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For the manufacturing of thin films of solution-processable organic semiconductors, e.g. for organic photovol-
taics (OPV), meniscus guided-coating techniques are the method of choice for large-scale industrial applications.
However, the process requires an in-depth understanding of the respective fluid dynamics to control the resulting
film thickness. In this article, we derive an analytical expression to describe the layer thickness of coatings
manufactured with a trapezoidal-shaped applicator as a function of various fluid and process parameters. The
analytical calculations are compared with results from computational fluid dynamics (CFD) simulations and
experimental data for an industrially relevant OPV active material system. The good agreement of all three
approaches demonstrates the potential of the analytical and simulative methods to minimize the number of time-
and resource-consuming experiments. Furthermore, our theoretical model can be used to enhance the homo-
geneity of large-area coatings by means of an acceleration profile of the applicator that can compensate for the
liquid loss during the coating process. The respective analytical expression is validated by simulated and
experimentally obtained data for long-distance coatings. Finally, this approach is used to fabricate a large-area

OPV module with new world record efficiency.

1. Introduction

The importance of photovoltaics has grown in recent years as the
demand for renewable energy continues to increase. Solution-
processable organic photovoltaics (OPV) receive more and more scien-
tific and economical attention due to their unique characteristics, like
light weight, high throughput, and semi-transparency [1]. The respec-
tive printing inks comprise the photoactive material dissolved in a sol-
vent. After the deposition of the coating ink, the solvent evaporates
during the drying process, leaving a dry film as the functional layer.
Recent material developments result in photoelectric conversion effi-
ciencies (PCEs) above 19 % [2-4] for small-scale cells (few mmz) at
laboratory level. Uniform and even layers with a predefined thickness
are required to achieve these record efficiencies, since too thin layers
lead to performance losses due to insufficient absorption, while too thick
layers hamper charge extraction [5].

Solution-processable techniques are preferred processes for
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industrial applications, since they enable higher throughput (e.g. roll-to-
roll manufacturing) and thus, lower costs. For roll-to-roll
manufacturing, meniscus guided coating techniques are established
methods to deposit the OPV materials [6-8]. Among these techniques,
blade coating is scientifically and economically the most relevant
technique, especially for the research on upscaling from small-scale cells
to large-area modules. The upscaling to module size is still a major
challenge that requires further investigation of the process [9]. Insuffi-
cient control and/or understanding of the deposition process results in
uneven and non-uniform layer thicknesses and thus, to a decrease of the
power conversion efficiency of the module.

In the blade coating process, an initial fluid volume is deposited
between the applicator and the substrate to be coated. During the
coating process, the applicator is moved horizontally and, by this, fluid
is partially deposited onto the substrate. Consequently, the fluid volume
beneath the applicator steadily decreases with coating distance. How-
ever, the fluid volume beneath the applicator influences the radius of the
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down-stream meniscus, which is essential for the deposited wet film
thickness [10]. As a consequence, the consumption of the fluid during
the coating process leads to an uneven film thickness, i.e. an initially
thicker film that becomes gradually thinner with coating distance, as
shown in Fig. 1 or in the supplementary information (see Fig. S1 and
Fig. S2).

Besides laboratory experiments, numerical simulation and analytical
description are established methods to better understand the formation
of the wet film and to optimize the deposition process. Moreover,
simulation and theory approaches further decrease the number of time-
and resource-expensive experiments. For example the influence of
different blade geometries on the blade coating process are numerically
investigated in [11]. CFD models are reported to investigate the blade
coating process as a function of different variables (e.g. substrate speed
and fluid properties) [12-14]. The theory of wet film formation is based
on the work of Landau, Levich and Derjaguin [15,16]. Based on this
theory, Gutenev et al. derived analytical expressions in [17] to further
describe the blade coating process. According to the theory of wet film
formation, the coating velocity can compensate for the fluid loss beneath
the applicator. In [18,19], the influence of the coating velocity on the
wet film thickness was experimentally investigated. In both articles, the
theoretically predicted dependency of the film thickness on the coating
velocity is confirmed. The consumption of the coating fluid results in a
dynamic meniscus which was investigated in [20] with experimental,
computational and analytical methods. In [10], we developed a nu-
merical model of the coating process where the simulated thicknesses
are in very good agreement with the experimental data. Furthermore, a
linear function was derived which is able to predict the wet film thick-
ness for a wide range of velocity and initial volume combinations.

In this article, we propose a complete theoretical framework for
blade coating with a trapezoidal applicator shape, which does not only
describe the influence of coating speed and ink volume, but also includes
the ink properties, namely viscosity and surface tension.

In addition, for both the linear function of the previous work and the
analytical formula, an expression is derived to describe an accelerated
coating process to generate an even and uniform wet film with a con-
stant targeted thickness. Finally, experiments are performed where the
velocity of the applicator is increased according to the derived expres-
sions. The resulting wet films provide a thickness as uniform as pre-
dicted and thus validate our simulations and analytical model. Thus,
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Fig. 1. Normalized thickness h profile of a P3HT:O-IDTBR film, which is
manufactured by blade coating with constant velocity (80 mm/s), over a
coating distance of 15 cm and an initial volume of 60 ul. The steady decrease of
film thickness from left to right can be observed in the experimentally obtained
data points and is also clearly visible in the photograph of the respec-
tive sample.
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they prove to be powerful tools for all kinds of research and develop-
ment using blade coating, e.g. OPV module production.

2. Material and methods

2.1. Theoretical description of wet film thickness for trapezoidal
applicator geometries

The theory of wet film formation dates back to the work of Landau-
Levich [16] and Derjaguin [15]. In their work, they describe how the
wet film is generated on a flat plate which is dragged out of a liquid
(mixture of solvent and solute) reservoir. They assume a relatively fast
coating velocity, so effects of the drying process can be neglected
(Landau-Levich regime). Both articles propose an analytical expression
for the generated wet film

h=1.34.R-Ca*?, @

where h denotes the wet film thickness (SI-unit: m) and R the radius of
the down-stream meniscus (SI-unit: m). The capillary number Ca is
defined as

pu
= )
c

Ca (2)
where u is the viscosity of the liquid (SI-unit: Pa-s), u is the velocity of the
plate (SI-unit: m/s) and o is the surface tension of the liquid in air
environment (SI-unit: N/m). The theory was applied to meniscus-guided
coating processes where cylindrical applicator geometries are used to
predict the resulting wet film thickness [18,21].

It is found that the liquid volume beneath the applicator affects the
radius of the down-stream meniscus and consequently also the resulting
wet film thickness. Moreover, for cylindrical applicators also the angle
between the applicator and the coating liquid varies with the volume,
which makes the system even more complex. In contrast, applicators
with trapezoidal-shaped tips provide constant angles between applicator
and liquid as long as the volume is larger than a critical value. In [17], a
tilted plate moves along a substrate. The gap between plate and sub-
strate is filled with liquid. The authors derive an expression for the
radius from fundamental geometrical considerations, if h/R << 1

3

Here, S denotes the cross-sectional area of the liquid (SI-unit: m?) and ¢
the opening angle in radians between the substrate and the plate. In
Fig. 2, the cross-sectional view of the coating process is shown and all

Fig. 2. Cross-sectional view of the meniscus-guided coating process. In the
process, the coating liquid (light blue) is injected between the applicator tip
(red) and the substrate (blue). The down-stream meniscus R, which mainly
determines the wet film thickness, is indicated and is a function of the area S
(hatched area). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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relevant parameters for the calculation of the down-stream meniscus
radius are indicated, apart from the applicator width w (SI-unit: m) that
is orthogonal to the drawing plane.

The applicator moves with a velocity u at a constant height g over the
substrate (SI-unit: m). Together with the length of the applicator tip [ (SI-
unit: m), a lower limit for the fluid volume can be calculated. The angle
¢ can be derived from the applicator geometry. Assuming a symmetrical
liquid distribution beneath the applicator, which is valid for small ve-
locities, the relevant liquid area S (SI-unit: m?) can be derived from basic
geometrical considerations

g T~ 81
S(V) =0 &)

where V denotes the volume beneath the applicator (SI-unit: m?).
Inserting eqs. 2, 3, and 4 in 1, an analytical expression to predict the wet

film thickness as a function of the coating velocity u and the volume V
can be derived

Rieo (11, V) = 0.95 (5)

2.2. The accelerated coating process for a constant film thickness

In a previous work [10], we presented a computational fluid dy-
namics (CFD) simulation as a digital twin of the coating process that
only requires a few, experimentally easily accessible, liquid properties to
predict the wet film thickness with good accuracy. Based on that, we
derived a linear fit function to predict the wet film thickness

hﬁt(ll7 V) = (b + c~V)u2/3, 6)

where b and c are fit parameters which can be determined by the
simulation results. The linear fit equation was developed for one specific
experimental setup and is only valid for the utilized OPV material system
and for an applicator width of 25 mm. However, by normalizing the

parameter ¢ with respect to the applicator width w (c = 525% = %) , Eq.

(6) is valid for arbitrary applicator widths
_ (b S\
hee(u, V) = (b + V)u . %)

For OPV module-relevant coating distances (i.e. >10 cm), V will
decrease considerably by the process itself. In general, the consumption
of fluid during the coating process in x-direction can be expressed by

—dV(x) = h(u, V)-w-dx. (€))

If a constant wet film thickness h. is assumed, as it is desired for
large-area coatings, Eq. (8) can be integrated

V(x) >'q
[ v = / hew dx, ©
Vo 0

where Vj is the initial fluid volume (SI-unit: m®) at the starting position
x = 0. In this case, the fluid volume beneath the applicator is a function
of the coating distance x (SI-unit: m) and can be written as

V(x) = Vo — he-w-x. (10)

In both, Eq. (5) and Eq. (7), it can be seen that the wet film thickness
is a function of the fluid volume and the velocity. Therefore, the loss of
liquid during the coating process can be compensated for by gradually
increasing the velocity of the applicator during the coating process, a
technique that can easily be implemented. An expression uUpe,(X) to
describe the required velocity at each position x can be derived from Eq.

)
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3/2

tan(73*) +%5*

Utheo (X) = 1.08% he 11
2
|:ta§(</') + % —hex — g'ljl
and a respective expression ug(x) can be derived from Eq. (7)
3/2
he
Uge(x) = 12)

b+ E<% - hc-x>
2.3. Material system P3HT:O-IDTBR

Different experiments are carried out to validate the proposed
accelerated coating approach. In all of these experiments, the material
system P3HT:O-IDTBR is used which is based on the photoactive ma-
terial combination of the donor polymer poly(3- hexylthiophene)
(P3HT) and the non-fullerene acceptor (5Z,5'Z)-5,5-((7,7'-(4,4,9,9-tet-
raoctyl-4, 9-dihydros- indaceno[1,2-b,5,6-b’]dithiophene-2,7- diyl)bis
(benzo [c][1,2,5]thiadiazole-7,4-diyl))bis(methanylylidene bis (3-ethyl-
2-thioxothiazolidin-4-one))) (O-IDTBR). The material system offers
good processing and stability properties [22,23] and thus, has a high
relevance for large-area industrial OPV applications. In our previous
work [10], we experimentally determined the different fluid-related
properties of P3HT:O-IDTBR (dynamic viscosity u, surface tension o,
and the contact angles with the applicator @ and the glass substrate /)
which are required for both the numerical simulation and the theoretical
approach. Further information about the material system can be found
in our previous paper.

3. Results and discussion
3.1. Comparison of theory, simulation, and experiment

In [10], experiments are performed to determine the wet film
thickness of a blade-coated P3HT:O-IDTBR layer as a function of V, and
u. The developed CFD simulation is shown to reproduce the experi-
mental results with high precision. In Fig. 3, we compare these experi-
mental and simulated results with calculations from our newly derived
analytical expression (Eq. (5)).

Overall, the theoretical prediction shows excellent agreement with
the simulation and experimental results. For velocities below 50 mm/s, a
maximal difference between simulated and theoretically predicted wet
film thickness of ~0.5 pm is obtained. For faster coating velocities, the
theoretically calculated wet film thicknesses slightly differs from

40
— Sim. 50l ----- Theo. 50 ul #  Exp.50pl
35 Sim. 60 pl Theo. 60 pl Exp. 60 pl
—— Sim. 70 ul =~ ----- Theo. 70 ul # Exp.70pl
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Fig. 3. Theoretically predicted according to Eq. (5) (dashed lines), simulated
with CFD (solid lines), and experimentally measured (squares with corre-
sponding error bars) wet film thicknesses as a function of the coating velocity
for different initial liquid volumes.
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simulation and experimental results. For such high velocities, the
assumption of a symmetrically distributed liquid volume beneath the
applicator (as shown in Fig. 2) has been shown not to be fulfilled
anymore [10]. The meniscus is dragged more to the down-stream side,
which can explain the differences in wet film thickness obtained by the
different investigation methods. Photographs from the experiment
confirm this explanation (see Fig. 4).

If the applicator is at rest (Fig. 4 a)), the coating fluid is symmetri-
cally distributed beneath the applicator, whereas a unsymmetrical fluid
distribution can be observed for a coating velocity of 90 mm/s (Fig. 4
b)). In the supplementary information, we provide more information
about the asymmetry of the fluid distribution (see Fig. S3 and S4).

The results clearly confirm the validity of our theoretical model,
which has been specially adapted to the geometry and physics of our
system of investigation.

3.2. Influence of fluid parameters on the wet film thickness

In [10], all simulations and experiments are performed with the
same coating fluid, namely a P3HT:O-IDTBR ink, which is an established
material for the active layer in OPV. The material is assumed to be a
incompressible Newtonian fluid, for which the surface tension and vis-
cosity have been determined experimentally, since these are crucial
fluid parameters for the coating process and the respective simulation.
However, the development of novel materials for OPV is a current and
very active research topic [9]. The creation of a large variety and
number of new materials aims at further pushing the power conversion
efficiency [3,4] or to improve the long-term stability of the active ma-
terial [24,25]. However, each new material provides different fluid
properties impacting the wet film thickness.

Therefore, our proposed simulation/theory approach is tested with
respect to its flexibility regarding variation of fluid properties in the
following. In Fig. 5, the theoretical and simulated results for an initial
volume V; of 80 pl are shown. The wet film thicknesses are determined
for different viscosities (Fig. 5 a)) and surface tensions of the fluid (Fig. 5
b)) by numerical simulations and the analytical expression.

In Fig. 5 a), results from the CFD simulation and the theory for ve-
locities are very consistent for velocities below 50 mm/s. For faster
coating velocities, the theory predicts slightly higher thicknesses
compared to the simulation. This can again be explained by an asym-
metrical fluid distribution under the applicator. For the dependence on
the surface tension of the fluid, numerical simulation and analytical
expression show an excellent agreement for all values of y and o (see

Fig. 4. Cross-sectional view of the experimental setup, where the tip of the
applicator (red) and the coating ink (black) are visible. a) Symmetric fluid
distribution, if the applicator is at rest (0 mm/s). b) Asymmetric fluid distri-
bution, if the applicator moves with high coating velocity (90 mm/s). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 5. The wet film thickness is plotted as a function of viscosity u (a)) and
surface tension ¢ (b)) for an initial liquid volume V, of 80 pl for different
coating speeds u. In both a) and b), square markers indicate results from the
CFD simulation and the theoretical calculations (Eq. (5)) are plotted as
dashed lines.

Fig. 5 b)).

Our CFD simulation model as well as our adapted theoretical func-
tion, provide the same results regarding variations in fluid properties.
This strongly suggests that these results also match the real experimental
findings. Thus, it can be used to predict and manipulate the coating
thickness, as will be shown in the following chapter.

In the supplementary information, a similar figure to Fig. 5 can be
found for an initial volume V; of 70 pl (see Fig. S5).

3.3. Homogeneous wet films processed by accelerated coating

For the investigation and implementation of an accelerated coating
strategy, we used a Zehntner ZAA 2300 blade coating device that was
electrically modified by Automatic Research GmbH to enable the pre-
programming of a time-dependent speed profile u(t). The velocity of
the applicator u can be changed every 100 ms. As a consequence, we can
apply our proposed fluid-specific acceleration strategy to compensate
for the steadily decreasing film thickness upon coating due to the con-
stant loss of fluid volume. Thus, the steadily decreasing film thickness
could be compensated for by using a fluid-specific acceleration profile.
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To apply the compensation strategy, the previous equations need to
be reformulated to describe the velocity as a function of time. In general,
the velocity of the applicator is the derivative of its position with respect
to time. This approach, dt = @ dx, holds for both Eq. (11) and Eq. (12).
Integrating this general equation over x and t results in an expression to
describe the applicator position x as a function of t. This x(t) can then be
inserted into Eq. (11) or Eq. (12) again.

In the case of the theoretically derived equations, umeo(t) can be
written as

Utpeo(t) = 1.08; R

3/4

tan (%) +457

’ 347 47
7/4 t-o-h2? <mn (”’—“’) +u)
2 Ve < 2 2
(s er) a0 o))

(13)

An almost equivalent, but more compact, equation can be derived
from the fit function approach

3/2

h

5/2
(b +z%) - 2.5-E-hf/2-t}

With these equations, the necessary velocities for a coating process
with constant thickness h. can be calculated and the respective time-
velocity tables can be programmed in the device. For three different
initial volumes V; (70, 80, and 90 pl) and a targeted constant wet film
thickness h, of 10 pm the time-velocity tables are calculated with the
fully theoretical- (Eq. (13)) and the fit function- (Eq. (14)) approach. The
resulting velocity profiles are shown in the following figure as a function
of the corresponding substrate position x (Fig. 6).

For all initial volumes Vj, the velocity profiles, based on theoretical
considerations and on the fit function, show some differences. The
reason for the discrepancies can be seen in Fig. 3: Each approach pre-
dicts a slightly different velocity to manufacture a 10 pm thick wet film
e.g. for an initial volume of 90 pl.

For the experimental validation of the accelerated coating strategy,
the coating velocities for three different initial volumes (70, 80, and 90
pl) are calculated with Eq. (14). In Fig. 7, a photograph of a substrate

(14

uge(t) = 25

551
—— Theory 70 pl

501 —— Theory 80 pl
—— Theory 90 ul

---- Fit 70 pl 7
---- Fit 80 pl
---- Fit90pl -

Velocity u [mm/s]
N w w S >
(€3] o ()] o ()]}

N
(=)
L

—_
o

0 20 40 60 80 100 120 140
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Fig. 6. The coating velocity u as a function of the substrate position is deter-
mined by the theoretical expression Eq. (11) (solid lines) and the fit function-
approach Eq. (12) (dashed lines) for three different V, (70, 80, and 90 pl).
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after the drying process is shown. The accelerated coating strategy was
applied to create a uniform wet film thickness of 10 pm onto the sub-
strate, the initial volume of the coating ink was 90 pl.

The dry film thicknesses are measured to validate the accelerated
coating strategy. From the composition of the material system, we can
conclude the wet film thickness from the dry film thickness [10]. The
starting point of the measurements is 20 mm to exclude effects of the
initial movement of the applicator on the film thickness. The thickness of
the coating is measured every 10 mm until a coating distance of 110 mm
has been reached. The respective calculated wet film thicknesses are
plotted in Fig. 8 a) - ¢) (blue squares and error bars). CFD simulations are
performed where the applicator acceleration is determined once with
the theoretical expression (Eq. (13)) and once with the formula, which is
based on the fit function (Eq. (14)). The results of the CFD simulations
are plotted in Fig. 8 a) - ¢) as green dashed and purple dash-dotted lines
for the theoretical- and fit function-approaches, respectively. Both ap-
proaches result in almost identical simulated wet film thicknesses. Ac-
cording to the CFD simulation, the acceleration, which is based on
theoretical considerations, leads to slightly thicker wet films compared
to the acceleration, according to Eq. (14). Note the adjustment of the y-
axis limits to increase distinguishability of the individual data sets in the
Fig. 8 a) - ¢).

These data prove that our simulative model and our analytical
equation can be used to create a full set of process parameters. Both can
easily be applied in practice to fabricate homogeneous coating over
large distances.

In fact, we already implemented this approach very recently into the
manufacturing process of high-performance large-area OPV modules,
which enabled us to yield a new world record efficiency for OPV mod-
ules with 14.5 % on 204 cm? [26]. In [27], we reported on
manufacturing of the large-area module with focus on the experimental
details. The world record module is depicted in Fig. 9 and demonstrates
the excellent film homogeneity over the whole module area (<5 % from
the targeted dry film thickness 128 nm), which is crucial for its high
power conversion efficiency.

It is to note that a respective module, whose active layer was coated
with constant velocity and thus shows a strong thickness gradient, yields
a PCE that is ~ 18 % lower, relative to a module fabricated by accel-
erated blade coating.

4. Conclusion

In this article, we derived a theoretical expression to predict the
height of the deposited wet film in the doctor blading process. The
predicted wet film thickness of the theoretical description was compared
to experimental data and results of a corresponding CFD simulation.
Overall, the investigated cases — including variations of the ink's vis-
cosity and surface tension — show excellent agreement. Thus, both the
proposed theoretical description and the simulation model allow for an
extremely time- and resource-efficient approach to high-throughput
research. Its flexibility is crucial for areas of application like OPV
manufacturing, where a large number of novel materials is tested on a
very short time scale.

O Rk N W A U O Ny 0O R ok ok ok s X
155555555 58¢c¢88¢8¢8
3 3333 33
‘B EEEEEEEEEEEE

Fig. 7. Photograph of a P3HT:O-IDTBR film deposited with accelerated balde
coating using 90 pl initial volume. The coating direction x is indicated as well as
the regarding distance from the coating start point (x = 0 mm).
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Fig. 8. a) - c) Normalized wet film thicknesses for initial volumes 70 pl, 80 pl, and 90 pl, respectively. Experimentally determined wet film thicknesses are indicated
as blue squares with error bars, averaged over two samples per variation. CFD results, which are based on the acceleration strategy according to Eq. (13) and to Eq.
(14) are plotted as green dashed lines and purple dash-dotted lines, respectively. All thicknesses are normalized with respect to the targeted wet film thickness of 10
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Fig. 9. Photograph of the organic photovoltaic (OPV) module with a new world
record power conversion efficiency (PCE) of 14.5 % on 204 cm? enabled by
accelerated blade coating. The OPV module was manufactured on a 165 mm x
165 mm substrate, with an aperture area of 143 mm x 143 mm. The dry film
thickness was determined at six different vertical substrate positions x along the
coating direction, each value being an average over six measurements at
different horizontal positions.

Furthermore, these results have enabled us to derive expressions for
an optimal applicator velocity profile which produces uniform layers
with predefined thickness. This acceleration strategy was experimen-
tally validated for long coating distances: Experiment, simulation, and
calculation yield similar heights all of which are close to the targeted
thickness.

For batch-to-batch production (e.g. direct coating onto silicon wafers
for the fabrication of multi-junction solar modules), the accelerated
coating process is an industrially highly relevant coating technique. In
comparison with batch-to-batch slot-die coating, the advantages of
accelerated blade coating are, on one hand, a smaller ink consumption
(no large “dead volume” as inside syringes, tubes, and dies), and, on the
other hand, a controlled film thickness right from the beginning of the
coating (whereas for slot die coating the interplay of flow rate and
coating speed usually requires some initial time/distance to form a
stable steady-state meniscus of defined volume that is needed to form a
homogeneous film). Continuous blade coating with fluid injection and
slot-die coating are the analogous coating techniques to be used in a
respective roll-to-roll manufacturing, where large-area coatings are
generated on flexible substrates. The fluid-dynamic investigations and
simulations presented in this work can also be adapted to such contin-
uous coating processes.

This newly developed technique was ultimately applied to fabricate
uniform large area coatings for high-performance organic solar modules.
Finally, it allowed us to achieve a new world record for OPV module
efficiency proving the importance and applicability of this work.
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