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Recent Advances and Perspectives on
Halide Perovskite Film Processing

Nico Leupold and Fabian Panzer*

Halide perovskites have undergone an impressive development and could

be used in a wide range of optoelectronic devices, where some of them are
already at the edge of commercialization, e.g., perovskite solar cells. Recently,
interest in perovskites in powder form has increased, as for example, they are
found to exhibit high stability and allow for easy production of large quanti-
ties. Accordingly, also the topic of processing thin and thick films on the
basis of perovskite powders is currently gaining momentum. Here, perovskite
powder can form the basis for both, typical wet and solvent-based processing
approaches, as well as for dry processes. In this Progress Report, the recent
developments of halide perovskites in powder form and of film processing
approaches are summarized that are based on them. The advantages and
opportunities of the different processing methods are highlighted, but their
individual drawbacks and limitations are also discussed. Prospects are also
pointed out and possible steps necessary to unlock the full potential of
powder-based processing methods for producing high quality thick and thin

Powder-Based

perovskite exhibit an ABX; structure,
where A is a monovalent cation such as
methylammonium (MA), formamidinium
(FA), or cesium. B is a divalent cation,
typically Pb?" or Sn?" and X is a halide
anion (CI7, Br, I"). Even though organic
A-site cations are present, halide perov-
skites exhibit an electronic band structure,
similar to classic inorganic semiconductor
materials.’) However, in contrast to inor-
ganic semiconductors, halide perovskites
are relatively soft and can be processed
from solution at room temperatures or
by evaporation, similar to organic semi-
conductors. This is also one of the rea-
sons for the rapid development of the
perovskite field. Here the most powerful
processing methods for halide perovskites

perovskite layers in the future are discussed.

1. Introduction

After more than a decade of intense research, the excitement
about halide perovskites, which was triggered among other
things by two reports on solid-state perovskite solar cells in
2012,112 seems to be unbroken. This is quite justified, since
perovskite-based solar cells,®l as well as perovskite-based
LEDs,** still keep exceeding their current record efficiency
levels to novel heights, and perovskite-based X-ray detectors
show significantly higher sensitivities than many of their com-
mercially established detector material counterparts.[-®l Halide
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could be adopted from organic semicon-
ductor research, e.g., solution-based film
processing via spinning, blade coating,
inkjet printing as well as by evaporation.
Besides the many advantages of these processing methods such
as potential for low cost, ability for upscaling, compatibility
with flexible substrates, etc., however, some disadvantages were
also inherited. For example, the device efficiencies of solution-
processing methods that are compatible with technological
upscaling such as slot die coating are still lower than the device
efficiencies of the corresponding components produced by spin
coating.[1011]

While the challenge in organic semiconductor processing
is to deposit the already synthesized molecules or polymers
in the desired conformation in the condensed film state, the
processing of halide perovskite is based on its precursor com-
ponents, e.g., lead iodide (Pbl;) and methylammonium iodide
(MALI), and the actual target material, i.e., the halide perovskite
(e.g., MAPDI;), crystallizes only during film formation. This
leads to demanding processing of perovskites, where besides
the film properties such as film thickness, surface roughness,
and compactness, also the properties of the perovskite itself,
i.e., crystallinity, grain size, stoichiometry, grain boundaries,
etc. have to be considered and optimized to obtain layers that
result in efficient perovskite-based optoelectronic devices.

Here a possible solution is to synthesize the perovskite first
in powder form and then use the powder in a later film pro-
cessing step. Powder-based processing in general is well known
in the field of ceramics or metals,3] and corresponding pro-
cessing approaches are established in the industrial context.
Also in the field of halide perovskites, the production of perov-
skites in powder form has been demonstrated and attracted
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Figure 1. Schematic of the different dry (left column) and wet (right
column) processing approaches that are based on perovskite pow-
ders, including methods, where the perovskite powder undergoes full
dissolution and subsequent recrystallization (top row), or where the
powder particles essentially remain (bottom row) in the course of the
processing. The numbers refer to the corresponding sections in this
Progress Report.

more and more interest in the field in the last few years.*1]

It could be shown that, e.g., by means of mechanochemical
synthesis approaches, solubility limitations of the used pre-
cursors can be circumvented, enabling the synthesis of new
material compositions.’! But also the possibility to produce
large amounts of powder in a relatively short time, spurs the
interest of the community in perovskite powders.['®! Also, when
it comes to powder-based processing of perovskite layers, prom-
ising approaches have been shown in recent years. Figure 1
shows an overview of the reported methods, which all have in
common that readily prepared perovskite powder is used as a
starting point for film or device fabrication.

The existing methods can be grouped into methods where
the powder is completely dissolved during processing followed
Dby its subsequent recrystallization (first row in Figure 1). These
include physical vapor deposition, melt processing, and powder
dissolution + subsequent solution processing. On the other
hand, there are also approaches in which the powder essen-
tially persists during processing and is just transferred into a
layer (bottom row in Figure 1). This group includes dry powder
aerosol deposition, powder pressing, and direct powder suspen-
sion deposition. Accordingly, it is also possible to distinguish
between dry (left column in Figure 1) and wet (right column in
Figure 1) powder-based processing methods.

In this Progress Report, we focus on the recent develop-
ments of perovskites in powder form and their film processing
approaches. It structures as follows. In Section 2 we focus
on the recent advancements in terms of different synthesis
approaches for halide perovskites in powder form. In Section 3
we address the dry powder processing, while in Section 4 wet
processing approaches are discussed. We show the current
limitations of the methods but will also highlight the advan-
tages and opportunities of powder-based halide perovskite
processing, which might become a more and more important
processing method in the future.

Adv. Funct. Mater. 2021, 31, 2007350 2007350 (2 of 20)

2. Halide Perovskites in Powder Form

This chapter focuses on the synthesis of halide perovskites in
powder form. A short overview and comparison of the different
methods (mechanochemical synthesis, thermal annealing, pre-
cipitation reactions, and ultrasonic synthesis) will be given.

2.1. Mechanochemical Synthesis

The term “mechanochemical synthesis” refers to the prepara-
tion of a target material in powder form, initiated by mechanical
forces on reactants. In the simplest mechanochemical approach
for halide perovskites, the individual precursor powders, e.g.,
MALI and PbI, are ground together with a mortar and pestle until
the perovskite forms, typically indicated by a color change.] A
more elaborated and controlled way to do this is by using ball
mills such as shaker mills,'®l or planetary ball mills.'™} Here
the reactant powders are weighed in the desired stoichiometry
and poured into the milling jars together with the milling balls.
The balls and milling jars are usually made of stainless steel or
toughened zirconia. Sometimes a liquid grinding agent (e.g.,
cyclohexane) is added to carry out wet ball milling (liquid assisted
grinding).1%2% The milling jars are tightly closed, inserted into
the mill and the synthesis process starts with the movement of
the balls. The milling balls crush the reactants, thus providing
the reaction energy by impact and friction (Figure 2a).

Mechanochemical synthesis has become more and more
popular in recent years due to its ease of implementation and
wide versatility, where the mechanochemical fabrication of
halide perovskite powders was already reported by Stoumpos
et al. in 2013.21 Usually, the common binary halide salts of the
type AX and BX, (e.g., MAI, MABr, FAI, Csl, and Pbl,, PbBr,)
are used as reactant powders. In the past, the mechanochem-
ical synthesis of different halide perovskites has been demon-
strated, including almost all combinations of the organic A-site
cations MA™ or FA* and X-site halides CI7, Br~ or I in the case
of ternary lead halide perovskites, as well as multinary mix-
tures thereof.??%] The successful introduction of additional
cations, such as guanidinium (Gua*),?*%! rubidium (Rb*),1?8l
and especially cesium (Cs*),2%23% via mechanochemistry
extends the range of available stoichiometries, including the
mechanochemical synthesis of the completely inorganic halide
perovskites CsPbX;.31-33 By the addition of appropriate organic
molecules, it is possible to synthesize perovskite nanocrys-
tals.* Furthermore, the mechanochemical synthesis of lead-
free perovskites based on tin,163536] copper,?”l or bismuth®®¥ on
the B position was demonstrated as well. Mechanochemistry
is a solvent-free synthesis method. Thus, solubility limitations
of precursor materials, as they are known for typical solution-
based perovskite processing, do not exist. This allowed to suc-
cessfully prepare mixed halide perovskites using CsCl powder
as a precursor material, which cannot be dissolved in solvents
that are typically used for perovskite processing.l*’]

Besides the high versatility in terms of achievable composi-
tions, mechanochemical synthesis of halide perovskites was
found to exhibit further advantages. From a technological point of
view, large-scale ball mills are used in many areas of industry,!?
making it easily possible to upscale the synthesis to several
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Figure 2. a) Photograph of a loaded milling jar for the mechanochemical synthesis of perovskite powder via ball milling, schematic of the ball milling
procedure and photograph of the milling jar after the ball milling process and successful mechanochemical synthesis of black MAPbI; powder.
b) Concept of thermal annealing synthesis of perovskite based on mixture of precursors. c) Schematic diagram for the preparation of perovskite powder
via precipitation by adding precursor solution to antisolvent bath. d) Synthesis of FAPbl; powder at room temperature via a precipitation method.
e) Concept of sonochemical perovskite powder synthesis using an ultrasonic bath. a) Reproduced with permission.?l Copyright 2019, American
Chemical Society. c) Reproduced with permission. Copyright 2019, American Chemical Society. d) Reproduced with permission.*l Copyright 2020,
American Chemical Society. e) Reproduced with permission.*sl Copyright 2017, Elsevier B.V.
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kilograms or even tons per day. This potential has also been sug-
gested in the past for mechanochemical halide perovskite syn-
thesis, where Tang et al. synthesized 100 g powder,?? and Hong
et al. 250 g powder in one milling jar, in one grinding cycle.l'’l
Here, it is interesting to note that 100 g perovskite powder trans-
ferred to layers with a thickness of 500 nm (assuming no losses)
are already sufficient to cover an area of 48 m?.

Another interesting aspect of mechanochemically synthe-
sized perovskite powder is their high stability. CsPbl; as well
as FAPDI; are promising candidates for perovskite solar cells
as they exhibit potential for increased stability compared to
MAPDI; and a well-suited bandgap. However, at ambient condi-
tions, both perovskites typically degrade into an undesired non-
perovskite dphase, where their optoelectronic properties are
not suitable for preparing efficient devices anymore. Therefore,
stabilizing them in their desired perovskite co~phase, where
FAPDI; exhibits an even better-suited bandgap energy com-
pared to MAPDI3, is an important current research goal in the
perovskite solar cell field.*] In this context, mechanochemically
synthesized CsPbl; and FAPbI; powders were found to directly
crystallize in the black cubic o~phase and the degradation to the
6-phase is significantly slower than in corresponding thin films,
processed via solvent-based approaches.'?%1 An overall high
stability of mechanochemically synthesized perovskite pow-
ders has been repeatedly reported in literature. For example,
powders can be stored for 30 d, while solutions prepared from
the binary salts show signs of decomposition after only a few
days.?”) When stored in dry nitrogen, MAPbI; powders do not
show any decomposition signs (e.g., formation of Pbl,) even
after 2.5 years, as evident from X-ray diffraction (XRD).2% Also,
perovskite powders exhibit a significantly increased thermal
stability compared to their thin-film counterparts, easily with-
standing exposure of 160 °C for 11 h.2>*l Lopez et al. also
observed high stability of mechanochemical MAPDbI; powder
regarding humidity. Compared to solvent-based powders, they
attributed the increased stability to a lower inclination angle of
the Pblg octahedrons, presumably caused by a small MA defi-
ciency, leading to a higher Goldschmidt's tolerance factor.[*’]

Another important aspect about mechanochemically synthe-
sized perovskite powders is their ability to incorporate advances
made for traditional synthesis approaches, such as solution-
based synthesis approaches. In comparison to single crystals,
polycrystalline perovskites exhibit a higher trap density, which
increases nonradiative recombination and facilitates ion migra-
tion.*o#] To minimize these unwanted properties, passivation
strategies were developed in the past for perovskite thin film
processing,*®l and transferring these passivation approaches
to perovskite powders is currently gaining momentum. For
example, we could show that adding K* to the ball milling pro-
cess increases the photoluminescence (PL) of (CsgosFAgosPbl;
)o.ss(MAPDBr3) 15 powder, indicating successful passivation of
nonradiative states. This also resulted in a reduced hysteresis
of the IV-curves of solar cells that were made by spin coating
of re-dissolved passivated powder.?%) The passivating effect of
adamantylammonium halide compounds,*! which has already
been demonstrated for solvent-processed solar cells, could also
be used to increase the PL of mechanochemically synthesized
MA,,,Cs,Pb(Br,Cl_,); powder, again indicating the successful
passivation of non-radiative trap states.’
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For further details about the recent progresses of the mecha-
nochemical perovskite synthesis, we refer to the reviews of
Palazon et al.,> Prochowicz et al.,™ and Rosales et al.l’!

2.2. Thermal Annealing

Another solvent-free method to produce halide perovskite pow-
ders is by thermal annealing. Here, the precursor powders (AX,
BX,) are first thoroughly mixed in a chemical resistant reac-
tion container (e.g., quartz ampoules) and sealed after mixing,
to avoid evaporation of components. Heating the container
for several hours to 200 to 600 °C induces the diffusion of the
reactants into each other, forming the perovskite (Figure 2b).
For this process, the typically high mobility of the ions in the
perovskite lattice is beneficial.”! Due to the increased tempera-
tures, sintering processes often occur, which on the one hand
increase the crystal size, but on the other hand can also have
the consequence that the individual powder particles sinter
together too much, so that additional milling is needed before
further processing.’?l Due to the low decomposition tempera-
ture of hybrid perovskites that involve organic constituents (e.g.,
MAPDI; = 240 °CP3)), the thermal annealing approach appears
to be particularly suitable for inorganic perovskites such as
CsPbX;, which in general exhibit an increased decomposition
temperature (e.g., CsPbBr; = 560 °CP*). However, mixed hybrid
perovskites could be synthesized via thermal annealing when
already synthesized ternary halide perovskites were used as
precursors.>!

2.3. Precipitation Reactions

Perovskite powders have also been synthesized by wet chemical
methods. The approaches are similar to solvent-based thin-film
processing, where the precursor salts (Pbl,, MAI, Csl, etc.) are
first dissolved in suitable solvents such as dimethylformamide
(DMF), acetonitrile, or ybutyrolactone (GBL). Then, perovskite
powder can be precipitated by adding an antisolvent such as
ethyl acetate, chloroform, or toluene,®>! by pouring the pre-
cursor solution into the antisolvent (Figure 2c),/! or by solvent
evaporation.”® For the synthesis of FAPbI; via precipitation it
was found to be sufficient, to dissolve FAI in acetonitrile, add
PbI, and stir this solution for 24 h to precipitate the perovskite
(Figure 2d).I The shape of the resulting perovskite particles
can be influenced by the solvents and by adding longer-chain
organic ions. For example, adding toluene to a solution of PbI,
and MALI in acetonitrile results in precipitation of cubic MAPbI;
particles.’’/ If long-chain ions such as n-octylammonium
(CH3(CH,);NH;3*) are added to the solution, MAPbI; nanowires
precipitate. Here it was even possible to alter the aspect ratio of
the nanowires by the speed at which the acetonitrile solution
was added to the toluene.’]

2.4. Sonochemical Synthesis

The ultrasonic (sonochemical) synthesis of perovskite powder
is related to the solvent-based precipitation approach described
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above. At first, the binary salts are dissolved or dispersed in
toluene, isopropanol, DMF, or glacial acetic acid. With the help
of an ultrasonic bath or a sonotrode, ultrasound is applied to
the solution, inducing the crystallization of the perovskite.l>¢0
The ultrasound supports dissolving reactants and also facili-
tates the formation of perovskite nuclei by collapsing acoustic
bubbles of the precursor solution.®) Adding organic ligands
such as oleylamines to the sonochemical synthesis process
also allows to produce perovskite nanocrystals (Figure 2e).[*261
In more complex approaches, not the binary salts are used as
reactants, but ion- exchange reactions are initiated by ultra-
sound, as shown by Jiang et al. when synthesizing MAPbBr;
quantum dots from a mixture of MACI, PbCl, and KBr.*? Fur-
thermore, nanoplatelets of completely inorganic CsPbX; could
be synthesized by using Cs,COj; with PbX, and oleylamine and
oleic acid.[3]

2.5. Outlook Halide Perovskites in Powder Form

As described above, several ways to synthesize perovskite
powder exist. Similar to the classification of the different
perovskite powder processing approaches from Figure 1, the
synthesis approaches for perovskite powders can be divided
into dry and wet methods. The wet approaches with high sol-
vent consumption include precipitation reactions and ultra-
sonic synthesis, whereas the thermal annealing is completely
dry. Mechanochemical synthesis is a solvent-free method,
which can be performed completely dry or including small
amounts of liquid to improve heat management during
milling. Table 1 gives an overview of the strengths and weak-
nesses of the various perovskite powder synthesis methods,
which are also summarized in the following including their
future prospects.

Up to now, reports on mechanochemical synthesis have
mainly focused on the synthesis of a large number of stoichio-
metries and attempted to transfer concepts from solvent-based
thin-film processing to mechanochemical synthesis. Only a
few studies have focused on the impact of specific processing
parameters like reactant particle sizes on the resulting perov-
skite, or on the reaction mechanisms.2%646] Further investi-
gations are needed to be able to adjust the powder properties
more precisely. It will also be interesting to see, to which extent
further passivation concepts are transferable from solvent-
based processing to mechanochemically synthesized powders,

and whether new passivation approaches can be realized, as
the addition of passivating compounds is not limited by solu-
bility aspects. Advantages of mechanochemistry are the high
stability of the powders, and that no toxic solvents are needed.
Drawbacks of the mechanochemical approach are the costs for
the necessary processing equipment and that abrasion of the
grinding equipment may contaminate the perovskite, thus
affecting the electrical and optical properties. Furthermore,
mechanochemically synthesized powders can exhibit an inho-
mogeneous particle size distribution, as the micrometer-sized
primary particles can form dense aggregates and also tend to
agglomerate (Figure 3a), which might have a negative impact
on its further processing.

Apart from being a solvent-free synthesis approach, the
attraction of thermal annealing is that it typically results in
perovskite powders with large crystal size and good crystal
quality. However, the necessity of relatively high tempera-
tures limits the applicability of this synthesis approach to a
limited number of halide perovskites. Furthermore, a sub-
sequent grinding step might be necessary to crush sintered
samples. Moreover, proper sealing of the reaction container
(glass ampule) might become demanding on an industrial
scale.

In comparison, the precipitation method requires only glass
vessels and a hot plate, making it easily accessible in the lab.
Additionally, it was shown that low purity reactants (<99%)
are sufficient to produce powder, which after redissolving and
processing to solar cells, obtains power conversion efficiencies
> 21%, making the processing more cost-effective.! The pre-
cipitation method further scores with its ability to adjust the
morphology of the powders to bulk crystals, wires, rods, and
nanocrystals as can be seen in Figure 3b. But it also exhibits
drawbacks as large amounts of solvent are needed and a
precise adjustment of the perovskite stoichiometry can be
challenging.

The advantage of ultrasonic synthesis compared to the pre-
cipitation approach is the increased dissolution rate of the reac-
tants due to the comminuting effect of ultrasound. To the best
of our knowledge, the ultrasonic synthesis of micrometer-sized
perovskite powders for further processing into optoelectronic
devices has not yet been reported. Thus, this route appears par-
ticularly suitable to produce nanoparticles and quantum dots
(Figure 3c). However, similar to the precipitation synthesis, the
sonochemical synthesis requires large amounts of solvents,
which increases costs and might hamper up-scaling.

Table 1. Summary of possible strengths (top) and possible weaknesses (bottom) of different perovskite powder synthesis approaches.

Mechanochemical Thermal annealing

Precipitation Sonochemical

Inhomogeneous particle size distri-

bution
Contamination by abrasive wear
High equipment costs

+ Up-scalable + Solvent-free

+ High stability + Large crystallite size

+ Large variety + Well suited for inorganic halide
+ Solvent-free perovskites

+ Possible synthesis of nanocrystals + Good crystal quality

+ Precise stoichiometry control

Time-consuming

High temperatures needed
Upscaling not straight forward
Difficult for hybrid perovskites

+ Particle morphology control possible Particle morphology control possible
+ No special equipment necessary Well suited for nanoparticles and
+ Use of low purity reactants possible quantum dots

Large amounts of solvents needed
Precise control of stoichiometry

challenging

Facilitates educt dissolution

Large amounts of solvents needed
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Figure 3. a) SEM image of mechanochemically synthesized MAPbIl; powder via ball milling. b) Representative SEM (left) and TEM images of
MAPbI; via precipitation, obtained (from left to right) without additional cations or ligands, by single fast addition, or slow addition of an acetonitrile
solution containing Pbl,, CH3NH;l and CH;3(CH,);NH;l, and by single (fast) addition of a ybutyrolactone solution containing Pbl,, CH;NH;l and
(H3NCH,CH,CHNH;CH,CH3)l, to toluene. ¢) High-resolution TEM image of monodispersed 10 nm CsPbBr; nanocrystals synthesized via ultrasound
synthesis. a) Reproduced with permission.2l Copyright 2019, American Chemical Society. b) Reproduced with permission.’”l Copyright 2015, American
Chemical Society. c) Reproduced with permission.®l Copyright 2016, Royal Society of Chemistry.

3. Dry Powder Processing

The appeal of dry halide perovskite processing undoubtedly is
connected with the potential to circumvent any safety issues
due to solvent toxicity, while the potential for easy upscaling
exists. Thus, e.g., the sequential or simultaneous evaporation of
precursors to deposit perovskite thin films is a frequently used
and well-established processing method.°®] Dry processing
that is not based on the precursors but based on already syn-
thesized perovskite powder is also possible and topic of this
chapter. First, we will discuss methods where the perovskite
structure undergoes a dissolution and subsequent recrystal-
lizes in the course of the dry processing, which is the case for
physical vapor deposition (PVD) approaches and for melt pro-
cessing (3.1 and 3.2). Then we will turn to methods where the
perovskite powders essentially keep their properties also during
film processing, which can be achieved by powder aerosol dep-
osition (3.3) or by powder pressing (3.4).

3.1. Physical Vapor Deposition Approaches

The preparation of compact halide perovskite films by evapo-
ration was already demonstrated at the end of the 1990s and
has become one of the most important process methods to
produce halide perovskite thin films besides solution-based
approaches.”-%1 In a typical evaporation process, several

Adv. Funct. Mater. 2021, 31, 2007350 2007350 (6 of 20)

different precursor materials (in powder form), such as MAI
and PbI, for the synthesis of MAPDI3, are coevaporated simul-
taneously. The precursor powders are filled into boats or cru-
cibles inside the vacuum chamber which is then evacuated to
high vacuum. To bring the precursors into the physical vapor
phase, an intense current is applied to the sources and the
resulting heat leads to a thermal evaporation/sublimation of
the precursor powders. As a result, perovskite film formation
occurs at the substrate placed above the source powders by con-
densation of the material from the vapor phase. Here, the stoi-
chiometry and deposition rate of the film can be tuned via the
flux rate stemming from the different evaporation sources.

One of the most critical aspects of this method is the con-
trol of the actual deposition rates, which commonly is done via
the control of the source temperatures and/or quartz crystal
microbalances. The control of the deposition rate is especially
challenging for the evaporation of halide perovskites involving
organic cations, which tend to dissociate and have a low
sticking, making the precise control of the flux rates and thus
of the perovskite stoichiometry challenging.””! A possible solu-
tion to this issue is the single-source vapor deposition (SSVD)
approach, where not the individual precursors are used, but
perovskite powder that is already synthesized (Figure 4a). In
2016, Fan et al. were the first to demonstrate the film forma-
tion of a 3D halide perovskite by this process, using already
prepared MAPbI; powder, so that compact 400 nm films
could be achieved, leading to efficiencies of =10% when used

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Schematic Setup for SSVD. (b) Cross-sectional SEM images of an Yb*:CsPbCl; film deposited by SSVD from a single-source powder
onto a textured silicon solar cell with different magnifications. (c) Top view SEM image of SSVD processed films with thicknesses of 250 nm (left)
and 890 nm (right), scale bar is 1 um. (d) Cross-section bright-field TEM image of a %CsSnl; film on Si processed via pulsed laser deposition. The
image shows the formation of a dense film with elongated crystalline grains. a,b) Reproduced with permission.”?l Copyright 2019, American Chemical
Society. c) Reproduced with permission.’ Copyright 2020, Wiley-VCH. d) Reproduced under the terms of the CC-BY 4.0 license./®l Copyright 2020,

the Authors. Published by Wiley-VCH.

in a solar cell.”! Ajjouri et al. later used single source vacuum
deposition to produce inorganic CsPbX; thin films, finding
that compared to the individual precursors, thin films based
on the perovskite powders crystallized more completely.’? The
applicability of single source vapor deposition to also complex
halide perovskites such as Yb**:CsPb(Cl,,Br,); or highly alloyed
(FA¢81MA(14Cs0,05)Pb(Cly 0Bro 1410.84)3 Was then demonstrated
by Crane et al.,"*! who also obtained very good film coverage on
textured surfaces (Figure 4b). Within the past year, the perov-
skite powder-based SSVD film processing was also shown for
other stoichiometries, with mixtures in the B-position, e.g.,
CsSng 3Pby;Br; or Cs;Cu,ls, 74 as well as the fabrication of
layers with a relatively high thickness of 890 nm (Figure 4c).
However, the latter were not phase-pure in contrast to thinner
layers (250 nm), as evident from XRD measurements.” It was
assumed that an increase in the heating times of the perovskite
powder due to the higher powder quantity was responsible for
the film differences. Heating up the perovskite powder suffi-
ciently quick is a crucial aspect of SSVD, in order to minimize

Adv. Funct. Mater. 2021, 31, 2007350 2007350 (7 of 20)

initial deviations in the evaporation rates of the individual con-
stituents and to prevent material degradation, especially when
organic cations are involved.!®” 74l

To address this issue, Kiyek et al. recently initiated the evap-
oration process of perovskite powder not by applying an elec-
tric current, but by means of intense short laser pulses on a
perovskite pellet (pulsed laser deposition: PLD), the latter
being produced by pressing of mechanochemically synthesized
perovskite source powder.””! Using this pulsed laser deposi-
tion approach, compact CsSnl; thin films in the relevant black
orthorhombic phase could be obtained, also in different thick-
nesses (Figure 4d). Covered by a thin Al,O; layer, the PLD
films exhibited a high temporal stability of several months
when stored in a glovebox. Moreover, in a proof-of-principle
study, Borri et al. reported the deposition of CsPbBr; using
magnetron sputtering.”®! Also here, they realized the target by
simple pressing of mechanochemically synthesized CsPbBr;
powder. Although there is still potential in the optimization
of the layer properties, i.e., in particular surface roughness
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and phase purity, this work outlines an interesting alternative
processing route based on perovskite powder, especially when
considering the typical advantages of magnetron sputtering
regarding upscaling and the possibility of easy deposition of
hetero-structures.

3.2. Outlook PVYD

Mainly in the past two years, the potential of perovskite powder-
based physical vapor deposition approaches for the fabrica-
tion of compact, high-quality perovskite thin films of different
stoichiometries has become clear. However, up to now only
proof-of-concept solar cells have been built from these layers,
without demonstration of highly efficient devices. Similarly,
tandem solar cells such as perovskite/silicon solar cells, where
the perovskite layer is processed from a powder-based PVD
approach on a textured surface have, to the best of our knowl-
edge, not yet been presented. Accordingly, it will be exciting to
see how perovskite powder-based PVD approaches will develop
and lead to efficient optoelectronic devices in the future. It
might also be possible to realize powder-based deposition of
perovskite layers with other PVD-associated methods, such

www.afm-journal.de

as cathodic arc deposition or electron-beam physical vapor
deposition.

3.3. Melt Processing

For melt processing of halide perovskites, the perovskite powder
is heated above its melting temperature T,,,.; and cooled down in
a systematic manner to induce and control perovskite recrystal-
lization (Figure 5c). It is crucial that T, is below the material's
degradation temperature to achieve complete recrystallization.
The crystallization of halide perovskites from the melt was
demonstrated in principle already in the early 2000s by Mitzi
and co-workers, using Sn-based 2D-layered Ruddlesden-Popper
perovskites.”778] More recently, melt film processing could
also be shown for Pb-based Ruddlesden-Popper perovskites./!
In the case of both Sn and Pb, the melting temperature was
found to crucially depend on the exact properties of the organic
A cation side chains.® Only after appropriate optimization, it
was possible to reduce Ty, of these layered perovskites below
their decomposition temperature.””7%! The change in melt- and
decomposition temperature was also suggested to be correlated
with structural changes within the inorganic Pbl, layer and/or
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Figure 5. Photograph of a) a CsPbBr; ingot and b) a single crystal wafer grown via a Bridgman method. c) Concept of powder-based melt processing
approach of CsPbBr3, and d) cross-sectional SEM image of resulting thick film. e) Photographs of melt-processed CsPbBr; layers with different recrys-
tallization rates as indicated. a,b) Reproduced under the terms of the CC-BY 4.0 license.®2l Copyright 2018, the Authors. Published by Springer Nature.
c,d) Reproduced with permission.’ Copyright 2019, Wiley-VCH. €) Reproduced under the terms of the CC BY-NC-ND 4.0 license.*¥l Copyright 2020,

the authors. Published by Wiley-VCH.
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changes in the strength of the hydrogen bonding interaction
between the inorganic and organic parts of the perovskite.”!
In a subsequent work, Mitzi and co-workers realized the melt
processing of layered perovskites, in which besides longer-
chain f-methylphenethylammonium (f-Me-PEA) cations, also
methylammonium (MA) was introduced to a certain extent, i.e.,
(f-Me-PEA),MA, _Pb,13,,; with n = 1,2,3. The introduction of
MA reduced the bandgap of these perovskites, making them
more relevant for optoelectronic applications such as solar
cells.B!l However, it turned out that for n > 1, the perovskites
show incongruent melting behavior upon heating and a liquid/
solid mixture can develop, leading to an undesired recrystalli-
zation into different phases. Accordingly, the melt-processing
needed to be followed by a further post annealing step (below
the melting temperature) to cure the structural heterogeneity
and successfully produce phase-pure films./®!

In the family of 3D halide perovskites, one faces the problem
that the decomposition temperature of most relevant com-
pounds is below their melting temperature, e.g., for MAPbI;
Tgecomp = 240 °C.% The inorganic halide perovskite CsPbBr;
is the only known exception so far, with T, of 560 °C being
below the temperature range of >600 °C where degradation
begins.’ This was exploited in 2013 by Stoumpos et al. and
in the following years also by other groups, so that with the
help of a rather complex vertical Bridgeman method, highly
crystalline CsPbBr; ingots, often of several cm in diameter and
length, could be produced (Figure 5a,b).828485 Here it became
clear that both, the chemical purity of the precursors,® and the
exact cooling procedure,828 are important factors influencing
the optical quality (easily recognizable by the optical clarity of
the ingots), as well as the electrical properties, that is the sen-
sitivity in yray or o-particle detector configuration.82861 Under
optimized melt-recrystallization conditions, CsPbBr; ingots
were found to show excellent optoelectronic properties, such
as extremely low trap densities in the range of 10° cm=,®% and
mobility-lifetime products in the range of 102 cm? V18] Excel-
lent optoelectronic properties of melt-processed CsPbBr; thick
films used as X-ray detectors, have also been demonstrated
recently by Pan et al., using a hot pressing approach.’* Here,
CsPbBr; powder was distributed onto a substrate, brought
into the melt by heating to 560 °C, covered with a cover glass,
and then cooled down again in a controlled manner whereby
the perovskite thick film crystallized (Figure 5c).’Y Again,
the use of a suitable cooling rate (in this case 5°C/min), was
of decisive importance to obtain highly crystalline perovskite,
even monocrystalline along the layer thickness of 240 pm
(Figure 5d). Accordingly, a mobility-lifetime product of
1.3-1072 cm? V! was found, similar to corresponding values for
melt-grown ingots.®% This resulted in a record X-Ray sensitivity of
55 mC Gy,;, "t cm™ at a gain factor of 3632 under an electric field
of 5 V mm™P4 Almost at the same time, Matt et al. demon-
strated powder-based melt processing of 250 um thick CsPbBr;
films, 3] where in their case, the films were recrystallized with
lower cooling rates in the range between 0.9 and 0.125 °C min?,
and without a cover layer on the perovskite. While polycrys-
talline morphologies followed from fast cooling, the films
obtained under low cooling rates showed large monocrystalline
domains on the cm? scale, (Figure 5e).® These highly crystal-
line CsPDbBrj; thick films also showed very good X-ray sensitivities
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of 1450 puC Gy, ! em™ at 1.2 X 10* V cm™ and a low lowest
detectable dose rate in the range of =500 nGy,;, s

3.4. Outlook Melt Processing

Even though halide perovskite layers with exceptional optoelec-
tronic properties can be achieved via melt-processing, a current
major drawback of this method is that its applicability is limited
to perovskites that meet the precondition of T < Tiegradation:
Here, the use of organic cations like MA seems to be particu-
larly problematic. Therefore, it will be interesting to see, if
other fully inorganic perovskites, perhaps even lead-free double
perovskites, could be possible candidates for melt processing.
In addition, the thickness of all reported melt-processed layers
was in the range of hundreds of um, so only the processing of
perovskite thick films has been demonstrated yet. Accordingly,
perovskite melt-processing has only been relevant for the fab-
rication of high energy photon detectors so far. To realize thin
films by melt-processing and thus expand the pool of possible
applications to, e.g., solar cells or LEDs in the future, ensuring
a homogeneous powder distribution on the substrate could be
an important aspect to enable compact thin layers. In this con-
text, finding suitable strategies for a proper powder distribu-
tion, e.g., by means of powder spraying and combining it with
the melt-processing might be a possible way.

In passing, we note that the characterization of perovskite
layers with high crystallinity, grain size, or thickness (as they
typically result by melt processing), can be more demanding
compared to that of, e.g., solution-processed polycrystalline
perovskite thin films. Especially in optical characterizations,
measured PL spectra can significantly be influenced by self-
absorption effects.’”] Thus, detailed analysis including optical
modeling were applied to the measured steady-state PL spectra
of thick films to extract reliable information.B¥8% Addition-
ally, increased crystallinity and thickness can lead to increased
excited state diffusion. This reduces the charge carrier density
immediately after laser excitation and increases the spatial area
where the excited states are present. This results in a lower
photoluminescence quantum yield,*” and thus in a decreased
measured PL intensity, compared to thin films under nominally
identical measurement conditions. The increased excited state
diffusion also results in an accelerated PL decay typically within
the first nanoseconds after laser excitation.’!l When analyzing
such transient PL decays a term that considers the charge car-
rier diffusion needs to be added to the commonly used rate
equations. This might further complicate the extraction of reli-
able information from time-resolved PL data of thick perovskite
layers compared to their thin-film counterparts.®?

3.5. Dry Powder Aerosol Deposition

The powder aerosol deposition (PAD) method (sometimes
also referred to as aerosol deposition method, ADM) is a
technology for producing dense ceramic films at room tem-
perature directly from a ceramic powder without chemical
reactions or phase transformations. It has already been used
to deposit different functional materials, for example, TiO,
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Figure 6. a) Schematic of an ADM setup. b) Schematic of patterned deposition of perovskite layers via ADM, as-deposited patterns of CsPbBrs/
Al,O3-PTFE and R-QD/AI,0;-PTFE nanocomposite layers. Right: R-QD/Al,O3-PTFE, CsPbBr;/Al,05-PTFE, and as-patterned R-QD/Al,O;-PTFE stepwise
multideposition layers. c) Schematic of the humidity sensing mechanism of the CsPb,Brs/BaTiO; sensor processed via ADM. d) Hysteresis result for
ADM processed CsPb,Brs/BaTiO3; nanocomposite layer showing the capacitance of a function of relative humidity RH% from 25 to 95%. a) Adapted
under the terms of the CC-BY 4.0 license.[%] Copyright 2016, the authors. Published by MDPI AG. b) Adapted with permission.['%¢l Copyright 2019,
Wiley-VCH. c,d) Reproduced with permission.”] Copyright 2020, Wiley-VCH.

for dye-sensitized solar cells,®®! CulnGaSe,,I***! oxidic perov-

skites,[?% NiO,®8l Sn0,,*! and Ce0,. In this method, a
carrier gas (e.g., Ny, He, or O,) is lead through a powder in
an aerosol chamber, forming a dry powder aerosol. The deposi-
tion chamber, in which the substrate is located, is evacuated
to approximately 1 to 10 mbar by a vacuum pump. Due to the
pressure difference, the dry powder aerosol transfers into the
chamber via a pipe, further accelerates to 100 to 600 m s™! (high
velocity aerosol jet) by means of a nozzle and finally impacts on
the substrate (Figure 6a). Upon contact with the substrate, the
particles break up and form a nanocrystalline layer, which is
further densified by subsequent particles due to a room tem-
perature impact consolidation (RTIC) mechanism.!%! Details
on the process can, e.g., be found in the reviews of Akedol'"!
and Hanft et al."%! For an overview on investigated materials
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for sensing and energy applications, we refer to the review
from Schubert et al.'3! and for first commercial applications to
the review by Akedo.[14

In a proof-of-concept study, we demonstrated the fabrica-
tion of perovskite thin films using PAD in 2016.%! Here, we
obtained MAPbI; powder by simply grinding off solution-
processed thin films from a glass substrate, and subsequently
sprayed this powder. The perovskite layer showed good adhe-
sion on planar TiO, and layer thicknesses of a few um and
even <1 um could be realized. In particular, we could not detect
any signatures of phase impurities such as Pbl, in the meas-
ured XRD patterns of PAD-produced films and only observed
typical absorption and PL properties of MAPDI;, demonstrating
that PAD is a non-destructive processing method for halide
perovskites. However, the high surface roughness of the layers
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prevented the fabrication of efficient optoelectronic devices
based on the dry aerosol deposited perovskite layer.

Dry PAD was then used by Kim et al. in 2019 who sprayed
CsPbBr3;/Al,03 composite powders to produce films with a
thickness in the low um range.'%! In particular, these films
showed a good long-term stability (20 d at 150 °C or > 5 months
at ambient conditions) and could be processed as efficient green
emitter layers in white light backlight units also including the
processing of patterned shapes (Figure 6b). Furthermore, they
showed the successful deposition of CsPbBr;/Al,0; composite
on flexible substrates like polyethylene terephthalate, with high
robustness against 100 000 bending cycles. In a subsequent
work, the authors also use PAD to produce sensitive and par-
ticularly stable capacitive perovskite-based humidity sensors
(Figure 6¢).['7) For this purpose, CsPbBr; powder was deposited
as a composite with other host materials such as TiO,, Al,O5
and BaTiO; on gold finger electrode coated glass substrates.
After suitable optimization, humidity sensors based on PAD
processed CsPb,Brs/BaTiO; composites showed notable sensi-
tivity with a capacitance change of 21 426 pF/RH% with a high
linearity over a humidity range of 20 — 90% RH and low hys-
teresis (Figure 6d). Due to the use of CsPb,Brs, which is more
stable than CsPbBr;, and due to a suitable morphology by the
surrounding BaTiO;, the layers also showed a promising sta-
bility to moisture (>5 d at 90% RH).

3.6. Outlook Dry Powder Aerosol Deposition

From the three studies known to us that use dry PAD with
halide perovskite powders, it already becomes clear that it is
possible to transfer perovskite powders nondestructively such
as to form (thin) films with good adhesion to the underlying
layers. In the case of the processed composites for use as
capacitive humidity sensors, a high porosity or high surface to
volume ratio is desirable, which was relatively easy to achieve
by PAD. For other optoelectronic applications such as lasers,
LEDs or solar cells, however, the exact opposite is required,
ie., compact, dense layers with low surface roughness. To
realize such PAD processed perovskite thin-film devices with
decent device efficiencies in the future, optimizations regarding
spraying parameters, powder properties, and especially suitable
posttreatment steps to further reduce the surface roughness
are necessary. In this context, suitable hot-pressing of the PAD
perovskite layer could be an attractive option. Hot pressing
has already been used especially in the recent past to improve
both compactness and surface properties of perovskite thin
films, 198111 50 that transferring hot pressing to PAD-processed
films might appear achievable.

3.7. Pressing

In the past, pressing perovskite powder to pellets was often
used to enable further processing methods, such as PLD or
sputtering approaches.”>”?l However, the use of pellets them-
selves (Figure 7a) as active layer in optoelectronic devices was
demonstrated in 2017 by Shrestha et al., who presented effi-
cient X-ray detectors based on powder-pressed perovskite thick

Adv. Funct. Mater. 2021, 31, 2007350 2007350 (11 of 20)

films.® For this purpose, 1 mm thick freestanding wafers were
obtained by compressing MAPDbI; powder with 300 MPa at
room temperature. The wafers showed a density of ~90% rela-
tive to that of a MAPDI; single crystal, and in addition, during
pressing a pressure-induced sintering process occurred, which
was concluded from the formation of sinter necks between
perovskite particles. To transfer the freestanding wafers into a
detector configuration, they were pressed onto a PEDOT:PSS
coated ITO substrate at a relatively low pressure of 15 MPa for
2 min, resulting in a sufficiently high adhesion of the layer, so
that a functional X-ray detector device could be produced.®!

Similarly, Hu et al. investigated the processing of pressing
perovskite powders.[>] They showed that it is possible to pro-
duce compact freestanding pellets even with a relatively low
pressing pressure of 10 MPa when using elevated temperatures
of 150 °C."] In this case, it was also possible to use only par-
tially reacted perovskite powder that finally crystallized to phase
pure MAPDI; due to the selected temperature and pressure
conditions during pressing. Furthermore, they realized var-
ious wafer shapes and different layer thicknesses in the range
between ~0.1 and 1.8 mm. The resulting X-ray detector devices
showed remarkable sensitivities of 1.22 x 10° uC Gy™' cm™ at
10 V bias voltage.

Recently, we systematically investigated the influence of
pressure (Figure 7b), pressing time and temperature on the
compaction dynamics occurring during the pressing of perov-
skite powders.'"¥l Using transient pressure relaxation measure-
ments, we identified different compaction processes, namely a
faster, initially dominant particle rearrangement dynamic and
subsequently increasing plastic deformation dynamics of the
powder particles on longer time scales (Figure 7c). Further-
more, we found that at temperatures of >=35 °C a faster com-
pression dynamic, presumably due to a sintering effect, occurs
mainly independent of the pressure level (10-100 MPa). Under
optimized pressing conditions (100 MPa, 100 °C and long-
press time of =130 min), it was possible to produce 1 mm thick
MAPDI; layers with relative densities of >97% with obvious
grain growth, resulting in an average grain size of 1.9 um.!!l

Hong et al. also used the pressing approach and pressed
mechanochemically synthesized CsSnBr;sCl;s powder into
2 mm thick pellets.'¥l By evaporating gold electrodes on the
pellet, they realized a proof-of-concept photodetector, meas-
uring a change of the photocurrent by about one order of mag-
nitude under illumination using a 445 nm LED. We could also
observe this qualitative proof of photocurrent, i.e., of the basic
optoelectronic functionality of powder-pressed perovskite
pellets, for pellets with various stoichiometries, including
mixtures of A-cation and/or halides.?) However, almost all
of these powder-pressed pellets show a temporal drift or an
instability of the dark current and photocurrent.[5¢115116 Thege
current changes occur on a second to hour scale (see, e.g.,
drift of the baseline in Figure 7d). Besides interface effects,
the migration of ions, especially of halides, is currently con-
sidered to be the main contribution to the current instabili-
ties and also to the in general high dark currents in perovskite
thick films."”18 Jon migration preferably occurs at the grain
boundaries,*] thus it especially limits the performance of
X-ray detectors based on powder-pressed polycrystalline perov-
skite layers.
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Figure 7. a) Photograph of a freestanding powder pressed MA;Bi,lg Pellet. b) Top-view SEM images of powder-pressed MAPblI; pellets pressed at
25 MPa (left) and 100 MPa (right). c) Illustration of the perovskite powder compaction dynamics during pressing. d) Time-resolved current of a powder
pressed MAPBr; and MAPbI,Br, pellets at 1V, where the samples were periodically illuminated after about 3600 s by a 405 nm laser diode. €) Schematic
illustration of the suppressed ionic migration in a powder-pressed Cs,AgBiBrg layer by BiOBr passivation. f) Performance of Cs,AgBiBrg wafer X-ray
detector with a device response to X-rays (138.7 uGy,;, s™') under an electric field of 0.1V um™. g) Operational stability of a powder pressed MA;Bi,lq-
powder pressed X-ray detector under 700 V cm™ electric field against continuous X-ray irradiation with various dose rates from 440 to 4300 mGy,;, min~.
a,g) Reproduced with permission.'" Copyright 2020, Wiley-VCH. b,c) Reproduced with permission.l"l Copyright 2020, American Chemical Society.
d) Adapted with permission.?% Copyright 2019, American Chemical Society. e,f) Reproduced under the terms of the CC-BY 4.0 license.[ Copyright
2019, the authors, published by Springer Nature.
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To address this issue, Yang et al. followed an epitaxial pas-
sivation strategy, where heteroepitaxial growth between BiOBr
and the lead-free CsAgBiBry perovskite derivative passivates
bromide vacancies of the latter (Figure 7e).1" They pressed,
powder based on crushed CsAgBiBr, single crystals, mixed
with a small proportion of BiBr to a pellet by applying 200 MPa,
in an isostatic hydraulic press. Annealing this pellet at 350 °C
in air for 20 h led to a significant grain size increase to about
100 pm and also initiated the epitaxial growth of BiOBr at the
CsAgBiBr, grain boundaries.™ By optical and electrical char-
acterizations, they demonstrate the passivation of defect state
at the CsAgBiBr; grain boundaries, which indeed lead to a
decreased dark current, and at the same time significantly
improved temporal current stability in detector configuration
(Figure 7f).

Very recently, Tie et al. realized sensitive X-ray detectors by
powder pressed pellets of the lead-free perovskite derivative
MA;BI, 1y, which showed a sensitivity of 563 uC Gy cm™ at
2100 V cm™ and low limit of detection of 9.3 nGy s™.'*? Crucial
for this achievement was the high intrinsic activation energy for
ion migration of 0.5 eV compared to MAPDI; with ~0.2 eV,!]
leading to a very good temporal stability of the dark current,
as well as during operation, without the need for further pas-
sivation strategies (Figure 7g). Here it is also worth noting that
the high relative layer density of 97% was achieved by isostatic
pressing at 200 MPa at room temperature, i.e., without further
tempering. This indicates that the exact crystal structure of
the perovskite is an important factor for its pressure-induced
powder compaction.

As already mentioned in Section 3.3., different applica-
tions impose different requirements on the perovskite layer.
For example, a high contact area of the perovskite, i.e., a high
porosity of the layer, is desired for good functionality as a gas
sensor material. In the case of powder pressing it is easy to
achieve different degrees of compaction, as the relative den-
sity of the layer depends on the applied pressure, temperature,
and pressing time.[3] Recently, Sheikh et al. took advantage of
this and used a 0.6 mm thick powder pressed pellet with a rela-
tive density of 82% as an efficient ammonium sensor with low
response (0.3 s) and recovery (3.6 s) times at ammonium levels
as low as 10 ppm.[12¥]

3.8. Outlook Pressing

Powder pressing is often seen as an easily up-scalable process
to produce perovskite thick films. Nevertheless, none of the pel-
lets or layers presented so far exceed dimensions of a few cm.
However, due to the low focusability of high energy optical radi-
ation, the requirements for typical flat panel detectors are in the
range of 30 x 30 cm. In the future, combinations of pressure
and temperature that provide sufficiently good layer properties
also on these larger scales, need to be investigated more closely.
Alternatively, strategies might be required, where for example,
several smaller layers might be combined to a larger one. To
produce commercial powder-pressed perovskite X-ray detec-
tors it is necessary to transfer the pressed perovskite wafers to
other substrates (containing, e.g., transport layers and/or read-
out electronics). From our experience, achieving high adhesion
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between perovskite wafer and underlying substrate, while at
the same time ensuring that the adhesion between perovskite
and the surface of the press die is sufficiently low, can be chal-
lenging. Thus, a better understanding and control about this
appears to be a desirable future goal.

4. Wet Powder Processing

In this chapter, we address wet processing approaches that
are based on perovskite powders. Analogous to dry powder
processing, also in the case of wet processing, it is possible to
differentiate between methods where the perovskite powder
is dissolved and subsequently recrystallized and wet methods,
where the powder is directly transferred to a film, as will be
discussed in more detail in the following.

4.1. Powder Dissolution

It might appear paradox at first sight to discard the advantages
of processing dry powders by resolving them in an organic
solvent (Figure 8a). However, it could be observed in the past
that dissolving already synthesized perovskite powder and sub-
sequent classical solution-based film processing, e.g., via spin
coating, can lead to efficient perovskite solar cells.'?''%’] These
solar cells even showed improved performance compared
to corresponding devices made from conventional reference
solutions, in which the individual precursors were dissolved
(Figure 8b).18123124 [t was found that the thin films processed
from redissolved-powder-solutions exhibit bigger grains,[121-123]
higher crystallinity,21123] lower defect density,*122123] and
improved stability,*#121123] compared to their counterparts
processed from conventional precursor-based solutions
(Figure 8c—f).

Prochowicz et al. attributed the improved film properties
that followed from the redissolved-powder-solution processing
to a purification process that takes place during the recrystalli-
zation of the perovskite.?l This is supported by the findings of
Zhang et al., who showed that even when using low-grade PbI,
precursors, precipitated FAPbI; or MAPDI; powder exhibits
a high purity due to a self-cleaning effect in the course of the
precipitation process.*12] Dou et al. investigated the degrada-
tion of conventional precursor solutions of triple cation mixed
perovskites in DMF, identifying a hydrolysis of DMF with trace
water in the solution, thereby forming formic acid (HCOOH)
and dimethylamine (DMA).? The latter impedes the subse-
quent crystallization of the perovskite and also leads to a faster
degradation of both, thin films and solar cells that were pro-
cessed from these solutions.”! To reduce solution degradation,
complex precursor solution engineering and the development
of optimization strategies would be necessary. Thus, it appears
attractive to circumvent this by dry storage of the perovskite
in powder form and dissolve it directly prior to solution pro-
cessing. But even redissolved-powder-solutions were found
to show better stability compared to conventional precursor-
based solutions. This was recently investigated by Shin et al.
for FAPDI; precursor solutions, where either FAI and PbI,
or presynthesized FAPDI; powder were solved in a dimethyl
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Figure 8. a) Schematic for preparing perovskite films with two different processes. P-I: perovskite film fabricated from the triple-cation perovskite
precursor solution. P-1I: perovskite film fabricated from the perovskite precursor solution prepared from perovskite powder. b) Solar cell IV curves of
perovskite films prepared using synthesized single FAPbl; powder and the conventional precursor mixture (FAI + Pbl,). c) Defect densities distribu-
tion in MAPbI; based perovskite solar cells deduced from capacitance versus frequency at 300 K plotted versus energy where the MAPblI; films were
processed on basis of dissolved mechanochemically synthesized powder-MAPbI;(m) and on basis of MAI und Pbl, precursors -MAPbl;(s). The lower
and higher energies correspond to shallow and deeper defect energy levels. d) Steady-state photoluminescence, and e) time-resolved photolumines-
cence (TRPL) for perovskite films prepared using synthesized single FAPbl; powder and the conventional precursor mixture (FAIl + Pbl,), as well as
corresponding solar cell IV curves (b). f) Cross-sectional FESEM images fabricated with P-1 and P-II perovskite films as illustrated in (a). g) Illustration
of solution aging experiments, where within 4 weeks, the pH value of conventional precursor mixtures of FAI and Pbl, decreased from 11 to 6, while
the pH value of stock solutions based on presynthesized FAPbl; stayed nearly unchanged within the same time period. a) Adapted and f) Reproduced
with permission.ll Copyright 2019, American Chemical Society. b,d,e) Reproduced with permission.!l Copyright 2020, American Chemical Society.
c) Reproduced with permission.22 Copyright 2017, American Chemical Society. g) Reproduced with permission.[?8] Copyright 2020, American Chemical
Society.

Adv. Funct. Mater. 2021, 31, 2007350 2007350 (14 of 20) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

sulfoxide (DMSO)/DMF mixture.l'?®] For solutions with indi-
vidually solved precursors, the solution pH value changed from
11 to 6, i.e., from basic to slightly acidic within 4 weeks. This
effect was significantly less pronounced (pH value change from
11 to 10 within 4 weeks) for a solution based on previously syn-
thesized, and then dissolved &-FAPbI; powder. Solar cells made
from these solutions were stable, mainly independent of the
aging of the redissolved-powder-solution (Figure 8g).28l

4.2. Outlook Dissolved Perovskite Powders

The improved properties of perovskite layers and corre-
sponding device performances when redissolved-powder-solu-
tions (instead of the individual precursors) are used appears
promising and is likely to attract more research interest. It
also became clear that already the properties of dissolved-
powder-solutions and precursor-based-solutions differ. Even
though some papers have addressed this topic in the past,
a general, cross-stoichiometric understanding of the exact
powder-based solution properties has not yet developed. Here
it will be important to develop a more detailed understanding
of the solution chemistry of perovskite solutions. In addi-
tion, we note that little has been reported to date regarding
the solubility of perovskite powder. In the respective papers it
rather appears that dissolving perovskite powders is as easy as
dissolving the precursor powders. In our experience, however,
dissolving mixed perovskite powders in particular can be diffi-
cult, and further steps such as heating, stirring or filtering are
necessary to achieve full dissolution. It is not yet clear which
exact role the properties of the perovskite powders (e.g., par-
ticle size) or of the precursor materials (e.g., purity), or the
powder synthesis route plays. In this context, the work of Choi
et al. represents an interesting starting point.3% For the syn-
thesis of perovskite powder via precipitation they show that
depending on the anti-solvent used, the perovskite powders
exhibits different structural properties that strongly affect the
morphology and structure of resulting MAPbI; thin films and,
hence, the performance of the photovoltaic devices based on
them.[130]

4.3. Suspension Deposition

Here, we are referring to the processing of dispersed perov-
skite powder in a liquid, which can be achieved by adding the
powder to a nonsolvent or an antisolvent such as cyclohexane.
In the past, such suspensions were mostly used to produce test
layers or test devices, so that the processing of powder suspen-
sions was not in the focus at first. For instance, Lopez et al.
simply drop cast a suspension of mechanochemically synthe-
sized CsPbBr; powder in DMSO onto an electrode-structured
substrate, whereby photodetectors with high responsivity of
3 A W at 420 nm could be demonstrated.33 A slightly more
sophisticated approach was used by Chen et al., who mixed dif-
ferent mechanochemically produced methylammonium lead
halide perovskite powders in cyclohexane and toluene together
with polymethyl methacrylate (PMMA) (powder/PMMA weight
ratio 1/10) and deposited homogeneous layers via drop-casting.
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Using this approach, it was also possible to process different
layers on top of each other, where the involved layers contained
perovskites with different stoichiometry, so that high quality
UV-pumped white light could be achieved (Figure 9a).131

Following a similar motivation, Xie et al. recently used two
different ball milled cesium copper halide perovskite pow-
ders and mixed them with thermally curable silicone resin.
Adding hardener resulted in a powder paste that could then be
deposited on a UV-LED chip leading to a dual emission LED
device.34

The processing of layers with the help of perovskite powder
suspensions was also investigated in more detail in the past.
Peng et al. used perovskite powder made from crushed
MAPDI; single crystals and mixed it in PMMA, but with a
significantly higher proportion of powder (powder/PMMA
weight ratio 200/10) compared to Chen et al (powder/PMMA
weight ratio 1/10131).1331 By spin coating, 11 pum thick layers
of the perovskite/PMMA composite could be produced with a
relatively low surface roughness of 78 nm. Using these layers,
efficient thick junction photodiodes with fast light response of
800 ns could be demonstrated. Notably, the powder-based com-
posite film was significantly more stable than a reference layer
produced by solution processing without PMMA, both with
respect to light-induced PL degradation of the neat layers and
with respect to the temporal stability of photo- and dark current
in the detector device.3%] Using the same processing approach,
Peng et al. produced 14 pm thick MAPbBr;/PMMA composite
films in a recently published follow-up work (Figure 9b).13%
The resulting X-ray detectors showed reasonable device met-
rics (lowest detectable X-ray dose rate of 2.3 UGy, s and
X-ray sensitivity of 488 UC Gy,; ' cm™ under a low bias of
-0.5 V). Also in this case, a high device stability with only small
changes of the photocurrent after 50 d was observed.*? In the
field of perovskite-based X-ray detectors, using perovskites as
scintillator material has gained enormous momentum over
the past two years.[3¢138 Gandini et al. recently manufactured
reabsorption-free waveguiding plastic scintillators based on
PMMA composites with CsPbBr; nanocrystal powders as scin-
tillator and a perylene dyad as emitter material.'3% Here, the
scintillation process turned out to be very efficient, with per-
ylene dyad PL decay times of only a few ns in the red wave-
length range (PL peak = 600 nm). This was achieved due to
the efficient blending of the CsPbBr; nanocrystal powders into
PMMA that did not lead to any noticeable deterioration of the
perovskite PL while ensuring a complete energy transfer to the
perylene.[13]

In addition to introducing perovskite powders into a host
matrix, other approaches for wet perovskite powder film pro-
cessing have been demonstrated in the past as well. In 2016,
Nejand et al. used MAPbI; powder homogenized by ball
milling and successfully sprayed it onto different transport
layers in a wet spraying process involving isopropanol.'?l
These wet-sprayed layers were hot-pressed in a subsequent
processing step with the help of a Teflon stamp, which further
compacted the perovskite layer (Figure 9c). After optimizing the
spraying and pressing process, solar cell efficiencies of up to
9% were achieved in a FTO/TiO,/MAPDI;/Spiro-MeOTAD/Au
architecture.'33 Similarly, by wet processing MAPbI; powder
and subsequent hot pressing using a Teflon stamp, Pitchaiya
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Figure 9. a) Luminescence photographs of blue-emitting, green-emitting, and red-emitting MAPbX; powders dispersed in PMMA films. EL spectra
of LED devices constructed by coupling blue, green, and red perovskite/PMMA composite films and their combination with UV chip as well as CIE
chromaticity coordinates of the LED devices in operation. b) Typical SEM image of MAPbBr; crystal/PMMA composite films. c) Schematic of the
synthesizing and the deposition process of perovskite thin films using a wet spraying and subsequent pressing approach. a) Reproduced with permis-
sion.® Copyright 2019, American Chemical Society. b) Reproduced with permission.[32l Copyright 2020, Elsevier B.V. c) Adapted under the terms of
the CC-BY 4.0 license.l3 Copyright 2016, the authors. Published by Nature Publications.

et al. achieved solar cells with 3.9% efficiency, but here the
powder suspension was distributed on the substrate not by wet
spraying but more simply by drop-casting.[40]

4.4. Outlook Direct Wet Powder Processing

Regarding powder suspension processing involving additional
PMMA, it would be interesting to explore in the future to
what extent this processing method allows to produce compact
layers with reduced layer thicknesses, so that such layers could
be used in thin film devices like LEDs or solar cells. From the
previous works that followed the wet distribution of perovskite
powder with subsequent pressure treatment, it already could
be seen that this powder-based processing approach work,
even though both processes, i.e., the deposition of the powder
particles, as well as the pressing process, exhibit potential to
be investigated, understood, and further optimized more in
the future. In this context, it is worth noting that the pressure
levels of <1 MPa as they were used for the pressing steps in the
past, are significantly lower than the pressures in the range of
10 MPa, which have been used recently to successfully improve
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the morphology, compactness and optoelectronic properties of
perovskite thin films.[108-11]

5. Summary and Outlook

In this progress report, we highlighted the latest develop-
ments in the field of halide perovskites in powder form and
their powder-based processing. Both wet as well as dry powder
processing approaches show high potential to fabricate high
quality perovskite layers. However, the various approaches also
clearly have existing limitations, e.g., regarding achievable layer
thicknesses, compactness, and particle sizes, but also regarding
the transferability of the powder properties into the film. To
overcome the individual limitations, combining powder-based
processing approaches with further posttreatments, e.g., by
hot pressing, could be an important step in the future. For
example, it would be highly attractive to be able to manufacture
high-quality perovskite thin films completely dry on the basis
of perovskite powder, which could then be used in efficient
optoelectronic thin-film devices such as solar cells or LEDs. In
combination with a better understanding of perovskite powder
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passivation, powder processing methods such as powder aer-
osol deposition could also play a role to realize novel hetero
layer structures, as they would be a desirable goal to realize
energy resolved X-ray detectors.®! In view of the rapid develop-
ments within the past few years, it will be exciting to see which
further potentials powder-based halide perovskite processing
will show in the future and how these powder-based methods
can establish as real alternative to the conventional halide
perovskite processing methods.
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