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arangoni flow by inner side chain
engineering in nonfullerene acceptors for
reproducible blade coating-processed organic
solar cell manufacturing†

Geunhyung Park,‡a Yongjoon Cho, ‡ac Seonghun Jeong,a Jeewon Park,a

Seong-Jun Yoon *a and Changduk Yang *ab

The industrial-scale, uniform film production of active layers is a prerequisite for high-performance,

reproducible organic solar cells (OSCs), becoming a significant challenge. Blade coating, one of the most

suitable protocols for industrial-scale OSC manufacturing, can be significantly affected by evaporation-

driven convective flows (e.g., capillary and Marangoni flows), which directly influence film uniformity.

Here, we present in-depth studies on how convective flows in blade coating-processed OSC fabrication

depend on the inner side chain lengths of nonfullerene acceptors (L8-i-EB, L8-i-EH, and L8-i-BO). By

analyzing the device performance in nine different regions in a blade-coated substrate, we find that the

degree of variations in power conversion efficiency ranges from 15.61% to 16.85% (standard deviation (s)

of 0.38%) for the L8-i-EB-based device, 15.31% to 17.20% (s of 0.57%) for the L8-i-EH-based device, and

13.92% to 16.66% (s of 0.97%) for the L8-i-BO-based device. This demonstrates that compared with the

others, the L8-i-EB-based device with a shorter inner side chain enables higher reproductivity in blade

coating-processed OSC fabrication, attributed to its superior film uniformity induced by the enhanced

inward-directional Marangoni flow while counteracting the capillary flow. This study highlights the

importance of the Marangoni flow effect and its contribution to realizing reproducible blade coating-

processed OSCs.
Introduction

The lm uniformity of active layers in organic solar cells (OSCs)
is critical to realizing their commercialization because power
conversion efficiency (PCE) depends strongly on the thickness
andmorphology of the layer.1–13 Therefore, most state-of-the-art,
highly efficient OSCs require a sophisticated control of device
fabrication for the optimal thickness and morphology of the
active layer with less uctuation. Although spin coating is an
easy and simple method for depositing the active layer in
solution-processed OSCs, there is an implicit limitation of
incompatibility with the roll-to-roll (R2R) process for mass
ing, Perovtronics Research Center, Low

lsan National Institute of Science and

un, Ulsan 44919, South Korea. E-mail:

lsan National Institute of Science and

, Ulsan 44919, South Korea

esearch Center, Northwestern University,

SA

tion (ESI) available. See DOI:

to this work.

f Chemistry 2023
production owing to their feature of discrete
manufacturing.13–17 To overcome such a limitation, various
printing techniques such as slot die coating, spray coating, and
vapor-based deposition have emerged.18–25 Among these, blade
coating is considered a promising method for large-area OSC
fabrication due to its simple, reproducible, cost-effective
process, and compatibility with the R2R process, resulting in
a signicant amount of research on blade coating-based large-
area OSC fabrication.26–30 However, convective ows, which are
generated during active layer lm deposition in the blade
coating process, can still cause lm uniformity issues.
Furthermore, they can be severe during large-area
manufacturing.

In principle, there are two dominant evaporation-driven
convective ows, namely, capillary ow and Marangoni ow,
assisting the mass transport of dissolved molecules during the
blade coating process.31–36 (i) The capillary ow is attributed to
a distortion of the equilibrium shape of a surface by non-
uniform evaporation. It generates outward convective ows
and induces excessive mass transport to the edge, which is
a common undesirable phenomenon for printing uniform
lms, also called the coffee ring effect. (ii) The Marangoni ow
is closely correlated with the surface tension gradient, which
J. Mater. Chem. A, 2023, 11, 12185–12193 | 12185
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can be produced by the concentration gradient. In this regard,
the surface tension of a solution begins to diverge as the solu-
tion evaporates and solidies. The direction of the Marangoni
ow is from a region with lower surface tension to that with
higher surface tension. As surface tension is inversely propor-
tional to the solution concentration in the case of a general
solution with a weak intermolecular force, the Marangoni ow
is expected to move from the high-concentration region (high
evaporation rate) to the low-concentration region (low evapo-
ration rate) along the solution–air interface.37,38 The Marangoni
ow toward the inward direction can compensate for the
outward mass transport of molecules induced by the capillary
ow. Consequently, the Marangoni ow is a key factor for
determining thin lm uniformity by compensating for excessive
mass transport.

The Marangoni ow is closely related to the solubility of
molecules because surface free energy correlates with solubility
parameters.39,40 One way to alter the solubility is to tune side
chains as a solubilizing group in organic active layer
materials.41–43 The tuning of side chains is an important factor
in controlling morphological properties such as domain size
and purity, as well as molecular packing, induced by changes in
the miscibility of active layer materials in bulk-heterojunction
OSCs.44–52 Therefore, many efforts have been devoted to
nding the optimal side chain of active layer materials to
improve PCE despite the sufficient solubility of state-of-the-art
active layer materials reported recently. There is substantial
research on side chain tuning of active layer materials for
enhanced device performance in lab-scale OSCs. However,
research reports on the effects of the side chain of active layer
materials on large-area OSC fabrication processes are lacking
even though large-area OSC fabrication is inevitable for the
commercial viability of OSCs. Therefore, it is critical to under-
stand how active layer molecular structures affect lm unifor-
mity in the blade coating process.

In this study, we systematically investigate how different
Marangoni ows occur depending on the inner side chain
lengths of nonfullerene acceptors (NFAs) and the degree of
difference in lm uniformity caused by the Marangoni ow
during the blade coating process. For this research purpose, we
have synthesized three L8-core-based NFAs with different inner
side chains namely, (2-ethylbutyl (EB), 2-ethylhexyl (EH), and 2-
butyloctyl (BO) substitutions), termed L8-i-EB, L8-i-EH (well-
known as L8-BO), and L8-i-BO (previously reported as BT-
4BO), respectively.53,54 To investigate the relationship between
the Marangoni ow and the length of the inner side chain of
NFAs, we measured the surface energy of each NFA neat lm
and the surface tension of each NFA solution at various
concentrations using the pendant drop method. We found that
the surface tensions of the NFA solutions decrease as the
concentration increases, indicating that the Marangoni ow is
in the inward direction. Besides, we observed that as the length
of the side chains in the NFAs decreases (from L8-i-BO to L8-i-
EH and then L8-i-EB), the surface tensions of the NFA solutions
at the same concentration and the surface energy of the NFA
neat lms gradually decrease. This implies that a stronger
Marangoni ow in an inward direction in the L8-i-EB solution
12186 | J. Mater. Chem. A, 2023, 11, 12185–12193
induces a more uniform lm than in the L8-i-EH and L8-i-BO
solutions. To further identify lm uniformity, the thickness and
surface roughness of the blade-coated active layer at nine
different spots on a thin lm were measured using a surface
proler and atomic force microscopy (AFM). As expected, the
L8-i-EB thin lm exhibited the most uniform roughness and
thickness, whereas the L8-i-BO thin lm exhibited the most
irregular roughness and thickness. Moreover, the PCE of nine
different devices on a substrate exhibited different deviations
depending on the inner side chain lengths of the NFAs,
presumably due to the varying lm uniformity of the active
layer. The variations in device performance were evaluated to be
from 15.61% to 16.85% (standard deviation (s) of 0.38%) for the
L8-i-EB-based device, 15.31% to 17.20% (s of 0.57%) for the L8-i-
EH-based device, and 13.92% to 16.66% (s of 0.97%) for the L8-
i-BO-based device. This indicates that a short inner side chain of
NFAs is preferable to a long one for uniform device fabrication
using the blade coating process.

Results and discussion
Material characterization and blade coating lm optimization

Fig. 1a shows a schematic illustration of the blade coating
process for OSC fabrication. The height of the blade from the
substrate is xed at a distance of 200 mm. The concentration and
amount of the cast solution affecting the lm thickness were
xed as 16 mg mL−1 in chloroform and 15 mL, respectively.
Notably, the temperature of the substrate was maintained at
45 °C. A donor polymer PM6 and three NFAs ((L8-i-EB, L8-i-EH,
and L8-i-BO); see their chemical structures in Fig. 1b) were used
in this study. Their synthetic routes and characterization are
provided in Scheme S1 and ESI.† The normalized ultraviolet-
visible absorption spectra of the three NFAs in solution and lm
states are shown in Fig. S1,† and the relevant data are
summarized in Table S1.† The three NFAs exhibited excellent
absorption spectra complementary to PM6 in the visible region
of 650–750 nm with high absorption coefficients. The highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) energy levels were measured by cyclic
voltammetry, as depicted in Fig. S2.† The energetic EHOMO/
ELUMO values are −5.68/−3.98, −5.72/−3.99, and −5.80/
−3.97 eV for L8-i-EB, L8-i-EH, and L8-i-BO, respectively. These
results support the hypothesis that the donor PM6 and the three
NFAs can be efficient donor–acceptor pairs for OSC active layers
in terms of optical and electrochemical properties.

First, we thoroughly screened the blade speeds for lm
uniformity because microscale morphology is sensitive to the
blade speed and consequent solution drying time.55–57 As shown
in Fig. 1c, the thickness of the coated lm has a strong
dependence on the blade speed, characterizing two deposition
regimes: the evaporative regime, where the increased blade
speed decreases the thickness of deposited lms; the Landau–
Levich regime, where the increased blade speed increases the
thickness of deposited lms. Thus, the evaporative and
Landau–Levich regimes typically occur at low and high blade
speeds, respectively. The optimal blade speed range is the
intermediate region of these two regimes, with the following
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) The schematic illustration of the blade-coating process. (b) Chemical structures of L8-i-EB, L8-i-EH, L8-i-BO, and PM6. (c) Thickness
of active layers depending on blade speed. (d) Optical microscopy images of films fabricated at a speed within the evaporative regime, inter-
mediate, and Landau–Levich regime. (e) J–V curves and (f) EQE spectra and integrated current density curves of the optimized PM6:NFA-based
device.
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underlying reasons. In the evaporative regime, the blade speed
is too low for mass production, and a stick-slip phenomenon
can be observed, which is a repetitive uctuation of lm
thickness, as observed in the microscopy image in Fig. 1d (le).
In the Landau–Levich regime, the high blade speed is advan-
tageous for industrial-scale production. However, the lm
formation is unaffected by the meniscus, indicating that the
blade cannot control the generation of additional nucleation
sites.58,59 The additional nucleation caused irregular lm
formation, as observed in the microscopy image in Fig. 1d
(right). Consequently, improved lm uniformity can be
observed in the intermediate regime, a boundary between the
two regimes (Fig. 1d shows the intermediate regime and Fig. 1d
(middle) shows the microscopy image). The intermediate region
was estimated to range from 6 to 40 mm s−1 under the specic
drying conditions of chloroform as a solvent with a substrate
temperature of 45 °C.
Photovoltaic properties and lm crystallinities of blade-coated
OSCs

To evaluate the photovoltaic performance of the blade-coated
lms, the conventional conguration OSC devices (ITO/
This journal is © The Royal Society of Chemistry 2023
PEDOT:PSS/PM6:NFA/PNDIT-F3N-Br/Ag) based on PM6:NFAs
were prepared using the blade coating process (see ESI† for the
fabrication details). Fig. 1e illustrates the representative current
density–voltage (J–V) curves of the optimized devices with an
active area of 0.04 cm2 under simulated AM1.5G one-sun illu-
mination at 100 mW cm−2. The relevant photovoltaic parame-
ters are summarized in Table 1. Among the three systems, the
PM6:L8-i-EH-based device exhibited the best PCE of 17.30%
with an open-circuit voltage (VOC) of 0.885 V, a short-circuit
current density (JSC) of 25.86 mA cm−2, and a ll factor (FF) of
75.56%. The L8-i-EB exhibited a PCE of 16.71% with a VOC of
0.869 V, a JSC of 25.97 mA cm−2, and a FF of 74.04%. The L8-i-
BO-based device exhibited the lowest PCE of 16.36% with a VOC
of 0.881 V, a JSC of 24.31 mA cm−2, and a FF of 76.40%. In
addition, Fig. 1f shows the corresponding external quantum
efficiency spectra and integrated JSC curves for each system. The
calculated JSC values from EQE spectra were estimated to be
24.64, 24.59, and 24.29 mA cm−2 for L8-i-EB-, L8-i-EH-, and L8-i-
BO-based devices, respectively, which were found to be in good
agreement with the values from the J–V curves within a 6%
inaccuracy. Note also that the photovoltaic performance of the
blade coating-processed devices was optimized at a blade speed
within the intermediate region, implying that the processed
J. Mater. Chem. A, 2023, 11, 12185–12193 | 12187
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Table 1 Photovoltaic parameters of optimized OSCs under illumination of AM 1.5G, 100 mW cm−2a

Active layer VOC [V] JSC [mA cm−2] JEQESC [mA cm−2] FF [%] PCE [%]

PM6:L8-i-EB 0.869 (0.862 � 0.007) 25.97 (25.93 � 0.04) 24.64 74.04 (73.83 � 0.21) 16.71 (16.51 � 0.20)
PM6:L8-i-EH 0.885 (0.885 � 0.000) 25.86 (25.81 � 0.05) 24.59 75.56 (75.23 � 0.33) 17.30 (17.20 � 0.10)
PM6:L8-i-BO 0.881 (0.876 � 0.005) 24.31 (24.24 � 0.07) 24.29 76.40 (76.21 � 0.19) 16.36 (16.18 � 0.18)

a Average PCEs are obtained from at least 10 devices.
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lms have as much uniformity as possible. The photovoltaic
parameters depending on the blade speed are summarized in
Tables S2–S4.†

To examine the charge recombination, the relationship
between light intensity (Plight) and JSC and VOC was measured.
The relationship between JSC and Plight can be described as JSCf
Plight

a. a close to unity reects the efficient suppression of
bimolecular recombination in a device.60–62 As shown in Fig.-
S3a,† the devices have comparable levels of bimolecular
recombination, as evidenced by their similar a values above
0.96 in the tted curves. In addition, the relationship between
VOC and Plight can be described as VOCf nkT/q ln(Plight), where k,
T, and q represent the Boltzmann constant, temperature (K),
and elementary charge, respectively. If the slope is larger than
kT/q, it can be implied that trap-assisted recombination occurs
in addition to bimolecular recombination.63,64 Fig. S3b† shows
that the n values of the L8-i-EB-, L8-i-EH-, and L8-i-BO-based
devices are 1.32, 1.32, and 1.34, respectively, implying that the
degrees of trap-assisted recombination in the three NFA-based
devices are similar.

The crystallinity of NFA-based neat and blend lms was
investigated by grazing-incidence wide-angle X-ray scattering
measurements (see Fig. S4†). All lms were prepared on a Si
substrate using the blade casting method under the same
conditions as the device fabrication. Both the NFA-based neat
and blend lms exhibited strong p–p diffraction peaks in the
out-of-plane direction, demonstrating their face-on dominant
packing orientation. Notably, as the inner side chains of the
NFAs are increased from EB to BO, the p–p diffraction peaks are
split, and numerous scattering spots appear in the low-q range,
Fig. 2 (a) Schematic illustrations of non-uniform evaporation in the b
Schematic illustration of two dominant convective flows: the capillary
process.

12188 | J. Mater. Chem. A, 2023, 11, 12185–12193
corresponding to high-ordered interferences from the unit
cell.65 Besides, for the p–p diffraction peak, the d-spacing
gradually decreased, whereas the crystal coherence length
increased when the length of the inner side chain of the NFAs
increased (see Table S5†). These results indicate that NFAs with
longer inner side chains form more aggregated and crystalline
lms than those with shorter inner side chains during the blade
casting process, which might be responsible for the low PCE of
the L8-i-BO-based device.
Induced Marangoni ow estimation in NFA solutions

To fabricate high-quality thin lms, the coating solution must
be spread out and evaporated uniformly. Evaporation starts
simultaneously with solution spreading. Although the blade
evenly distributes the coating solution under precise control of
parameters such as solution amount, blade height and speed,
and substrate temperature, evaporation-driven ows cause
inhomogeneity in lms. The origin of these evaporation-driven
ows is the prevailing non-equilibrium conditions, such as
evaporative ux gradients and concentration gradients. Non-
uniformity of evaporation can be observed from various
points of view, as shown in Fig. 2a. In the front view, the
difference in evaporation ux is caused by the shape of the drop
of the solution. The surface area-to-volume ratio on the edge is
higher than that at the center, indicating that fast evaporation
occurs on the edge. However, this inuence is negligible in the
conventional blade coating process of OSCs because rims
contribute to a small portion of the entire area, which might be
considered a dead area in full device structures.61 Conversely, in
the side view, the difference in evaporative ux results from
lade coating process in the top-view, side-view, and front-view. (b)
flow and the Marangoni flow in the side-view of the blade-coating

This journal is © The Royal Society of Chemistry 2023
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different starting times of lm deposition, meaning more
inuence of evaporation-driven ows than in the front view.
Therefore, many efforts have been made to solve this problem,
for example, preparing wettability-patterned substrates, using
solvent additives, and using an accelerated blade.55,66–69 In this
regard, our study focused on the dominant convective ows in
directions vertical to the blade, the capillary ow, and the
Marangoni ow, as shown in Fig. 2b. Both the capillary and
Marangoni ows occur due to the non-uniform evaporation of
the solution. A distortion of the equilibrium shape of the drop-
free surface produces a capillary ow. As the solution dries, the
evaporative mass loss is replenished by the capillary ow, which
ows outward from the body of a cast coating solution. There-
fore, excessive materials are stacked at the edge, causing severe
inhomogeneity. The Marangoni ow is produced by a gradient
in surface tension, inducing the ow with a direction from the
low- to high-surface tension regions. This surface tension
gradient originated from the difference in the concentration of
dissolved materials. Generally, increasing the concentration of
the organic solution may decrease the surface tension, indi-
cating that the Marangoni ow moves inward along the surface.
Consequently, the Marangoni ow is expected to draw back the
transport of excessive mass from the edge to the body, resulting
in the formation of homogeneous lms.

The dependence of surface tension on the solution concen-
tration determines the occurrence of the Marangoni ow during
the lm deposition process. To measure the surface tension
variation of the active layer material-dissolved solution
depending on the concentration, the pendant drop method was
implemented with the experimental setup shown in Fig. 3a.
Solutions of L8-i-EB, L8-i-EH, and L8-i-BO with concentrations
of 8, 16, 24, and 32 mg mL−1 in chloroform were prepared, and
their surface tensions were measured in a controlled tempera-
ture of 25 °C and humidity of 31%. Surface tension can be
calculated with the following Young–Laplace equation using the
pendant drop image in the inset of Fig. 3a:

g ¼ DrgDE
2

H
; (1)

1

H
¼ f

DS

DE

; (2)
Fig. 3 (a) Illustration of the experimental setup of the pendant dropmeth
dissolved solutions depending on concentration.

This journal is © The Royal Society of Chemistry 2023
where g denotes the surface tension of the solution, Dr denotes
the density difference between the solution and air, g represents
a gravitational constant, DE denotes the maximum diameter of
the pendant drop, DS denotes the diameter at the height of DE,
and H represents a shape factor of the pendant drop, which can
be calculated with two parameters of DE and DS from the images
and a correction constant of f.70 The concentration-dependent
surface tensions of the three NFA-dissolved solutions were
estimated using the above equation and are plotted in Fig. 3b.
Among these solutions, in proportion to the solution concen-
tration, the surface tension variation in the L8-i-EB-based
solution from 16 to 32 mg mL−1 (23.72 to 22.98 mN m−1) is
greater than in the L8-i-EH-based (23.92 to 23.41 mN m−1) and
L8-i-BO-based (24.69 to 24.31 mN m−1) solutions. This implies
that the L8-i-EB solution deposition not only results in the
highest surface tension gradient under solution evaporation but
also exhibits the strongest Marangoni ow during lm deposi-
tion. The surface energies of the NFA neat lms were also
measured by contact angle analysis with distilled water and
ethylene glycol, as shown in Fig. S5.† Their surface energies
decrease as the length of the side chain decreases (see Table
S6†), which is a similar tendency to the surface tension of the
NFA solution at the same concentration. In summary, the
Marangoni ow, the opposite of the capillary ow, is expected to
be most prominent during the evaporation of the PM6:L8-i-EB-
based solution, as illustrated in Fig. S6,† resulting in the
formation of homogeneous lms. The PM6:L8-i-BO-based
solution is expected to have insufficient Marangoni ow coun-
teracting the capillary ow, resulting in the low uniformity of
blade-coated lms.

Large area uniformity investigation of blade-coated lms

The thickness of the active layer is one of the important factors
in the device optimization process as it is directly related to the
charge carrier pathway and light absorption, which is closely
related to the photovoltaic parameters FF and JSC. The tradeoff
relationship between FF and JSC is inuenced by the thickness
of the active layer. Regarding thick lms, the more light
absorbed through such lms increases the number of charge
carriers, resulting in high JSC. However, the long charge carrier
pathway to the electrode increases the probability of
od and an image of a hanging droplet. (b) Surface tension of three NFA-

J. Mater. Chem. A, 2023, 11, 12185–12193 | 12189
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recombination, resulting in low FF. Regarding thin lms, the
short charge carrier pathway to the electrode is favorable to
achieve a high FF, but the insufficient light absorption results in
decient charge carriers, leading to low JSC. Many representative
OSCs have exhibited strong thickness dependence on device
performance during the device optimization process.43,46,47,49

To further verify the effects of controlled Marangoni ow on
lm formation, the thickness of active layers and surface
morphology were thoroughly investigated in nine different
regions of each 5 cm × 5 cm substrate by the surface proler
and AFM. If the inwardMarangoni ow counteracts the outward
capillary ow effectively, the thickness of active layers and
surface morphology in each region will show similar results,
indicating almost the same lm deposition conditions. The
range of thickness variation in the nine different regions was
measured to be 123.5–132.5 nm for the L8-i-EB-based blend
lm, 135.0–145.7 nm for the L8-i-EH-based blend lm, and
127.0–156.5 nm for the L8-i-BO-based blend lm, as depicted in
Fig. 4a–c. The regular thickness distribution of the L8-i-EB-
based blend lm indicated that evaporation-driven ows
resulting in the mass transfer were more balanced than the L8-i-
BO-based blend lm with an uneven lm thickness distribu-
tion. Therefore, the uctuation of the PCE of the L8-i-EB-based
device is expected to be less than that of the L8-i-BO-based
device, attributable to the more uniform thickness of the lm.

For AFM, the samples were also prepared with the deposition
of the blend active layers on glass/ITO/PEDOT:PSS substrates.
Fig. 4d–f show the two-dimensional height images of AFM with
the root mean square (RMS) values of surface roughness of the
L8-i-EB-, L8-i-EH-, and L8-i-BO-based blend lms. Overall, the
Fig. 4 Thickness and 2D height images of active layers from AFM for (a a
with the RMS values of surface roughness on 5 cm × 5 cm substrates.

12190 | J. Mater. Chem. A, 2023, 11, 12185–12193
RMS values of surface roughness of the L8-i-EB-based blend
lm (from 1.00 to 1.10 nm) are signicantly smaller than those
of the L8-i-EH-based blend lm (from 2.72 to 4.64 nm) and L8-i-
BO-based blend lm (from 5.22 to 9.89 nm). The smooth surface
of the L8-i-EB sample is favorable to large-area fabrication due
to the less probability of contact resistance.71,72 As shown in
Fig. S7,† the surface roughness values of all blend lms fabri-
cated by the spin coating process are signicantly smaller than
those of lms fabricated by the blade coating process, implying
that excessive agglomeration may have occurred during the
blade coating process. Moreover, the surface roughness varia-
tion in various regions was the least in the L8-i-EB-based lm,
indicating that the Marangoni ow can also affect the
nanometer-scale uniformity of lms.

To further evaluate photovoltaic performance depending on
the different NFA-based blade-coated lms with varying degrees
of Marangoni ow, we fabricated nine OSC devices with active
areas of 0.032 cm2 in a large blade-coated lm. The illustration
of the device fabrication and structure with a large area of 2.5 cm
× 2.5 cm size is displayed in Fig. 5a and b. The same blade
coating process condition was used as the device conguration
optimized in the “Material characterization and blade coating
lm optimization” section. The distributions of photovoltaic
parameters from the nine devices on the same substrate are
shown in Fig. 5c–f, and the photovoltaic parameters are
summarized in Tables S7–S9.† The distribution of VOC in L8-i-
EB-, L8-i-EH-, and L8-i-BO-based devices was almost the same.
However, the distribution of JSC and FF in the L8-i-BO-based
devices is the most divergent, resulting in a wide range of
PCEs (13.92–16.66%). The width of the range for JSC in the L8-i-
nd d) PM6:L8-i-EB, (b and e) PM6:L8-i-EH, and (c and f) PM6:L8-i-BO

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) The schematic illustration of device fabrication via the blade-coating process with device configuration. (b) The illustration and picture
of the 2.5 cm × 2.5 cm device. Distribution of (c) VOC, (d) JSC, (e) FF, and (f) PCE for L8-i-EB, L8-i-EH, and L8-i-BO based 9 devices on 2.5 cm ×
2.5 cm substrate. (g) The values of standard deviation for thickness, surface roughness of active layers, and PCEs based on PM6:L8-i-EB, PM6:L8-
i-EH, and PM6:L8-i-BO.
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EB- and L8-i-EH-based devices is comparable. In addition,
compared to the L8-i-EB-based devices (15.61–16.86%), a more
scattered distribution of FF in the L8-i-EH-based devices ulti-
mately causes a larger PCE uctuation (15.31–17.20%). Fig. 5g
shows the standard deviation of the thickness and surface
roughness of active layers and PCE for PM6:L8-i-EB, PM6:L8-i-
EH, and PM6:L8-i-BO. The least standard deviation values for
each characterization were observed in the L8-i-EB-based
device, which is consistent with the enhanced Marangoni ow
effect in the inward direction in the L8-i-EB-based solution, as
observed above.

Conclusion

In summary, three NFAs (L8-i-EB, L8-i-EH, and L8-i-BO) with
different inner side chain lengths were used in blade coating
PM6-based OSC fabrication to investigate the effects of the
blade speed and different degrees of evaporation-driven
convective ows on lm uniformity. First, we delicately
controlled the blade speed to achieve optimized blade coating
conditions between the evaporative and Landau–Levich regimes
for uniform lm fabrication. The optimal device performance
was achieved at a blade speed range, where lm uniformity was
sufficient. Aer that, we evaluated how the molecular structure
affects the Marangoni ow and consequent lm uniformity by
measuring the surface tension dependence on the solution
This journal is © The Royal Society of Chemistry 2023
concentration. As a result, the L8-i-EB-based solution exhibited
the highest dependence among the solutions, indicating suffi-
cient inward-directional Marangoni ow to compensate for
excessive mass transport caused by capillary ow during the
blade coating process. To conrm that lm uniformity is
inuenced by the degree of Marangoni ow in three different
NFA-based solutions, variations in the thickness and surface
roughness of active layers and device performance in nine
different regions of a blade-coated substrate were measured.
The L8-i-EB-based blend lms exhibited the most uniformly
deposited lms in terms of thickness and surface roughness of
active layers. In addition, the variation in the performance of
the L8-i-EB-based device was the least with a PCE range of
15.61–16.86%, indicating higher reproducibility, due to excel-
lent lm homogeneity. This study reinforces the advantage of
side chain engineering in NFAs for tuning the effect of Mar-
angoni ow, enabling us to improve the lm uniformity and
reproducibility of blade coating-processed OSCs.
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