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A B S T R A C T

To make perovskite solar cells an industrially relevant technology large area deposition techniques are needed
and one of the most promising is slot-die coating. This review article details the progress reported in the lit-
erature where slot-die coating has been used for the deposition of both the perovskite layer and other layers in
the perovskite solar cell device stack. An overview of the methods used to adapt the coating process, materials
and drying conditions in order to create high quality layers and devices is given and an outlook on future
research directions in this field is made.

1. Introduction

The remarkable opto-electronic properties of lead halide perovskites
coupled with the advancements in thin film photovoltaic device fabri-
cation generated from organic photovoltaic (OPV) and dye sensitised
solar cell (DSSC) research has propelled perovskite solar cells (PSC) to
astonishing power conversion efficiencies (PCEs) and the forefront of
next generation photovoltaics research. In under a decade PCEs rose
from 3.8% in 2009 to certified 24.2% as of July 2019, outperforming
well established technologies like multicrystalline silicon and copper
indium gallium selenide solar cells (CIGS) [1–5].

PSCs show great potential in becoming a disruptive technology in
the photovoltaics industry, however, there are many challenges yet to
overcome to bring this technology to the market. For instance, bridging
the ‘scaling gap’ and transitioning PSCs from a lab scale to an industrial
scale is a serious challenge [6]. Compatibility with flexible substrates
and devices and the potential for high throughput roll-to-roll (R2R)
manufacture that this offers is one of the key features that makes the
case for using PSCs compelling. R2R fabrication not only offers the
possibility of manufacturing at far higher speeds than those possible for
conventional silicon photovoltaics but also offers the opportunity to
deploy modules at unprecedented rates and in novel formats, as de-
monstrated for structurally similar organic photovoltaics [7,8].

Efforts are being made to upscale the technology with a variety of
techniques having been employed for the fabrication of large area PSCs,
utilising both solution based and vacuum deposition methods. The most
common are spin coating, blade coating [9], screen printing [10], spray
coating [11,12], slot-die coating, gravure printing [13] and vacuum
deposition [14]. It could be argued that, to date, the most successful of
these is blade coating where it has been used for the deposition of the

perovskite layer in modules with PCEs of over 15% and an aperture
area of 30 cm2 [15]. Blade coating of perovskites has only been re-
ported for small scale bench-top sheet-to-sheet (S2S) fabrication and
not for R2R processes. Only gravure [13] and slot-die coating [16–21]
have been reported for use in R2R deposition processes for the per-
ovskite layer of the device stack, with slot-die coating resulting in de-
vices achieving both high PCEs and line speeds on flexible glass [20]
and plastic substrates [19].

Slot-die coating is well suited for the deposition of perovskite inks,
as well as other layers in the device stack. As a pre-metered coating
method, it is highly efficient in terms of materials usage and results in
very low wastage levels of inks compared to other deposition methods
such as spin coating or spray and screen printing. For a typical slot-die
coating process a coating head is positioned close to and across a sub-
strate or web, ink is then pumped into the head, using a syringe pump,
with the ink forced out of a narrow slit along the length of the coating
head (Fig. 1).

The ink forms a liquid bridge between the coating head and the
substrate whereby when the substrate is moved past the head, the de-
position of a wet film is achieved. Over a given coating width the
thickness of the dry film deposited is controlled by adjusting the flow of
ink to the coating head and the speed at which the substrate moves past
the head. This directly translates to changes in the wet film thickness
and subsequently after drying the dry film thickness. This allows for
very fine control of the dry film thickness, to within a few nm, as well as
the ability to deposit very thin dry films, of tens of nm, up to much
thicker films of tens of microns simply by adjusting the ink flow rate or
substrate speed.

There are a number of common failure mechanisms for slot-die
coatings including (i) the ‘low-flow’ limit [22], where the breakup of
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the downstream meniscus causes discontinuity in the wet film (ii) dis-
continuous film defects such as rivulets, where the coating breaks into
multiple smaller stripes with gaps (iii) completely discontinuous films
where the coating stops and starts along the length of the substrate (iv)
air-entrainment defects, associated with the breakup of the upstream
meniscus leading to ‘bubbles’ within the wet film and areas of uncoated
substrate and (v) ‘flooding’ or ‘dripping’ where the flow of ink to the
head is too great compared to the coating speed and results in the
gradual build-up of ink at the coating head and loss of pre-metering and
the expected film thickness. One of the most important operating limits
is the low-flow limit, which causes break-up of the down stream me-
niscus and discontinous film formation. The capillary number is given
by 1 and the low-flow limit can be given in terms of a critical capillary
number (Calow−flow) as in 2, above which, for a particular gap height
and wet film thickness, the coating is unstable, the low-flow limit is
generally applicable for capillary numbers less than one but deviations
can occur for higher capillary numbers. Here μ is the viscosity of the
ink, σ is surface tension, V is the web speed or coating speed, H is the
gap between substrate and die head and t is the wet film thickness.
Therefore, for the set operating parameters H and V, the ink rheology
(surface tension and viscosity) must be adjusted (or vice-versa) to re-
main below critical capillary number ensuring defect free films with
right wet film thickness. For a more complete explanation of slot-die
coating and common defects the reader is directed to the review article
by Harris et al. [23].

= µVCa (1)

= µVCa 0.65 2
1H

t
low flow

3
2

(2)

Table 1 summarises the device stacks and current density – voltage
(JV) scan photovoltaic performance parameters for perovskite solar
cells with a slot-die coated perovskite layer reported in the literature so
far.

In this review, the summary of various approaches developed to
slot-die coat perovskite and other layers of the device stack will be
presented. The effects of different coating procedures, additives and
drying conditions will be discussed, along with discussion on the fun-
damental understanding of nucleation and crystallization of slot-die
coated perovskite films. A comprehensive review of the development in
the performance of slot-die coated perovskite solar cells will be given.

2. Perovskite film formation

The perovskite layer is the most important layer in the perovskite
solar cell device stack, to this end it is vital to have defect free films
with large grain size, crystal phase purity and good film coverage that
can deliver higher photovoltaic performance and stability. The

following sections will discuss the various procedures developed to
improve the quality of slot-die coated perovskite layers, all of which are
effectively based on controlling the crystallization dynamics of the
perovskite material.

2.1. Two-step

The two-step or sequential deposition process for the fabrication of
organic-inorganic perovskite layers was first introduced by Mitzi et al.
[24] and later further developed for deposition of the active layer in
PSCs by Burschka et al. [25]. In this process a pre-deposited lead halide
film is exposed to a cation and halide source e.g. methylammonium
iodide (MAI) or caesium iodide, that then react together to form the
final perovskite. Most typically this is achieved by spin coating a lead
iodide (PbI2) film that is then dried and exposed to a solution of MAI
either by spin coating the solution on top of the PbI2 film or dipping the
PbI2 film into a solution of MAI. When this is applied to slot-die coating,
the principal of the process is the same, with a PbI2 layer first slot-die
coated onto the substrate and the film dried, followed by either slot-die
coating of a MAI solution onto the PbI2 layer or dip coating of the PbI2
layer in a MAI solution.

Compared to depositing the perovskite precursors from a single ink
in one coating stage, termed a ‘one-step’ or ‘single step’ process, the
two-step process allows the separation of film formation into distinct
parts that might be beneficial to the overall film formation. When
considering the formation of the perovskite film, the nucleation and
crystal growth of the perovskite from the wet film of the precursor
solution is critical to achieving good dry film formation with good
overall film coverage. This is particularly challenging when using many
of the strongly polar aprotic solvents commonly used for perovskite
precursor inks. These inks, which poorly wet on many of the common
interlayers, can lead to de-wetting of the substrate as well as the growth
of large crystals with large voids, that when fabricated into devices lead
to shunt leakages and shorts that are detrimental to performance. This
was overcome in spin coated layers by depositing the lead iodide first,
separately to the other precursors, which resulted in films with high
surface coverage that could then be converted to perovskite to a high
degree. Later this was somewhat superseded by the development of the
‘anti-solvent’ or ‘solvent quenching’ method [26], where the precursor
film is rapidly exposed to a solvent which poorly solvates the precursors
and leads to the rapid nucleation of perovskite and almost complete
surface coverage. This method can produce excellent film qualities but
integrating this into a standard slot-die coating process is difficult. For
these reasons many of the first reports of slot-die coated perovskite
layers made use of the two-step method, as it can result in high surface
coverage.

Schmidt et al. compared the effects of the two-step deposition with
that of one-step on slot-die coated films [27]. The outcome of both
approaches was found to be dependent on the device stack and inter-
layers the precursor solutions were deposited onto, the one-step de-
position performed better with ITO/PEDOT: PSS (P-I-N ‘inverted’ ar-
chitecture stack) geometry while perovskite would did not form on a
ITO/ZnO/PCBM (N-I-P ‘standard’ architecture stack) geometry. The
lower performance with one-step deposition in an N-I-P stack is linked
to poor film coverage of the perovskite on top of the electron transport
layer (ETL), leading to lower photocurrent [28]. Whereas for two-step
deposition perovskite formation was achieved in both device stacks,
however the performance of the P-I-N stack devices was very poor. This
demonstrates the importance and interplay of the deposition process
(one or two-step), the properties of the substrate layer the formulation
is being deposited onto. The nucleation and crystallisation of the dif-
ferent precursor solutions in dependent on the substrate surface.

In the two-step deposition process it is important to have highly
uniform PbI2 films with high surface coverage, but also films that can be
converted to perovskite readily. Contrary to spin coating, the slow
drying of the slot-die coated films gives enough time for mass transfer

Fig. 1. Schematic of a slot-die coating process, showing the delivery of ink to
the head from a syringe pump and formation of an ink wet film between the
coating head lips and the substrate.
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and solvent flow to cause non-uniformity in the films [29]. Hwang et al.
reported the impact of slow drying on slot-die coated PbI2 films in an
effort to deposit the perovskite layer sequentially [16], the formation of
highly non-uniform films upon slow drying was noticed, to mitigate the

unwanted flow of the ink a process to mimic the spin coating drying
mechanism by externally quenching the films by a gas jet was em-
ployed. A second slot-die coating head was connected beside the first
head and compressed nitrogen gas was flowed on to the just deposited

Fig. 2. Optical microscopy and SEM images of the slot-die coated PbI2 films by (a) ambient drying (b) gas-quenching and air storage (c) by gas quenching and
enclosed space storage. Reproduced with permission from Ref. [16]. Copyright 2015, Wiley.

Fig. 3. (a) Schematic illustration of the coating
procedure (b) JV curve of the R2R coated de-
vices. Reproduced with permission from Ref.
[18]. Copyright Elsevier, 2017 (c) A schematic
illustration showcasing the different PbI2
crystal orientation made by MET and heat
treatment and subsequent CH3NH3PbI3 films.
Reproduced with permission from ref [33].
Copyright 2018, Royal Society of Chemistry.
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wet film, to speed drying, the ‘gas quenched’ PbI2 films formed were
found to be dense and with uniform film coverage. Fig. 2 shows the
difference in the PbI2 film morphology with gas quenching to that of
films allowed to dry under ambient conditions. The dense lead iodide
films formed using this process were found to poorly convert to per-
ovskite when exposed to MAI. To increase the reactivity of the PbI2
films to MAI and obtain full conversion to perovskite, a solvent vapour
soaking technique was employed. After drying the gas quenched PbI2
films were stored in an enclosed chamber, this resulted in a more
porous film that allowed complete penetration of MAI and a high de-
gree of conversion to perovskite, as well as achieving good film cov-
erage with few pin hole formations. As the perovskite layer, the ECL
and hole transport layers (HTL) were deposited using slot-die coating,
resulting in a hero cell performance for the complete slot-die coated
device of 11.96% PCE. However, storing the film for long periods to
make it more reactive is not an ideal method, especially for a scaled-up
manufacturing process where reducing the production time and max-
imising throughput are critical, the process also limits the transition to
continuous roll to roll fabrication.

In order to develop a more scalable method to produce highly re-
active PbI2 films the same group reported using a method, previously
demonstrated for spin coated devices [30,31], involving an unstable
perovskite intermediate [18]. A non-stochiometric amount of MAI
(referred as intra-addive approach) was added to the PbI2 formulation
to slow down the PbI2 crystallization in the first deposition step making
it highly reactive at the second step, this subsequently gives greater
conversion to the final perovskite. Fig. 3 shows the schematic re-
presentation of the process. A PCE of 5.8% was achieved with a R2R
processed device on a flexible substrate with evaporated top contacts.
To push the PCE further, CH3NH2PbI3 was replaced with the double
cation perovskite (FA0.4MA0.6PbI3) whereby 40mol% FAI was used as
an additive in the first step along with PbI2 followed by MAI deposition.
This increased the PCE to 7.3% in the same device stack on a flexible
substrate and led to a PCE of 11.0% when the P3HT hole transport layer
(HTL) was changed to PEDOT:PSS, (see Fig. 3). The similar approach
was further used by Gong et al. to deposit triple cation perovksite [32].
The active layer was partially printed by microgravure printing. For the
printing of active layer, PbI2/CsI films with small amount of MAI/FAI
(as an intra additive) was first printed using microgravure method on
top of gravure printed SnO2. This was followed by slot die coating of
FAI/MAI mixture for the complete conversion to perovskite. In addi-
tion, gas blowing was used to reduce the roughness of the perovksite
film resulting in improved performance of the stack. Intra additive
approach combined with gas blowing resulted in hero PCE of 10.57%.

Another method, ‘mediator extraction treatment’ (MET) for the
preparation of PbI2 films that result in high quality perovskite layers
was reported by Kim et al. [33]. A PbI2 ink formulation of lead iodide in
Dimthylformamide (DMF) with 10%vol/vol Dimethyl sulfoxide
(DMSO) was first slot-die coated, and then exposed to a gas flow from
an air knife. This resulted in a PbI2-DMSO complex, which was then
dipped in an antisolvent bath to extract DMSO. In the following con-
version step, the resulting PbI2 films were dipped in a MAI bath (mixed
with 25 wt% mehylammonium chloride), which once dried, converted
to the final perovskite phase. The MET produced porous PbI2 films with
relatively randomized crystal orientation, giving a highly reactive PbI2
film, a schematic representation of the crystal orientation is shown in
Fig. 3. The random orientation of crystal increased the MAI penetration
rate within the PbI2 films and subsequently led to conversion to per-
ovskite within 100 s, this method produced a maximum PCE of 18.3%
which was comparable to a spin coated active layer.

Yu-Ching Huang et al. reported the use of near infrared (NIR)
heating for the drying of two-step perovskite films, for both the PbI2
layer and the perovskite film when used in a P-I-N device structure with
ITO coated glass substrate, PEDOT:PSS HTL and PCBM/PEI ETL and
silver top electrode. This was combined with depositing the PbI2 ink
onto a heated substrate to improve the lead iodide film formation, The

drying times of the perovskite layer was reduced from 1500 to 30 s with
the use of NIR heating [34].

As much as good stability and efficiency are priorities in a scaled-up
photovoltaic manufacturing process, the safety of the process is equally
important. In PSCs, the solvent and Pb are the main source of toxicity
and significant efforts have been put towards low toxicity and green
solvents for perovskite precursors. The sequential deposition route has
also attracted interest due to the ability to use relatively non-toxic
solvent systems, compared to the commonly used DMF solvent system.
Remeika et al. demonstrated to use of low toxicity DMSO as a solvent
for lead iodide formulations used for slot-die coating, although the layer
was not optimised for performance and resulted in low PCEs [35].
Burkitt et al. developed an improved deposition method, again using
DMSO as solvent for lead iodide, that resulted in improved film for-
mation and device performance compared to those using DMF as sol-
vent [36]. By also heating the m-TiO2 coated substrate, to 100 °C, then
directly coating on to this, the PbI2 films were made more reactive to
MAI and to give greater levels of conversion to perovskite. The choice of
solvent for the MAI ink was also optimised for slot-die coating and
ethanol found to be the best of those assessed, this resulted in devices
produced with slot-die coated PbI2 and MAI with average PCEs of 11%
and a hero PCE of 13.2%. In another work, the use of these solvent
systems was further demonstrated in a R2R process, using a P-I-N de-
vice stack with ITO coated PET substrate, PEDOT:PSS HTL and PCBM/
BCP ECL and silver top electrode, but the low volatility of the DMSO
solvent led to reticulation of the PbI2 film on drying in the R2R ovens.
By increasing the drying temperature the film formation was improved,
but this resulted in damage to the temperature sensitive substrate and a
wide spread in device performance [21].

Two-step deposition has been shown to produce high efficiency
small area devices, with PCEs up to 18.3% and been shown to work in
R2R processes. Key to these results has been speeding the drying of the
PbI2 films to improve film uniformity and also using methods that result
in films that react readily to form perovskite, either through enclosed
chamber storage, mediator extraction treatment, solvent choice or
intra-additive approaches. Of these the intra-additive approach has
shown great potential for R2R processing and combined with the de-
velopments of MET and safer solvents along with rapid heating methods
could deliver a viable R2R process for the slot-die coating of perovskite
films.

2.2. One-step

Due to the increased complexity, coating time and potentially lower
yield, two-step deposition is not the ideal method for a scaled-up
manufacturing process and a one-step process would be preferred. PSCs
stacks can be broadly divided into two categories, N-I-P (standard) and
P-I-N (inverted). Most of the work to date has reported one-step slot-die
coated perovskite in the P-I-N geometry due to improved perovskite
film coverage on top of an organic layer e.g. PEDOT:PSS. However, the
stability of the P-I-N stack is a concern to commercial development
[37]. PEDOT:PSS, the most commonly used HTL in an P-I-N geometry is
vulnerable to water. The instability of the ITO/organic interface, the
acidic nature of PEDOT and diffusion of PSS are additional reasons that
makes this stack prone to faster degradation [38,39]. But, unlike the N-
I-P stack which normally requires high temperature sintering for the
metal oxide layer, the P-I-N stack consists of organic layers which are
processed at low temperatures and are therefore compatible with
plastic substrates, hence are more easily R2R compatible. However,
recent developments [40] in low temperature processed metal oxide
electron transport layers like tin oxide (SnO2) have created a route for
N-I-P stacks to be compatible with plastic substrates, as discussed in
more detail in Section 4.

2.2.1. Controlling film formation through drying conditions
For one-step perovskite formulations the device stack of choice was
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initially the P-I-N, due to the improved film quality, but many works
developed novel strategies to improve the one-step film formation in
the N-I-P stack. Cotella et al. demonstrated one-step deposition of
CH3NH3PbI3−xClx perovskite in DMF solvent system on a mesoporous
titanium dioxide (m-TiO2) metal oxide scaffold through a heating
process and externally quenching the perovskite film, with an air-knife,
to mimic the self-quenching step similar to spin coating [41]. By de-
veloping a temperature gradient, formed by heating the substrate, be-
tween the top and bottom of the wet film the suppression of the vertical
growth of perovskite crystals was shown, Fig. 4. This inherently forces
horizontal perovskite crystal growth, thereby reducing the roughness of
the film. Furthermore, adding the air knife treatment increases the
temperature gradient by removing a greater proportion of energy from
the top of the film and hence suppressing vertical crystal growth,
leading to flattening of the films with relatively lower roughness, Fig. 4.
With the growth of a highly uniform film with high surface coverage, a
PCE of 9.2% was recorded.

Following this work, the same group reported the deposition of four
layers of the same device stack via slot-die coating, including the
compact TiO2 (titanium dioxide) metal oxide layer, the m-TiO2 layer,
the perovskite layer and the Spiro-OMeTAD HTL, further demonstrating
the potential of slot-die coating for this device stack [42].

Following the work by Cotella et al., a similar approach was taken
by Kim et al. to produce high quality CH3NH3PbI3 perovskite films from
a DMF solvent system in a one step deposition on planar N-I-P PSCs
with a ZnO ETL. By combining blowing and heating of the film to speed
nucleation and evaporation of solvent, the formation of large perovskite
crystals with voids between was avoided and surface coverage and
uniformity improved, resulting in a PCE of 12.7% [43]. Ciro et al. de-
monstrated flexible planar P-I-N stack PSCs using an ITO coated PET

substrate, PEDOT:PSS HTL, CH3NH3PbI3−xClx perovskite from DMF
solvent system and PCBM ETL [44]. To improve the morphology of the
perovskite film the solids content of the formulation was optimised
along with heating of the substrate (to an optimal temperature of 80 °C,
which resulted in both improved surface coverage and lower surface
roughness. Although the absolute PCEs were low, this nonetheless de-
monstrated substrate heating and drying conditions as an effective way
to control perovskite film morphology.

Attempts to control perovskite film formation using drying methods
have shown that increasing the nucleation rate of the perovskite film is
important for achieving films with high surface coverage and that rapid
drying of the solvent can help to avoid the formation of large crystal-
lites and voids within the film.

2.2.2. Controlling film formation through precursor choice
Rapid crystallization was also implemented by Lee et al., in a P-I-N

stack with PEDOT:PSS HTL and C60/PCBM ETL, using mixed lead
precursors in a DMF solvent system, the use of mixed lead acetate and
lead chloride precursors in the perovskite ink was demonstrated [45].
Lead acetate induces fast crystallization by forming an unstable organic
by-product (methylammonium acetate) [46]. The use of lead acetate as
the only Pb source combined with gas blowing however, caused the
rapid crystallization on the surface of the film. This then entrapped the
remaining solvent and by-product within the film, causing the forma-
tion of voids in the active layer. To avoid this, lead chloride was added
alongside lead acetate to retard the rapid crystallization on the surface,
avoiding any formation of voids, Fig. 5. Using two different lead anion
precursors combined with gas blowing improved the grain size, mor-
phology and film coverage and resulted in a PCE of 13.3% over a small
area of 0.1 cm2 and 8.3% PCE over a 10 cm2 module.

Fig. 4. (a) Illustration of layer differences with
varying conditions (b) 1. Use of air knife fol-
lowing initial nucleation growth. 2. Convective
motions and reduced viscosity boost the crystal
growth at the interface with the substrate 3.
Crystals approach the cooler region reducing
the vertical growth rate in favour of lateral
growth across the warm substrate. 4. Reduced
thickness is achieved. Reproduced with per-
mission from Ref. [41]. Copyright 2016, Else-
vier. (c) Schematic representation of the per-
ovskite film formation via slot-die coating
under the gas-blowing process combined with
substrate heating. Reproduced with permission
from ref [43]. Copyright 2018, Elsevier.

Fig. 5. (a) Schematic representation of the crystallization of perovskite films. (b) SEM images showcasing the voids formed by rapid crystallization of perovskite and
the same being mitigated by addition of PbCl2. Adapted with permission from Ref. [45]. Copyright 2018, American Chemical Society.
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Similar use of lead acetate was made by Kamaraki et al. on flexible
ITO coated PET substrates, with slot-die coated PEDOT:PSS HTL and
PCBM ETL layers also, using a solely lead acetate precursor in DMF
solvent system [47]. The deposition temperature of the perovskite ink
was optimised and similar to the work of Ciro et al. [44] resulted in
changes in surface roughness. Optimised coating conditions for all three
layers resulted in average PCEs of 5% and a maximum of 6.5%. No-
tably, Giacomo et al. also used a mixed lead chloride and lead acetate
precursor solution in DMF for large area high performance module
fabrication in a nitrogen atmosphere glove-box system [48].

Judicious selection of perovskite precursors is another method to
control the nucleation and crystallization rate of perovskite films and so
improve surface coverage and morphology. When this is combined with
methods to control the drying of the films it can result in high perfor-
mance cells and modules.

2.2.3. Controlling film formation through solvent choice
Jung et al. demonstrated the use of solvent additives for refining the

morphology of one-step slot-die coated CH3NH3PbI3 perovskite films in
a P-I-N device stack with PEDOT:PSS HTL and PCBM ETL [49]. 5 vol%
of N-cyclohexyl-2-pyrrolidone (CHP) along with 6vol% of dimethyl
sulfoxide (DMSO) was mixed in with the 0.75M perovskite DMF solvent
system precursor ink. Fourier-transform infrared spectroscopy (FTIR)
results showed adduct formation between PbI2 and DMSO and that this
was dominant over that with DMF and CHP. The high polarity and high
basicity of DMSO compared to that of DMF and CHP were found to be
the reason for this behavior. The adduct formation with DMSO mainly
retarded the crystallization rate of perovskite films. Interestingly CHP
having the high boiling point and low vapour pressure likely remained
in the solidifying film and assisted in uniform nucleation growth. To-
gether the combined effects of these result in uniform and homogenous
perovskite films that consequently resulted in better performance.
Moreover the binary additive was found to play a role in preferentially
oriented crystal growth of perovskite films which again helped in better
charge transport [50].

PCEs of around 18% with slot die coating have been achieved by
making use of DMF and N-Methyl-2-Pyrrolidone (NMP) [33,51].
However, the high toxicity of DMF and NMP limits its usage in manu-
facturing process. A safer alternative was developed by Noel et al.
wherein the composite of acetonitrile (ACN) with methylamine gas was
developed to dissolve MAI and PbI2 [52]. Due to the low boiling point
and high volatility of ACN, 98% of crystallization was noted (after
∼110 s) at room temperature. The rapid crystallization of the ACN
based formulation and lower toxicity, relative to DMF, fit well into the
criteria for its use in large area fabrication and the low viscosity po-
tentially means high slot-die coating speeds can be attained. Dou et al.
implemented this formulation for slot-die coating, in a R2R fabrication
process using a flexible indium zinc oxide coated glass substrate and a
N-I-P device stack, with slot-die coated tin oxide ETL [20]. The opti-
mized R2R process led to the formation of uniaxially oriented crystal-
line smooth perovskite films. A hero PCE of 14.12% was reported for
R2R and 17.31% for S2S slot-die coated films, Fig. 6. While the ACN
formulation is suitable for large area deposition, it could be argued that
high flammability and still considerable toxicity of this solvent system
might hinder its commercial use.

Alternatively, DMSO is another less toxic solvent for use in large
area manufacturing of PSCs. The solvent itself is considered low toxicity
but it is able to easily penetrate the skin along with any solute dissolved
in it. However, with proper safety precautions it is an attractive option.
Unfortunately, the poor wetting of DMSO on most substrates makes it
quite difficult to print with good film coverage. Galagan et al. demon-
strated the addition of 10%vol/vol 2-Butoxyethanol in DMSO to lower
the surface tension of the solvent mixture. This improved wetting and
achieved improved film coverage [19]. In a R2R process, using a flex-
ible ITO coated PET substrate and N-I-P device stack, using a slot-die
coated tin oxide layer and a slot-die coated Cs0.15FA0.85PbI2.85Br0.15

perovskite layer the best performing device demonstrated a PCE of
15.2% over an active area of 0.09 cm2 and a stabilised PCE of 13.5%.

Modification of solvent systems offers a powerful tool to control the
perovskite film morphology and has resulted in high performance R2R
devices, but careful consideration needs to be given to the suitability of
such systems for industrial manufacture.

2.2.4. Controlling film formation through additives and surface
modification

Additives have played a large role in improving the stability and
efficiency of PSCs by influencing crystal growth and the morphology of
perovskite films [53]. Zuo et al. used a NH4Cl additive to improve the
perovskite film quality in a CH3NH3PbI3 perovskite formulation in DMF
with small additions of NH4Cl using a P-I-N device stack with PED-
OT:PSS HTL and PCBM ETL [17]. Absorption spectroscopy confirmed
the higher absorption of light by the active layer in the presence of
NH4Cl. Additionally higher photoluminescence intensity was observed
in the films with NH4Cl, confirming mitigation in non-radiative re-
combination and film defects. For slot-die coated devices the use of a
NH4Cl additive was combined with heating of the substrate and gas
blowing, yielding high-quality perovskite films for both S2S glass sub-
strate devices and R2R devices on flexible PET substrate. Notably the
fabrication was carried out at 45% relative humidity demonstrating a
hero cell performance of 15.57% PCE for S2S coated devices and
11.16% PCE with R2R coated devices.

A different approach to improve perovskite film morphology and
reduce defects is by surface treating interlayers. In one such work, by
Gu et al., 3-aminopropanoic acid as an ambipolar self-assembled
monolayer (C3-SAM) was introduced for the modification of
PEDOT:PSS [54]. Using a P-I-N device stack with CH3NH3PbI3−xClx
perovskite formulation, PEDOT:PSS HTL and PCBM/ZnO ETL, C3-SAM
was applied to the PEDOT:PSS film. The modified PEDOT:PSS helped in
better perovskite film growth but also had a positive effect on the en-
ergy band alignment by inducing an extra permanent dipole. It was
further confirmed by UV photoelectron spectroscopy, that the treat-
ment of C3-SAM lowered the work function of PEDOT:PSS by 0.2eV,
Fig. 7, the improvement in charge transport and film morphology led to
the hero PCE of 5.1% on flexible S2S roll coated PSCs.

Recently, Kim et al. introduced polyethylene oxide (PEO) as an ad-
ditive in slot-die coated perovskite films, using a P-I-N stack with modified
PEDOT:PSS HTL, (CH3NH3)0.6(HC(NH2)2)0.38Cs0.2PbI2.975Br0.025 and
PCBM/PEIE ETL and evaporated Ag top electrode [55]. This was used in
conjunction with using PbCl2 as the source of chloride as an additive and
with deposition of the perovskite ink onto a heated substrate. The polymer
additive was found to improve the tolerance of perovskite to deposition in
high humidity (approx. 55% RH) conditions and resulted in clear changes
to performance, Fig. 8. This novel method for the fabrication of PSCs in
ambient conditions has the potential of driving manufacturing cost further
down, an important step towards commercialization. Notably it's the only
fully R2R (except top contact) processed PSC reported so far, showing an
impressive efficiency of 11.7%.

3. 2D perovskite layers

Recently, 2D perovskites have gained interest due to improved
lifetime compared to 3D perovskites [56]. 2D perovskites are typically
prepared by introducing a large organic molecule (for example buty-
lammonium) in between the layers of 3D perovskite. Previously the
performance of the PSCs with 2D perovskite have been quite low
compared to 3D perovskite, however they have significantly improved
in the past few years and have recently achieved 14.1% PCE [57].
Excellent lifetime and improvement in the performance of 2D per-
ovskite based PSCs has encouraged their use with large area printing
and coating techniques. Fu et al. first demonstrated R2R printed 2D
perovskite reporting an impressive PCE of 8% on plastic substrate and
12.5% by batch coating on glass substrate [58]. Loss in performance in
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the R2R printed device compared to spin coated device (14.9% PCE)
was attributed to mediocre film quality by R2R slot-die deposition due
to less hydrophilic surface of ITO/PET. However, it is an encouraging
report with the first ever R2R coated 2D perovskite and shows progress
for large area 2D perovskite PSCs.

4. Interlayers

Although it is important to perfect the deposition of the perovskite
layer, it is also vital to achieve the same with charge transport layers.

Defects in the coatings can be detrimental to device performance
through various processes; voids and pin-holes can cause shunt leakages
and lead to shorts, poor charge blocking capabilities can lead to in-
creases in recombination of charge carriers. In addition to this, tem-
perature limitations must be overcome for coating onto temperature
sensitive substrates such as PET, where a maximum processing tem-
perature of 140 °C is required. This significantly hinders the deposition
of the more common solution processed ETLs such as; tin oxide (SnO2)
from tin chloride (SnCl4.2H2O) [59], NiOx from nickel (II) acetate
tetrahydrate, and TiO2 from titanium diisopropoxide bis

Fig. 6. (a–c) Schematic illustration of slot-die coating process on rigid substrate (a) XRD (b) JV data (c). (d) Schematic illustration of slot-die coating process on
flexible glass substrate with R2R process. (e) Images showing R2R coating (f) JV curve of the best performing R2R-coated device. Adapted with permission from Ref.
[20]. Copyright 2018, American Chemical Society.

Fig. 7. SEM (a–c) and AFM (d–f) images of CH3NH3PbI3−xClx films on the as-prepared PEDOT:PSS (a and d), methanol washed PEDOT:PSS (b and e) and C3-SAM
modified PEDOT:PSS (c and f). (g) The ultraviolet photoelectron spectroscopy (UPS) spectra of the as-prepared PEDOT:PSS (black line), methanol washed PEDOT:PSS
(red line) and C3-SAM modified PEDOT:PSS (blue line). (h) The energy band alignment of PSCs. Reproduced with permission from Ref. [54] Copyright 2015, Royal
Society of Chemistry. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(acetylacetonate) [60], which require much higher annealing tem-
peratures of 300 °C and above.

4.1. Tin oxide electron transport layer

Tin oxide (SnO2) has gained significant usage as an ETL in per-
ovskite devices, due to its high electron mobility, better band alignment
with perovskite when compared to TiO2 and unlike TiO2 it does not
induce serious UV degradation [40]. Therefore, SnO2 is a strong can-
didate for an ETL in devices in terms of both performance and stability.
The use of SnO2 is well established in small area devices, with the
majority of reports employing a tin (IV) chloride precursor [40,59].
Although this precursor requires a relatively low temperature anneal at
180 °C, it is still too high to be compatible with common flexible sub-
strates e.g. PET, in addition a long annealing time of around one hour is
required.

Recently the use of SnO2 formulations for low-temperature R2R
depositions with excellent device performance have been reported.
Galagan et al. [19] and Bu et al. [61] used a colloidal suspension of tin
(IV) oxide 15%wt./vol in H2O (Alfa Aesar), which can be dried at 140-
150 °C in a shorter period of time. Galagan et al. employed this SnO2

solution into a R2R N-I-P stack, in which the solution was diluted with
10 vol% 1-butanol to aid wetting and slot-die coated at 5m/min, with
subsequent drying at 140 °C in a 20m length oven at the same speed.

Perovskite was also R2R coated, with the subsequent spiro-OMeTAD
and gold contacts deposited offline, achieving a hero cell reverse scan
PCE of 15.2% and a stabilised PCE of 13.5%. Bu et al. also used this
SnO2 solution for use in bench-top S2S slot-die coating for devices and
modules on ITO coated PET substrate. The colloidal suspension was
diluted with IPA in a 1:1 ratio to aid in the wetting of the ink on the
substrate. Three slot-die coatings of the ink were made to build up the
film thickness and improve uniformity, followed by drying at 140 °C for
60min. Such a long drying time is unattractive for high throughput R2R
coating, however, Galagan et al. showed that this drying time can be
reduced to a few minutes. Bu et al. highlighted the fact that the KOH
stabilizing agent in the SnO2 solution also passivates the perovskite/
SnO2 interface leading to enhanced efficiency and stability. The rest of
the device stack in this case was spin-coated but does however prove
the compatibility of this SnO2 solution with a slot-die coating process
capable of producing high efficiency devices and modules with PCEs of
17.18% for small area devices and an impressive 15% for a 5×6 cm2

flexible module.

4.2. Zinc oxide electron trasport layer

Slot-die coated Zinc Oxide (ZnO) layers have been widely used in
organic photovoltaic devices [62]. Hwang et al. used this knowledge
and made a fully R2R coated perovskite device, apart from evaporated

Fig. 8. Comparison of device performance and surface morphology with and without PEO at in a low (30 ± 5% RH) and high (55 ± 5% RH) humidity coating
environment. JV curves of the slot-die coated devices in (a) low and (b) high humidity, SEM images of perovskite films on glass/ITO/m-PEDOT:PSS substrates w/o
PEO deposited in (c) low and (d) high humidity, and with PEO deposited at (e) low and (f) high humidity. Reproduced with permission from Ref. [55]. Copyright
2019, Wiley.
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contacts, using a ZnO nanoparticle solution made in house [16]. No
difference was noted when comparing the slot-die coated zinc oxide to
the spin coated equivalent. Slot-die coated zinc oxide layers required a
relatively short drying time of 10min at 120 °C, demonstrating com-
patibility with a R2R processes on temperature sensitive substrates.
However, zinc oxide has been reported on numerous occasions to cause
stability problems with perovskite devices and induce rapid degrada-
tion of the perovskite layer. It is well reported that thermal annealing of
perovskite on top of ZnO causes the perovskite to decompose and is due
to the basic properties of the ZnO, causing deprotonation of the methyl
ammonium cations.

Krebs et al. also used low-temperature (110 °C) dried, slot-die
coated ZnO on flexible ITO coated PET substrates with N-I-P device
stack, with a PCBM interlayer between the ZnO and perovskite [27].
Krebs et al. also found that annealing the perovskite precursor on top of
the ZnO caused issues with perovskite formation, and overcame this by
using a two-step perovskite deposition, which gave a champion effi-
ciency of 2.6%. Although the device performance is relatively low due
to the use of a printed top electrode, it does demonstrate the compat-
ibility of ZnO in a R2R compatible process.

The instability of ZnO based devices can, to an extent, be reduced by
depositing the ZnO on top of the perovskite, usually using a nano-
particle formulation, firstly by negating the need for thermal annealing
of the perovskite on the ZnO surface, and secondly as ZnO has a strong
resistance to oxygen and humidity [63].

4.3. Titanium dioxide electron transport layer

Slot-die coating of the TiO2 blocking layer has been achieved by
Burkitt et al., but required sintering at 550 °C for an extended period,
which is not low-temperature substrate compatible. In order to achieve
an adequate blocking layer the solvent system for the titanium diiso-
propoxide bis (acetylacetonate) precursor was optimised and two
coatings of the layer made, one on top of the other in an attempt to fill
pin-holes and coating defects [42]. More recently Hossain et al. have
reported the use of TiO2 nanoparticles for a low-temperature coatable
blocking layer processed at 100 °C. As the nanoparticles are pre-syn-
thesised in the anatase phase, high temperature annealing is avoided.
Using these nanoparticles Hossain et al. achieved a stabilised efficiency
of 15.7% using slot-die coating or alternatively the same efficiency was
achieved using inkjet printing of the layer, demonstrating the potential
for low temperature TiO2 slot-die coating formulations [64].

4.4. Hole transport layers

Slot-die coating of HTLs in PSCs has been reported for both P-I-N
and N-I-P device stacks. For the P-I-N stack the most common of these is
PEDOT:PSS, the slot-die coating of which has been well developed for
organic photovoltaics; modified PEDOT:PSS layers for slot-die coating
have been reported [17,65] to improve the energy level alignment with
perovskite, but nonetheless PEDOT:PSS is still seen as an unattractive
HTL due to stability issues. Zuo et al. reported on slot-die coating of
reduced graphene oxide as a replacement for PEDOT:PSS that resulted
in improved performance and could be a potentially attractive HTL for
large area PSCs [17,66]. Metal oxide HTLs, such as nickel oxide (NiOx)
are seen as potentially more stable alternatives to PEDOT:PSS and in a
conference proceeding report from Giacomo et al. slot-die coating of
NiOx was reported, but a comprehensive explanation of the processing
conditions has not yet been given [67].

For the N-I-P device stack slot-die coating of spiro-MeOTAD was
reported by Burkitt et al. [42] where the use of a highly toxic chlor-
obenzene solvent system was avoided by replacing this with less toxic
toluene, but the stability issues of spiro-OMeTAD are still unattractive
for the use of this HTL in large area depositions. Qin et al. reported the
replacement of spiro-MeOTAD with bifluo-OMeTAD, that forms amor-
phous films and avoids the formation of large crystallites that worsen

the performance of spiro-OMeTAD films, this resulted in a high per-
formance of 14.7% PCE for devices with slot-die coated ETL, perovskite
and HTL.

The use of P3HT as a slot-die coated HTL has also been reported for
both S2S and R2R devices, but has generally resulted in lower perfor-
mance or been used in conjunction with another evaporated HTL
[16,18].

Slot-die coating of HTLs is a relatively understudied area of research
and in particular the reports on the deposition of more stable materials
and metal oxides is scarce.

5. Contacts

In PSCs transparent conductive oxides (TCO) have been the pre-
ferred choice for transparent electrode (hereafter referred as bottom
electrode) mainly because of its good electrical conductivity and high
transparency. TCOs are widely used across several industries for various
applications like smart windows, touchscreens, organic light emitting
diodes, liquid crystal displays and antistatic coatings. Given their
commercial use, they have been well optimized for large scale pro-
duction. However, they still contribute to over 70% of the total cost of
PSCs. Looking at alternatives, Sears et al demonstrated TCO free slot die
printed transparent electrode for PSCs by replacing tin doped indium
oxide by Ag/PEDOT:PSS achieving PCE of 11% [68].

For top contact, high vacuum thermal evaporation is typically used
for lab scale fabrication which basically is a bottle neck for cost effec-
tive high through put manufacturing. Printing the solution processed
top electrode is not trivial for number of reasons. Ideal top electrode
would have high conductivity which can be processed at low tem-
perature and the processing solution must be orthogonal to all the
layers underneath. To realize complete solution processed PSCs, solu-
tions like fully printed mesoscopic PSCs [10] and printable top elec-
trodes have been proposed [69]. However, till date to the best of our
knowledge no reports are available showcasing the slot die printing of
top electrode in PSCs. Other techniques like ink-jet [70] and spray
coating [69] have been implemented to print silver nanowire as top
electrode.

6. Module representation

Good performance has been reported so far on slot-die coated PSCs,
however, this has been demonstrated mostly for small area devices with
small aperture masks used for testing. It is equally important to show-
case the performance of large area printed PSCs to assess its potential
for manufacture and actual power generation. The first slot-die coated
perovskite module was reported by Hwang et al. with 40 cm2 active
area but the performance was poor and not reported fully [16]. Later in
2018, Lee et al. reported the use of mixed Pb precursors, Section 2.2.2,
for the fabrication of large area PSCs. This strategy was successfully
implemented for module fabrication attaining 8.3% PCE on 10 cm2 area
[45], it is to be noted that only perovskite was printed via slot-die
coating in this report. Following this, Giacomo et al. demonstrated a
module, Fig. 9, with PCE of 10% on a 6-inch substrate with an active
area of 168.75 cm2, notably the one-step perovskite and HTL were both
printed by slot-die coating while the ETL was deposited by electron
beam deposition [48].

7. Outlook and perspectives

Slot-die coating has proven to be a powerful tool for the deposition
of perovskite films for both high performance small area devices and
large area modules, it is also one of the only techniques to have been
used for the demonstration of R2R fabrication of perovskite solar cells.
A great deal of effort has been directed at developing strategies for
controlling the formation of the perovskite layer, both in terms of
achieving a high rate of nucleation to facilitate the formation of films
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with high surface coverage and in controlling the crystallisation and
crystal growth of the perovskite to achieve large grain sizes with good
interconnection and orientation. These have been achieved using a
variety of methods including drying regimes, precursors and additives,
surface modifications and solvent systems, as well as by separating the
perovskite deposition process out into multiple steps. In most cases
combinations of these methods have been combined and adapted to the
particular set of processing conditions used.

To date the two most promising slot-die perovskite methods re-
ported are the R2R demonstrations from Dou et al. [20] and Galagan
et al. [19]. The use of the ACN:MA solvent system in the work of Dou
et al. demonstrates the great potential of this system for the easy de-
position of high quality perovskite films that dry rapidly and are de-
posited from a low viscosity solvent system. But, along with the toxicity
of ACN the other downside to this system is that it has been reported
that caesium ions show poor solubility in this system and Cs containing
perovskites have been reported as some of the most stable and high
performing perovskites. The work of Galagan et al. demonstrates the
potential for the deposition of mixed cation and anion perovskites, in
particular containing caesium and the use of lower toxicity solvent
systems based on DMSO, but DMSO is relatively low volatility and
achieving good film formation and rapid drying is not trivial. Both
works show great promise for the development of slot-die coating
fabrication methods and finding ways to achieve the best of both in one
system seems a highly desirable target. In particular, achieving a rapid
drying low viscosity solvent system that is also able to deliver Cs ions
but avoids the use of toxic ACN would overcome some of the hurdles to
demonstrating a reliable industrially relevant R2R coating process.

Both of these works have also shown the use of SnO2 ETLs, de-
posited by slot-die coating, the work of Dou et al. using a higher tem-
perature process and the work of Galagan et al. demonstrating the use
of a lower temperature process. SnO2 appears to be a clear leader for
the development of slot-die coatable ETL formulations, using low cost
precursors that require low deposition temperatures and result in high
performance and stable devices. Further developing SnO2 formulations
to improve both the coating properties and electronic properties of the
films is a sound progression for ETL development. Deposition of HTLs
using slot-die coating is an under explored area and worthy of further
study, the coating method seems well adapted to this and is likely to be
the method of choice for R2R compatible coatings of these materials
seen in the future. Slot-die coating has potential for deposition of other
layers in the device stack, such as transparent conductive films and
electrodes, but the lack of full 2D patterning might limit this to certain
device stacks. As well as photovoltaics there are other technologies
where slot-die coating of perovskites has been reported, including
photodetectors [71] and PeLEDs [72] and developments in these areas
are likely to also be relevant to photovoltaics.
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