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Understanding Coating Thickness and Uniformity of
Blade-Coated SnO, Electron Transport Layer for Scalable

Perovskite Solar Cells

Severin Siegrist, Pranjal Nandi, Radha K. Kothandaraman, Aribia Abdessalem,

Ayodhya N. Tiwari, and Fan Fu*

The low-cost and fully solution-based perovskite photovoltaic devices can be
upscaled by using the blade coating method. However, control of the charge
transport layers thickness on nanometer scale is challenging since the inherent
nature of the blade coating process unavoidably induces thickness gradients
along the coating direction of blade coated layer. Herein, the film thickness and
the uniformity of blade-coated SnO, colloidal dispersions in the Landau-Levich
regime are systematically studied by varying the substrate temperature, the
dispensed solution volume, and the solution concentration as well as the coating
speed. It is shown that the advancing meniscus height heavily influences the
SnO; film thickness. As the solution is consumed during the coating process, the
meniscus height decreases and hence the film thickness, yielding poor uniformity
of the blade-coated layer. To improve the thickness uniformity, the dispensed
solution volume is used to reduce the alteration of the advancing meniscus
height along the coating direction and minimize the capillary flow with the
appropriate substrate temperature. This study provides crucial insights toward
the successful upscaling of perovskite solar cells by blade coating.

in functional layers on large-area sub-
strates,’®! especially when coated with
methods, such as spin coating, with inher-
ent limitations for scale up. The solution-
based methods for manufacturing of
PSCs are attractive because of low capex,
high throughput production, and excellent
material usage. The most common, scal-
able, and solution-based method is blade
coating due to its fast solution screening
capability and ease of use.” This method
has been applied for coating different
perovskite compositions and various
charge transport material layer.®!
However, most works have focused on
studying perovskite crystallization and film
formation process, but paying less atten-
tion to the charge transport layers.
Among various charge transport materi-
als, SnO, as an n-type semiconducting oxide

1. Introduction

The high-efficiency metal halide perovskite solar cells (PSCs)
have been developed with different deposition methods and
certified power conversion efficiencies (PCE) up to 25.7% have
been demonstrated on 0.1cm? area.’™ However, the device
performance sharply drops, when the active area is increased
from lab-scale pixels (<0.1cm? 25.7%) to fab-scale modules
(>800 cm?, 17.9%), which is attributed to the inhomogeneity
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material has attracted attention due to its

wide bandgap (3.6-4.0 eV) with high trans-
mittance, high electron mobility (up to 240 cm® V" s, chemical
stability, low-temperature processability (<200 °C), its proper band
alignment with common perovskites, and low cost!'? SnO,
has been used in many record-efficiency single-junction
PSCs.131 However, the SnO, in such devices is generally depos-
ited either by spin coating, which is not regarded as scalable depo-
sition method due to its nonuniformity from center to edge as well
as its poor solution usage, or by chemical bath deposition (CBD),
which is a time-consuming deposition method, generating a lot of
solution waste and potentially stalling a high throughput produc-
tion of PSCs."'*'1 A more cost-effective and industry-relevant
approach is the use of commercially available SnO, colloidal
solution deposited by meniscus-guided methods, such as blade
coating or slot-die coating.***# Using these methods to achieve
high-efficiency solar modules requires a thorough understanding
of the deposition process to control the uniformity and thickness of
the layer in the range of nanometers all across the large area
substrate.!"”]

In this work, we blade coat SnO, colloidal solution to perform in-
depth investigation of the individual blade coating parameters and
how they affect the dried film thickness and uniformity in the nano-
meter range. We find that the substrate temperature has a strong
influence on film thickness—blade coating at low temperatures
(relative to the boiling point of the solvent) can locally increase
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the dried film thickness by about 50%, compared to higher coating
temperatures, but adversely affects the film uniformity due to cap-
illary flow. We further show the influence of the dispensed solution
volume on film thickness and how it can be used to improve the
uniformity by minimizing alterations of the advancing meniscus
height along the coating direction. Moreover, the film uniformity
is also affected by the angle of the blade. Furthermore, we show
how each blade coating parameter can be used to control the film
thickness. Finally, a modification of the blade coater is presented to
further improve the uniformity, and we point out the necessity of a
deposition process with continuous solution supply (e.g., slot-die
coating) to commercialize PSCs successfully.

2. Results and Discussion

In blade coating method, the solution is dispensed on the front
side of the blade where it runs down, wets the substrate, and fills
the gap between the substrate and the blade by capillary flow.
During this process, two menisci form, the advancing and the
receding meniscus. While the advancing meniscus, which deter-
mines the dynamic wetting process, is critical for determination
of optimum coating speed, the receding meniscus influences the
quality of the coated film.?>?" In Figure 1a, the schematics of
blade coating process are illustrated. The geometry of the advanc-
ing meniscus depends on the wetting angles 6, and 6,, its height
H, and the substrate width. Substrate-related properties, which
affect the contact angle 6, are separately discussed in Note S3,
Supporting Information. The remaining parameters are specific
to the blade geometry, such as the blade angle a or to the deposi-
tion parameters, e.g., the gap G or the blading speed U.

For the blade coating process, two coating regimes exist, the
evaporation and the Landau-Levich regime. For high throughput
production, the latter regime is of importance as it describes the
coating dynamics at high blading speeds. It is characterized by
the excessive rate of solvent supply relative to the rate of solvent
evaporation.”” The contact line, where film solidification takes
place, lags far behind the receding meniscus, such that casting,
leveling, and drying are temporally separated processes.’!
In the Landau-Levich regime, the wet film thickness t, is
determined by
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with a numerical constant ¢;, the characteristic length L, the coat-
ing speed U, the viscosity u, the surface tension y of the solution,
and the capillary number Ca.**?*?¥ This wet film thickness
defines the total amount of solute that is dragged onto the sub-
strate by the coating process. During the solidification process,
solvents evaporate while the solutes remain on the substrate,
which forms a compact film of dry film thickness t4,y, yielding
the final film thickness. In the following sections, we highlighted
that the drying process is of equal importance for the final film
thickness as the coating process and we systematically study the
influence substrate temperature, dispensed solution volume,
coating speed, and the solution concentration on the dry film
thickness tq,, to demonstrate how each parameter can be used
to control the final film thickness of the blade-coated layer.

2.1. Impact of the Substrate Temperature

It is important to first identify the substrate temperature window,
which allows quick solvent evaporation to minimize the micro-
scopic flows in the as-deposited wet films. These capillary flows
transport additional solutes to the proceeding solidification front,
which can deteriorate the uniformity of the blade-coated film.
Therefore, we investigated different substrate temperatures
while fixing the blading speed to 30 mms™'. The knowledge
about the solvent, in this case, water with a boiling point of
100 °C, gives already a parameter space of the substrate temper-
ature, ranging from 40°C to 90°C, to be screened. For each
temperature, thickness is measured at specific positions along
the blade coating direction: 10, 20, and 30 mm away from the
starting line of the blade coating process (cf. inset in Figure 1b).
The results are summarized in Figure 1b. At low substrate tem-
peratures (<50 °C), the drying of the as-coated film takes longer
and the films are roughly 20 nm thicker compared to those
obtained at higher substrate temperature (>60 °C). This is attrib-
uted to lower solvent evaporation rates prolonging solidification
of the film at low substrate temperatures. In slow drying pro-
cesses, more solute can be transported from the meniscus to
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Figure 1. a) Schematics of the blade coating process with indicated geometrical parameters. b) SnO, film coated at different substrate temperatures. The
dried film thickness is measured at three coating distances, 10 mm (black), 20 mm (red), and 30 mm (blue) from the starting point. The data points show
the mean value of a triangular scan pattern, refer to Note S1, Supporting Information, for details.
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the contact line by capillary flow (cf. coffee-ring effect), while at
higher substrate temperatures, this transport is limited as the
drying process is quicker.****! Moreover, the high concentration
of solute near the contact line increases the surface tension,
which transports more solute to the solidification edge by
Marangoni flow.*!! Furthermore, due to the heated substrate,
a secondary Marangoni flow establishes, which transports solute
in the opposite direction to the bulk solution due to thermal
gradients.”?*?”] These flows are illustrated in Figure S1,
Supporting Information. Moreover, for substrate temperatures
below 50 °C, the measured thicknesses decrease along the coat-
ing direction and prolonged drying is observed. During the
prolonged drying, capillary flows are active and carry solutes
of the wet film to the solidification front. As the solidification
front gradually moves across the substrate, the wet film area
shrinks and fewer solutes are available that can be transported
to the solidification front, resulting in reduced thicknesses
along the coating direction. Therefore, the drying process
must be quick to suppress capillary flows and achieve better
uniformity of the films, by choosing substrate temperature closer
to the boiling point of the solvent, in this case, 70°C.
Alternatively to hot casting, a quick solvent evaporation can
also be achieved by (hot) gas-assisted drying using a gas knife.!®!

For hot casting at 70 °C, the dispensed solution quickly heats
up, therefore the time between dispensing the solution and ini-
tiation of the blade coating process may also affect the film uni-
formity. Thus, to elucidate the influence of the solution
tempering on the drying process, we also investigate the effect
of resting times (time between solution dispensing and start
moving of the blade) of the solution on the substrate, at
40 and 70°C substrate temperature. The measured thickness
and the transmittance of the dried SnO, films are presented
in Figure S2 and S3, Supporting Information. All films coated
at 40 and at 70 °C with varying resting times (solution tempering)
ranging from 1 to 9s show no changes in the thickness and
transmittance. Furthermore, AFM measurements (Figure S4,
Supporting Information) of these films yield similar surface
roughness for both substrate temperatures with solution
tempering of 7s. However, SEM top-view images reveal more
favorable aggregation of SnO, nanocrystals, when low coating
temperatures (e.g. 40°C) are used (Figure S5a, Supporting
Information), in contrast to 70°C coating temperature
(Figure S5b, Supporting Information). To conclude the influence
of the substrate temperature on the film quality, 70 °C is prom-
ising due to the improved film thickness uniformity along the
coating direction due to minimized capillary flows.

2.2. Impact of the Volume

After finding the substrate temperature window to minimize cap-
illary flows in the SnO, wet film, we further elucidate additional
parameters that affect the dried film thickness. Le Berre et al.
showed that the characteristic length is described by the reciprocal
of the receding meniscus’ curvature.’>?*) In Equation (1), the
characteristic length L scales linearly with the wet film thickness
twer- As there is no lateral pressure gradient, the curvature of the
receding meniscus equates to the curvature of the advancing
meniscus and the characteristic length can be expressed as
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with the contact angles 8; and 6,, the capillary length «, and the
height of the advancing meniscus H as indicated in
Figure 1a.**?® To demonstrate the influence of the meniscus
height on the dried film thickness, we dispense different solution
volumes to blade coat SnO, films on UV-Ozone (UVO) treated
glass with 30mm s~ at 70°C (black) and 40 °C (red) substrate
temperatures, respectively. Figure 2a summarizes the dried thick-
nesses of the SnO, film as a function of the dispensed
solution volume.

We observe that the dispensed volume can be used to alter the
dry film thickness of the blade-coated layer, independently of the
substrate temperature. Furthermore, the films deposited at 40 °C
are thicker than the films at 70°C for any dispensed volume.
A similar trend is observed in the transmittance measurements
of these films, as shown in Figure S6 and S7, Supporting
Information. For both temperatures, the transmittance is
decreasing for larger dispensed solution volumes, indicating
increasing film thicknesses. But for 40 °C, internal reflections
are observed already for dispensed volumes as small as 50 pL,
which shifts toward longer wavelengths when dispensed vol-
umes are further increased. Contrary, at 70 °C substrate temper-
ature, the internal reflections start to occur for dispensed
volumes larger than 90 uL. This temperature-dependent thick-
ness variation is caused by capillary flows, which can be modu-
lated by the substrate temperature.

So far, the characteristic length L was assumed to be constant
during the blade coating process. However in reality, the advanc-
ing meniscus height decreases as the solution is consumed dur-
ing the blade coating process. This reduction in meniscus height
induces a thickness gradient along the coating direction,
adversely hampering the uniformity of large-area coatings of
functional layers needed for perovskite solar modules. Here,
we present ways to minimize solution consumption and thus
the thickness gradient, e.g., by reducing the viscous drag, using
smaller angles « or dispensing larger volumes. The consumed
solution volume V. per millimeter of coating length for a sub-
strate width W is calculated as

Ve
mm

= tyet - W (3)

For simplicity, we assume V. to be constant along the coating
direction. The wet film thickness ty is computed by using

Wsolute
_ Psolute Psolvent
twet = tdry Weolute (4)
Psolute

Wsolvent

with weight fraction w and density p.*® Here, instantaneous dry-

ing is assumed and the time-dependent factor affecting the dried
film thickness ty,, by the capillary flow is neglected. In Figure S8,
Supporting Information, the consumed solution volume V., is
plotted against the dried film thicknesses t4,, for different con-
centrations of the solution (in wt%) wgj.... For example, to obtain
a dried SnO, film of 40 nm with a 4.14 wt% concentrated solu-
tion, roughly 0.33 pLmm ' is consumed for a given coating
width of 50 mm. The solution concentration can be used to
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Figure 2. a) Dried film thicknesses for various dispensed solution volumes at 70 °C (black) versus 40 °C (red) substrate temperature. A triangular scan (cf.
Figure S24, Supporting Information) is done in the center of the substrate. b) Overview of the advancing meniscus height at the start of the blade coating
process (Ho) and of the change of the meniscus height AH = Hy — H3o over 30 mm coating length (H;,) for different blade angles a and various
dispensed solution volumes. Details are provided in Note S2 and Figure S25, Supporting Information.

minimize the consumed solution volume during the coating
for a given dried film thickness. Apart from that, reducing
the viscous drag by lowering the blading speed, using smaller
angles a or dispensing larger volumes are other ways to
minimize solution consumption. Plots in Figure 2b show the
initial meniscus height H, dependence on dispensed solution
volume for different blade angles a. With smaller angles, H,
is smaller. Next, the difference of the meniscus height at the
initial position and at 30mm of coating length, i.e.,
AH = Hy — Hsy is computed. For detailed calculations, refer
to Note S2, Supporting Information. While for smaller volumes,
this difference is large and results in inhomogeneous films,
larger volumes, and a smaller blade angle improve the
uniformity as the difference of the meniscus height reduces
dramatically.

Alternatively, the blade coater can be modified with a solution
reservoir attached to the blade, as illustrated in Figure S9,
Supporting Information. With a small reservoir angle fj, the
change of the meniscus height along the coating direction can
be reduced and more uniform coatings can be obtained.
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2.3. Impact of the Blade Coating Speed

We now turn the focus on the coating speed U, which has been
investigated in previous works with different materials, but
not yet for colloidal dispersion of SnO, nanoparticles.['*2%3%
To probe this relation for colloidal dispersions, we vary the
coating speed, while maintaining a fixed volume and gap at a
constant substrate temperature. The dried film thickness is plot-
ted as a function of the coating speed, as shown in Figure 3a.
Beyond 10 mm s, the film thickness increases with higher
coating speeds, showing that the coating process takes place in
the Landau-Levich regime. The power function fit yields an expo-
nent of 0.66, which is in good agreement with Equation (1). Due
to higher coating speeds, viscous forces dominate over surface
tension, and a liquid film is dragged out from the coating menis-
cus. The drying of this liquid film (observed by eye) takes longer
with increasing speed, since the wet film thickness increases
accordingly. This further confirms that the coating takes place
in the Landau-Levich regime, as the amount of the solvent
deposited on the substrate is larger than the amount of
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Figure 3. The influence on the dried film thickness by a) the coating speed and by b) the solution concentration (wt%) with indicated volume ratio Vs,0,:

Vhzo (in red).
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evaporated solvent.””) However, higher blading speeds increase
the viscous drag imposed on the meniscus, which yields a higher
solution consumption and thus a thickness gradient along the
coating direction as well as prolonged drying.

2.4. Impact of the Concentration

Besides the coating speed, we also study the influence of the solu-
tion concentration on the SnO, thickness. The concentration can
be used to fine-tune the dried film thickness as it does not affect
the drying process heavily, as e.g., the blading speed or the
volume, since the wet film thickness is not increased. In
Equation (1), the solution concentration is reflected in the
numerical constant ¢;. We dilute the 14.9 wt% SnO, colloidal dis-
persion by deionized water with different volume ratios ranging
from 1:0 to 1:9 and blade coat with 20 mm ™' on UVO-treated
glass. As expected, the dried SnO, film thickness scales linearly
with increasing concentration, as shown in Figure 3b. A linear
trend is also maintained, when the coating speed changes to 15
or 30mms~"' (Figure $10, Supporting Information). Having
elaborated the influence of the blade coating parameters on film
thickness and uniformity, we provide in Table S1, Supporting
Information, an overview of each parameter and how it affects
the dried film thickness.

2.5. Optimum SnO, Thickness by Blade Coating

To determine the optimum thickness of the blade-coated SnO,
layer, we use different blading speeds, ranging from 10 to 90 mm
s7!, and concentrations, ranging from 1.69 wt% (volume ratio
1:9, VSnOZ:VHZO) to 14.9 wt% (1:0, VSnOZ:VHZO)' The n-i-p device
architecture is IOH/SnO,/perovskite/Spiro-OMeTAD/Au and
we measure the photovoltaic (PV) performance of over 36 cells
per condition. Boxplots of the PV performance parameters are
provided in Figure S11a, Supporting Information, for the blading
speed and in Figure S11b, Supporting Information, for the con-
centration, while Figure S12a,b, Supporting Information, shows
the PV performance depending on the film thickness obtained
by different blading speeds and concentrations, respectively.
Both series show a similar value of optimum SnO, layer thick-
ness that yields the maximum power conversion efficiency
(PCE), i.e., blading speed of 30mms~" or a concentration of
4.14 wt%, which corresponds to a film thickness of 30-35 nm.
This thickness range also yields the highest open-circuit voltages
(Voc). The morphology and uniformity of these coating are
checked by AFM (Figure S13a, Supporting Information) and
SEM top-view images (Figure S13b, Supporting Information),
which show smooth and compact SnO, films without pinholes,
obtained with the optimized coating parameters. The heated sub-
strate prevents the SnO, nanocrystals from aggregation in wet
films. For thinner layers, the Vo drops due to insufficient cov-
erage on the IOH, as this causes serious charge carrier recombi-
nation. Beyond the optimum SnO, layer thickness, the Vo again
decreases due to less efficient charge extraction since more
charges accumulate at the interface, which leads to an increased
probability of charge carrier recombination.?"*?! Regarding the
short-circuit current density (Jsc), the trend is less clear, but gen-
erally, it decreases for higher coating speeds due to increased
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parasitic absorption and internal reflections, as shown in the
transmittance measurements for different film thickness
controlled by the blading speed (Figure S14a, Supporting
Information) and by the concentration (Figure S14b,
Supporting Information). The fill factor (FF) value peaks for
the same film thickness as for the V¢ are proving to be an opti-
mum balance of sufficient substrate coverage and efficient
charge transport.?>>4 In Figure S15 and S16, Supporting
Information, we further provide heat maps showing the spatial
distribution of the PV performance values for varied coating
speed and concentration of the solution, respectively. The heat
maps further reveal localized thickness inhomogeneity due to
operator-related factors as well as thickness gradients. For exam-
ple, the location of the solution dispensing matters, since we can-
not exclude that the dispensed solution will spread uniformly and
create a homogeneous meniscus across the entire substrate
width. In particular, the heat maps for 30 and 50 mms~' show
an overall performance drop where the solution is dispensed too
far off the blade edge. Moreover, the heat maps of different
concentrations show a trend of decreasing Jsc to the right hand
side with respect to the blading direction. Multiple reasons can
explain this observation, e.g., off-center dispensed solution, a
blading gap deviation, inclined substrate placing, or a nonuni-
form sample illumination during the -V measurement for these
large substrate size.

2.6. Optimizing Spiro-OMeTAD Layer Deposition by Blade
Coating

So far, the Spiro-OMeTAD hole transport layer (HTL) is depos-
ited by spin coating for device fabrication. Now, we apply our
understanding to blade coat Spiro-OMeTAD layer in ambient
air with p-Xylene as solvent. This solvent has a slightly higher
boiling point of 138 °C compared to the conventional solvent
chlorobenzene (132°C) which is normally used with Spiro-
OMEeTAD, but it is not halogenated, hence it is safer to use
and more industrially compatible.*® Sufficiently thick Spiro-
OMEeTAD HTL film thickness is required to ensure a good cov-
erage of the perovskite film. Therefore, we check the solubility of
Spiro-OMeTAD in p-Xylene at room temperature to use the high-
est dissolvable concentration (25 mgmL™") of the solution and
screen the blade coating speed of the Spiro-OMeTAD layer.
The overview of the PV performance is presented in Figure S17,
Supporting Information. The Vo asymptotically approaches a
constant value with small deviations when a coating speed of
30mms ' or higher is used, since the highest occupied molec-
ular orbital (HOMO) energy level of Spiro-OMeTAD is indepen-
dent of the thickness of the layer.’®) Meanwhile, the Jsc and FF
increase with higher coating speed enabled by proper surface
coverage of the HTL on perovskite, leading to better charge
extraction capability.*”!

2.7. Champion Device

To improve the PV performance of the PSCs, we passivate
the perovskite surface defects by spin coating the organic halide
salt, phenethylammonium iodide (PEAI) on the perovskite
absorber.?! The effectiveness of the PEAI passivation treatment
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is shown in Figure S18, Supporting Information. PSCs were
processed by combining the passivation treatment and optimized
blade-coated SnO, and Spiro-OMeTAD layer. In Figure 4, we
compare the PV performance of the sample with optimized
blade-coated charge transport layers with the fully spin-coated
sample. We achieve increased uniformity and Vo with 44 devi-
ces on 50mm x 50 mm substrates when using blade-coated
charge transport layers. The blade-coated champion device
reaches a Voc of 1.16V for a 1.56eV bandgap perovskite
absorber and a PCE of 18.8% (Figure S19a, Supporting
Information). Maximum power point (MPP) tracking yields a sta-
bilized power output of 18.2 mW cm ™2 (Figure S19b, Supporting
Information). The external quantum efficiency (EQE) of the
device shows an integrated Jsc that agrees well with the Jsc mea-
sured by the current-voltage scans (Figure S19c, Supporting
Information). Reaching higher efficiencies is limited by low
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FF due to improper oxidation of the Spiro-OMeTAD layer owing
to lack of FK209 additive.l*®>"!

3. Conclusion and Outlook

In conclusion, our study sheds light on the various factors affect-
ing the dried film thickness and uniformity of blade-coated SnO,
nanoparticles. We systematically investigated the influence of the
substrate temperature, dispensed solution volume, blade coating
speed, and solution concentration on the dried film thickness of
blade-coated SnO, nanoparticles. The substrate temperature
improves the film uniformity along the coating direction by
minimizing capillary flows. We show that film thickness and uni-
formity are affected by the advancing meniscus height. To dem-
onstrate the influence of the dispensed solution volume and the
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Figure 4. a) Comparison of PV performance parameters of over 36 devices of spin-coated (black) SnO, and blade-coated (red) SnO, while the Spiro-
OMEeTAD hole transport layer is also blade coated for both samples. b) Global heat maps of PV performance parameters of 44 devices to compare the
uniformity of spin-coated SnO, and blade-coated SnO, while the Spiro-OMeTAD hole transport layer is also blade coated for both samples. A photograph
of a 50 mm x 50 mm sample layout is shown in Figure S20, Supporting Information.
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blade angle on the film uniformity, we calculate the difference of
the advancing meniscus height over the coating length, based on
the solution consumption during the blade coating process. We
present a modified setup with a solution reservoir to be adopted
for large-area coatings with enhanced film uniformity. As a better
option, we suggest equipping blade coating with a continuous
solution supply, starting to broadly use slot-die coating for
upscaling perovskite-based optoelectronic devices, and applying
in situ characterizations to probe the thickness and uniformity of
large coating areas.
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