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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
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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-
standing and ability to influence material properties by using these synthetic methods and explore the
link between synthetic approaches and material properties relevant to photovoltaic and other
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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
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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 