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ABSTRACT: Semiconducting donor—acceptor copolymers are considered to be a E
promising material class for solution-coated, large-scale organic electronic applications. A
large number of works have shown that the best-performing organic field-effect transistors
(OFETs) are obtained on low-surface-energy substrates. The meniscus instabilities that
occur when coating on such surfaces considerably limit the effective deposition speeds.
This represents a limiting factor for the upscaling of device fabrication for mass
production, an issue that needs to be addressed if organic electronic devices are ever to
become commercially relevant. In this work, we present a method to increase the
accessible window of coating speeds for the solution shearing of donor—acceptor

vibration

Surface free energy

semiconductor polymers for the fabrication of OFETs. By incorporating a piezo crystal
that is capable of producing high-frequency vibrations into the coating head, we are able to mitigate contact line instabilities due
to the depinning of the contact line, thereby suppressing the commonly encountered “stick-and-slip” phenomenon.
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B INTRODUCTION

Film instabilities that may occur during solution deposition
have been studied but also employed in recent works, most
prominently with the intention to precisely control solute
deposition to create micropatterned surfaces.'”” While the
goal may so far have been to exploit the deposition
inhomogeneities for gratings and surface patterns, under-
standing their origin is also of great importance to avoid
undesired instabilities such as those appearing during the
solution shearing of electronic device films where a continuous
and homogeneous film morphology is required.

Several types of patterns have been observed in the literature
such as dots,' lines,'™ and meshes"”® when colloidal or
polymeric systems are solution-sheared.”” These have been
described as instabilities that occur at the evaporating contact
line of a receding meniscus during solution deposition.”*™"!
Among these instabilities are Rayleigh dewetting instabilities,'
stick-and-slip,"»*'>"*> and fingering instabilities."” Several
research groups have investigated the cause and correlation
of such patterns to the coating parameters as well as how the
combination of multiple instabilities affects the resulting
deposited solute. The variables that usually contribute to the
occurrence of instabilities are the deposition surface (surface
energy and roughness),"”'*'> the concentration of the
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©°>°% the solution viscosity,” and the deposition
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speed.”*”

Functionalized surfaces are commonly used for depositing
organic semiconductors during the fabrication process of
organic field-effect transistors (OFETs). Many past works have
shown that especially substrates treated with octadecyltri-
chlorosilane or octadecyltrimethoxysilane (ODTS) yield better
performance for OFETs in general.'’ "> This is usually
attributed to either a higher charge carrier density caused by
the dipole-induced built-in electrical field from the mono-
layer,'”'® an increased molecular orclering,l‘)_24 or the
reduction of electronic trap states as, for example, caused by
water.”> Although it is challenging to cast a uniform film over
substrates with low surface energies, ODTS-treated substrates
are still preferred over plain SiO, substrates when depositing
polymer thin films for device fabrication. However, due to the
low surface energy of the ODTS-functionalized substrates,
dewetting of the solution commonly occurs, leading to
meniscus instabilities such as stick-and-slip, especially when
solution shearing speeds are increased, and, in extreme cases,
the absence of solute deposition on the substrate. The stick-
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Figure 1. (a—g) Cross-polarized optical microscopy (CPOM) images of films of DPP2T-TT in CF (S mg/mL), coated at different shearing speeds.
Black and white arrows in (a) indicate the solution shearing direction, and the crossed arrows indicate the orientation of the crossed polarizers;
these also apply to (a—g). Scale bar in (b), S00 ym. (h—n) Atomic force microscopy images of the surface of the respective films. Scale bar in (h),
40 pm. Color bars at the side of AFM images have values given in nanometers.

and-slip instability is thus one of the main obstacles to an
increase of the fabrication throughput of polymer-based OFET
devices.

Stick-and-Slip Behavior in the Solution Shearing of
Organic Semiconductor Solutions. The stick-and-slip
phenomenon originates from the instability at the contact
line of the meniscus, attributed mainly to low-surface-energy
substrates that appear incapable of maintaining a prolonged
and stable meniscus during the coating process.'”'»*"*% 1t is
associated with continuous cycles of pinning and depinning of
the contact line and has been observed for a diverse range of
solutions, !> 3162930 The pinning—depinning cycles can be
described as follows: solvent evaporation at the contact line
causes the concentration and the viscosity to increase, pinning
the contact line to the substrate when the viscosity exceeds a
certain threshold. The pinned contact line subsequently
promotes capillary flows toward itself, leading to solute
deposition at the pinning point.”'® This deposition of solute
at the border of the contact line is commonly termed as the
“coffee ring effect”.’’ The building pulling force on the
meniscus due to the continued motion of the blade eventually
leads to depinning and a very fast subsequent slip of the
contact line, until it reaches a position closer to equilibrium.

The stick-and-slip phenomenon manifests in thin films as
periodic thickness variations and produces films with
undulations or “wire” deposits, the latter being a kinetic
boundary case of the thickness undulations. When the
concentration in the slipping meniscus is too low or the slip
speed is too high to adhere to the surface, the result is no film
being deposited between the pinning locations, thus forming
only “wires”. The work of Qu et al. has described the transition
from a film to a wire morphology as a result of a shift in the
balance between the liquid’s surface tension and the interface
energy to the substrate that occurs at higher coating speeds."

Here, we investigate a modification to the solution shearing
process that can increase shearing speeds more than two times
in comparison to that of the standard method. The shearing
speed is raised by stabilization of the contact line that in turn
decreases the stick-and-slip effect during the coating process.
To achieve this, we embed a vibrational element into the
coating head directly attached to the shearing blade. The
resulting vibrations that are transduced to the coating liquid
reduce the pinning of the meniscus to the substrate, resulting
in more continuous films. Through this method, dubbed
“piezoshearing”, we are able to increase the maximum coating
speed, the film uniformity, and the charge carrier mobility of

the films by up to 2 orders of magnitude. In this work, we
discuss the use of piezoshearing and its effects on solution-
sheared films and OFETs of poly(diketopyrrolopyrrole-co-
thiophene-co-thieno[3,2-b]thiophene-co-thiophene) (DPP2T-
TT) and poly[4-(4,4-dihexadecyl-4H-cyclopenta[1,2-b:5,4-b"]-
dithiophen-2-yl)-alt-[1,2,5]thiadiazolo[3,4-c]pyridine]
(PCDTPT). In addition, we provide a more detailed
explanation of why more uniform films are obtained.

B RESULTS AND DISCUSSION

For the following discussion, we first establish the “critical
speed” as the lowest speed for which the stick-and-slip
instabilities cause the formation of wires instead of a
continuous film.'"* In our experiments, we use a solution
concentration of 5 mg/mL of the polymer DPP2T-TT in
chloroform and solution-sheared films at room temperature.

Figure 1 shows microscope images of DPP2T-TT sheared at
various speeds. For a constant solution concentration, it can be
observed that the higher the shearing speed, the more difficult
it is to obtain a continuous film. Starting at the shearing speed
of 1 mm/s (Figure 1d), we obtain stripes parallel to the contact
line, in coexistence with films due to stick-and-slip. The speed
of 1 mm/s in this system can then be considered the critical
speed.

Mitigation of Contact Line Instabilities through
Piezoshearing. While undulations in semiconductor films
so far seem not to have been identified as an issue for device
fabrication or performance, the formation of wires is a
crippling issue for devices that require continuous films and
significantly increase device-to-device performance variations.
Here, we present a solution that stabilizes the contact line
during the solution shearing by subjecting the shearing blade
to high-frequency vibrations. We observe that the critical speed
for a particular solution concentration is shifted to higher
values, resulting in the formation of complete films at shearing
speeds that without vibrations would have consisted only of
wires. We hypothesize that the vibration introduces enough
mechanical energy into the system to constantly “move” the
contact line to a state closer to the equilibrium contact line
position. In that sense, the additional mechanical energy can be
thought of as helping the meniscus to overcome the energetic
barrier for unpinning.

The work of Garoff and Decker that investigated a vibrating
vertical meniscus provides a very similar description. They
found that when introducing energy into the meniscus in the
form of vibrations and above a certain threshold it became
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possible to move the contact line to a lower energy state closer
to the minimum global energy contact angle.”

From the literature, it is also well known that a contact line
that has enough defects can be pinned at metastable energy
states, which is a cause for contact angle hysteresis.”* > The
apparent contact angle can then assume any value between the
receding and advancing contact angle, hindering precise
characterization of a system’s wettability.””** If enough energy
is injected into the meniscus to overcome the energy barriers
that separate these metastable states, the contact line can be
moved to a lower energy state, which would be closer to the
intrinsic contact angle value. The intrinsic contact angle is
considered to be the most stable contact angle, i, the
position that presents the global energy minimum.”**'

In addition to discussing a vertical contact line on a plane®
or tube,” other previous works have shown that using a large
enough vibration amplitude can mitigate contact angle
hysteresis in sessile drops.*”** This means that vibrations
can also be used as a mechanical solution for measuring the
most stable contact angle.””****~* By studying methods
through which one can obtain a contact angle with lower
global equilibrium energy, Rodriguez-Valverde et al. have
shown that the vibration of water droplets on smooth PDMS
surfaces can depin the contact line, resulting in a more stable
contact angle, independent of the contact angle of the droplet
before vibration. In these experiments, a sine wave function
with the resonance frequency of the droplet was used and the
amplitude was shown not to be an essential factor, as long as it
is over a specific minimum threshold value.”> The work of
Meiron et al. demonstrated that if enough kinetic energy is
applied to a sessile drop via vibration, it is possible to depin
and move the contact line resulting in a contact angle closer to
the most stable contact angle, even on very rough surfaces.’”
Additionally, they have shown that if the applied amplitude is
too high, the contact line of the drop is deformed.

The evaporation and concentration change at the contact
line of our polymer solution can result in higher viscosity and
could potentially generate defects at the contact line, increasing
the likelihood of the contact line to pin at a position far from
the equilibrium for the chosen shearing conditions. As
vibrations have been observed to move the contact line in a
wide range of works, we believe that the vibrations would also
depin the contact line from a metastable position in our
receding meniscus setup.

Figure 2 depicts a schematic of our piezoshearing setup. It is
the combination of the shear-coater described in previous
works”*® and a light-weight silicon shearing blade that is
directly attached to a piezo crystal. When an AC voltage is

2

Function Generator Voltage Vertical
® @ Applied to Displacement
Piezocrystal
Vibration j:\/\,;”
Directionuy/k \ 20 Vpp 0.29 um
40 Vpp 0.58 um
100 Vpp 1.46 pm
140 Vpp 2.05 um

Shearing Direction

Figure 2. Schematic illustration of the piezoshearing setup and the
peak-to-peak voltages applied to the piezo crystal with the equivalent
vertical displacement. A constant frequency of 1 kHz was used.
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applied to the crystal, it vibrates according to the chosen
waveform, frequency, and amplitude. In this study, we use a
sinusoidal waveform at a constant vibrating frequency of 1 kHz
and peak-to-peak voltages (Vpp) as listed in Figure 2. The
voltage applied to the piezo crystal is directly proportional to
its displacement. More details regarding the piezoshearing
setup can be found in the Experimental Section and in Figures
S1 and S2.

Next, we compare the effect of the vibration amplitude on
the solution shearing of polymer semiconductors by varying
the voltage applied to the piezo crystal.

Figure 3 shows the results of piezoshearing deposition of
DPP2T-TT (Figure 3u) at different coating speeds using
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Figure 3. (a—t) CPOM diagram showing films at different shearing
speeds and different vibration displacements (constant frequency of 1
kHz). The insets in (h) and (p) are nonpolarized images that show
the coating-start region and that are provided to illustrate that despite
the uniform colors in (h) and (p) there are indeed thin films. White
arrows in (a) indicate the solution shearing direction, and the crossed
arrows indicate the orientation of the crossed polarizers. Scale bar:
500 um. (u) Chemical structure of DPP2T-TT and chloroform.

different applied voltages for the vibration. AFM images of the
various films are shown in Figure S3. The critical speed
(transition speed from a film to wire) of the DPP2T-TT
polymer in CF is 1 mm/s and can be more than double to over
2 mm/s when utilizing the piezoshearing. At a speed of 2.2
mm/s (Figure 3d), which would provide only wires without
vibrations, we can deposit a continuous uniform film (Figure
3h). The films are challenging to image through cross-
polarized microscopy due to their very low thickness (down
to 7 nm; see AFM results below for evidence that films are
indeed formed), which is unusual for sheared films over an
ODTS-treated substrate. The insets of Figure 3h,p are optical
images of these films.

We also apply the piezoshearing method to the polymer
PCDTPT (Figure 4u) to see whether our approach can be
applied to polymer semiconductors more generally. We
performed the solution shearing of PCDTPT under two
different sets of conditions: (i) in chloroform at room
temperature and (ii) in chlorobenzene at a substrate
temperature of 100 °C. Although the latter conditions resulted
in devices with higher charge carrier mobilities, we include the
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Figure 4. (a—t) CPOM diagram showing films at different shearing
speeds and different vibration displacements (constant frequency of 1
kHz). The white arrow in (a) indicates the solution shearing
direction, and the crossed arrows indicate the orientation of the
crossed polarizers. Scale bar: 500 gm. (u) Chemical structure of
PCDTPT.

experiments with chloroform in our discussion to have a direct
comparison to the experiments using DPP2T-TT.

For the shearing of the PCDTPT/CF solution (Figure 4),
the critical speed is close to 1 mm/s (Figure 4a), which is
similar to DPP2T-TT. The vibration displacement required to
yield continuous films is, however, higher than for the DPP2T-
TT solution. We attribute this to different capillary character-
istics of the meniscus’ contact line, requiring different vibration
conditions to obtain a continuous film. We consider the
capillary number Ca = 5V/6,*"" where 7 is the solution
viscosity, V is the shearing speed, and ¢ is the surface tension
of the liquid. Since V is the same for both materials, such
capillary number differences can emerge from different
viscosity/surface tension ratios. These quantities are inherent
to the semiconductor solution and can change due to
differences in molecular weight, entanglement, or polymer
agglomeration or due to the different surface tension of the
polymeric solution in relation to the air and substrate interface.
For materials that have a higher number, we would expect the
viscosity to predominate over the surface tension factor of the

pinned contact line and therefore require a higher amount of
energy (higher displacement of the piezo crystal) to be
depinned.

For the PCDTPT/CB (Figure S4) sheared solution, we also
observed an improvement in film coverage (reduction of wire
formation leads to more uniform coverage) of the deposited
films (at speeds of 1.2 and 1.4 mm/s) when the displacement
of vibration is large enough. Here, the critical speed is slightly
higher, at 1.2 mm/s (Figure S4b). Moreover, the speed gap
from the onset of wire occurrence to a wire-only morphology is
smaller, meaning the system appears to be more unstable than
the CF system. The different capillary characteristics of both
systems are likely the reason for this. For the films with speed
above the critical speed, full substrate coverage requires a
higher displacement for an increased shearing speed. The
gradual displacement increase is shown in Figure 4 for the
PCDTPT and in a further discussion for DPP2T-TT. It shows
that the higher the coating speed, the higher the voltage
necessary to mitigate stick-and-slip completely.

In our experiments, we observed that when utilizing
piezoshearing, ultralow film thicknesses are attainable; for
example, DPP2T-TT film solution-sheared at 2.2 mm/s with a
vibration displacement of 20 Vpp reached a thickness of less
than 7 nm. In contrast, for films fabricated without vibration,
the thinnest films were around 25 nm (Figure SSa). This is a
noticeable fact considering that so far only films thicker than
20 nm have been reported for D—A polymers coated on
ODTS substrates.'”**™" For the piezoshearing of PCDTPT/
CF, the lowest thicknesses obtained for a complete film is again
7 nm, while for solution shearing without the vibrations, the
minimum thickness is 21 nm (Figure SSb). The films realized
by piezoshearing are some of the thinnest films reported for
D—A materials for OFET devices and show that our method
can successfully improve the adherence of polymer thin films
to hydrophobic surfaces. It is worth pointing out that such a
reduction in film thickness can not only improve contact
resistance’>>® but also leads to a significant degree of material
savings. Especially, modern D—A polymers can still not easily
be synthesized in large quantities and therefore represent a
significant portion of the total costs of the electronic devices
that they are employed in. Reducing the material volume that
can generate a continuous film without a reduction in electrical
performance is thus a major cost-saving factor.

In the case of the very thin films of DPP2T-TT (thickness
~7 nm), such as the one coated at 2.2 mm/s (Figure 3h), it is
possible to observe small holes in the film that reach down to

1.4 mm/s

1.8 mm/s 2.2mm/s

Ref.

20 Vpp

(_é) ‘RMS'-= 1.26 nm

60 nm 60 nm

-

2 ¥ 500,nm,
—

Figure S. AFM topology for (a—h) solution-sheared films and (e—h) piezosheared films of DPP2T-TT.
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Figure 6. Effective charge carrier mobility values for transistors with transport channel parallel to the shearing direction. Experiments with (a)
DPP2T-TT/CF and (b) PCDTPT/CF coated at room temperature and (c) PCDTPT/CB coated at 100 °C. (d) Schematic of OFET electrodes in

relation to the solution shearing direction.
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Figure 7. (a) Transfer curves, (b) mobility as function of V,, and (c) output curves for a typical device coated from the polymer DPP2T-TT. The
device shown was coated at a speed of 1.0 mm/s and a displacement voltage of 20 Vpp.

the substrate level (Figure Sh). From Figures SSa and S6, we
observe that the film thickness as measured from a scratch is
similar to the apparent depth of gaps in the film. This means
that although the film is completely closed on the macroscale,
it might still exhibit some porosity on the microscale.

From Figures 5 and S7, we can gain a detailed view of the
surface of the films. Not only is the formation of wires
suppressed by piezoshearing, but the degree of polymer
agglomeration in fibrils seems to decrease when applying
piezoshearing. We can observe from the AFM images (Figure
5f—h) that the piezosheared samples do not present large
height variations in the deposit as the ones sheared in the
conventional fashion (Figure Sb—d) and display less fibril
formation, as observed from phase images in Figure S7. We
attribute such fibril formation in the wires to the longer time
span the polymer has to aggregate at the contact line while the
latter is pinned. The lack of fibril formation for the
piezosheared films is consistent with our hypothesis that
piezoshearing prevents the contact line from getting pinned.

To check for changes in the molecular packing, we
performed grazing-incidence wide-angle X-ray scattering
(GIWAXS) parallel and perpendicular to the shearing
direction for samples of DPP2T-TT sheared at 1.4 mm/s
(above the critical speed). From Figure S8, we observe in all
samples a clear peak at 1.74 A™' (corresponding to the real
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space distance of 3.61 A), which can be attributed to the 7—z
stacking of the polymer backbones, something that is common
in conjugated polymers.””*® From this finding, we can
conclude that the piezoshearing does not change the 7—x
stacking distance of the polymer backbones and thus does
likely not impact the polymer chain packing on the nanoscale.

In Figure 6, we present the charge carrier mobility values for
devices where the channel direction is parallel to the shearing
direction, as schematically shown in Figure 6d, with and
without piezoshearing. The values are color-coded in mobility
ranges to simplify the observation of a large quantity of data
more efficiently. The absolute value for each coating condition
is provided in the Supporting Information, Tables S1—S3. For
the calculation of average charge carrier mobility values,
around five devices were randomly chosen and measured. Both
directions, parallel and perpendicular to the shearing direction,
were characterized, and the values averaged. Therefore, the
charge carrier mobility takes into account both the quality of
molecular packing of the films and the coverage of the device’s
channels.

Due to significantly better coverage of the substrates, we
observe that in the films above the critical speed, mobility
along the shearing direction can significantly increase, for
example, from 6 X 10™*to 1 X 107" cm?/Vs at a coating speed
of 1.8 mm/s when applying 40 Vpp to the piezo crystal (Figure
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Figure 8. (a) Progress of variation of meniscus edge (distance D in pixels) with shearing over critical speed (1.4 mm/s). (b) Progress of meniscus
edge when using piezoshearing. (c) Image of meniscus illustrating how the distance D was calculated; the image was taken during a stick stage.

Scale bar in (c): 40 um.

6a). We observe mobility improvements for both semi-
conductor materials in all setups tested. In general, the charge
carrier mobility values with vibration are better than the ones
without, until the point where the vibration amplitude is too
high and makes the contact line more unstable, hindering
solute deposition.

In Figure 7, we show typical transfer curves of our DPP2T-
TT OFET devices. Due to the occurrence of varying degrees of
gate-voltage-dependent mobility, something that is common
for many materials with mobilities >0.1 cmZ/Vs,SQ’60 we
attempted to report mobility values in the most conservative
manner, utilizing the effective mobility as recently defined in
the work of Choi et al.°" The effective charge carrier mobility is
the mobility equivalent to an ideal device with the same
maximum current value outputted. In this way, overestimations
due to gated contact behavior are avoided.””®* PCDTPT
OFET performance data for both coating setups can be found
in Figures S9 and S10.

In the case of charge carrier mobility for devices with the
channel perpendicular to the shearing direction, some
improvements are observed in Figure S11. It is worth pointing
out that for the mobility of devices with the channel in the
perpendicular direction, we calculate the total electrode width
of the device, and not only the effective electrode width as
dictated by the semiconductor wires. Although the piezosh-
eared films (Figure Sf—h) do not exhibit the fibril morphology
(Figure Sb—d) that in other cases represents an electrically
favorable morphology,'” the better coverage of the film stil
produces higher mobility values when considering the full
channel width of a device.

Discussion Regarding Improvement on Stick-and-
Slip Instabilities. To gather visual evidence for the absence of
stick-and-slip motion when using the piezoshearing conditions
that lead to more continuous films, we attempted to image the
stick-and-slip of the meniscus with a microscope camera setup
(Video S1) and were able to observe a clear variation in the
length of the meniscus. Video S1 shows the meniscus during
the shearing of a DPP2T-TT film with a speed of 1.4 mm/s
(0.4 mm/s over the critical speed). The white circle
approximates the equilibrium meniscus position in all images
to serve as a guide to the eye. We observe that during the
“stick” position the meniscus is prolonged beyond the white
circle. A frame from Video S1 is displayed in Figure 8c. The
white line depicts the meniscus front at a position closer to
equilibrium as we observe in the video, and the dashed red line
shows the stretching of the meniscus during the sticking phase

(Figure S12). When the meniscus “slips”, it goes back to
overlapping the marked white circle.

For a piezoshearing condition, Video S2, that leads to a
continuous film, imaged at the same frame rate, we detect no
variation in the shape or length of the meniscus within the
resolution of the data. This indicates that there is either no
stick-and-slip or that it is either too fast and/or happens on a
much smaller length scale than what can be resolved by the
camera. To quantify the variation of the position of the
meniscus, we measure the distance D (Figure 8c) to which the
meniscus stretches beyond the stable meniscus position to
compare samples sheared with and without vibration. From
Figure 8a, we can observe that the so-defined length of the
meniscus increases during the pinning stage (stick stage) and
goes back to zero when the slip occurs. In Figure 8b, we
observe little or almost no variation in the meniscus length.

Next, we performed an experiment in which we gradually
increased the displacement of the piezoshearing for a DPP2T-
TT/CF ink to see whether there is an equally gradual decrease
in the occurrence of stick-and-slip instabilities. The displace-
ment voltages used in this experiment are much lower than the
voltages used for Figure 3. This is done so we can resolve the
minimum voltage required to obtain a continuous film in finer
detail. In Figure 9, one can see that for constant speed the
higher the amplitude of the vibration, the more likely it is to
obtain a film free of stick-and-slip instabilities. We also observe
this for a drop of drying semiconductor under a static,
nonmoving, but vibrating coating blade (Figures S13 and S14).
A too low displacement (~2 Vpp) seems not to be enough to
mitigate the stick-and-slip, and a too-high displacement (~40
Vpp) seems to hinder any pinning of the contact line,
hampering any deposition. This suggests that there might be
threshold energy values that need to be overcome to mitigate
the stick-and-slip and formation of wires, similar to what is
described when moving the contact angle for a sessile drop or a
static meniscus with vibration.””** This is in agreement with
the work of Decker and Garoff,*> which relates the moving/
unpinning of the contact line to overcome a local energy
barrier to a lower energy state. The energy introduced by the
vibrations is proportional to the square of the vibration
amplitude (in our case, the piezo crystal’s displacement), and
thus, overcoming a larger energy barrier requires larger
vibration amplitudes.

We also observe that the higher the coating speed, the larger
the displacement necessary to obtain a continuous film. Several
works associate pinning at metastable positions and contact
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Figure 9. (a—p) Coating of DPP2T-TT at different speeds with
increasing vibration displacements, but in a reduced range and with
finer steps than in Figure 3. White arrows in (a) indicate the solution
shearing direction, and the crossed arrows indicate the orientation of
the crossed polarizers. Insets in (j), (n), and (o) display optical
images of the ultrathin films.

angle hysteresis to a local energy barrier model, such as the one
for metastable states observed in thermal excitation.”””>*
Decker and Garoff*” state that the potential barriers separating
the metastable meniscus states depend on their distance from
the global equilibrium position and become larger the closer
they are to that global equilibrium position. However, in our
situation, the moving meniscus represents a force (energy) that
constantly acts to stretch the meniscus further away from the
equilibrium position and this energy is increasing with the
shearing speed. Therefore, at higher shearing speeds (e.g, 2.2
mm/s), the meniscus without vibrations is expected to be at a
higher energy state since it is stretched out further than at
lower speeds (e.g,, 1.0 mm/s) due to viscous forces.'” To relax
to positions near the equilibrium (which is required for
constant film deposition), the meniscus requires sufficient
additional energy (see Figure 10 for illustration of this
hypothesis) to overcome the metastable states separating it
from the equilibrium. At higher shearing speeds, the force that

Distance from B¢,

E

vibration

Local Energy Barriers

Metastable
states

EG,min

Surface free energy

6Ceq+0BC)

Shearing Speed

Figure 10. Schematic of a local energy barrier model for the shearing
of OSC over the critical speed. The energy introduced by the
vibration, E i .ons is counteracted by the kinetic energy of the moving
blade, represented by E,; and E,,.
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prevents this relaxation is, however, also increasing, depleting
the kinetic energy required to rapidly move from the starting
meniscus position to the equilibrium position. This is, in our
opinion, the reason why with an increasing shearing speed we
need an ever-increasing amount of external mechanical energy
(vibrations) to allow the meniscus to move rapidly enough to
approach equilibrium while the blade motion is constantly
countering that relaxation motion.

We demonstrate in this work that it is possible to increase
the shearing speed of films sheared for different materials, in
different solvents, and at different shearing temperatures.
However, the minimum vibration amplitude seems to vary
from system to system. This can be explained by different
inhomogeneities at the contact line, causing pinning at
metastable states to be triggered under different shearing
conditions. Such inhomogeneities can arise from nonuniform
evaporation at the contact line,”*** which is not uncommon
for polymeric solutions due to agglomeration."*** Due to the
concentration and viscosity increase in localized regions,
“fingers” can emerge, acting as localized defects and anchoring
the contact line.* Examples of such finger protuberances can
be seen in the AFM images of wires in Figure S1S. Surface
roughness is also a commonly cited factor that has a significant
effect on contact angle hysteresis,”"*® but due to the
ultrasmooth nature of the ODTS substrate in our samples,”*
we believe that it is not the cause of the contact line pinning
here. Instead, we speculate that the varying densities and sizes
of instabilities along the contact line are also responsible for
the different pinning patterns (wire density, etc.).

Regarding heating of the system, we discard the possibility of
continuous films due to a heating gradient induced by the
piezo crystal. The temperature of the blade when applying the
frequency and amplitude parameters used in this work on the
piezo crystal was measured and did not rise above room
temperature.

B CONCLUSION AND OUTLOOK

In this work, we demonstrate the possibility of coating organic
semiconductor solutions of donor—acceptor polymers on a
hydrophobic substrate with piezo crystal-generated vibrations
at higher shearing speeds than would be possible without
vibrations with a conventional blade coating setup. We show
that the elimination of stick-and-slip effects (Figure 11)

(a) “Stick” stage (b) “Slip” stage

Contact line
recently
de-pinned

P

Pinned contact
line

|

(c) Piezoshearing

Constant contact
line de-pinning

S—)

Figure 11. Schematic showing (a) pinning of the contact line (stick),
(b) depinning (slip), and (c) constant contact angle due to the
vibration of piezoshearing.
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produces an increase in the critical shearing speed of over
100% for two different polymer semiconductors and two
different solvent-temperature conditions for one of the
materials. Furthermore, we show that the charge carrier
mobility can increase by 2 orders of magnitude due to better
substrate coverage in films coated at increased speeds. We also
demonstrate that piezoshearing enables the deposition of
ultrathin films in applications in which uniformity and low
material consumption are important. Due to the high costs of
semiconductor materials and often limited amounts, the
reduction of material to a third of the amount used without
the vibration represents a significant contribution of the
piezoshearing method to fabrication costs.

We believe piezoshearing to be also extendable to other
applications that require ultrathin and uniform films, such as
dielectrics in ultrathin-film capacitors, transparent electrodes
for photovoltaic applications, and strain sensors.

We believe that it is possible to extend this method to
different materials and systems that need to be coated at higher
speeds on hydrophobic surfaces and still yield good uniformity.
It is a simple solution that does not require any changes to the
constitution of the deposit or the substrate. We expect this
mechanism to be suitable to a wide range of deposition
applications by adjusting vibration frequencies and displace-
ment amplitudes to the coating system.

B EXPERIMENTAL SECTION

Materials. Octadecyltrimethoxysilane was purchased from Sigma-
Aldrich. The polymer PCDTPT (M, = 75 kDa, PDI = 2.5) was
purchased from 1-Material and used without any further purification.
The polymer DPP2T-TT (M,, = 108 kDa, PDI = 6.8) was synthesized
following a previously published procedure®>*® and also used without
any further purification.

Piezoshearing Setup. A hydrophobic blade (size 1.6 cm X 1.6
cm) treated with ODTS was used for the piezoshearing assembly. The
piezo crystal (model PA4GE, Thorlabs) was attached to an aluminum
holder through a temperature-cured epoxy (323LP-T from EPO-
TEK). Both the surface of the aluminum holder and the back of the
blade were sandpapered to increase abrasiveness of the surface and
facilitate adhesion. The aluminum holder was put on a hot plate at
130 °C, and the epoxy was snap-cured with temperature for both the
holder—crystal and the crystal—blade bonds, followed by a curing step
for 1 h at 130 °C for each bond. After curing, the capacitance of the
piezo crystal was remeasured to ensure that there was no damage
from heating. The AC voltage was supplied by a waveform generator
(60 MHz, Kuman) connected to an AC amplifier (MX200,
PiezoDrive), and the output was monitored with an oscilloscope.
The same piezo crystal was used for all of the samples described in
this manuscript to avoid possible displacement variations between
crystals.

Sample Preparation. All samples were fabricated under ambient
conditions on highly n-doped silicon wafers with a 300 nm-thick
thermally grown SiO, layer as a dielectric. The silicon substrates and
the shearing blade were treated for hydrophobicity with octadecyl-
trimethoxg_silane (ODTS) according to a method previously
published.”> For the polymeric solutions, all materials were dissolved
at a concentration of S mg/mL in either chloroform or chlorobenzene
and stirred at 500 min~" at 25 °C for at least 2 h before shearing. The
substrate temperature was controlled using a thermocouple, and the
coating speed was varied utilizing a linear motor from Jenny Science.
The blade angle utilized was 8° with a gap of 20 ym between the edge
of the blade and the substrate. For bottom-gate, top-contact
transistors, 50 nm-thick Au electrodes were thermally evaporated
onto the semiconductor to finish the devices.

Film and Device Characterization. Microscopic images were
taken using an optical microscope with a cross polarizer (MOTIC
BA310Met). The thickness and surface topography were assessed by
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atomic force microscopy using a Nanosurf Flex-Axiom in tapping
mode. Thicknesses were measured by gently scratching the thin film
down to the substrate and doing an AFM scan perpendicular to the
scratch.

Grazing-incidence wide-angle X-ray scattering measurements were
performed at IDO3 surface diffraction beamline of the European
Synchrotron Radiation Facility (ESRF), Grenoble. The beam energy
for the measurements was 12 keV, and a point detector was used to
capture the scattering signal. Two-dimensional reciprocal maps were
obtained by stitching together the point detector signal at all of the
scattering angles. The grazing-incidence angle for all measurements
was 0.12°, and the beam exposure time onto the samples was around
600 s. The 2D scattering data were analyzed using WxDiff software.®®

All devices were electrically characterized by a Keysight B1500
semiconductor analyzer, and mobilities were calculated from
saturation conditions, according to ref 61. The saturation mobility

(

equation. The capacitance used for calculation was 11 nF/cm? The
PCDTPT devices were measured under ambient conditions, and the
DPP2T-TT devices were measured in air but under a constant flow of
nitrogen. For the saturation mobility, the transfer curve I;—V, was
measured with a V, sweep from 40 to —100 at a constant drain voltage
(V4) of —100 V. For the output curves I;—V,, the drain voltage was
swept from 0 to —100 V at gate voltages of 0, —20, —40, —60, —80,
and —100 V.

High-Speed Imaging. The menisci during solution shearing were
imaged using a camera IDT NX4-S1, at a frame rate of 800 FPS, 10X
magnification, and frame size of 760 X 320 pixels. The circles were fit
to the menisci using the “Fit Circle” algorithm from Fiji, Image]. Fiji
was also used to measure the length of the meniscus beyond the fitted
circle.

2
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