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Abstract

Spray-coating is deposition technique that is widely used in industry, and could in
principle be used to fabricate perovskite photovoltaic (PV) devices at low cost and at
high volume. As with any deposition technique, the fabrication of thin-films requires
the optimisation of a range of parameter space in order to control film uniformity and
homogeneity. This is particularly important in PV fabrication, as the quality of the
thin film has an important effect on device efficiency. This perspective summarises the
developments in spray-cast perovskite solar cells made over the past few years, with
particular attention paid to strategies employed to control the crystallisation of the
perovskite. Steady progress has now been made with spray-cast perovskite PV devices
recently demonstrated having a power conversion efficiency of 18.3%. We highlight
trends within the research field, and discuss challenges that will be necessary to drive

such techniques towards practical application.

Graphical TOC Entry

Keywords

Perovskite Solar Cell, Spray-deposition, Spray-coating, Ultrasonic, Thin Film, Multilayer



Over the past 8 years, perovskites have emerged as a promising third generation photo-
voltaic (PV) technology with power conversion efficiency (PCE) rising from an initial 3.8%*
to 22.1%.2 Perovskites are particularly interesting materials as they combine the properties
of inorganic semiconductors (efficient light absorption, tunable bandgap, high charge-carrier
mobility and low recombination rates) with the ease of processing from solution - a property
that is typically associated with organic semiconductors.®®

The ability to process such materials from solution opens the possibility of manufacturing
extremely low-cost PV devices at high volume. Indeed, it has been predicted that PV
modules fabricated in this manner would have an energy payback time of less than half a
year; a value that compares very favourably with silicon based modules that have energy
payback times of up to two and a half years dependent on their location.® However in order
perovskite PV devices to be produced at high volume, it will be necessary to develop scalable
deposition methods that can be used to produce high efficiency devices.

Currently most perovskite devices explored at lab-scale are fabricated by depositing a
perovskite light absorber via spin-coating. Whilst this method is capable of producing de-
vices having high performance, spin-coating is generally wasteful and not scalable for large
scale (roll-to-roll) manufacturing. To address this issue, attention is now turning towards
processing perovskite PV devices using scalable techniques such as slot-die coating,” blade
coating,® ink-jet printing® and spray-coating,!'® with a general aim being to produce devices
having an efficiency comparable to those prepared via spin coating.

In this perspective, we discuss the application of spray-deposition to fabricate perovskite
PV. The attractiveness of this process comes from the fact that it is already used in industry
such as automotive painting, and combines the advantages of fast throughput and high
material utilisation. Importantly, spray-coating is compatible with non-planar surfaces; a
feature that may lend it particular advantages as we discuss in the concluding sections.
However the use of spray-coating is not without its challenges; in general, the fabrication

of thin films by spray-coating generally relies on the use of “inks” that are formulated at



relatively low solution concentrations, with the drying of the ink via solvent evaporation
producing a film of the desired thickness. This is in contrast to inks formulated for spin-
coating in which a much higher concentration is required to maintain high viscosity during
the shear-based coating process. As a result of the low ink concentrations required in spray-
deposition, solutions can often de-wet, and thus the coating process and ink formulation
must be optimised to minimise “pooling” and dewetting during film drying. Here, a range
of parameters can be optimised, including the nature and composition of the solvent, the
solution concentration, fluid flow rate, spray-head height /speed and substrate temperature. '*
The optimisation of such a wide parameter space can be challenging, with process recipes
often not being directly transferable between different research groups.

In the following sections, we summarise progress made in the field of spray-cast perovskite
solar cells as well as addressing future research challenges. However we also include a short
summary of progress made in the development of spray-cast organic (polymer-based) solar
cells to place work on perovskite-based PV devices into context. Note that this article
presents a flavour of the most important progress in the field from the perspective of the
authors, rather than being a full review of all work published on this topic. We direct any
readers who wish to obtain a full description of the development of spray-cast thin-film and
organic photovoltaic devices to a number of recent reviews. 3

Most spray-coating processes can be broken down into four stages, namely (i) the genera-
tion of the ink-droplets, (ii) the transport of the droplets to the substrate, (iii) the coalescence
of the droplets into a wet film, and (iv) thin-film drying.

The first stage in the spray-deposition process involves the break-up of an ink into a
mist of micron sized droplets. One simple way to achieve this is to flow the ink through a
nozzle that includes an orifice, with the ink being sheared as it is passes through the orifice.
Whilst this “air-brush” type process is often used to coat conventional materials, the size of
the droplets produced can vary; a limitation that has consequences for the uniformity of the

resultant film.1%1% As PV devices require close control over layer thickness, many researchers



now use ultrasonic spray-coaters in which a piezoelectric crystal is used to resonate a tip at
10s of kHz. This vibration shears the ink into a mist of micron sized droplets characterised
by an increased uniformity of droplet sizes as compared to an air brush.!%!41® Generally
the mean diameter of droplets (Dg5) produced can be approximated using the following

empirical relation

8ro\/?

where o is the surface tension of the ink, p is its density and f is the frequency of the
resonating tip.'®

After the droplets have been generated they are then directed to the substrate of interest
using a gas jet. In an ideal deposition, the droplets will then wet the surface, however
this process is dependent on ink-density, droplet velocity, diameter, viscosity, nature of the
substrate and the ink surface tension.!? Arguably the most important of these parameters
is the ink surface tension as this will affect the contact angle that the droplets make with
the surface. If the contact angle is too large, the droplets will not merge together into a wet
film, but will instead dewet.'6

A commonly employed strategy to improve surface-wetting is to heat the substrate during
spray-deposition; this reduces the surface tension of the fluid and thus reduces its contact
angle.'” Indeed, the choice of substrate temperature is of key importance when optimising
a spray-deposition process; if the temperature is too high the solvent will evaporate before
the ink is able to spread and merge, resulting in a non-uniform film.1%!? We note that this
process is inevitable in during spray-pyrolysis as the temperature of the substrate far exceeds
the solvent boiling point. This problem is generally addressed by employing a multiple
pass approach in which voids in the film are filled by subsequent passes of the spray-head.
However films produced by this method are often very uneven, with one step deposition
processes being generally preferred. 10-12:18-20

One straight-forward way to reduce solvent contact angle is to use a solvent having a



reduced surface tension, although this is often not possible as such solvents may not be able
to properly dissolve the solute. A solution to this is to mix a secondary solvent into the ink
that has a lower boiling point and reduced surface tension than the primary carrier solvent,
with both primary and secondary solvents being mutually miscible (e.g. TPA and water).
This approach can be used to enhance droplet spreading and merger into a wet film due to
the solutal Marangoni effect.1%?! On evaporation of the secondary solvent, the ink is able
to flow over uncovered areas of the substrate via localised surface tension gradients. The
Marangoni flow velocity (v.) is given by

1 do

V(1) = ) %x(l —z)(—Aja; + Apay) (2)

in which 7 is the viscosity of the ink, o is its surface tension, x is the volume fraction
of the lower surface tension solvent, A; and Aj, are the evaporation rates of the low and
high surface tension solvents respectively, and «; and «y, are activity coefficients for the two
solvents. 16

Once a continuous wet film has been created over a substrate, the carrier solvent(s)
ideally evaporate and leave a uniform film. However if a high boiling point solvent is used,
the prolonged drying times that result can lead to shrinkage or dewetting, creating a film that
is characterised by large-area thickness variations. This effect can be avoided by accelerating
the drying time by increasing the substrate temperature, however it is necessary to take into
account the effect this will have on initial droplet wetting as too high a temperature may
vaporise the solvent on contact.

Before the advent of perovskite solar cells, most PV spray-coating work focused on the
development of organic photovoltaic solar-cells (OPVs). The first example of the use of
spray-coated to produce an OPV was in 2007, where Vak et al were able to fabricate the
active layer of a PSHT:PCBM based device by spray-coating, with the device created having
a PCE of 2.83%.2% Clearly, a practical PV manufacture process based on spray-coating would

ideally use similar spray-based techniques to deposit all layers in a PV device (i.e. active



layer and charge extraction layers). The first example of a “multilayer” spray-cast OPV was
demonstrated in 2009 when Hoth et al spray-cast the hole transporting polymer PEDOT:PSS
and a blend of PSHT:PCBM, achieving a PCE of 2.7%.%* Importantly, this study highlighted
the impact of the choice of solvent on the topography of spray-cast layers.

In 2010 Girotto et al built upon this work and used a mixed solvent system to enhance
the surface coverage of the films, with the efficiency of the resultant devices increasing to
3.75%.16 The use of mixed solvent systems has subsequently become fairly common technique
within the field. !1,16:24-26

Further work addressed the development of multilayer spray-cast OPV, where both elec-
tron and hole-transporting layers (zinc oxide and PEDOT:PSS) were deposited by spray-
coating in addition to the PSHT-PCBM active layer.?” Here, device scale-up was also ex-
plored, with efficiencies of 3.17% and 1.33% achieved for devices having an active area of
0.36cm? and 15.25cm? respectively.

Further gains in efficiency were demonstrated in 2013, when Wang et al fabricated a
5% efficient OPV device incorporating a spray-cast active layer.?® Here, devices were based
on the carbazole co-polymer PCDTBT rather than P3HT. Further efficiency gains were
made in 2015 when multilayer OPVs were fabricated using PEDOT:PSS hole transport layer
and an PFFBT4T-20D:PC71BM active layer blend, with devices fabricated having a PCE
of 8.06%.%% Figure 1 shows the peak efficiency of spray-cast OPV and perovskite devices
discussed in this article against time.

With the emergence of perovskite solar cells, a growing number of researchers have ex-
plored the fabrication of such materials via spray-deposition, with work building upon the
techniques first developed for OPV fabrication. Here, initial work was undertaken by Bar-
rows et al at the University of Sheffield who utilised an ultrasonic spray coater to deposit a
CH3NH3Pbl3_,Cl, perovskite solution, forming the active layer in an inverted architecture
PV device. The devices constructed were based on a layer structure of I'TO/PEDOT:PSS/Perovskite/PCB)

and achieved a peak PCE of 11% efficiency.!® Barrows et al developed a simple process in
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Figure 1: Device efficiency improvements over time for spray-cast Organic (blue line) and
Perovskite solar cells (red line) cited in this perspective. Organic and perovskite devices
utilising more than one spray-cast layer (termed “multilayer” devices) are indicated using
green and yellow symbols respectively.

which MAI and PbCl; powder were dissolved together in a DMF solvent at a molar ratio of
3:1 at a total concentration of 100 mg/ml and then deposited in a single spray pass using
an ultra-sonic system onto a heated substrate under ambient conditions. The resultant dry
film was then annealed in air to facilitate the crystallisation of the perovskite film.

It was found that it was necessary to control the precursor film drying-rate to maximise
the quality of the resultant film (uniformity and lack of pinholes). For example, if the drying
rate was too fast, the ink droplets dried before merging, with significant heterogeneities

identified in the final film. Conversely, if the drying rate was too slow, the wet film underwent



shrinkage or dewetting, resulting in a film having large-area thickness variations. By using
a heated substrate, it was possible to use high boiling point solvents such as DMF without
the necessity for prolonged drying times, with the films produced being of reasonably good
quality.

An additional challenge encountered when spray-coating perovskite films is the necessity
to control the crystallisation of the perovskite itself. Here, this process has been addressed

2930 and it was noted that by changing the temperature

extensively in spin-coating studies,
of the device substrate during spray-deposition, it was possible to modify the morphology
of the perovskite thin-film dramatically.'® This is shown in Figure 2, where it can be seen
that control of the deposition temperature can change the resultant size of the crystallites
and the effective surface coverage of the perovskite film.

Following such progress, Das et al used ultrasonic spray-deposition to fabricate a 13% effi-
cient perovskite solar cell having a normal architecture (FTO/compact TiO/Perovskite/Spiro-
OMeTAD/Au).'? Again, an ultrasonic spray-coater was used to deposit a CH3NH3PbI3_,Cl,
film in a manner very similar to that used by Barrows et al, with flexible devices fabricated
onto ITO covered PET substrates having a PCE of 8.1%. It is generally difficult to deposit
TiOs on ITO coated PET, as the TiO, hole-blocking contact requires sintering at 450°C to
become conductive; a temperature at which both ITO and PET undergo degradation. To
address this issue, an infra-red lamp was used to sinter the TiO, layer whilst protecting the
substrate. This process has already been applied to a perovskite precursor layer to speed up
its conversion into a perovskite (a process that often requires an extended annealing time).3!

In 2016 Tait et al further increased the efficiency of spray-cast perovskite devices by
fabricating a device fabricated from a lead acetate perovskite precursor (Pb(CyH305)s or
PbAc) having a PCE of 15.7%.'® This device was scaled up to an active area of 3.8cm?,
with modules demonstrated having an efficiency of 11.7%. Again, the active layer was

deposited using an ultrasonic spray-coater, with the deposition performed within a nitrogen-

filled glovebox environment. This offered control over humidity and oxygen levels which have



been shown to improve perovskite crystallisation. %19

Importantly, it was shown that a dual feed spray-head could be used to mix different
perovskite precursors. Indeed, by controlling the flow rate, the relative ratio of the pre-
cursor materials could be tuned dynamically to determine an optimal blend ratio. Using a
mixture of 25% CH3NH3Pbl;_,Cl, and 75% CH3NH3Pbl;_,Ac, it was shown that optimal
efficiency could be achieved. It is known that lead acetate based mixtures form ultra-smooth
high quality perovskite films that can be thermally converted from the precursor to the full
perovskite after 10 minutes annealing (regular CHsNH3Pbl;_,Cl, films often require anneal
times in excess of one hour).?? Such properties are likely to be valuable in any high-speed
production process. Figure 3 shows a schematic of the dual-head deposition process. Note
the three stages of spray-deposition: (i) droplets landing on the substrate, (ii) coalescence
of droplets into a wet film, and (iii) drying of the film.!®

A two step method to spray-coat CH3NH3Pbl; perovskite has also been demonstrated
by Huang et al, with devices demonstrating an efficiency of 16.03% on small-area cells and
13.09% on lem? devices.?® This approach was based on the work of Burschka et al in which
a lead iodide film was deposited via spin coating, and then infiltrated with MAI via dip
coating to form a perovskite.? Others had previously used spray-coating to infiltrate the
lead iodide scaffold but Huang et al was the first to spray both layers. 3336

A schematic of the process developed is shown in Figure 4. Firstly a Pbly film was
deposited from DMSO using an ultrasonic spray-coater onto a heated substrate.3® Next
MALI in TPA was spray-coated onto a dry Pbl, layer. This mixed film was then heated at
100°C for 2 hours to ensure all of the precursor underwent reaction, forming the perovskite.
Again the substrate temperature during spray-casting was shown to be of key importance.
A high temperature deposition-process (90°C) effectively removed all DMSO from the film,
yielding a dense Pbl, layer. However if the Pbl, film was too dense, it was found that its
reaction with MAI was incomplete, resulting in a film that was not fully converted. If the

deposition temperature was instead lowered to 60°C it was found that some of the DMSO
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solvent was left in the film, allowing the MAI to infiltrate and undergo diffusion more easily.
Using this technique, it was found possible to create large-area high quality perovskite films
and efficient PV devices.

In 2016 Heo et al reported (to the best of our knowledge) the highest performance spray-
cast perovskite devices, having a PCE of 18.3%.% Here, a different deposition technique
was employed, where a precursor fluid was continuously spray-cast onto a surface over a
period of several minutes, where the outgoing flux of evaporating solvent was balanced by
an incoming flux of fresh precursor ink. This method is in direct contrast to previous spray-
based techniques in which the deposition process lasted for several seconds only.

In the process developed, MAI was first reacted with lead chloride in IPA to form
CH3NH3Pbl;_,Cl, nanocrystals that were then washed, forming a high purity CH3NH3Pbl;_,Cl,
nanocrystalline powder. This powder was then dissolved in a mixture of DMF and GBL. As
GBL has a higher boiling point than DMF, the GBL extended the film drying rate despite
the high temperature of the substrate during the spray-deposition (120°C); a method that
allowed the perovskite crystal growth times to be extended.

It was shown that by controlling the ratio of DMF to GBL, it was possible to balance
the solvent flux out of the film due to evaporation with the incoming flux of fresh solution.
Indeed, if the solution simply consisted of DMF, the solvent flux out of the film was too
high and the film dried rapidly forming a film characterised by small grains. However if
the solution contained too much GBL, the flux into the film was much larger than the
evaporation flux, resulting in solution dewetting. It was found that a solvent blend ratio of
80% DMF to 20% GBL was necessary to balance the incoming and outgoing solvent fluxes
and thus reach a dynamic equilibrium. A schematic diagram of this process is shown in figure
5. This process allowed crystals that had been formed to re-dissolve and then merge into
much larger grains. This created a dense film composed of micron-sized grains that resulted
in the creation of high performance devices. Using this method 10 x 10cm? modules were

created (FTO/TiOy/Perovskite/Spiro-OMeTAD/Au) having an efficiency of 15.5%. We note
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however that such a long deposition times (around 2 minutes) would not be compatible with
a high-speed manufacture process.

In an ideal commercial perovskite PV manufacture process, all solution-processed layers
would be deposited via spray-deposition under ambient conditions. This was demonstrated
in 2016 by Mohamad et al, who reported an inverted device architecture based on spray-cast
PEDOT:PSS, CH3NH3Pbl;_,Cl,, and PCBM, with devices achieving an average efficiency
of 7.1£1.7% (peak 9.9%) relative to a spin-cast reference of 12.140.9%.2* To the best of
our knowledge this is the first example of an spray-cast perovskite device in which all the
layers were sequentially deposited under ambient conditions, with a single spray pass used
to deposit each layer; a technique that would be compatible with a production line. 1243739

Later work by Bishop et al built upon this work by switching to a normal architecture
(FTO/compact TiOy/Mesoporous TiOq/Perovskite/Spiro-OMeTAD/Au).! Here, a spray-
based process was developed to sequentially deposit compact TiO,, mesoporous TiO,, CH3NH3PbIs_,Cl,,
and spiro-OMeTAD. Again each layer was deposited in a single spray pass under ambient
conditions. The devices created had an average efficiency of 9.240.6% (peak 10.2%) relative
to a spin-cast reference of 11.44+1.0% on small-area devices. Significantly, it was found that
compared to a spin-cast reference, there was some reduction in device efficiency observed
which was mainly attributed to the quality of the spray-cast spiro-OMeTAD film that tended
to de-wet. Some scale-up of the process was explored, with devices having an active area of
1.5cm? demonstrated to have an efficiency of 6.9%. Here the efficiency reduction on scale-up
was attributed to a reduction in PV fill factor resulting from a higher series resistance of the
FTO channel-lengths used. Improved patterning of this device would have likely improved
its performance. One limitation identified by Mohamad et al and Bishop et al is the quality
of the perovskite layer that can be spray-cast under ambient conditions. It is likely that bet-
ter control over perovskite crystallisation will further enhance the efficiencies of multilayer
all spray-cast devices.

It is important to develop a spray-based process that will allow devices to have an effi-
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ciency that approaches the most efficient devices fabricated by spin-casting, which currently
have a PCE in excess of 22.1%.2 At present, the most efficient spray-cast devices have an
efficiency of around 18% and thus there is still significant work to be done in order to opti-
mise this process.?> Until now almost all spray-cast devices rely on methylammonium lead
triiodide as the perovskite absorber. However state-of-the-art perovskite devices are now
increasingly based on mixed cation formulations that generally incorporate caesium and for-
mamidinium in addition to methylammonium at the A site position.?*° Such perovskites
have enhanced efficiency and stability and are more likely to be the absorber of choice in a
commercial device.4°

In addition to the use of more complex perovskite formulations, it will also be necessary
to integrate them with the highest performance hole and electron transport layers, with all
such layers ideally deposited using spray-based processes.*! Recent progress has been made
into the use of copper thiocyanate (CuSCN) as an efficient hole-transporting material. 3942
Significantly, this material has recently been deposited by spray-coating in a perovskite device
(where only the CuSCN layer was spray-cast) with an efficiency of 17.1% demonstrated.3’
Notably however, attempts to spray-cast a spiro-OMeTAD hole-transporting layer have been
frustrated by a tendency of the film to undergo dewetting from the perovskite surface.!!
This effect appeared to be promoted by the addition of dopant molecules to the spiro-
OMeTAD to improve its conductivity, however it was found that dewetting could be largely
suppressed by the use of viscosity modifiers.!! Such additives have also been used to suppress
dewetting of PEDOT:PSS films, and thus this approach could be applied more generally
when formulating semiconductor inks for spray-coating applications.*® Note however it will
be important to explore the extent to which such materials can be used (even within the
perovskite active layer) to improve processing and film morphology without compromising
electronic functionality.

The use of spray-coating also offers an opportunity to dispense entirely with the use

of hole-transport materials. Here, the development of graded perovskite heterostructures
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created through vertical control of halide concentration within a device can be used to
manipulate the electric field distribution and thereby enhance electron-hole splitting and
hole extraction without the use of a hole-transporting semiconductor.** We believe, the
ability to spray-cast perovskite semiconductors opens an interesting opportunity to develop
such concepts by fabricating nanoscale structures within the perovskite absorber layer that
cannot easily be formed through a regular solution-based deposition route. For example, by
utilising a perovskite precursor ink that rapidly dries and crystallises during the spray-mist
phase, it should be possible to deposit perovskite nanoparticles as a “dry” film onto other
perovskite layers. This may allow a series of different perovskite materials to be deposited
using a multiple-pass spray-process, with graded heterojunctions formed that offer a tailored
control over electric-field and band offsets within a device.

Up to now, most work on the development of spray-cast PV devices has concentrated on
the fabrication of relatively small devices or simple modules. The scale-up of this technology
however will require individual devices to be patterned, allowing them to be connected to-
gether forming a device module. While thin-films can be patterned by spray-casting through
a mask or stencil, this is not practical for high volume roll-to-roll manufacture. For this
reason, it will be necessary to use a laser-based ablation technique to pattern the various
layers within a spray-cast device. Laser machining of semiconductor films is already at an
advanced stage and routinely used in manufacture, and thus such techniques could be readily
adapted.*

It is important to acknowledge that whilst it is likely a process to fabricate high efficiency
multilayer spray-cast PSCs will be developed, this does not necessarily mean that it will
successfully transition into the commercial market. Silicon based devices, traditionally held
back by high cost, have in recent years dramatically reduced in price and continue to do so.
Decades of research and development have brought module costs down to the point where
they are equal to if not exceeded by those of the balance of systems.® Open questions remain

as to whether a commercial perovskite module will ever reach a cost low enough to give it

14



a significant edge over industrially mature silicon. Therefore we must look for new ways
the technology can be applied to disrupt silicon’s near monopoly of the market. This may
involve creating perovskite-silicon tandem cells,*” or to look for new opportunities to use
perovskite cells in areas in which silicon based devices are unsuitable.

As spray-coating does not involve the close proximity of a coating head to a surface, it
will in principle be possible to use it to fabricate PV devices over non-planar surfaces. This
opens up the opportunity to coat PV devices over a range of different structural materials
and thereby integrate PV onto complex, structured surfaces in a seamless and “invisible”
fashion. This offers the potential to integrate PV with the built environment, the surface
of airplane wings, autonomous aerial vehicles and automobiles etc. Here, distinct challenges
remain; firstly, such surfaces may be much rougher than the well-controlled transparent
conductive oxide materials that are often used to prototype devices. This will require the
use of planarization layers to control the roughness of the surface of interest. Secondly,
problems with inks dewetting and “running” are likely to be more severe when depositing
over a three-dimensional surface, and thus various techniques will be necessary to control
the motion of the ink, such as the use of viscosity modifiers and air-knives. It will also
be necessary to develop high-performance encapsulation systems that are compatible with
deposition over non-planar surfaces.

Looking further forward, it will be possible to use spray-coating to fabricate a range of
other thin-film devices including perovskite light-emitting diodes. Here, such devices could
be integrated over a variety of non-planar surfaces, creating an attractive media for lighting
and signage etc.

In conclusion, significant progress has been made in the fabrication of perovksite PV via
spray-coating. Such techniques however present a series of challenges through the develop-
ment of ink formulation and optimisation of parameter-space to create uniform thin films.
However, the deposition of solution processable semiconductor materials via spray-coating

offers a ready method to fabricate a range of electronic thin-film devices at high speed with
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low wastage. The coming years will determine whether this technology makes the transition

from lab-based demonstrations to a practical manufacture environment.
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Figure 2: Optical microscopy images of spray-deposited thin-films of methylammonium iodide
and lead chloride onto substrates held at a range of elevated temperatures. (a) 28 °C, (b) 38
°C, (c) 55°C, (d) 75°C, (e) 80°C, (f) 87°C. The scale bar in each image corresponds to
20 mm. Reproduced from Ref. 10 with permission from The Royal Society of Chemistry.
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Figure 3: Schematic of concurrently pumped ultrasonic spray coating for perovskite precursor
deposition. The inks ultrasonically mix inside the nozzle, prior to aerosolization. The inset

shows the basic device architecture implemented. Reproduced from Ref. 18 with permission
from The Royal Society of Chemistry.
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Figure 4: Schematic diagram of the two-step spray method for the deposition of perovskite
CH3;NH3Pbl; film. In Step one, Pbly dissolved in DMSO is ultrasonic sprayed onto the
FTO/TiO2 substrate at 60°C. In step two, the CH3NHsI in isopropanol is sprayed onto the
Pbly film at 8°C. In step three, the as-prepared film is heat treated to promote the interdif-
fuston reaction between Pbly, and CH3NHsI and crystallization of CH3NH3Pblz. Reproduced

from Ref. 33 with permission from Elsevier.
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Figure 5: Schematic illustration of (a) the proposed mechanism of the spray coating process,
(b) crystalline grain growth, and (c) the morphology of the formed crystalline grains in the
perovskite film with respect to the balance between Fj, and F,,;. Reproduced from Ref. 25
with permission from The Royal Society of Chemistry.
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