
MABr with a molar ratio of 1:1 were dissolved in DMF, while
CsBr and PbBr, with various molar ratios were tested.?®* The
SCs were formed using methanol as antisolvent. The effects of
Cs concentration on the molar volume and bandgap of mixed-
perovskite alloys were also investigated. More recently,
inorganic-cation pseudohalide 2D Cs,Pb(SCN),Br, single crys-
tals were synthesized for the first time through AVC.**® It was
demonstrated that the amount of Pb(SCN), affected the stoi-
chiometry of the perovskite. The prepared 2D Cs,Pb(SCN),Br,
SCs exhibited good moisture and thermal stability, and also
very low exciton binding energy, making them a favorable
material for efficient optoelectronic devices, such as photode-
tectors and solar cells.

4.1.8 Layered solution growth (LSG) method. Layered
solution growth (LSG) is the most uncommon method for
perovskite single crystal formation. In 1999, Mitzi**® prepared
for the first time perovskite SCs via LSG. In particular, PbCl,/
hydrochloric acid (HCI) solution was placed in a long straight
tube. This solution represented the bottom solution layer.
Another solution consisting of methanol was inserted in the
tube with a syringe and placed on top of PbCl,/HCI. Finally,
Ce¢H5C,H,NH, was added into the tube to serve as the top layer.
Small (C¢HsC,H,NH;),PbCl, plate SCs were formed during the
diffusion of the layers in the tube. However, LSG was a very slow
process, where the formed crystals appeared after several
weeks, and the final product was collected after one year.

4.1.9 Solution temperature lowering (STL) method. The
solution temperature lowering (STL) method based on seeded
growth is used for the synthesis of large perovskite single
crystals. This method is divided into two categories depending
on the position of the seeded crystal. For instance, MAPbI; SCs
were prepared using the top-seeded solution growth (TSSG)
method.™* During TSSG, the seeded crystals were placed at the
bottom of a vial containing the growth solution. Then, a silicon
substrate was immersed into the solution, and by lowering the
temperature at the top of the vial, single crystals were formed
on the silicon substrate. In the same context, MASnI; and
FASnI; SCs were also synthesized through TSSG, with the latter
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being unstable compared with the MASnI; due to the oxidation
of tin.**”

Dang et al. used the bottom-seeded solution growth (BSSG)
method to prepare MAPbI; SCs.?%® A seeded crystal was placed
in the middle of a tray, and consequently, the temperature was
decreased from 65 °C to 40 °C so that the solute becomes
saturated and thus crystals are formed. In a similar work, Lian
et al.”® synthesized also MAPbI; SCs using BSSG, lowering the
solution temperature from 373 K to 330 K. Even though TSL is a
suitable method for the successful preparation of large perovs-
kite single crystals, it is time-consuming, requiring many days
or even weeks to obtain high quality crystals.

4.2 Single crystal thin film growth techniques

Apart from the single crystal growing techniques mentioned
above, there are also methods that aid in single crystal thin film
(SCTF) growth. In order to grow perovskite SCTFs at the
micrometer level, there are various methods that have been
used, such as vapor phase epitaxial growth, the space-confined
method, surface-tension assisted growth, and the top-down
method.

4.2.1 Vapor phase epitaxial growth. This method is an old
one, which has been used for the growth of electro-optic devices
in the I1I-V semiconductor field.>***°" 1t is capable of growing
high-quality perovskite SCTFs, but it has a limited application,
since an exceptional lattice match between the perovskites and
the substrates is mandatory. Wang et al. employed this method
in order to grow centimeter-scale SCTFs for inorganic halide
perovskites ABX; on metal alkali halide substrates.?**> The
structural and morphological characterization results of the
halide perovskite single crystals are presented in Fig. 17. Later,
Chen et al. also used the vapor phase epitaxial growth method,
in order to grow cesium lead bromide perovskite (CsPbBrj)
SCTFs on oxide perovskite SrTiO3(100) substrates with a con-
trollable micrometer thickness.>*

4.2.2 Space-confined method. Liu et al. developed the
space-confined method, where they make perovskite wafers
with controlled thinness by using a geometry-regulated
dynamic-flow reaction system.”’* They made a single-
crystalline MAPbI; perovskite wafer, by placing the wafer
between two glass slides, which were parallel and had a
designated separation height, in order to control the thickness
of the created thin film (Fig. 17b). This technique was also used
by other groups for more perovskite materials. Chen et al. used
this method to grow various perovskite SCTFs like MAPDI;,
MAPDBCl; and MAPDbBr; with controlled thicknesses ranging
from nano- to micrometers, which exhibited great air stability
and quality, similar to those of the bulk SCs with a trap density
of 4.8 x 10" cm™>, a carrier mobility of 15.7 cm> V™' s, and a
carrier lifetime of 84 ps.”® Later Rao et al. managed to grow
a large area (120 cm”) MAPbBr; SCTF on FTO glass, with a
controlled thickness ranging from 0.1 to 0.8 mm?°® and a laminar
MAPDBr; SCTF with a controlled thickness of 16 pm and dimen-
sions of 6 mm x 8 mm.*®” Recently, improved crystallinity was
demonstrated for MAPbBr; SCTFs prepared via a space-confined
method by adjusting the growth temperature, along with the
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CsPbBrz/NaCl (black). Both samples show only (100) and higher order peaks parallel to NaCl(002). The left two insets show the camera images of the
mirror-like 1 cm x 1 cm film obtained after growth. The right inset shows a (001) rocking curve for CsSnBrz with a FWHM of 0.11°. Adapted with
permission from ref. 292. (b) Schematic illustration of the space-confined method. Two flat glass slides are separated with two spacers to form a
microreactor (top) and schematic diagram of the module to grow laminar CH3NH3PbBrz crystal films, whose thickness was defined by polytetra-
fluoroethylene (PTFE) thin membranes' thickness (bottom). Adapted with permission from ref. 294 and 296. Space-confined growth process of MAPbCls
single-crystal arrays. (c) Schematic illustration of the fabrication process of MAPbCls single-crystal arrays. (d) Optical micrograph of the MAPbCls single-
crystal arrays. The scale bar is 50 um. (e) AFM image of the MAPbCls single crystal. The scale bar is 3 um. (f) XRD pattern of the MAPbCls single-crystal

arrays. Adapted with permission from ref. 295.

PbBr,/MABr molar ratio in precursors, which hindered the pre-
cipitation of the PbBr, phase. The optimum temperature and
PbBr,/MABr molar ratio were 50 °C and 0.85, respectively, which
resulted in the formation of a ~4 mm® SCTF.**®

Zhao et al. tried to grow a micrometer thick SCTF in the
range of 3-10 um on FTO/TiO, substrates, but obtained an
irregular shape of MAPbI;, because of the slow ion diffusion in
the confined space.>®® Chen et al. developed a hydrophobic
interface confined lateral crystal growth method, where they
did grow MAPbI; SCTFs with controlled thicknesses of tens of
micrometers, on HTL substrates.>®® When the film thickness
was increased from 500 nm to 200 pm, they reported the
expansion of the absorbance to the near-IR region. Huang
et al. were the first to report the growth of mixed-halide,
mixed-cation (FAPbI;),s5(MAPbBr3)y15 SCTFs, where they
made films with various thicknesses ranging from 10 to

© 2023 The Author(s). Published by the Royal Society of Chemistry

50 um, through the polydimethylsiloxane-assisted solvent eva-
poration method.**!

Recently Li synthesized a laminar MAPDbBr;/
MAPDBr;_,I, heterojunction with a thickness of about 11 um
with the space-limited inverse temperature crystallization
growth method and a gaseous halide exchange process in
sequence, which was a new approach for growing iodide-
based perovskite SCTFs.’** In order to control the nucleation
process, Gu et al. used a seed printing strategy, which was
based on the space-confined approach, where they managed to
create millimeter-sized MAPbBr; SCTFs that resulted in high
yields, under controlled thickness. With the printing process,
the SCTFs can be transferred to most arbitrary substrates and
to scalable fabrication of photodetectors and image sensors.**?
More recently, a variety of perovskite single crystal arrays, such
as MAPDbBr;, CsPbCl;, CsPbBr;, Cs;Cu,l;, Cs3Bislg, and

et al
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(BA),(MA);Pb,1;4, were grown on Au electrodes using an inkjet-
printed hydrophilic-hydrophobic substrate in the crystal-
lization system to successfully fabricate high performance UV
photodetectors.?*® Fig. 17c-f presents the schematic illustra-
tion of the space-confined growth procedure of MAPbCl; SC
arrays, along with morphological and crystallinity characteriza-
tion results.

4.2.3 Surface tension assisted growth. The surface tension
assisted growth method is another method that is used to grow
perovskite SCTFs. It was developed by Zhumekenov et al. who
studied both theoretically and experimentally the role of sur-
face tension in the synthesis of perovskite SCs.*® With this
method they managed to grow large-area perovskite SCTFs with
thicknesses of about 5-10 pm. The versatility of this method
was suitable for growing not only lead halide perovskites like
MAPDI; and MAPDbBr; but also tin halide perovskites like
MASnBr;. Fig. 18a and b shows the change in molecular
interaction energies and the nucleation barrier in the volume
and the surface layer of the solution, respectively. In addition,
Fig. 18c illustrates the crystal growth, where the prepared film
floats on the surface of the solution due to surface tension.
Table 3 summarizes the electrical characteristics of PSCs using
single crystal perovskites as absorbers.

Liu et al. modified the surface tension assisted growth
method, with the introduction of a driving force by solvent
evaporation.?> They managed to grow within 30 min MAPbI;,
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SCTFs with a lateral size of centimeters and a thickness of tens
of micrometers. With this modified method, it is possible to
grow SCTF crystals with a higher quality, confirmed by the long
charge recombination lifetime, as measured with TRPL. In a
recent work, wafer-sized 2D BA,PbBr, SCTFs were grown
through a gas-liquid interface crystalline route, where the
crystal formed along the side parallel to the solution. Conse-
quently, the prepared thin film buoyed on the solution surface,
due to the solution surface tension.**°

4.2.4 Top-down method. Another common method used
for making perovskite SCTFs is the top-down method, where
bulk perovskite SCs are reduced by using approaches like
slicing, cutting and etching. This method is more suitable for
large-scale fabrication and has no limitations on the method of
the crystallization since there are no physical constraints,
therefore offering higher-quality SCTFs. FAPbI; SCTFs prepared
with this method with a thickness of 100 pm were reported by
Liu et al.>*” They fabricated the SCTFs by slicing the bulk single
crystal with a diamond wire slicing machine, as shown in
Fig. 18d-g. The FAPbI; created with this method has broader
absorption compared to the microcrystalline thin film, while
the light emission of the single crystal was very close to the
onset of the absorption, thus indicating a low trap density.
Later, the same group extended their method, by growing large
single-crystalline perovskites, like single-halide crystals
CH;3NH;PbX; (where X = I, Br, Cl), and dual-halide crystals
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(@) Schematic of change in molecular interaction energies in the volume (left) and the surface layer (right) of the solution. Due to the surface

tension effect, the intermolecular distances in the surface layer are increased, hence decreasing the corresponding interaction energy. (b) Graph
illustrating the lower nucleation barrier for the solution surface layer compared to that in the solution volume. (c) Schematic of crystal growth during ITC.
The free precursor molecules in the surface layer (above the dashed line) are mainly attached to the sides of the nucleus (due to the higher free energy
gain), resulting in lateral growth of the crystal plate. The crystal plate is kept afloat by the solution surface tension. Adapted with permission from ref. 304.
(d) The schematic illustration of the single-crystalline FAPblz wafer slicing process. (e) A FAPbIs single crystal. (f) The single-crystalline FAPbls wafers sliced
at the parallelogram natural crystallographic facets of a single-crystalline FAPbls, cross-sectional view. (g) The single-crystalline FAPbls wafers, panoramic

view. Adapted with permission from ref. 307.
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Table 3 Perovskite solar cell parameters based on single crystals and the corresponding layers

Method Perovskite Jsc (mA cm™?) Voc (V) FF PCE (%) Ref.
Droplet-pinned crystallization MAPbDI; 8.7 0.52 0.38 1.73 255
ITC FAy sMA,_4Pbl, 26.2 1.1 0.79 22.8 270
AVC (NH,);Sb,1Bry_ 1.15 1.03 0.4288 0.51 283
Space-confined method MAPDBTr; 8.77 1.31 0.62 7.11 297
Space-confined method MAPDI; 22.28 0.67 0.59 8.78 299
Space-confined method MAPbDI; 20.5 1.06 0.741 16.1 300
Space-confined method (FAPDI;),.85(MAPDbBTI3)0.15 23.14 1.03 0.51 12.18 301
Space-confined method MAPDI; 5.06 0.66 0.44 5.9 304

CH;3;NH;Pb(Cl,Br; _,); and CH3;NH;Pb(Br,I; ,);, where the lar-
gest crystal had a length of 120 mm.**® Lv et al. prepared
thickness- and orientation-controllable perovskite SCTFs by
using a universally applicable top-down method, where the
thickness could be controlled from the millimeter level up to
15 micrometers.>*® This method is applicable to various per-
ovskite materials, like MAPbI;, MAPbCl; and MAPbBr;, while
controlling not only the thickness but also the orientation of
the thin film.

5. Synthetic methods for 2D
perovskites

The fundamental characteristics and device applications of 2D
perovskites depend a lot on how they are synthesized in a
controlled manner. Up to this point, several types of ultra-thin
perovskites have been synthesized by utilizing various meth-
ods. In this section we will describe the current developments
in the synthesis of 2D perovskites.

5.1 Inorganic 2D perovskites

The colloidal synthesis method is one of the most used appro-
aches for producing 2D inorganic halide perovskites.*'*"?
Fig. 19 shows the structural analysis of the CsPbBr; nanoplate-
lets formed through solution synthesis. While nanoplatelets
might be produced at comparatively lower temperatures, reac-
tions carried out above 150 °C would mostly result in nano-
cubes. At 130 °C, for example, nanoplatelets with lateral
dimensions of 20 nm and a thickness of around 3 nm can be
produced. CsPbl; and CsPbCl; nanoplatelets may be generated
using anion exchange, and for device applications, they can be
deposited onto substrates using the centrifugal casting
process.>'" The lateral size, however, is only around 20-
300 nm, which is small for the assessment of the basic
characteristics of a single nanosheet and the manufacture of
devices. By dissolving Cs-oleate in oleic acid and adding short
ligands, Shamsi et al. discovered that they could create CsPbBr;
ultra-thin rectangular shaped sheets of 3 nm and lateral
dimensions ranging from 300 nm to 5 um.*'* High-quality 2D
CsPbI; perovskite nanosheets were produced by the space-
confined vapor deposition approach by Zhai et al. By altering
the growth temperature and distance, the 2D CsPbl; perovski-
te’s shape and crystal quality may be easily regulated. 2D CsPbl;
nanosheets are uniformly square-shaped and have a thickness
of 6 nm and a side length of 10 pm, while the

© 2023 The Author(s). Published by the Royal Society of Chemistry

photoluminescence emission characteristics show a clear reli-
ance on the 2D CsPbl; nanosheets’ thickness.*'?

Cs,PbCl,I, nanosheets doped with Mn>" were synthesized by
Li et al. and Dutta et al. by an acid solution-assisted method
resulting in all-inorganic 2D perovskites with ordered mixed
halides.*'**"* They showed that an efficient method to improve
the photoluminescence characteristics of Cs,PbCl,I, nanocrys-
tals is to introduce appropriate Mn** together with Pb>" into the
crystals, which resulted in a higher PLQY of 16%. Note that the
2D CsPbX; nanoplatelets correspond to the morphological
structure of the perovskite, while the Cs,PbCl,I, nanosheets
are attributed to the molecular level.

A variety of inorganic lead perovskites can also be synthe-
sized using CVD. Mica was used as the substrate by Zhang et al.,
who employed the van der Waals epitaxial CVD technique for
the fabrication of CsPbX; nanoplatelets.>'® The perovskite
nanoplatelets were relatively thick, ranging in thicknesses from
50 to 300 nm, although having fairly considerable lateral
dimensions in the range of 1-20 pm. Some studies have
conclusively shown that all-inorganic 2D perovskites of cesium
lead halides have comparatively poor mobility, which is mostly
due to the extremely low frequency of the Pb-I vibrations. This
finding suggests that combined Pb/Sn- or Sn-based perovskites
with the light components of Cl or Br should be viewed as
better materials.>'”3*8

5.2 Solution synthesis of 2D perovskites

The majority of 2D halide perovskites are created using hydro-
halic acid solution synthesis, while multilayered 2D perovskites
can be fabricated using this technique very effectively.*'*>?
Serving both as a solvent and as a halide source, hydrohalic
acid must be compatible with the type of halide in the target
perovskite. Under heating and stirring, the metal source, spacer
(or spacer salt), and A-site cation salt dissolve, resulting in the
ionization of all three components. To produce the desired
crystal, the desired solution must be cooled to room tempera-
ture after it becomes clear. The perovskite with the same halide
will be produced regardless of the anions in the metal source
and cation salts because there is a significant excess of halide
in the solution. The general rule is that substances with higher
organic content are less soluble and will crystallize more
quickly than substances with higher solubility. The solubility
of the n = 1 compound determines the ratio of the spacer and
Pb sources, which can be used to adjust the layer-number.**?
Iodide perovskites can occasionally produce a light-yellow

Energy Adv., 2023, 2,1075-1115 | 1103
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Fig. 19 Structural analysis of CsPbBrs NPLs emitting at 460 nm. TEM images of CsPbBrsz NPLs at (a) low concentrations and (b) high concentrations.
HRTEM images of NPLs (c) in top view and (d) in stacks as well as their respective Fourier transform patterns (e and f). (g) STEM dark-field image of NPLs.
(h) XRD patterns of CsPbBrz NPLs. Reference pattern of cubic CsPbBrs, ICSD 29073. Scale bars correspond to 50 nm in (a) and (b), 2 nmin (c) and (d), and

20 nm in (g). Adapted with permission from ref. 310.

hydrate phase instead of the desired perovskite phase if the hot
solution is quickly cooled to room temperature. This step-
cooling technique can be used in some circumstances to obtain
the 2D phase. The solution can be heated to 125 °C, which is
just below the boiling point of HI, so that it is hot and the light-
yellow phase can continue to be soluble after all of the initial
ingredients have been dissolved under stirring and boiling. The
desired 2D phase can still precipitate out because the solution
is extremely concentrated. Iodide perovskites can act as crystal
growth seeds once the first few crystals begin to precipitate out,
while a second precipitation phase would not occur if the
temperature were gradually lowered to room temperature
(Fig. 20)‘324—326

Organic solvents, including N,N-dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), and y-butyrolactone (GBL), as well
as mixtures of the aforementioned solvents, can also be used to
create 2D halide perovskites.’®**® Most organic and inorganic
salts can be dissolved using these polar solvents, and they may
also work for cations that are insoluble in HI. Some 3D halide
perovskites become less soluble in organic solvents as the
temperature increases; as a result, the crystal can precipitate
out when using this method, as it necessitates a thorough
examination of each compound’s solubility with temperature,
which may differ from spacer to spacer.**’ A large single crystal
can also form by maintaining a constant solution temperature
and allowing the solvent to slowly evaporate.**® Sometimes the
decrease in solubility caused by a temperature change or
solvent evaporation is insufficient to cause the crystal to pre-
cipitate. In these circumstances, the precipitation process can
be sped up by gradually adding an antisolvent. A stoichiometric
ratio of starting materials is dissolved in a small vial with a
“good solvent,” much like solution synthesis using an organic
solvent like DMF or DMSO. The vial with the cap open is then
placed into a larger vial that contains a “poor solvent,” such as
ethyl ether or dichloromethane, which serves as the antisolvent.
The solubility of the perovskite phase decreases as the “poor

104 | Energy Adv, 2023, 2,1075-1115

solvent” gradually diffuses into the “‘good solvent,” and crystals
may precipitate out.>*°3"

5.3 Substrate growth

Halide perovskites can be produced directly by the evaporation
of their precursor solution on a substrate like silicon or glass in
the form of atomically flat 2D sheets. On the substrate, the
kinetics of crystal growth are significantly influenced by the
rate of solvent evaporation. The 2D halide perovskite structures’
overall quality and thickness are consequently influenced by
the polarity of the solvents used to dissolve the precursors, the
solvent volume ratio, the crystallization temperature, and the
make-up of the substrate surface,***

By drop-casting the precursor solution onto a Si/SiO, sub-
strate at a moderate temperature, Yang and colleagues were
able to showcase the growth of single-crystalline (BA),PbBr,
perovskites. As a ternary co-solvent to dissolve the precursors,
DMF-chlorobenzene-acetonitrile was used to regulate the
thickness of the 2D perovskite sheets. Fast acetonitrile evapora-
tion induces the formation and growth of ultrathin 2D perovs-
kite sheets, whereas chlorobenzene decreases the solubility of
halide perovskites in DMF and encourages crystallization.>*®

Another effective method for creating uniform, superior-
quality films of 2D halide perovskites is spin-coating.?**-*3°
Perovskite layers are typically deposited using this technique
for the construction of devices like solar cells and LEDs. To
create layered 2D halide perovskites, the precursors dissolved
in DMF or DMSO are spin-coated on glass or ITO substrates in a
single step or multiple steps, followed by ambient drying or
annealing. In order to create perovskite solar cells, Smith et al.
demonstrated the one-step spin coating of high-quality perovs-
kite films.**” The SEM cross sectional image of the corres-
ponding perovskite solar cell and the -V characteristic curves
are presented in Fig. 21a and b, respectively. The selective
thickness of these 2D materials is largely determined by
crystallization dynamics during the film growth in addition to

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ya00098b

Open Access Article. Published on 05 June 2023. Downloaded on 1/20/2026 10:55:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy Advances

[

View Article Online

Review

+
e
+

—s— Solution volume
—=— Solution surface

AN

solution surface
\

f=1

(=]

Tos Tov

p—

Free energy change,AG @,
\.\\
Free energy change AG g~

L

Particle radius (r)

Fig. 20 Crystallization of (PEA),Pbl, PSCs. (a) The Gibbs free energy change AGiq, as a function of particle radius. AGyoa cONsists of a surface term AGg
and a bulk term AGy. (b) Graph illustrating the lower nucleation barrier for the solution surface compared with that in the solution volume. (c) Schematic
of the single crystal staying afloat on the solution surface. (d) Schematic of the surface tension-controlled crystallization process. (e) Photographs of the
(PEA),Pbl,4 PSCs grown at different temperatures. (f) Corresponding photographs of (PEA),Pbl, PSCs completed at different temperatures. Adapted with

permission from ref. 326.

the stoichiometric ratio of precursors and the size of organic
cations.**? For instance, 2D halide perovskites made by quickly
crystallizing stoichiometric precursors in DMF via spin coating
and immediately annealing them at a high temperature do not
always have stacking layers with a single value of n. They might
include a variety of 2D layers with various n. On the other hand,
Zhang et al. used a binary mixture of solvents as the precursors
for perovskites.>*® Toluene is a poor solvent that is known to
cause the precipitation of perovskite crystals, whereas acetoni-
trile is a suitable solvent for the precursors. The controlled
synthesis of 2D RP perovskites on substrates is made possible
by the two solvents’ perfect miscibility in this situation, which
could cause them to co-evaporate slowly at room temperature.
As a result, nanosheets with various thicknesses were success-
fully produced.

5.4 Exfoliation method

Since 2D RP perovskites have a van der Waals layered crystal
structure, mechanical exfoliation can easily produce atomically

© 2023 The Author(s). Published by the Royal Society of Chemistry

thin layers of perovskites, just as it can with other conventional
2D materials like graphene.’*® Niu et al. were able to produce
from one to multiple layers of flakes by employing the micro-
mechanical exfoliation technique.’*® In order to study the
fundamental properties of quasi-2D perovskites with various
layer numbers, this synthesis method is ideally suited.**'
However, due to the lack of size and thickness control over
the obtained flakes, it cannot be widely used, and as a result,
new techniques for creating atomically thin 2D RP perovskites
were created.

Another way to create 2D structures that are as thin as atoms
is by repeatedly peeling a bulk perovskite crystal that has been
adhered between the adhesive sides of two scotch tape
strips.54342

By applying pressure to a substrate with the scotch tape, the
resulting 2D halide perovskite layers are transferred there. It is
simple to create 2D halide perovskites using this method, but it
is frequently challenging to precisely control the thickness of
the inorganic layers; therefore the 2D halide perovskites made

Energy Adv, 2023, 2,1075-1115 | 1105
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BA,FAPb, Br;

(a) SEM cross-sectional image and device configuration of planar devices utilizing (PEA)>(MA),[Pbslyo] as the absorber layer. Scale bar = 500 nm.

(b) Current—voltage (J-V) curves for the devices fabricated as given in (a). Adapted with permission from ref. 337. (c and d) Optical and PL images of a
series of 2D BA,FAPb,Br, lead halide perovskites mechanically exfoliated on SiO,/Si substrates. Adapted with permission from ref. 342.

using the Scotch tape method are mechanically fragile, and
their stability and photoluminescence quantum yield (PLQY)
can be affected by the fractured surface (Fig. 21c and d). Yun
et al. recently demonstrated ligand-assisted ball milling for
mechanically exfoliating perovskite crystals to produce quasi-
2D structures with improved PLQYs and stability.**?
Furthermore, liquid exfoliation has been used to create 2D
RP perovskites from 3D perovskites by incorporating the long
chain molecules into the 3D perovskite structures. OlA was an
oleylamine cation, and X was Cl, Br, or I when Hintermayr et al.
reported the synthesis of OlA,MA,,_1Pb,X;3,+1. MAPbX; micro-
crystal powder was first dissolved in toluene with OlA and
subjected to tip sonication during the procedure. The large
particles were then centrifuged out, resulting in nanoplate
dispersion.*** Exfoliating perovskite nanocrystals with a solvent
or using sonication in the presence of many surface ligands
results in colloidally stable ultrathin 2D halide perovskites.**®

By diluting the colloidal nanocrystal solution, solvent-assisted
exfoliation produces nanoplatelets of halide perovskites. The
excess ligand molecules that are already present in or are later
added penetrate the interlayer region and stabilize the newly
formed surface as a result of the increase in osmotic swelling of
nanocrystals caused by the solvent molecules at higher dilu-
tions, which causes their fragmentation into nanoplatelets.
Urban et al. showed that altering the level of dilution or ligand
concentration caused perovskite nanocrystals to fragment into
stable nanoplatelets of various thicknesses.>*° Sonication is one
external stimulus that can cause larger nanocrystals to break up
into quasi-2D structures. Instead of diluting the nanocrystals,
sonication in this case breaks them up into thin perovskite
layers, allowing the organic ligands to pass through and inter-
act with the newly formed facets, and then by centrifugation at
various speeds, the 2D perovskite nanoplatelets with various
thicknesses are separated.’**

Table 4 Perovskite solar cell parameters based on 2D RP phase perovskites

Method Perovskite Jsc (mA em™?) Voc (V) FF PCE (%) Ref.
Solution synthesis (CH;(CH,),NH;),(CH;NH;)sPbgl, 16.30 1.05 0.7539 10.9 319
Solution synthesis (CH;(CH,),NH,),(CH;NH, )¢Pb,1,, 16.73 0.95 0.5603 8.93 319
Solution synthesis (CH;(CH,,),NH,),(CH;NH; )gPbol,g 21.84 0.801 0.7219 12.63 319
Solution synthesis (CH;(CH,);NH;),(CH;NH;),Pbsl, 11.44 1.00 0.7559 8.71 320
Solution synthesis (ThMA),FA,Pbs1,¢ 23.39 1.075 0.758 19.06 324
Solvent evaporation (iso-BA)y(MA),Pbsl;6 18.1 1.15 0.772 16.0 332
Spin-coating BA,MA,Pb,I,5 11.3 1.07 0.648 7.9 336
Slow-solvent evaporation (PEA)(MA),[Pb3l;] 6.72 1.18 0.60 4.73 337
Sonication (CH;(CH,);NH;),(CH;NH;);Sn,115 24.1 0.229 0.457 2.53 347
1106 | Energy Adv, 2023, 2,1075-115 © 2023 The Author(s). Published by the Royal Society of Chemistry
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5.5 Grinding method

Solid-state grinding is a technique that can be used to com-
pletely eliminate solvent effects. For 3D halide perovskites, this
is first accomplished by stoichiometrically grinding the raw
materials in a mortar and pestle, then annealing the mixture to
produce the desired phase. In particular, 2D perovskites that
cannot be produced in solution, because the spacers are too
soluble or insoluble, can be produced using this
method.***?*>*%” This method’s advantage is that it can create
2D perovskites regardless of how soluble a spacer is. It is a good
way to determine whether a spacer can create a 2D perovskite (if
the solution synthesis does not work). This technique has not
yet been used to synthesize 2D perovskites with more n > 3.
Table 4 summarizes the electrical parameters of PSCs based on
2D perovskites.

6. Conclusions

In this review, we have summarized the synthetic approaches
followed for the deposition of polycrystalline perovskite films
and the growth of perovskite single crystals and their corres-
ponding layers. The fabrication of high-quality perovskite layers
has been recapitulated to be dependent on the synthetic
method adopted. Various vacuum or solution based synthetic
methods are effective and mature ways to fabricate high-quality
polycrystalline films favorable for different applications. The
carrier diffusion length, presence of defects, absorption coeffi-
cient and other optoelectronic properties are strongly related to
the quality of the deposited film. Similarly, the growth of
perovskite single crystals, 2D perovskites and the corres-
ponding layers depends on the synthetic method applied and
influences their effective material properties.

All these methods can be manipulated in order to minimise
perovskite destroying defects. The low stability of perovskite
optoelectronics is attributed to the intrinsic low formation
energy of the 3D perovskite lattice. This leads to defect for-
mation (uncoordinated halide ions, cation vacancies), which
can migrate through the perovskite and cause perovskite-
destabilising redox reactions catalysed by water, oxygen, light,
temperature or the applied electric field. Recently, the para-
mount importance of strain (mechanical deformation of the
crystal lattice) in halide perovskites was highlighted since it can
be tuned to improve the thermodynamic stability of perovskites
or locally alter defect dynamics and charge transfer. By using
suitable synthetic protocols combined with in situ strain engi-
neering and/or chemical passivation approaches perovskite
layers with improved properties can be obtained.

The potential of perovskites for creating higher efficiency
optoelectronic devices has been unambiguously demonstrated.
Halide perovskite materials offer excellent light absorption and
charge-carrier mobilities, resulting in high device efficiencies
with opportunities to realise a low-cost, industry-scalable tech-
nology. Achieving this potential requires that a suitable deposi-
tion method be followed for the fabrication of perovskite
functional layers. A large variety of deposition methods have

© 2023 The Author(s). Published by the Royal Society of Chemistry
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been already explored with great success in terms of device
efficiency. However, they perhaps need to overcome barriers
related to stability, environmental compatibility, and reprodu-
cibility. If the existing synthetic approaches can be modified in
order for these concerns to be effectively addressed, perovskite-
based technology holds transformational potential for rapid
terawatt-scale solar deployment, efficient solid state lighting,
field-effect transistor and memory applications and beyond.
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