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Halide perovskites have been extensively researched in the past decade, and explored in fields stepping
out from photovoltaics towards photothermal and thermoelectric energy conversion, light-emission,
high-energy electromagnetic radiation detection, memristors/artificial synapses, ferroelectricity, etc.
These frontier applications will fundamentally require a benign material platform of great sample quality
but easy accessibility. Traditional synthesis of halide perovskites follows a wet chemistry route, that is, dis-
solving—precipitation through a solution medium. However, commonly used solvents are of high-cost,
environmentally unfriendly, and have high treatment complexity and low post-processing convenience.
Breakthroughs on solvent toxicity minimization or even solvent exemption can pave a new roadmap to
future development of perovskite-based applications. In this work, we discuss new opportunities in
solvent-free synthesis including newly researched vapor deposition and mechanochemical methods, as
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Introduction

Halide perovskites have attracted huge attention due to their
excellent performance in various optoelectronic fields, includ-
ing solar energy conversion, light-emission, high energy radi-
ation detection, memristors/artificial synapses, ferroelectrics,
photothermal conversion, thermoelectric cooling/energy gene-
ration, etc. For practical application in any device manifes-
tations, sample quality is of paramount importance to the per-
formance, which is fundamentally correlated to the synthetic
methodology." The quality can be defined as features, such as
lattice defects, grain size, grain boundary density, surface
roughness/coverage/uniformity, topography, and crystalline
orientation, of perovskites obtained from different methods,
which vary significantly from sample to sample, batch to
batch, and so as to the resultant performance at device level.
Solution-processing methods have been the dominant syn-
thetic methods for halide perovskite materials, with merits of
low-cost, operational ease, and high compatibility for thin film
manufacturing, but remaining insufficiently effective in terms
of (i) solvent toxicity considerations, (ii) residual solvent
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well as other potential insights in this direction.

induced instability issues, and (iii) timely and energetically
effortful synthesis for bulk samples.”

Briefly, most typically used solvents (e.g., N,N-dimethyl-
formamide (DMF), N-methyl-2-pyrrolidone (NMP), dimethyl
sulfoxide (DMSO), and N,N-dimethylacetamide (DMAC)) are of
high toxicity (both DMF and DMAC are classified as sub-
stances of very high concern (SVHCs) and toxic to reproduction
by the European Chemicals Agency (ECHA)), requiring
additional purification techniques when considering real man-
ufacturing at large scale.” Secondly, high quality samples from
solution methods will require complex solvent systems (includ-
ing multiple aforementioned solvents as well as additional
additives), which can lead to the multi-level presence of impu-
rities, lattice distortions, and the non-uniformity of the resul-
tant films as well as the residual solvent within the lattice
which can act as a center to develop material degradation.
Thirdly, for applications such as X-ray detection, thermoelec-
trics, and other top-down manufacturing-oriented appli-
cations, bulk samples with large volume are needed. However,
solution methods make the synthesis time-inefficient because
of the low crystalline growth rate and yield (low-yield (10-35%)
and time-consuming (0.1-10 mm® h™")).*

The solution-processed methods for perovskite mainly
involve two approaches, one-step deposition and two-step
deposition. In one-step deposition, the perovskite formation
process can be explained by the classical nucleation/growth
crystallization mechanism, which includes three stages: super-
saturation of the solution, nucleation, and crystal growth,
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which can be explained by the LaMer model (Fig. 1a).>” A
supersaturated solution is a prerequisite for nucleation.
Heating and other solvent evaporation acceleration processes
can facilitate the supersaturation process to saturation (Cs). As
the solvent continues to evaporate, the process of crystal
nucleation begins once the solution reaches supersaturation
(cou ), and the nucleation rate increases with increasing super-
saturation. It is worth noting that once the crystal nucleus is
formed, crystal growth begins immediately (Fig. 1b). In Fig. 1b,
upon entering the third stage after entering supersaturation,
the crystal nucleus begins to grow, and the growth rate
increases sharply with increasing supersaturation concen-
tration. Finally, as the solute is continuously consumed and
the concentration drops below Chi , the nucleation process
stops, and the crystal continues to grow. In classical nucleation
theory, the nucleation rate (N) is affected by the nucleation

factor (P) and the probability of atomic diffusion (G), so eqn

(1) follows:
CoKT —AG*
N=PI= 1
{37:,1311} eXp( kT ) (1)

where 1 is the nucleus diameter, # is the solution viscosity and
C, is the initial solution concentration, and AG* is the critical
energy barrier.

For the two-step deposition, lead halide is first deposited
on the substrate, and the organic halide subsequently infil-
trates the layered lead halide crystals to react and form perovs-
kite films. However, the concentration of the organic halide

Nucleation rate

43 \Vucleation and growth
G

0 Cs c Co
Time embryos nuclei

Solute Concentration

Solute concentration

Formation rate of the solid phase

c i.Interfacial reaction ii.Dissolution and Recrystallization
@ low MAI concentration @ high MAI concentration 2 10 mg/m
<8 mg/mL
Pbl Pblz
WFTO glass i | FTOglass | | FTO glass
zation: MAPbI3 Nanostructures
+ low [MAI] + high [MAI] AR
8 mg/mL 40 mg/mL S ~20h
ik fast surface conversion Dissolution: MAPbI3 & Pbl2
Bandl Saaran o " Pl ! W W4
L . B eamd W

Fig. 1 (a) Schematic nucleation and subsequent growth processes. (b)
Schematic relations of the nucleation and growth rates with solute con-
centration. Reproduced with permission.® Copyright 2019, Royal Society
of Chemistry. (c) Schematic of the two growth mechanisms in two-step
deposition methods for crystalline MAPbI; perovskites. (i) Solid-liquid
interfacial reaction mechanism at a lower MAI concentration, and (ii) dis-
solution—recrystallization growth mechanism at a higher MAI concen-
tration. Reproduced with permission.® Copyright 2015, American
Chemical Society.
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affects the depth of its infiltration into the lead halide.
Previous studies investigated this and found that when the
concentration of MAI is below 8 mg mL™", the reaction pro-
ceeds according to eqn (2) and perovskite is generated in situ.
When the concentration of MAI is >10 mg mL ™", MAI rapidly
reacts with the surface Pbl, to form perovskite crystals, which
prevents further reaction between MAI and the underlying
PbI,. When the concentration of MAI further increases to
above 20 mg mL™", the surface Pbl, still undergoes reaction
(eqn (2)). However, the underlying PbI, reacts according to eqn
(3) and (4), and the resulting supersaturated PbI,>” recrystal-
lizes with MA" to form MAPbI; perovskite (Fig. 1c).?

PbI,(s) + MA™ (sol) + I"(sol) — MAPbI;(s) (2)
MAPbI;(s) + I (sol) — MA™ (sol) + PbI,*>" (sol) (3)

Pbl,(s) + 21" (sol) — PbI,> (sol) (4)

The high boiling point of various solvents slows down the
evaporation rate of the solvents,’ making it difficult for crystal-
lization. A multi-solvent strategy can optimize the proceeding
of the supersaturation. While on the other hand, the solute-
solvent interactions are different for each precursor com-
ponent and solute-solvent interactions can also alter the final
product(s) composition,'®"” making the resultant film rather
non-uniform. Additional solvent-related issues include (i)
residual solvent in the final perovskite due to the high boiling
point and strong interaction with precursor,'® (ii) solvent-
induced crystal imperfection such as the presence of a large
population of point defects, lattice distortion, surface traps,
and grain boundaries,"®* (iii) additional requirements for
energy/effort input (that is, additional energy and procedures
are needed to remove the solvent which further introduces
more non-uniformity during these operations)."**®

In contrast, the “solvent-free” method can circumvent all
the aforementioned issues. Compared to the mainstream solu-
tion (wet chemistry) method, the solvent-free method has been
less investigated, and there are only two main methods which
are classified into (i) mechanochemical synthesis and (ii)
vapor-based deposition. Mechanochemical synthesis was first
mentioned in 1820 by Faraday who reduced AgCl to Ag using
Zn, Cu, Sn, or Fe, by grinding with a pestle in a mortar without
solvent.”” Afterwards, this method was employed for large-
scale preparation of pure metal clusters, supported nano-
particles, metal-organic frameworks (MOFs), and covalent
organic frameworks (COFs).! Recently, several examples of per-
ovskite synthesis through the mechanochemical method have
proposed a new solvent-free route for obtaining high-quality
perovskites. The vapor-based deposition method has also been
attempted due to its great reliability and reproducibility. The
high vacuum environment ensures a low concentration of
moisture and oxygen in the final products, effectively addres-
sing the residual solvent issue typically encountered in solu-
tion-processed counterparts. The low moisture and oxygen
concentration contributes to improved material stability,
resulting in a longer device lifetime.”® Furthermore, the
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absence of residual solvents can potentially resolve crystal
quality issues caused by solvent remnants, which have a detri-
mental impact on device performance. This is how in commer-
cial organic light emitting diodes (OLEDs) the organic fluo-
rescent dye as the active layer for the device is deposited, as
solution-processing cannot perfectly solve the residual solvent-
induced instability issue for the organics in industry.**

Mechanochemical synthesis method

Fig. 2 compares the solution-processed synthesis and mechan-
ochemical synthesis methods. Taking a classic MAPbI; (ie.,
CH;NH;PbI;) as an example, in the solution-processed syn-
thesis, the perovskite films can be formed in the spin coater
within a closed chamber (Fig. 2a). After the corresponding
solution is dropped onto a substrate (e.g, in a two-step
method PbI,/DMF and CH3;NH;/IPA (isopropyl alcohol) are
sequentially dropped), the stage spinning can accelerate the
solvent evaporation. In the meantime, annealing is needed to
further remove the solvent in order to proceed the crystalliza-
tion via the supersaturation route (Fig. 2b & c).>%*!

However, the surface uniformity of the perovskite film will
be affected by the inhomogeneous solvent evaporation, nuclea-
tion, and crystal growth over the whole substrate. The larger
the substrate, the greater the inhomogeneity, thus reducing
the film uniformity. In Heo et al.’s work, they demonstrated
the lack of uniformity in the formation of perovskite film
using the spin coating technique.’” In Fig. 2d and e, SEM
images of three locations from the center to the edge reveal
noticeable structural irregularities in the CsPbI,Br perovskite
as a function of the distance from the center of the spin-
coating. This suggests that as the distance from the center
increases, there is a greater variation in crystal morphology,
with a higher occurrence of pinholes, ultimately resulting in
reduced film uniformity. The low solubility of inorganic per-
ovskite precursors and their rapid crystallization pose a chal-
lenge in controlling the simultaneous growth of perovskite
films at different positions on a large substrate during the
spin-coating process.>*?

Compared to the solution method, mechanochemical syn-
thesis can exclude the solvent involvement throughout the
whole synthesis. Fig. 2f & g show the sequential process of the
traditional mechanochemical method. There are two sub-pro-
cesses: ball milling and solidification. The conventional ball
milling process needs a bowl and a set of grinding balls that
are made of high-hardness materials (Fig. 2f). When the ball
mill rotates according to a certain direction and angular vel-
ocity, the precursors are crushed by the collision of balls. At
the same time, plastic/elastic deformations and eventually frac-
tures occur, which produce dislocations that react together to
form the product (Fig. 2g).*>* By adjusting the rotation speed
and the size of the grinding balls, the energy input and the
size of the crystallites can be fine controlled.*® Although the
all-solid-state method does not involve any solvents, the ball-
milled particles usually display non-uniform sizes ranging
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from the nanometer-to-micrometer scales. Throughout the
mechanochemical synthesis (ball-milling) process, there are
still some limitations in the compatibility with film fabrica-
tion, the prepared powder is eventually dissolved in a solvent
and spin-coated into a film. Another promising alternative is
to melt the powder (prepared by ball milling) and then cool it
to crystallize the perovskite.

In 2018, Posudievsky et al. reported the synthesis of
CH;NH;PbI,Br, CH;NH;PbI;_,Cl,, and (C¢H;3NH;),PbI,X, (X
= Cl, Br, I) hybrid perovskites by a solventless ball milling treat-
ment of the mixture of lead iodides and alkylammonium
halides.”" In particular, the CH;NH;PbI,X perovskite crystal
particles were uniform in regard to shape and size (below
70 nm). Besides, mechanochemically prepared hybrid perovs-
kites can be flexibly adapted to have different organic cations
(via simply changing the precursor chemicals), and series of
materials can be provided for photoelectrical fundamental
studies. For example, through these methods, it has been dis-
covered that the corresponding photoluminescence wavelength
is dependent on the size of the organic cation and the type of
halide ion. In 2019, Palazon et al. combined the ball milling
method and single-source vapor deposition (SSVD) method to
prepare uniform pinhole-free Cs;Cu,l; films.>” This method,
to some extent, solved the problem of incompatible film fabri-
cation within the single mechanochemical synthesis method.
Specifically, after the precursors were mixed in a certain stoi-
chiometric ratio and ball-milled to obtain the powder, they
prepared the perovskite films by two methods for a compari-
son study: solution spin coating vs. thermal single-source
vacuum deposition. The films obtained by the spin-coating
method showed significant inhomogeneity due to the limited
solubility of the inorganic metal halides in organic solvents,
whereas the films deposited by single source deposition
exhibited a good homogeneity (Fig. 2h). However, contami-
nation caused by the grinding balls was found during the ball
milling process. The generation of contamination might be
controlled by optimizing the synthesis conditions (powder-to-
ball weight ratio and whether the same grinding balls and
bowl had been used previously). In 2020, Morales-Masis et al.
optimized the technique by combining mechanochemical syn-
thesis with pulsed laser deposition (PLD) for the preparation
of black y-CsSnl; films (Fig. 2i).*® Equimolar amounts of CsI
and SnI, were placed in an argon-filled vessel for ball milling,
and the mixed powder was obtained by grinding. The powder
was then rolled into disk-shaped samples in a uniaxial press
and the samples were exposed to an isostatic pressure of 360
MPa. The isostatic pressing could create a compact and dense
target which was suitable for PLDs, so no further heating and
sintering were required. Finally, the obtained samples were
placed in a vacuum chamber for PLD single-source deposition
for the perovskite films. Fig. 3a shows a bright-field TEM
(transmission electron microscopy) image of the dense CsSnl;
film with elongated grain particles. This study also proved that
Cs, Sn, and I were uniformly distributed throughout the
CsSnl; film, which could be evaluated using cross-section
energy-dispersive X-ray (EDX) spectroscopy mapping (Fig. 3b).
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Fig. 2 (a) Photograph of the spin coater. (b) The two-step deposition method in the solution-processed method. Reproduced with permission.:
Copyright 2014, Springer Nature. (c) Schematic of the Ostwald ripening model, showing the dynamic coarsening process of the perovskite grains
with annealing time: (i) initial stage, (ii) early stage, (iii) middle stage, (iv) final stage. Reproduced with permission.*® Copyright American Chemical
Society. (d) Photograph of CsPbl,Br. (e) SEM images of different locations of the thin film formed by spin coating. Reproduced with permission.3?
Copyright 2021, Elsevier Inc. (f) Cross-section of a ball mill under operation. Reproduced with permission.>® Copyright 2018, American Chemical
Society. (g) Schematic of processes that initiate a mechanochemical reaction. Reproduced with permission.*® Copyright 2018, American Chemical
Society. (h) Photograph of spin-coated inhomogeneous CszCu,ls film (left) and SEM image and photograph (inset) of SSVD-film of CssCu,ls showing
good homogeneity (right). Reproduced with permission.3” Copyright 2019, American Chemical Society. (i) lllustration of the PLD target fabrication
process. From left to right: Stoichiometric mixture of Csl and Snl, powders, ball milling, uniaxial press applying 33 MPa and hydraulic press applying
360 MPa isostatically, and final target.*® Reproduced with permission. Copyright 2020, Wiley-VCH.
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Fig. 3 (a) Cross-section bright-field TEM image of a PLD-grown black y-CsSnls film on Si. Reproduced with permission.*® Copyright 2020, Wiley-
VCH. (b) High-angle annular dark-field (HAADF) image and EDX mapping of the constituent elements of CsSnls and the Al,Oz capping layer. EDX
confirms uniform distribution of Cs, Sn, and | along the thickness of the layer and conformal coating of the Al,Oz capping layer. Reproduced with
permission.3® Copyright 2020, Wiley-VCH. (c) Schematic of the reversible transformation between MA4PbXs-2H,O and MAPbXs. Reproduced with
permission.*> Copyright 2021, American Chemical Society. (d) Schematic of the FAST equipment. Reproduced with permission.* Copyright 2022,
Springer Nature. (e) Processing diagram showing the solid densification of halide perovskites in a graphite die. Reproduced with permission.*
Copyright 2022, Springer Nature. (f) Tauc plot for powder and FAST-MAPbIs. Reproduced with permission.* Copyright 2022, Springer Nature. (g)
Comparison of trap density and mobility between FAST-MAPbIz and state-of-the-art solution-processed thin film and single crystal of MAPblz. The
orange square, blue star, and green circle represent the poly-crystal, the FAST-crystal, and the single crystal, respectively. Reproduced with per-
mission.* Copyright 2022, Springer Nature. (h) SEM images of the ball-milled MAPblI; (left) and FAST-MAPbIs (right). Reproduced with permission.*
Copyright 2022, Springer Nature. (i) Photo of the bilayer heterojunction of MAPbCls and FASnls, magnified cross-sectional SEM at the heterointer-
face, showing an intimate interface between the two perovskites. Reproduced with permission.* Copyright 2022, Springer Nature.
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Solvent-free mechanochemical synthesis can also be used
to prepare degradation or by-products of 3D perovskite
counterparts, which can be converted to perovskite by certain
treatments. In 2021, Palazon et al. synthesized 0D MA,Pb
(Bry_,I,)6:2H,O powders by ball milling, and demonstrated
MA,Pbl¢-2H,0 reversible transformation to a 3D perovskite
analog (MAPDI;) by controlled (de)hydration under thermal
annealing and simple cooling in humid air conditions
(Fig. 3¢c).*? Based on the conventional mechanochemical (ball
milling) method, our group recently reported a new electrical
and mechanical field-assisted sintering technique (EM-FAST,
FAST for simplicity) for the preparation of high-quality perovs-
kite. The whole process was operated in an airtight chamber
consisting of a mechanical loading system with a high-power
electrical circuit in a controlled atmosphere (Fig. 3d).
Perovskite powder (by ball milling) was fixed in the die which
was quickly heated to a high temperature by a high pulse
current (1-10 kA). Meanwhile, the opposite static mechanical
stress was applied simultaneously up and down to compress
the sample. Through rapid heating and compressing, the
powder sample could transform into a solid bulk crystal
(Fig. 3e). Certain properties of FAST-MAPbI; are similar to
single crystals. According to the Tauc plot (Fig. 3f), the optical
bandgap of FAST-MAPbI; was calculated to be 1.45 eV, which
is closer to the optical bandgap of a single crystal (1.51 eV)
than to the typical thin film optical bandgap (1.6 eV). Using
single carrier space charge limited current (SCLC) theory, the
calculated trap density and hole mobility of FAST-MAPDbI; are
5.4 x 10" em™ and 1.7 cm® V™' s7%, respectively. These values
of FAST-MAPDI; are located in a region closer to the single
crystals rather than typical polycrystalline films in the trap
density-mobility plot (Fig. 3g), and the trap density is signifi-
cantly lower than that of solution-processed MAPbI;. Trap
density and hole mobility can be expressed by the equations:

€NgrapL?
Ve, = ——— 5
= e (5)
VZ
J= Sgogrﬂﬁ (6)
8jL3
= 7
# 9¢epe, V3 )

where Vigp is a voltage threshold for current flow, e the
elementary charge, ¢, and ¢, are the relative permittivity of free
space and perovskite, ny., is the trap density, and L is the
sample thickness. Viygp, is @ measurable quantity and a known
value, and the trap density n¢,p, can be obtained from eqn (5).
In eqn (6) and (7), V is the voltage and J is the current density.
Compared with the crystal density obtained from the ball
milling method, the perovskite synthesized by the FAST tech-
nique had a more compact crystal film with a controllable
grain size (Fig. 3h). The FAST synthesis of perovskite upgrades
the conventional mechanochemical method in film formation
with a sintering technique and makes a heterojunction-struc-
tured perovskite possible, while reports about the ultrathick
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hetero-bilayer of halide perovskites are rare at this early
research stage. Fig. 3i shows an intimate interface between
different perovskites in the magnified cross-sectional scanning
electron microscope (SEM) images at the heterointerface. The
FAST technique might be a promising way to alloy halide per-
ovskites with solid materials (e.g., metal and carbon) which
cannot be processed via the traditional solution method.

Vapor vacuum deposition methods

In addition to mechanochemical synthesis methods, vapor-
based synthesis methods also play an important role in the
solvent-free synthesis of the perovskite films, and have been
continuously developed and improved in the past decade. The
vapor-deposition method was first applied to prepare layered
perovskite crystals in 1997. Tsutsui et al. demonstrated the
early possibility of preparing layered and cubic perovskites by
dual-source vapor deposition of lead iodide and organic
ammonium iodide.*® Later, many researchers noticed that the
excellent properties of perovskites allowed them to use alterna-
tive materials for solar cells. The power conversion efficiency
(PCE) of the perovskite solar cells (PSCs) has improved from
15.4% in the first work about vapor-deposited PSCs to 24.24%
in the latest research results in 2022.***> Although the PCE of
the vapor-processed PSCs is slightly inferior to that of the solu-
tion method-based devices, the precise regulation of the film’s
composition, crystallinity, thickness, uniformity, and other
parameters indicate that the vapor-processed method shows
great potential in massive and large-area fabrication of perovs-
kite thin films in the future.

In general, the core of the vapor-based method is to obtain
the gas phase state of the required components by heating
evaporation or sublimation, and then precisely controlling the
process of vapor deposition onto the substrate in a high or low
vacuum chamber. In view of the different deposition
sequences of various precursor components in the vapor-
based methods, researchers have developed two deposition
techniques: co-evaporation deposition and sequential evapor-
ation deposition. Here, we list the representative cutting-edge
progresses in these scenarios with regard to high-quality
samples.

The co-evaporation method has demonstrated good con-
trollability of the performance of the perovskite, whereby the
optimization of perovskite performance can be achieved by
artificially changing the content of certain components within
the film. It has been proved that both the different halide
elements (CI~, Br~ and I") and the different cations (Cs', MA",
and FA') showed impacts on the comprehensive properties of
the perovskite films. Although the co-evaporation method has
shown outstanding advantages in the preparation of perovskite
films, the controllability and real-time monitoring in the
process of co-evaporation are still a challenge, especially for
the control of the evaporation rate of multiple precursors and
the monitoring of film thickness. In a typical co-evaporation
method, several quartz-crystal-monitors (QCMs) are fixed near
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the crucibles with precursors or substrate to simultaneously
monitor the deposition status of multiple precursors and the
thickness of the layers. Different precursors may interfere with
each other’'s QCM readings during evaporation, especially
when precursors with similar properties are being evaporated
simultaneously. Thus, the monitored evaporation rates are not
highly reliable, and film thickness and deposition rates are
often over- or under-estimated, ultimately affecting film
quality, resulting in reduced device performance.*®*” To solve
this problem, layer-by-layer sequential vapor deposition is an
alternative technique that can obtain high-quality and homo-
geneous perovskite films for the fabrication of high-perform-
ance devices, while avoiding the risk of cross-contamination of
lead halide and organic ammonium salts.*>

Organic cation perovskite

In 2013, Snaith et al reported the deposition of
CH;NH;PbI;_,Cl, film with a dual-source co-evaporation tech-
nique.** The perovskite absorbers were deposited simul-
taneously through dual-source evaporation from lead chloride
(PbCl,) and methylammonium iodide (CH3;NH;3I) onto the
TiO,-compact-layer-coated fluorine-doped-tin-oxide (FTO) sub-
strates (Fig. 4a). Two sensors directly above the evaporation
source monitored the evaporation rates of the two materials,
as the film quality was very sensitive to the relative ratio of
CH;NH;1 to PbCl, and the overall deposited thickness. The de-
posited films were extremely uniform and appeared to be crys-
talline in length scales of hundreds of nanometers, whereas
the solution-processed films exhibited numerous deep voids
and only partially coated the substrate (Fig. 4c). Similarly, the
cross-sectional image of the vapor-deposited perovskite
(Fig. 4d) showed good flatness with an average thickness of
~330 nm, while the solution-processed perovskite film showed
an undulating nature with thickness varying from 50 to
410 nm. This remarkable difference in film quality would be
more remarkable in large-scale fabrication. In 2014, Lin et al.
prepared MAPbI; perovskite using a layer-by-layer vacuum sub-
limation technique under 100 °C.*® It was demonstrated that
Pbl, was in situ converted to perovskite during the sequential
deposition process. Li et al. reported a layer-by-layer vacuum
deposition technique for perovskite.® By alternating the PbCl,
and MAI precursor layers, they obtained MAPbI;_,Cl, devices
with an average PCE of 16.03%. Compared with co-evaporation
methods, the layer-by-layer vapor deposition technique simpli-
fies the deposition rates and thin film composition. Bolink
et al. prepared MAPDb(Br,l;_,); perovskites with three-source
co-sublimation of MAI, lead iodide (Pbl,), and lead bromide
(PbBr,) in 2018 (Fig. 4b).*> The evaporation rates of Pbl, and
PbBr, were controlled by adjusting the temperatures of the cru-
cibles. The deposition rate of PbBr, with respect to Pbl, was
increased while the rate of MAI remained constant, and the
prepared champion devices based on MAPD(Br,,l,5); and
MAPDb(Br,51p5)s showed different photovoltaic properties
(open-circuit voltages (V,) of 1.080 V, 1.128 V; fill factors (FF)
of 80.7%, 79.3%; PCEs of 14.7%, 5.5%, respectively).
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In 2019, Fan et al. proposed a special sequential vapor
deposition method to deposit uniform mixed-cation mixed-
halide (MA,FA,_,PbI,Br;_,) perovskite films. The devices fabri-
cated based on this strategy showed a PCE of 15.14%
(Fig. 4e).”° Moreover, the implementation of sputtered SnO,
films as the electron transport layer (ETL) was firstly demon-
strated. Before the evaporation, Pbl, and PbBr, with an opti-
mized ratio were mixed in one crucible, and as their boiling
points were quite close, they could both be fully evaporated.
Subsequently, the MA and FA could also be fully evaporated at
a very similar rate. In each step, only one crucible was heated
to vaporize the precursor, so only one QCM was used to detect
the evaporation rate, avoiding the usage of multiple sources.

The ratio between precursors is an important parameter to
tune the final crystal quality. For example, Johnston et al
quantified the influence of excess Pbl, on the vapor deposition
process of high-quality MAPbI, formation.>! Excess Pbl, could
not only make the bulk or grain boundaries directly passi-
vated, but it also promotes the growth of perovskite crystals
with better carrier properties. In addition, excess Pbl, greatly
enhanced the absorption of MAI. When only MAI was de-
posited, there was no MAI on the FTO or glass substrates. The
quartz microbalance thickness monitors also proved that the
absorption of MAI near the Pbl, substrate was obviously
higher than that in PblI,-free areas. Notably, the residual PbI,
made contributions to the photocurrent improvement while
the unreacted Pbl, might lead to the photoinstability of the
perovskite films.’>*® These carrier transport features can be
further tuned through surface treatment.

Bruno et al. implemented a new surface treatment strategy
to improve charge carrier transport at the grain boundaries
within the MAPbI,; film.>* It has been demonstrated that a few
intrinsic point defects such as Pb-I anti-site defects (Pbl;")
could be found after the evaporation of organic cations and
halides.>® To minimize the adverse effects on film quality, they
introduced K' from potassium acetate (KAc) to improve grain
boundary conductivity through the immobilization of uncoor-
dinated species. K" could permeate deeply and homogeneously
in thick MAPbI; films, and the conductivity of the films was
improved with deeper penetration (Fig. 4f). The combination
of MAI and KAc could also improve the film morphology,
which was reflected by reduced pinholes and increased par-
ticle size of the perovskite crystals (Fig. 4g). In 2021, Liu et al.
prepared large-area perovskite films on rigid (400 cm?, Fig. 4i)
and flexible (300 cm?®, Fig. 4j) substrates by sequential vapor
deposition (Fig. 4h).>®

Due to the easiness in the preparation of large-area perovs-
kite films with the vapor method, MAPbI; was the preferred
perovskite material for research in the beginning. However,
the intrinsic instability of MA" to thermal stress and the
ambient air conditions limit the reliability of MAPbI;-based
devices under high-temperature conditions and in other
complex environments.”’>° Formamidinium iodide (FAI)-
based perovskite absorber layers with superior thermal stabi-
lity have become the preferred choice for the fabrication of
single-junction PSCs, and PCEs over 25% were achieved for FA-
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Fig. 4 (a) Schematic of the dual-source thermal evaporation system for depositing the perovskite absorbers, the left source was methylammonium
iodide, and the right source was PbCl,. Reproduced with permission.** Copyright 2013, Springer Nature. (b) Schematic of three-source co-evaporation of
the perovskite films. Reproduced with permission.*® Copyright 2017, American Chemical Society. (c) SEM top views of a vapor-deposited perovskite film
and a solution-processed perovskite film. Reproduced with permission.** Copyright 2013, Springer Nature. (d) Cross-sectional SEM images under lower
magnification of completed solar cells constructed from a vapor-deposited perovskite film and a solution-processed perovskite film. Reproduced with
permission.** Copyright 2013, Springer Nature. (e) Schematic illustration of the fabrication procedures of an all-vacuum-deposited perovskite film.
Reproduced with permission.>® Copyright 2019, Wiley-VCH. (f) The depth profile for the positive ions (CHz*, NH,*, K*, In*, Sn*, Pb*, Pbl*) on a treated-
MAPDbI; film deposited on PCBM/SnO,/FTO glass substrate. Reproduced with permission.>* Copyright 2020, Elsevier Inc. (g) TRPL decays and top-view
SEM images of pristine MAPbls (black line) and treated-MAPDbIs (blue line). Reproduced with permission.>* Copyright 2020, Elsevier Inc. (h) Schematic of
multisource vacuum deposition with an in-vacuum annealing process for large-area perovskite films; photographs of FA-based perovskite films deposited
on (i) glass and (j) flexible polyethylene terephthalate (PET) substrates. Reproduced with permission.>® Copyright 2021, Royal Society of Chemistry.

based PSCs by the solution-based deposition method.®®®> PCEs.®®”! Additionally, the incorporation of CsI in perovskites

Researchers paid more attention to perovskites containing Cs"  resulted in high quality perovskite films without pinholes and
and FA" for their superior long-term stability and high improved the stability of flexible PSCs (after 400 bends at a
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radius of 4 mm, the PCE remained ~94% of the initial
value).””

Organic-inorganic cation perovskite

In 2017, Liu et al reported the fabrication of pin-hole-free
cesium substituted perovskite films by a vacuum co-evapor-
ation method, and the MA,, 5,Cs, ,3Pbl; PSC exhibited a PCE of
20.13%, increased by ~27% as compared to the pristine
MAPbI; based devices.”® To study the effect of Cs substitution
on the crystallization of the MAPbI; film, X-ray diffraction
(XRD) was utilized to characterize the perovskite films with
different Cs amounts (0, 0.11, 0.17, 0.23 and 0.34). In the mag-
nified version of the (110) diffraction peak of MA,;_,Cs,Pbl;,
the 20 monotonously moves from 14.14° to 14.36° with Cs
content increasing from 0 to 0.34 (Fig. 5a), which proved that
Cs cations could be integrated into the MAPDI; lattice.
Moreover, with the increase in Cs cation content, the bandgap
of MA,_,Cs,Pbl; was enlarged linearly (Fig. 5b) and the
absorption peak shifted to shorter wavelength (Fig. 5c),
demonstrating that the band gap of MA;_,Cs,Pbl; can be fine-
tuned by the Cs substitution. The prepared Cs-substituted
PSCs show higher stability than typical MAPbI;-based devices
with the PCE decreased by only 4.37% of the initial efficiency
after the PSCs were stored in the dark for one year. The high
stability of the Cs-substituted PSCs could be attributed to the
high purity of the crystalline phase, low trap-state density,
reduced lattice constant and relaxed strain after the incorpor-
ation of Cs.*7*

In 2018, Bolink et al. first reported the preparation of multi-
cations/anions perovskite compounds using a multiple
sources (3 or 4) thermal vacuum deposition method
(Fig. 5d).”> However, the uniformity of the films was poorer
than that of the samples obtained by simple vacuum vapor
deposition methods, indicating that more research was
needed to control the morphological homogeneity in the
multi-source co-deposition method. Similar results about the
effect of excess PbI, were observed in FA based perovskites by
Stranks et al. in 2020.7° In the fabrication of FA,,Cs,sPb
(Io.oBro.1)s films, excess Pbl, enhanced the film stability and
photoelectric properties, yielding longer carrier lifetimes and
high photoluminescence quantum efficiency (PLQE). The
resultant PSC showed a stable PCE of 18.2% which was the
highest performance for the vapor-deposited MA-free system.
Li et al. obtained a high-quality Csy ,4FAg 76Pbl;_,Br, film with
4 nm Srl, to accelerate the conversion rate of Pbl, to perovs-
kite, and the film showed large grain sizes, and low trap-state
density.”” This indicates that a moderate amount of Srl, could
promote the conversion of Pbl, to perovskite and achieve a
champion PCE of 17.66% with a high FF up to 0.79. Later in
2021, Bolink et al. showed the preparation of FA;_,Cs,Pb
(I;_4Bry); samples by four-source evaporation under room
temperature.”® The bandgaps of the perovskites were tuned
between 1.7 eV and 1.8 eV by controlling the amount of
bromide and cesium, and the champion PSC exhibited a PCE
of 16.8% and retained 90% of its initial efficiency after 2
weeks of continuous operation.
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In 2017, Chen et al. reported that they had successfully grown
controllable and large-area continuous single-crystalline
CsPbBr; thin films on SrTiO;(100) substrates by a facile vapor-
phase epitaxy growth, as well as directionally aligned CsPbBr;
nanosheet arrays (Fig. 5h).*" The resulting single-crystalline
CsPbBr; exhibits excellent crystal quality and optoelectronic
properties, such as slow carrier recombination rates, low
surface recombination velocities, and low bulk defect den-
sities. Later in 2019, large-area and high-quality CsPbBr;
single crystals were grown on GaN/sapphire substrates by the
CVD method.”” The CsPbBr;-GaN formed a type II semi-
conductor heterojunction, indicating a great opportunity for
developing application-level wide-bandgap perovskite micro/
nano optoelectronic and photonic devices (Fig. 5e). In 2021,
Zhou et al. found that the key to large-grain CsPbBr; crystals
was to control the crystal growth rate.®’ They demonstrated the
preparation of CsPbBr; crystals with a grain size of up to
3.1 mm by controlling the growth rate, which was affected by
the gas flow rate and deposition location (Fig. 5f & g). In 2022,
Yi et al. developed a Cl-alloy-mediated sequential vacuum
deposition method for fabricating high-efficiency PSCs with a
maximum PCE of 24.42%."> They demonstrated that the intro-
duction of a moderate amount of Cl in Csg ¢5Pbl, 5_,Cl, could
accelerate the solid-state diffusion of organic ammonium salt
into the lead iodide lattice. Besides, Cl facilitated the crystalli-
zation of perovskite and improved the film homogeneity by the
reduction of the grain boundaries.®? It can be seen in Fig. 5i
that the PbCl,-alloy-mediated film shows a larger grain size
under the same annealing time as compared to the plain
samples, which indicated fewer defects within the prepared
film, resulting in the reduction of the Shockley-Read-Hall
(SRH) recombination. More importantly, the phase conversion
from a- to 8-phase is one of the main drawbacks of FAPbI; per-
ovskites and the doping of CI promotes the transition from the
d-phase to the a-phase and reduces the amount of d-phase
within the perovskite film.%*"%3

It is important to monitor and control the evaporation rate
of the precursor in the vapor phase method, while the relevant
parameters of the deposited substrate, such as crystallinity,
orientation, lattice parameter and morphological properties,
also have a significant impact on the performance of the
film.%*"®8 In 2014, Lin et al. observed different crystalline mor-
phologies in perovskite films deposited on substrates with
different temperatures.’® When the substrate was heated to
65 °C, only the upper part of Pbl, reacted with MAI to form the
perovskite layer, while the bottom part of the PbI, still
remained unchanged. As the temperature gradually increased
to 75 °C and 85 °C, the crystal structures were first observed to
be fused together and have fuzzy domain boundaries, and the
domains reappeared vividly at 85 °C but with a much smaller
domain size of about 200 nm (Fig. 5j). Moreover, when the
film was sublimated at 85 °C, the crystallization was not as
pure as the film at a substrate temperature of 75 °C, probably
due to the violent reaction of MAI and PbCl, at 85 °C. Qi et al.
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Fig. 5 (a) XRD zoomed in on (110) diffraction peaks of perovskite based on various Cs contents. Reproduced with permission.”> Copyright 2017,
Royal Society of Chemistry. (b) The linear relationship of the band gap of perovskite with Cs content. Reproduced with permission.”® Copyright 2017,
Royal Society of Chemistry. (c) The band gap of MAPbl; with different Cs content. Reproduced with permission.”> Copyright 2017, Royal Society of
Chemistry. (d) Photograph of the employed evaporation chamber. Reproduced with permission.”> Copyright 2018, Wiley-VCH. (e) Cross-section
SEM image of the CsPbBr;—GaN heterojunction. The cross-section of the CsPbBrs microplatelet single-crystals (MPC) is uniform rectangular. Scale
bar: 2 pm. Reproduced with permission.”® Copyright 2019, American Chemical Society. (f) Polarized optical microscopy (OM) image for a single
grain. The inset is the photograph of CVD grown CsPbBrs film with mm-scale grains. (g) Schematic illustration of CVD setup: a two-zone furnace,
where the precursor is placed at zone-I, and substrate positions (marked as A, B, and C) are placed in zone-Il. Reproduced with permission.&°
Copyright 2021, Wiley-VCH. (h) The tube-in-tube setup for the vapor phase epitaxial growth of the CsPbBrz nanoplates and single crystal thin films
on STO substrates under higher temperature (450 °C). Reproduced with permission.8' Copyright 2017, American Chemical Society. (i) Top-view SEM
images of PbCl,-alloy-mediated film and reference film. Reproduced with permission.*> Copyright 2022, Science. (j) Top view SEM images of the
perovskite thin films fabricated at substrate temperatures of 65 °C, 75 °C, and 85 °C. Reproduced with permission.*® Copyright 2014, Wiley-VCH.
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investigated the effect of substrate temperature variation on
the adhesion of MAI on the substrate, and the adhesion coeffi-
cient of MAI gradually decreased with the increasing of sub-
strate temperature, resulting in the best device performance
with V,. of 1.010 V, Ji of 12.85 mA~2, FF of 66.60%, and
overall PCE of 8.64%.%° Meanwhile, the type and chemical pro-
perties of the substrate not only affect the growth of the perovs-
kite but also directly impact the energetics of the interface,
which determines the rate of extraction and recombination of
photogenerated charges in solar cells.”® For instance, the UV
photoelectron spectroscopy (UPS) spectra of MAPbI; were
obtained after the increasing of the thickness of MAPDI; layer-
by-layer on different substrates, such as polyethyleneimine
(PEIE) and poly(3,4-ethylenedioxythiophene)polystyrene sulfo-
nate (PEDOT:PSS). The results showed that the material
characteristics of MAPbI; could be detected on (PEDOT:PSS)
substrates after only 3 nm thickness. In contrast, the formation
of perovskite on metal oxide substrates like MoO; or indium
tin oxide (ITO) was only observed when the deposition thick-
ness was 10 nm or 30 nm, respectively.”">

Outlook and challenges

Benefits of solvent-free methods

Good scalability and reproducibility. The PSCs with high
PCE obtained through solution methods are mostly achieved
with a small area and are still limited to laboratory-scale size
(<1 ecm?). As the PSCs’ area increases, the decline in PCE of
PSCs obtained through the solution deposition method is
much faster than that of PSCs obtained by the vacuum depo-
sition method, which shows that PSCs obtained through the
vacuum deposition method exhibit excellent PCE stability. As
shown in Fig. 6a, Li et al. reported an increase in the active area
of PSCs prepared by vacuum vapor-based deposition from
0.16 cm® to 4 cm?, with a decrease in the PCE decay rate of
16.67% (0.16 cm”: 19.91%; 4 cm*: 16.59%).>* In contrast, in pre-
vious results reported by our team, the PCE decay rate for PSCs
prepared by solution processing where the active area increased
from 0.25 cm”® to 2 cm” was 18.75% (0.25 cm®: 17.6%; 2 cm”:
14.3%) (Fig. 6b), and when the area was further increased to
4 cm?, the decay rate would be much higher than 18.75%.%

The defect tolerance of metal halide perovskites refers to
the predominance of shallow-level defects, which do not act as
strong non-radiative recombination centers.”® This is con-
sidered a unique characteristic of metal halide perovskites and
a key reason for their high photovoltaic conversion efficiency,
especially in small-area devices. However, non-radiative recom-
bination centers and deep-level defects produced by factors
such as point defects, grain boundaries, surfaces, and inter-
faces still reduce the PCE of PSCs, remarkably for the large
area devices. As mentioned above, with increasing device area,
solution processing exhibits inhomogeneity in film formation
from the center to the edge, resulting in a higher number of
defects and significantly lower film quality compared to
vacuum deposition.*?
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Fig. 6 (a) Dark, forward, and backward J-V curves of treated-MAPbI3
PSCs with active areas ranging from 0.16 to 4 cm?. Reproduced with
permission.>* Copyright 2020, Elsevier Inc. (b) The J-V curves of a
device with >2 cm? Au electrode measured with different square mask
areas. Reproduced with permission.®® Copyright 2019, Elsevier Inc. (c)
Evolution of the power conversion efficiencies of FAPbls PSCs based on
the precursor solution aged for different times. Reproduced with per-
mission.®® Copyright 2022, Wiley-VCH.

In the solution processed method, the vapor pressure of
the solvent is determined by temperature and humidity,
and the nucleation and growth of perovskite grains are
strongly affected by solvent evaporation.”® To obtain repro-
ducible perovskite films, it is necessary to control the
temperature and humidity to be consistent throughout the
experimental process. In addition, it has been proved that
progressive chemical reactions occur in precursor solutions
stored under an inert gas atmosphere, indicating different
reaction components may participate in the preparation of
perovskite films while using the same precursor solution
at different times.’®®® This may lead to significant
deviations in PSC performance (Fig. 6c), which results in
non-reproducibility of perovskite film quality and device
performance between batches and among different
laboratories.”’

In contrast, the vacuum deposition method is solvent-free
and performed under high vacuum (~10~° Torr), where atmos-
pheric gas molecules are rare. This avoids the impact of some
organic solvents in the solution method on the absorption of
moisture in the environment, which may affect the quality of
perovskite films. In large-scale production, after optimizing
the parameters of the equipment, fixed process parameters
can be used for deposition to obtain perovskite films with
good reproducibility. Organic light-emitting diode (OLED)
devices based on thermal evaporation technology have been
successfully launched on the market. Recently, a 97-inch
OLED display has been released, which supports the compat-
ibility of thermal evaporation technology with large-area film
and device fabrication.”®
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In summary, the vapor-phase methods demonstrate the
potential for future preparation of large-area, high-quality, and
reproducible perovskite films in multiple batches.

Precise control of stoichiometry. For the two solvent-free syn-
thetic methods discussed in this article, namely, the mechano-
chemical synthesis and the vapor deposition, the chemical
stoichiometry of the resulting perovskite can be precisely con-
trolled through the following approaches. In the case of
mechanochemical synthesis, the first step is to accurately
control the molar ratio of the reactants by adding different pre-
cursors according to the theoretical stoichiometry. Pure phase
and gram scale CsPbBr;, CsPb,Brs, and Cs,PbBrg can be syn-
thesized by changing the ratio of CsBr and PbBr, (Scheme 1)."

High-energy ball milling can introduce energy between the
powder of different reactants, thereby promoting the reaction.
The degree of reaction completion and chemical stoichiometry
can be controlled by adjusting the ball milling rotation speed
and time. Pal et al. demonstrated post-synthetic solid-state
transformations of CsPbBr; to CsPb,Brs;, and Cs,PbBrg
(Scheme 2),' which indicated that reaction time and degree of
reaction have a significant effect on the composition and struc-
ture of the reaction products. Moreover, other factors also
need to be taken into consideration, such as the high tempera-
ture required for solvent-free synthesis methods, as well as
knowledge of the melting points and decomposition tempera-
tures of the precursors and different perovskite materials.*’

Regarding the vapor deposition method, the evaporation
and deposition rates of the different precursors in the vacuum
chamber largely reflect the stoichiometric ratios of different
elements in perovskite. In the evaporation process for organic
perovskite, the vapor pressure and diffusivity of low-molecular-
weight organic halides can cause unnecessary deposition on
the chamber wall, which may cause additional deposition or
introduction of impurities in the next vapor deposition cycle;
thus, an unwanted stoichiometric ratio of perovskite can be
present.”® Recently, perovskite precursors with large molecular

. . Mechanochemistry
synthesis

3D CsPbX; ——) CsX+PbX, =——> CsPbX; X=ClLBrI

Retro h -
synthesis Mechanochemistry

2D CsPb,X, ——— CsX +2PbX, —> CsPb,X;

Retro )
synthesis Mechanochemistry

0D Cs,PbX, ——» 4 CsX +PbX;, ——> Cs,PbX,

X=Cl, Br

Scheme 1 Retrosynthetic approach for the synthesis of inorganic per-
ovskite type halides using CsX and PbX; as solid precursors.

Mechanochemistry

3D CsPbBr; + PbBr, —_— CsPb,Br; 2D
Mechanochemistry

3D CsPbBr; + 3CsBr —_— Cs,PbBr, 0D

Scheme 2 Post-synthetic solid-state transformations of CsPbBrs to
CsPb,Brs and Cs;PbBre.
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weight (FAI) and high sublimation temperature (CsX, X = I, Br,
Cl) have been discussed to avoid this problem. Additionally,
the state-of-the-art evaporators with a cooling system for the
inner chamber wall can prevent redeposition of organic
halides.

Quartz crystal microbalances (QCM) are widely used for
detecting evaporation rates of corresponding precursors. It was
reported that adjusting the position of the QCM and using
shielding around the QCM can prevent cross-read on sensors,
thereby improving the accuracy of the measured evaporation
rates of the precursors.'® Bolink et al. conducted a compre-
hensive study of the vacuum deposition of MAPBI; perovskite
and established a growth kinetic model, which could control
the stoichiometry of MAPbI; during the vacuum co-deposition
process. To accurately control the stoichiometry of perovskite
deposited by the gas-phase method, it is necessary to establish
growth kinetic models that are applicable to different
materials. Rof$ et al. revealed that the stoichiometry of the de-
posited film was influenced by the substrate temperature
which significantly affected the adhesion of MAI. High sub-
strate temperature prevented the adhesion of MAI and may
accelerate the thermal decomposition of MAI (Fig. 7)."°" Thus,
a suitable substrate temperature should be set for the vacuum
deposition of MAI based perovskites.

Existing challenges

Decomposition of organic component. On the other hand,
there is still room for improvement in the vapor deposition
method, as one of the challenges is the thermal decompo-
sition of organic compounds within the vacuum chamber.
This decomposition can lead to the generation of new sub-
stances that may affect the preparation of perovskite films.
Borchert et al. reported that perovskite materials begin to
decompose above 200 °C and completely decompose at
250 °C."** Rof et al. investigated the influence of impurities
on the evaporation dynamics of MAL'%® They reported that the
thickness of high-purity MAI deposited on QCM after heating
was significantly smaller than that of low-purity MAI, making
it difficult to effectively monitor the precursor’s evaporation
rate during vapor deposition of perovskites. Additionally, it is
found that the heating process could cause MAI to either
decompose or sublime, with the outcome determined by the
purity of the MAI. For low-purity MAI, the main pathway was
sublimation and deposition on the surface of the QCM
(Fig. 8a). For high-purity MAI, most of it decomposed into
methylamine (CH;NH;I) and hydrogen iodide (HI), after which
MAI was regenerated through the reverse reaction (Fig. 8b).
However, the decomposition products of MAI were widely dis-
tributed in the chamber, and the MAI regenerated through the
reverse reaction could not be accurately detected by QCM. This
resulted in a significant deviation between the deposited MAI
and the added MAI, as evidenced by the different deposition
thicknesses of the same mass of MAI on QCM (Fig. 8c). In
summary, further research is needed to address the challenges
associated with the vapor deposition method, particularly
regarding the thermal decomposition of organic compounds
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Fig. 8 Schematic of sublimation and decomposition processes. For low

purity MAI (a), the main path (thick arrows) is the sublimation and desubli-

mation. For high purity MAI (b), the main path is the decomposition into methylamine and hydrogen iodide. (c) Comparison of the peak areas
extracted for each material. Reproduced with permission.t°® Copyright 2022, Wiley-VCH.

within the vacuum chamber. Developing strategies to prevent
or control the decomposition of precursors and monitoring
their evaporation rates more accurately will be crucial for
improving the reproducibility and reliability of the vapor depo-
sition process, ultimately leading to high-quality perovskite
films for efficient and stable PSCs."**

p-i-n devices in vacuum deposition. The p-i-n perovskite
solar cells have advantages such as simple device fabrication,
high stability, and negligible hysteresis effect.'® But their
PCEs are still lower than that of n-i-p perovskite solar cells,
leaving significant room for improvement and thus are being
widely studied. And the PCE gap is more significant in perovs-
kite solar cells prepared by vacuum deposition, which can be
attributed to the issue generated from the hole extraction at
the “p-i” contact.'®® Poly(3,4-ethylenedioxythiophene)poly-
styrene sulphonate (PEDOT:PSS) and poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) are commonly used HTL
materials in PSCs. However, the acidity and hygroscopicity of
PEDOT:PSS can lead to decreased stability of PSCs, while the
strong hydrophobicity of PTAA results in poor coverage of de-
posited perovskite films, causing short-circuits in PSCs.
Directly vacuum depositing the perovskite on these hydro-
phobic PTAA layers can be an effective solution to circumvent
the coverage issues encountered in solution-based methods."®”
Nevertheless, the selection of hole transport layer (HTL)
materials is particularly important, taking into account both
electrical connection and manufacturing considerations. The
choice of HTL can influence not only the PCE of PSCs but also
the optimal conditions for perovskite deposition in terms of

3480 | Inorg. Chem. Front., 2023, 10, 3468-3488

substrate temperature and precursor ratio.'®" Thus, it is essen-

tial to carefully select and optimize HTL materials that not
only enhance the PCE but also ensure compatibility with the
chosen perovskite deposition method. Furthermore, the HTL
materials should exhibit excellent stability, uniform coverage,
and good interface properties with the perovskite layer to
reduce recombination losses and improve overall device per-
formance. Recent advances in HTL materials have led to the
development of novel alternatives, such as inorganic materials
(e.g., triphenylamine-containing pyrrole-based HTM T3) or
hybrid organic-inorganic compounds (e.g.,, Cu:NiO, with a
thin layer of an organic polymer, PhNa-1T), that offer improved
stability and interface properties.'°®'° These materials can
potentially address the shortcomings of conventional HTL
materials like PEDOT:PSS and PTAA, ultimately leading to
more efficient and stable PSCs.

Promising potential

Opportunities towards tandem solar cells. The vapor-based
deposition method also shows great potential for large-scale
fabrication of perovskite films and compatibility with silicon.
In 2021, Albrecht et al. obtained the first monolithic perovs-
kite/silicon tandem solar cell with an impressive PCE of 24.5%
(Fig. 9a)."™ The co-evaporation technique was used to uni-
formly cover the microscopic pyramidal structure of a typical
silicon wafer with MA, sFA( ¢3Pbl; ;5. In the wavelength range
of 300 to 1200 nm, the PSCs showed significantly lower
reflected current losses than planar record tandem solar cells
with only 1.62 mA~>.""" Fig. 9b shows the external quantum

This journal is © the Partner Organisations 2023
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Fig. 9 (a) Cross-sectional SEM image of textured silicon bottom cells covered with MAg sFAg ¢3Pbls 13, capped with 18 nm of Cgo and after the

20 nm SnO, ALD deposition. Reproduced with permission.!'° Copyright 2021, Wiley-VCH. (b) EQE and reflection spectra (denoted as 1 — R) including
the integrated current densities of the two sub cells, the sum and reflection. Reproduced with permission.'® Copyright 2021, Wiley-VCH. (c)
Photograph of 8 cm X 8 cm thin film of FAPblz deposited on a glass substrate. The image shows the substrate after thermal annealing at 170 °C for
1 min. The results of thickness measurements at three positions are superimposed on the image, and a metal ruler with a centimeter scale is shown
as a size reference. Reproduced with permission.''® Copyright 2017, American Chemical Society. (d) Improved optics with a fully textured architec-
ture. EQE of perovskite/SHJ monolithic tandem cells with double-side-textured (DST) or front-side-polished (FSP) bottom cells, alongside corres-
ponding total absorptance curves, 1 — R, where R is the reflectance of the device. These EQE and 1 — R spectra do not include losses due to the
front-side metal grid. Reproduced with permission.*** Copyright 2018, Springer Nature. (e) Schematic of perovskite/c-Si tandem solar cells (TSC)
with inverted nanopyramid structure. The parameters H and P denote the pyramid height and its period, respectively. (f) Reflectance of inverted
nanopyramid perovskite/c-Si TSC. Reproduced with permission.''®> Copyright 2015, Springer Nature. (g) Image of a 21 cm? active area perovskite
solar module consisting of 6 series-connected sub-cells. Reproduced with permission.>* Copyright 2020, Elsevier Inc. (h) Treated-MAPbls perovskite
solar module dark, forward, and backward J-V curves measured in air. Reproduced with permission.>* Copyright 2020, Elsevier Inc. (i) 4 cm? PSC

photograph and cross-sectional SEM images of point A and point B. Reproduced with permission.>* Copyright 2020, Elsevier Inc.

efficiency (EQE) data and the reflection measurements for the
tandem solar cell (denoted as 1 — R). The pyramid structure on
Si has been proved to improve the light absorption and PCE of
the perovskite layer."*>**> Sahli et al. demonstrated the advan-
tages of silicon texture by measuring the external quantum
efficiency (EQE) of perovskite/silicon heterojunction (SHJ)
monolithic tandem cells with double-side-textured (DST) or
front-side-polished (FSP) bottom cells."*® In the perovskite/
FSP, the range of reflected light wavelengths was 300 nm to
1200 nm, resulting in a current loss of 3.14 mA cm™>. In con-
trast, the introduction of front texture in DST led to a
reduction in overall reflectance and a decrease in current loss
to 1.64 mA ecm™> (Fig. 9d). Similar results were observed in the
research by Shi et al. They reported that silicon cells with

This journal is © the Partner Organisations 2023

pyramid structures exhibited significantly reduced light reflec-
tance for wavelengths between 200 nm to 800 nm compared to
flat silicon cells.'” Furthermore, pyramid structures with
different heights and base dimensions were found to have a
diminishing effect on light reflectance (Fig. 9e and f). The size
of the silicon pyramid texture was found to be strongly corre-
lated with the splitting of quasi-Fermi level (QFLS) and photo-
luminescence (PL) intensity.''> As the texture size decreased,
PL distribution became more uniform and the distribution of
Fermi level was improved. Johnston et al. prepared smooth
and uniform FAPbI, films over a large area of about 8 x 8 cm?,
and the PSC fabricated based on the film achieved a stable
PCE of 14.2%."'® Fig. 9c shows the picture of the deposited
film after annealing, the thickness of the film substrate center
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was 370 + 20 nm, and the thickness at the corners of the sub-
strate dropped to 330 + 20 nm. These results indicate the
possibility of making large-area, homogeneous perovskite
films by the evaporation method. In 2020, Bruno et al. demon-
strated that a PSC mini-module with an active area of 21 cm?
(Fig. 9g) exhibited a PCE of 18.13% (Fig. 9h).>* The size of the
PSC was scaled up to 4 cm” and did not show any significant
value loss in V,. and J,. in this large-area PSC, indicating excel-
lent film uniformity (Fig. 9i), confirming the great potential of
realizing large-area solar cell architectures through the vapor
deposition method.

Low-cost merits. The development of solvent-free synthetic
protocols for halide perovskites, such as mechanochemical
synthesis and vacuum deposition, offers several advantages
over conventional solution processing techniques, resulting in
cost reductions and enhanced performance. (a) Reduced
material consumption: Mechanochemical synthesis and
vacuum deposition methods significantly decrease the usage
of precursor materials and solvents. This reduction translates
to lower material costs and diminished waste generation
during synthesis, contributing to an overall decrease in pro-
duction expenses. (b) Enhanced material quality: solvent-free
synthesis approaches yield higher quality perovskite films with
fewer defects, as they circumvent challenges associated with
solvent evaporation, residual solvents, and crystallization kine-
tics commonly encountered in solution-processed films.
Consequently, this improvement leads to better performance
and stability in perovskite solar cells, culminating in a more
cost-effective and dependable product. (c) Streamlined proces-
sing and scalability: mechanochemical synthesis and vacuum
deposition methods facilitate more straightforward and scal-
able processing steps, as they eliminate the need for solvents
or intricate solution-based procedures. This simplification
results in decreased labor and equipment costs and enables
easier implementation in large-scale production environ-
ments. (d) Augmented environmental sustainability: omitting
solvents in these synthesis methods not only reduces the costs
related to solvent acquisition and disposal but also minimizes
the environmental impact of the manufacturing process. This
consideration contributes to a more sustainable and eco-
friendly production process, aligning with the growing empha-
sis on clean energy technologies. (e) Improved compatibility
with flexible substrates and tandem solar cells: mechanochem-
ical synthesis and vacuum deposition methods demonstrate
better compatibility with flexible substrates and tandem solar
cell fabrication, which necessitate precise control over the
deposition of multiple layers. The enhanced control and
material quality obtained through these methods result in
more efficient and cost-effective tandem solar cells, further
reducing the overall cost of solar energy production. In con-
clusion, the transition towards solvent-free synthesis methods,
such as mechanochemical synthesis and vacuum deposition,
presents substantial cost reductions and performance
enhancements for halide perovskite solar cells. These benefits
position these methods as a viable alternative to traditional
solution processing techniques, supporting the continued
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advancement of more affordable and efficient solar energy
technologies.

Conclusion and perspectives

In conclusion, we have mainly summarized two solvent-free
methods for the synthesis of various high-quality perovskites:
mechanochemical synthesis and vapor deposition-based syn-
thesis. These two methods can not only circumvent the short-
comings of the mainstream solution-based fabrication
methods, such as solvent toxicity, high solvent cost, and poor
film formation, but also provide new ideas for the fabrication
of large-area perovskite films with excellent optoelectronic pro-
perties and greater possibility for mass production considering
reproducibility, uniformity, energy-time input, and cleanness,
which may pave the route towards real applications based on
the halide perovskite materials.

Although the above-mentioned solvent-free synthesis
methods are constantly being developed and improved, and
significant breakthroughs and achievements have been
achieved, there are still problems to be solved and space for
improvement. (i) Compared with the solution method, the
solvent-free method reduces the toxicity of the solvent, but the
involvement of the heavy metal lead in most perovskites still
makes the experimental process toxic. While significant pro-
gress has been made in the field of Pb-free chalcogenide syn-
thesis,"'® the latest Pb-free PSCs are now available at a
maximum of 14.81%. The development of lead-free perovskite
with solvent-free synthesis methods would be a landmark solu-
tion. (ii) The tunable absorption band gap of perovskite makes
it promising for the multi-junction applications. For example,
recent studies have demonstrated the preparation of all-perovs-
kite tandem solar cells with record PCE.'"” Briefly, Chiang
et al. fabricated all-perovskite tandem solar cells using fully-
evaporated methods (employing four evaporation sources),
which demonstrated an open circuit voltage of 2.06 V and a
power conversion efficiency (PCE) of 24.1%.”° Recognizing this
achievement, additional literature on the synthesis of all-per-
ovskite tandem solar cells using vapor-based methods, as
opposed to solution-based approaches, also include the follow-
ing examples. In 2018, Avila et al. demonstrated the prepa-
ration of CH;NH;PbI;-CH;NH;PbI; tandem solar cells with
PCEs exceeding 18%.""” The devices exhibited a remarkably
high open-circuit voltage of 2.3 V, confirming the feasibility of
the vapor deposition approach for fabricating high-perform-
ance tandem PSCs. In addition to the all-vapor-phase depo-
sition method, researchers have also employed combinations
of gas-phase and solution-based approaches for all-perovskite
tandem solar cells. Palmstrom et al. suggested that an orthog-
onal solvent system and a solvent-free approach could be uti-
lized to deposit perovskite layers.''® Furthermore, Abdollahi
Nejand et al. combined blade coating and vacuum-based depo-
sition processes for the fabrication of all-perovskite tandem
solar cells, successfully scaling up laboratory-sized devices
from 0.1 cm?® to 12.25 cm>.'*® These studies demonstrate the
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potential of vapor-based and hybrid deposition methods for
the fabrication of high-performance all-perovskite tandem
solar cells, further validating the relevance and importance of
the focus on such approaches. Nevertheless, the perovskite
layers in the vast majority of research on all-perovskite tandem
solar cells are prepared by solution processing methods, where
the presence of solvents has caused many adverse effects on
the preparation of high-quality perovskite films as previously
discussed. A less or solvent-free synthesis method is expected
to optimize the preparation of multi-junction perovskite
samples. While the main obstacle is the thickness control in
these all-solid methods (for solar cell application the active
layer thickness needs to be controlled at the sub-micrometer
level to allow sufficient photocarrier drifting), where the
mechanochemical methods are less likely compatible but
vapor deposition methods hold potential. (iii) The main
promise for the mechanochemical methods is the bulk sample
application where thermoelectric devices typically require a
thick electrode to ensure a sufficient temperature gradient for
efficient thermal-electricity conversion, while high energy radi-
ation detectors need a sufficiently large sample thickness to
effectively absorb the radiation wave. Although there is a great
endeavor being carried out in the direction of perovskite X-ray/
gamma-ray detection, most prior reports utilized bulk single
crystalline samples for the device. Future works may take
advantage of the manufacturing flexibility of the mechano-
chemical methods to design new p-n junction samples, alloy
samples, and multi-layer junction samples for these appli-
cations. Further promise can be the development of advanced
manufacturing in conjunction with 3D printing techniques,
mold printing, laser annealing, etc.
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