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Tailoring the Morphology of a Diketopyrrolopyrrole-based
Polymer as Films or Wires for High-Performance OFETs
using Solution Shearing

Preetam Dacha, Mike Hambsch, Darius Pohl, Katherina Haase, Markus Liffler,
Tianshu Lan, Xinliang Feng, Bernd Rellinghaus, and Stefan C. B. Mannsfeld*

Conjugated polymers often show efficient charge carrier transport along their
backbone which is a primary factor in the electrical behavior of Organic Field
Effect Transistor (OFETs) devices fabricated from these materials. Herein, a
solution shearing procedure is reported to fabricate micro/nano wires from a
diketopyrrolopyrrole (DPP)-based polymer. Millimeter to nanometer long
polymer wires orientated in the coating direction are developed after a
thorough analysis of the deposition conditions. It shows several
morphological regimes—film, transition, and wires and experimentally derive
a phase diagram for the parameters coating speed and surface energy of the
substrate. The as-fabricated wires are isolated, which is confirmed by optical,
atomic force, and scanning electron microscopy. Beside the macroscopic
alignment of wires, cross-polarized optical microscopy images show strong
birefringence suggesting a high degree of molecular orientation. This is
further substantiated by polarized UV-Vis-NIR spectroscopy, selected area
electron diffraction transmission electron microscopy, and grazing-incidence
wide-angle X-ray scattering. Finally, an enhanced electrical performance of
single wire OFETs is observed with a 15-fold increase in effective charge
carrier mobility to 1.57 cm? V=" s~ over devices using films (0.1 cm? V-1 s7)
with similar values for on/off current ratio and threshold voltage.

1. Introduction

Solution shearing, a form of meniscus-
guided coating, is known for high-
throughput and low-cost fabrication
of thin films.[!l Tt is a powerful tool to
achieve excellent molecular arrange-
ment, stacking, and uniformity in the
films with minimal material waste.[>
The final morphology of a material
deposited by solution shearing is in-
fluenced by various factors such as
surface energy of the substrate, solution
concentration and viscosity, speed, and
substrate temperature. All these factors
define whether there is any deposition
of the material at all or whether a film
forms, in which case we found them to
be comprised of pure or mixed phases of
2D islands and wires.[>®] Understanding
the interplay between these factors can
help to control the deposition process
and achieve desired morphologies of a
specific material.

The formation of films and wires us-
ing meniscus-guided coating has been a
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topic of discussion for a variety of materials. In 2010, Farcau et al.
reported on a meniscus instability causing parallel and perpen-
dicular arrays of centimeter-long gold colloid nanoparticles un-
der specific coating conditions.®! Stick and slip behavior resulted
in parallel wire-like formations, while perpendicular alignment
was attributed to critical density triggered particle pinning. Qu
et al. furthered this discussion with similar observations for con-
jugated polymers (CPs)®] where a higher charge carrier mobility
in the wires formed along the shearing direction was obtained
compared to a film deposited under the same conditions. Further,
the role of surface-free energy in governing the meniscus insta-
bilities and understanding its relation with the coating speed was
discussed. Rocha et al., addressed this issue with the use of piezo
shearing to reduce these instabilities and achieve a continuous
film.[?) However, a complete understanding of the coating behav-
ior of CPs in relation to surface free energy and coating speed
to discuss the meniscus instabilities for film, film-to-wire transi-
tion, and wire formation is yet to be explored.

Additionally, several attempts were made to produce aligned,
wire-like assemblies of CPs using nano grooves!”! and PDMS
stamping!®?] techniques resulting in better charge transport
properties of the fabricated organic field effect transistors
(OFETs). Kim et al, discussed the formation of CP-based
nanowires, but the use of drop casting resulted in randomly
distributed wires.'"] Further, work on large area CP arrays
using coaxial focused electro-hydrodynamic jet (CFE]) print-
ing resulted in highly ordered structures with location-specific
placement."12] Though there have been several reports that
process CP films and wires using self-assembly and nano-
confinement methods,>¢?13-16] the ease of fabrication and the
size range of the wires is still a challenge due to the utility
of PDMS stamping, transfer techniques or utilization of nano-
grooved blades resulting in a complicated processing setup. How-
ever, the interplay between surface energy, coating speed, and the
resulting morphology of films and wires produced through solu-
tion shearing remains unexplored. Delving into this relationship
and proficiently controlling morphology via solution shearing
could potentially enhance the exploitation of enhanced charge
transport characteristics in OFETSs.

In this work, we are investigating the relation between the sur-
face energy, coating speed, and the resulting morphology
for the donor-acceptor CP, poly[2,5-(2-octyldodecyl)—3,6-
diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno (3,2
bjthiophene)] (DPP-DTT) which has been reported for its
excellent charge transport properties and relatively high de-
gree of crystallinity.31%1217.18] When coated on substrates with
different surface energies, it was observed that films, wires,
and a mixed morphology region can be obtained depending
on the speed of the solution shearing process. Noticeably,
better packing and order resulted in a fifteen-fold increase
in charge carrier mobility of the OFETs measured on single
wires compared to the films sheared on substrates of the same
surface energy. To demonstrate the correlation between surface
energy, coating speed, and morphology we employ a variety
of self-assembled monolayers (SAMs) with trimethoxysilane
(TMS) and different alkyl chain lengths on Si/SiO, substrates.
With increase in solution shearing speed on these TMS-coated
samples, a clear shift in morphology from films to wires along
with a mixed morphology region was observed. This work
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opens avenues to explore wires for sensing and opto-electronic
applications.[1%20]

2. Results and Discussion

2.1. Substrate Surface Modification

Figure 1a shows a simplified drawing for the solution shearing
process. The surface energy of the substrate which plays a key
role in controlling the morphology of the material, was modified
in this research by the use of different SAMs of alkyl silanes.
The importance of SAMs in organic semiconductor (OSC) de-
vices has been discussed in the literature in the past with a focus
on OFETs where they showed potential for improved order and
packing in OSC films resulting in better charge transport.[>21-23]
In this study, we examine how the combination of surface en-
ergy modified through the use of different SAMs on SiO, sub-
strates and coating speed affects the morphology of shear-coated
DPP-DTT. For that we employed different trimethoxy silanes with
different alkyl chain lengths, namely butyl(B), octyl(O), decyl(D),
dodecyl (DD), hexadecyl (HD), and octadecyl (OD). TMS was se-
lected as anchor group due to its lower reactivity compared for
example to trichlorosilanes and therefore a better control over the
preparation of the SAMs.[24] All the SAMs were coated under the
same conditions as reported previously,!?*! the structures of all
SAMs used in this research are depicted in Figure S1, Support-
ing Information. Contact angle measurements were performed
on various SAM-coated substrates using water, dichlorobenzene
(DCB), and DPP-DTT in DCB (3 mg ml™!) solutions as shown in
Figure 1c and tabulated in Table S1, Supporting Information. The
measurements reveal a clear shift in the water contact angle with
increasing length of the alkyl chains.[>?225] Additionally, a signif-
icant shift in contact angle by 20° was observed from DTMS to
DDTMS, which also resulted in a decrease in surface energy by
almost 10 mN m™" as can be seen in Figure 1d. It is important
to note that in this particular region of surface energy we observe
a stark shift in both film morphology and corresponding absorp-
tion spectra which will be discussed later in this paper.

2.2. Characterization of Morphological Properties using POM,
AFM, and SEM

It is clear from Figure 1 that the increase in the SAM’s alkyl
side chain length impacts the surface energy of the substrate and
thereby the water contact angle.[?*] Furthermore, the morphology
of the OSC film is affected by the speed of coating, leading to a
change in their charge transport properties.’! In this paper, we
discuss the impact of changes to the surface energy and coating
speed on the morphology of DPP-DTT thin films. As expected,
we find that the greater the substrate water contact angle, i.e., the
lower the surface energy of the substrate, the lower the chance to
obtain continuous (electrically connected) films that could work
as an active device layer.

Polarized optical microscopy (POM) images as presented in
Figure S2, Supporting Information, reveal the morphological
changes observed in DPP-DTT with a change in surface energy
while keeping the speed constant at 500 um s~'. When sheared
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Figure 1. a) Schematic of the device fabrication using solution shearing technique. b) Chemical structure of DPP-DTT and c) The as-measured contact
angles with water, diiodomethane, dichlorobenzene, and DPP-DTT in dichlorobenzene (3 mg ml~') solutions on the respective SAMs and d) surface
energy obtained on different SAMs using the Owens, Wendt, Rabel, and Kaelble method.[2°]

on ODTMS, which has the lowest total surface energy of 20.58
mN m~!, the OSC tends to form wires, as opposed to films ob-
served on substrates with higher surface energies ranging from
33.85 to 52.86 mN m™'. Interestingly, on DDTMS with a sur-
face energy of 24.86 mN m~!, a mixed morphology of films and
wires is observed. Although this phenomenon has been exten-
sively studied and reported,’®! a clear distinction between films
and wires has not been discussed thus far. From the POM images
it is evident that, when the surface energy reached a value be-
low 21 mN m™, distinct wires that were isolated from each other
were observed. These wires show clear birefringence, pointing to
ahigh degree of order among the polymer chains within the wires
and a possibility of liquid crystalline or semi-crystalline arrange-
ment of the polymer.?”] Moreover, to test whether these wires
are indeed completely isolated without any amount of OSC thin
film between them, bright and dark field optical microscopy im-
ages were taken as shown in Figure S3, Supporting Information,
where the wires are observed to be entirely isolated. Although, the
optical microscopy analysis alone does not represent conclusive
evidence for the above claim, the atomic force microscopy (AFM)
results as shown in Figure 2a—f fully support the interpretation
that there is no film between the individual wires.

The AFM images clearly show that when DPP-DTT is shear
coated on different SAMs of varying surface energy values un-
der the same conditions, a transition from a film to wires occurs.
The images in Figure 2a—d are in good agreement with the consis-
tent fibrillar pattern seen in DPP-DTT films with the introduction
of mixed morphological pattern at a surface energy of 24.86 mN
m~!. This observation is consistent with the existing literature on
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surface energy and morphological understanding.[>24-3% Further,
the AFM images from samples with the surface energy value less
than 21 mN m~', which correspond to the HDTMS and ODTMS
SAMs, confirms the absence of a thin film between the wires as
seen in Figure S4, Supporting Information. Furthermore, from
RMS roughness measurements as shown in Figure S5, Support-
ing Information, we see that the transition from high to low sur-
face energy resulted in an increased surface roughness.
Scanning electron microscopy (SEM) was also used to resolve
the micro- and nanometer-scale morphology of the wires ob-
tained on ODTMS substrates and to probe their chemical com-
position. The SEM images in Figure 3a—-d show the range of
wires that can be produced in terms of their length and width.
Here, the length of the wires corresponds to the long axis re-
gion while the width to its side-to-side extension. Apart from
the extensive range of micro wires on the substrate as seen in
Figure S3, Supporting Information, a statistical analysis on sev-
eral nanometer-level SEM images confirms that the length of
nanowires falls within the range of 250 — 1000 nm. The width
was typically in the range of 40 — 100 nm based on the dataset as
shown in Figure S6, Supporting Information. Elemental analysis
performed on a micrometer-sized wire as shown in Figure 3e,f
corroborates the finding of isolated wires with the Si and O ele-
ments predominantly traced on the substrate and C, N, and S se-
ries observed on the wire. The elemental graph has been shown
in Figure S7, Supporting Information. Overall, POM, AFM, and
SEM studies confirm that DPP-DTT coatings on substrates with
varying surface energy values at the same speed can yield films,
mixed morphology regions, and wires. Additionally, shearing on
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Figure 2. AFM a—f) images showing the morphological changes of DPP-DTT coated on BTMS, OTMS, DTMS, DDTMS, HDTMS, and ODTMS SAMs at

500 um s~ .

low surface energy substrates, such as ODTMS, can result in the
formation of isolated wires in the shearing direction of the sam-
ple which showed clear birefringence under POM, as observed in
Figure 4a. To determine the angular alignment of the wires in re-
spect to the shearing direction, DPP-DTT solutions with concen-
trations of 3, 6, and 9 mg ml~! were shear coated onto ODTMS
substrates with 500 um s~'. The distribution of the angles in re-
spect to the shearing direction for the different solution concen-
trations is shown in Figure 4b. The angular orientation of the
polymer wires is found to be in the similar range on either side of
the coating direction, irrespective of the solution concentration,
although further studies are required to identify ways to control
this.

So far, morphological changes have been observed when DPP-
DTT was shear coated at a constant speed on different substrates
with varying surface energy values and solution concentration. It
is noteworthy that the solution concentration appears to have lit-
tle effect on the angular spread of wires, as shown in Figure 4b.
Hence, we restricted the further analysis to the lowest concen-
tration of the solution, 3 mg ml~!. The relation between surface
free energy, coating speed, and morphology of the OSC was fur-
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ther investigated by performing additional experiments at vari-
ous coating speeds. The results of these experiments were used
to assemble the phase diagram shown in Figure 5, which illus-
trates the four different morphological regimes observed when
solution shearing: films, mixed morphology, wires, and no mate-
rial deposition (none). These findings provide valuable insights
into the effect of coating speed and surface energy on the mor-
phology of the OSC, and can aid in the optimization of OSC fab-
rication for various applications.

It can be seen that when DPP-DTT was sheared at speeds rang-
ing from 50 um s~! to 3000 um s~!, on high surface energy sam-
ples, uniform films were formed. The color map in Figure 5 rep-
resents the morphological changes from film, mixed morphol-
ogy, wires, and no film. Studies on surface energy models have
proposed a wire-like deposition region at higher speeds and lower
surface energy, which is compatible with the morphological tran-
sitions in our study as shown in Figure 5.51 However, any further
increase in the coating speed on low surface energy substrates re-
sults in no deposition of the CP.

We also wanted to investigate whether these morpho-
logical changes translate into observable differences in the
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Figure 3. Scanning electron microscopy images of DPP-DTT wires on ODTMS showing a), micro, b) and c), sub micro, d) nanometer level wires which
are completely isolated from each other. e) Elemental analysis and the layered image of a micro wire and f) presence of elements C, N, and S in the wire
while depicting Si and O on the remaining area. The elemental analysis map can be seen in Figure S7, Supporting Information.

corresponding optical absorption spectra from the deposited ma-
terial, and to assess any optical anisotropy associated with the
wires. For this, we performed spectral analysis using UV-Vis-NIR
spectroscopy, preparing both samples with film or wire on it with
the lowest possible surface energy value of 20.58 mN m~! using
ODTMS.

Figure 6a shows the polarized UV-Vis-NIR spectrum of DPP-
DTT coated on quartz/ODTMS substrates. In addition, the UV-
Vis-NIR spectra of DPP-DTT is also shown in Supplementary
Figure 8 for reference. As the absorbance values recorded from
these measurements were very low, the data obtained for both
film and wire samples have been normalized with respect to
the maximum absorption peak of the respective measurements.
It is commonly observed that DPP-DTT exhibits a dual-band
absorption!'®2731] and we clearly see an increased red shift in the
absorption for the wires which can be attributed to the strong in-
termolecular coupling.!?%2%32] The two absorption peaks between
725 and 900 nm correspond to the z-7* transitions of 0-1 and 0-
0, respectively.['*311 A clear redshift of these peaks to a greater
extent of 50 nm is evident as shown more clearly in Figure S9,
Supporting Information.

We calculated the dichroic ratio of the film and wire absorption
for the 0-0 and 0-1 peaks and the results are shown in Figure 6b.
The absorption dichroic ratio (D) which is given by Ay./Ay.,
where A is the absorption intensity of the peak in consideration,
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can be used to understand the absorbance anisotropy when the
polarization of the incident light is parallel and perpendicular to
the shearing direction. The D value for the 0-0 peak changes from
0.8 to 1.5 while for the 0-1 peak it shifts from 1.1 to 0.9 for the
film and wire, respectively which is in good agreement with the
literature.32] A D value of 1.5 for the 0-0 peak along with the red
shift of the peak for the wire sample indicates a higher molecular
order within the polymer which is consistent with literature.**
Therefore, the polarized absorption spectra analysis corroborates
that the birefringence observed in the wires under POM as evi-
denced in Figure 4 is due to a higher degree of polymer chain
order than that of the film phase.

2.3. Grazing-Incidence Wide-Angle X-Ray Scattering (GIWAXS)
Analysis

In the next step, we performed grazing-incidence wide-angle X-
ray scattering (GIWAXS) measurements to investigate the struc-
ture in the wires and compare it to the structure of films pre-
pared on the same SAM. In Figure 7a the 2D-GIWAXS image
of a wire sample prepared on ODTMS with a speed of 500 um
s71 is shown. The scattering intensity from the wire samples was
very low compared to film samples due to the much lower scat-
tering volume. To increase the signal intensity, we rotated the

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 4. a) Cross polarized optical microscopy images of DPP-DTT wires rotated along the shearing direction to show birefringence. The wires were
shear coated on ODTMS using 3 mg ml~" solution at 500 um s~. b) Polar plot showing the angular spread seen in wires for varied concentration of
the solution. 0° here corresponds to the shearing direction.
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Figure 5. Phase diagram of DPP-DTT in DCB solution sheared on

different SAMs representing the morphological changes observed at different coating

speeds. The left y-axis here corresponds to the number of carbon atoms in the alkyl chain of the respective SAM and the right y-axis shows the total

surface energy. The color bar depicts the different morphologies

in the phase diagram observed for the DPP-DTT polymer. The circled points are the

experimental parameters and values used for the majority of the experiments in this work; the background shows an interpolation to the experimental

values.

sample 360° during exposure to integrate over all the wires on  sign the three out-of-plane peaks at Q, = 0.32 A1, 0.62 A" and
the substrate. In addition, we increased the signal-to-noise ra-  0.93 A" to the first three orders of the lamellar stacking, which
tio by subtracting the background of a blank silicon wafer sub-  corresponds to a stacking distance of around 20 A. In addition,
strate. After these additional steps, we were able to identify three  there is a very weak peak at around Q, = 1.7 A~! corresponding
out-of-plane peaks and at least one in-plane peak. For a more de-  to a spacing of 3.7 A, which can be attributed to the z-z stack-
tailed analysis of the peak positions, we plotted the out-of-plane  ing. Both values the lamellar and the z-7 distance fall very well
(Figure 7c) and in-plane (Figure 7d) intensity profiles. The po-  in the reported ranges for thin films of this material.l?’*| Upon
sitions of the peaks and the corresponding distances are sum-  closer inspection of the in-plane profiles (Figure 7d) we were able
marized in Table S2, Supporting Information. There we can as-  to distinguish two peaks, the larger one at Q,, = 1.47 A~! can
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Figure 6. a) Polarized UV-Vis-NIR spectra of DPP-DTT wire and film samples on ODTMS depicting an absorption peak shift. b) Peak position shift in
major peaks of absorption observed in DPP-DTT. Parallel and perpendicular here correspond to the spectral polarization to the shearing direction.
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Figure 7. 2D GIWAXS images of a) a DPP-DTT wire and b) DPP-DTT film sample. ¢) Out-of-plane and d) in-plane intensity profiles for the wire and films

sample on ODTMS.

be attributed to the ODTMS monolayer, which is in good agree-
ment with the literature.[®] The reason that the peak is so pro-
nounced is the large amount of area not covered by the DPP-DTT.
The second smaller peak at Q,, = 1.61 A" can be attributed to
the in-plane contribution of the z-z stacking and corresponds to
a stacking distance of ~3.9 A. The presence of contributions of
both the lamellar stacking and the z-7 stacking peak in-plane and
out-of-plane confirms the presence of both edge-on and face-on
orientation existing in the wires.!*?!

The 2D-GIWAXS image of a shear-coated film on ODTMS
measured parallel to the coating direction is shown in Figure 7b.
Similar to the wire case, we can identify multiple orders of out-
of-plane peaks. The exact positions can be seen more clearly in
the out-of-plane intensity profile in Figure 7c (Q, =0.32 A", 0.63
A-1and 0.93 A~') and correspond to a lamellar stacking distance
of %20 A, which matches with the wire sample. In the in-plane in-
tensity profile there are no peaks visible for the lamellar stacking
but a peak at Q,, = 1.65 A~! representing a z-r stacking distance
of 3.81 A~'. The absence of the lamellar peaks and the presence
of the z-x stacking peak in the in-plane profile and not out-of-
plane profile indicate that a majority of the crystalline domains
of the polymer orient edge-on in respect to the substrate. From
a qualitative comparison between the wires and film it looks like
the amount of edge-on oriented crystals in the film in compar-
ison to the amount of face-on oriented domains is higher than
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in the wires. One possible explanation could be that in the film
sample there is much more interface between the polymer and
the ODTMS coated substrate resulting in an increase in the ratio
of edge-on orientation since this is the preferential orientation
of the polymer on ODTMS.I>**! Therefore, the GIWAXS mea-
surements revealed that the packing of the crystalline parts of the
wires and the film is almost similar with only slight variations in
the z-7 stacking distance.

2.4. Transmission Electron Microscopy — Selected Area Electron
Diffraction

To verify the GIWAXS results for single wires, selected area elec-
tron diffraction (SAED) using transmission electron microscopy
(TEM) was performed. It was found, that the wires are extremely
sensitive to the beam and only a low dose measurement using
fast detectors could reveal the crystalline structure of single poly-
mer wires. The SAED pattern in Figure 8a shows two pronounced
reflections at 0.485 nm™~! (20.6 A) and 2.56 nm~" (3.9 A) best seen
in the intensity profiles as in Figure 8c. This spacing can be at-
tributed to the low index diffraction spots (100) and (010) of the
assumed structure. The (100) and (010) reflection are found to
be perpendicular to the wire direction. Similar SAED results are
achieved for the continuous film sample as shown in Figure 8b

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 8. Selected area electron diffraction (SAED) of a) a single wire and b) a film of DPP-DTT. In order to highlight the less intense (010) reflection, the

SAED pattern in (a) is shown with different contrast settings in the upper and lower halfves of the image. The inset shows selected region of the wire.

c,d) Radial intensity profiles across the SAED patterns in (a) and (b) with marked (100) and (010) reflections corresponding to lattice spacings of 20.6 A
and 3.98 A, respectively. e,f) represent tangential intensity profiles obtained from angular cross sections of the (010) and (100) reflections for both the
wire (red) and the thin film (black). The area marked with a dashed line in the bottom half of (a) indicates corresponding angular broadening ¢ of the

(010) reflection in the SAED pattern. g,h) indicate an exaggerated schematic of the texture width (i.e., the distribution of in-plane polymer orientations)
in the wire (g) and in the film (h) as deduced from the SAED patterns. Insert show the POM images of the wire and film.
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Figure 9. Transfer characteristics presented a) as semi-logarithmic plots and b) as square root plots for devices using the various SAMs along with the
device architecture (inset). c) Transfer characteristics of an exemplary single wire device and d) the summary of the average effective mobility values of
devices using films on the various SAMs in comparison to the single wire devices.

with the intensity profiles as in Figure 8d. Similar to the wire, a
pronounced peak at 0.444 nm~" (22.5 A) and at 2.48 nm™" (4.03
A) is found corresponding to the (100) and (010) orientation.

The occurrence of the (100) and (010) in the same direction
can be attributed to the presence of both edge-on and face-on
molecule orientation in the wire which fits well with the GI-
WAXS data for the wires as shown in Figure 7. In order to deter-
mine if the wire exhibits greater molecular orientation than the
film, angular cuts were made on both the (010) and (100) peaks,
as depicted in Figure 8 (e) and (f) respectively. The results indi-
cate that the diffraction spots in the wire are less broadened than
those in the film, confirming a higher degree of alignment in the
wires along their long axis which could be beneficial for charge
transport along the wire.[?) From POM, UV-Vis, GIWAXS, and
SAED analysis we conclude a more preferential molecular ar-
rangement of the polymer chains in the wire compared to the
film. A schematic visualization of the proposed arrangement of
the crystalline regions of the polymer in the wires and the film
are illustrated in Figure 8g,h.
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2.5. Organic Field Effect Transistors (OFETs)

DPP-DTT as a thin film, has been well studied in OFETs in the
past.>?2] To investigate the effect of the higher degree of align-
mentin the wires fabricated in this study, we prepared single-wire
OFETs. For comparison, film-based OFETs were fabricated that
were solution sheared on different SAMs to correlate the effect of
silanes (thereby effect of surface energy) to the wire-based OFETs
as seen in Figure 9a. The bottom-gate top-contact (BGTC) archi-
tecture was employed with 50 nm thick, thermally evaporated Au
top contacts that define devices with 200 ym channel length and
4500 pm channel width as shown in the inset of Figure 9b.
Figure 9a,b show the |I | and /|I| versus gate voltage (V)
characteristics respectively of the DPP-DTT films on different
SAMs measured at a drain voltage (Vps) of -60 V and the perfor-
mance metrics of the devices are summarized in Table 1. Herein,
the devices were measured along the shearing direction. We ob-
serve that with the decrease in surface energy of the substrate
achieved by the SAMs with increasing alkyl chain lengths, the
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SAM Shearing Threshold Voltage, Maximum mobility, Average mobility, Effective mobility, lon/lorr
temperature [°C] ViuV1 Minax [cm? V71 s7T1] oy [cm? V7T s7T] e [cm? V71 5713

BTMS films 100 -31.70 6.5%107* 6.4*107* 1.87 %1074 3% 103
+2.56 +1%107* +1.6%107* +4.4%107°

OTMS films 100 —-18.97 2%1073 1.8 %1073 1.5%1073 7% 10°
+1.93 +1%1073 +9.6%107* +8.9*107*

DTMS films 100 —15.36 2%1073 1%1073 8 *107* 7% 10°
+1.35 +8*107* +9.2%107* +1%1074

DDTMS films 100 24.83 5%1073 4.5%1073 41073 2 x 10*
+0.81 +3 %1073 +2 %1073 +2%1073

ODTMS wire 100 14.45 2.45 1.61 1.57b 5x 10°
+8.71 + 1.69 +0.22 +0.31

ODTMS films 130 11.55 0.16 0.116 0.104 3% 10°
+7.62 +0.063 +0.02 +0.02

? calculated based on [36]; & average of 10 single wire devices.

on- and off current have increased gradually while the thresh-
old voltage (Vy) strongly shifted towards more positive volt-
ages. To avoid the over-estimation of charge carrier mobilities of
the devices, care has been taken to calculate the effective charge
carrier mobility (u.q) values apart from the maximum mobility
(Mmay) and average mobility (u,,). The pg values ensure that the
most transparent mobility values are reported.[*! Films prepared
by using increased shearing temperature on the ODTMS SAM
(Figure S10, Supporting Information) clearly outperformed the
films on all other SAMs with a p.g of 0.1 cm? V! s71. The mo-
bility versus the Vg plot comparing the films and the wires is
shown in Figure S11, Supporting Information.

Figure 9c represents the |I,¢| and /|1 | versus V¢ character-
istics measured at a Vg of -60 V for a single-wire OFET device.
From this data, it is evident that the single wire devices measured
are on par with the films on ODTMS in terms of V., which is 14
+ 8 Vin comparison to the 12 + 8 V for the films. A similar trend
was observed for the on- and off ratio of the single wire and film
devices which is for both in the range of 10°. Interestingly, for
the charge carrier mobility we observe a significant increase with
a U.g value of 1.57 + 0.3 cm? V! s7! for wires which is fifteen
times higher than the p ¢ value of the films on ODTMS SAM (0.1
+ 0.02 cm? V1 s71). This increase in mobility can be attributed
to the more preferential alignment of the polymer in the wire
as has been discussed in the SAED section. The p ¢ value of the
single-wire device as mentioned in Table 1 has been reported af-
ter careful consideration of an average of 10 single wire devices.
Further, their comparison with literature is shown in Table S3,
Supporting Information, confirming the OFETS to be at par with
reported values. The p g4 values for different SAM-based OFETs
along with single-wire device data are shown in Figure 9d. While
the best reported maximum mobility value for DPP-DTT was 4.8
cm? V=1 571 ag shown in Table S3 and Figure S12, Supporting In-
formation, this value reduces to 0.48 cm? V~! s when calculated
for the effective mobility value according to the literature.[!8:3¢]
Therefore, the significant fifteen-fold increase in 4 for single
wires compared to the films is, to the best of our knowledge, the
highest reported p 4 value for this material. This opens the av-
enue for high performing transistor array fabrication by solution
shearing.
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3. Conclusion

To summarize, we employed solution shearing to fabricate wires
that are oriented along the shearing direction using the semi-
conducting polymer, DPP-DTT. We derived a phase diagram that
visualizes the morphological transitions from films to a mixed
morphology, wires, and eventually the complete absence of ma-
terial deposition. A wide range of wires were fabricated with vary-
ing lengths and widths and characterized using OM, AFM, and
SEM. Findings from POM, GIWAXS, SAED TEM, and polarized
UV-Vis-NIR spectroscopy indicate a preferential molecular align-
ment in the wires over that of films. Finally, single-wire OFETs
outperformed the devices based on DPP-DTT films demonstrat-
ing a 15-fold improvement in p g, resulting in a charge carrier
mobility of 1.57 cm? V-1 s71,

4. Experimental Section

Chemicals and methods: Preparation of Solution: Poly[2,5-(2-
octyldodecyl)—3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)
thieno[3,2-b] thiophene)] was purchased from Ossila Ltd. with an
average molecular weight (M,,) of 203956 and PDI of 3.09 (M0311A2).
BTMS was purchased from abcr Chemicals, OTMS, DTMS, HDTMS, and
ODTMS from Sigma Aldrich, and DDTMS from Thermo Scientific. A 3 mg
of DPP-DTT was stirred in 1 ml of 0-DCB at 500 rpm and 100 °C under
ambient conditions prior to film fabrication.

Transistor Fabrication: Device Fabrication and Measurement: Heavily
doped silicon (Si) wafers with a thermally grown wet oxide of 300 nm were
used as substrates for the devices. Prior to use, all the substrates went
through a cleaning cycle for 15 min each of DI water, acetone and iso-
propanol in an ultrasonication bath in the same order. Post sonication,
the substrates were dried using N,.

Self-assembled monolayers were coated using the procedure described
in literature.l?! A 3 mM solutions of various SAMs in Trichloroethylene
(TCE- 99% pure from Sigma Aldrich) were prepared and the solution was
spin-coated on the silicon substrates at 3000 rpm for 30's. A 10's spreading
time was used between the deposition of solution on the substrate and the
start of spin coating to encourage the complete coverage of the substrate
with the solution. Afterwards, the sample was placed in a desiccator along
with few milliliters of ammonium hydroxide solution (28%-30% water) in
vacuum overnight. The samples were removed after around 12 hours and
thoroughly ultrasonicated with toluene. Samples were rigorously cleaned
further with toluene to ensure the removal of any residue of the silane.
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For the OSC solution shearing, the blade angle was set at 8° with a
gap of 20 um between the edge of the blade and the substrate. The blade
was also coated with ODTMS. 7 uL of polymer solution fora 3 cm x 1cm
Si/SiO, /SAM substrate was injected at the interface between the substrate
and the blade. During coating, for all SAMs, the substrate temperature
was maintained at 100°C and speed was varied from 50 to 2000 um s~ as
required to obtain the respective morphology. To compare the wires and
films on ODTMS, it was necessary to coat films at a substrate tempera-
ture of 130°C and a speed of 500 um s~ to ensure that the comparison of
OFETs has a constant coating speed for all films on different SAMs. After
coating, the samples were transferred onto a hot plate set at the target
temperature of 165°C for 10 minutes. Finally, Au source and drain elec-
trodes with a thickness of 50 nm were deposited by thermal evaporation
using shadow masks under high vacuum of 10~7 mbar with a deposition
rate of 1.5 As7'.

All devices were measured utilizing a Keysight B1500 Semiconductor
Analyzer in a dark room. The field-effect mobility (u,) was calculated using
the equation.

2
ot |9/ 1los|

= = M
WG | 0Ves

Hh

Here, Ipg is the drain current, C; is the capacitance per unit area of the
dielectric, W is the channel width, L is the channel length, and Vs is the
gatevoltage. The Vq was obtained from the intercept of the linear fit of the
\/|’Ds| versus Vg curve and the x-axis. In this report, the C; was 11.5 nF.
cm™2 and was unchanged irrespective of the SAMs.[23] The channel width
and length for all film OFETs were 4500 um and 200 um respectively. All
single wire devices had a channel width of ~1 um and a varied channel
length between 65 and 70 um. The coating, annealing, morphology, and
electrical measurements were performed in an ambient atmosphere with
a relative humidity of about 30%.

Contact Angle Measurements: The contact angle measurements were
performed with a Data Physics OCA series goniometer. The water and di-
iodomethane contact angle measurements were performed on the sam-
ples followed by using the Owens, Wendt, Rabel, and Kable (OWRK)
method for the calculation of the surface energy.[?°]

AFM and Optical Microscopy: ~Surface morphology and roughness of
semiconductor film images were obtained with a Flex Axiom from a
Nanosurf atomic force microscope using tapping mode and TAP-190Al-
G non-conducting tips from Budget Sensors were used. Optical images
were taken using a Zeiss Axio Imager.M2m microscope.

Polarized UV-Vis-NIR Spectroscopy: The Spectroscopy measurements
were performed with a Cary 5000 UV-Vis-NIR spectrophotometer. 1x1inch
Quartz substrates purchased from Techinstro Ltd. were used for the mea-
surements. The substrates were cleaned by ultrasonication in soap water,
DI water, acetone and IPA each for 15 minutes before drying them using
N,. Self-assembled monolayers were coated using the same procedure as
stated above.

Scanning Electron Microscopy:  SEM was conducted using a Zeiss Gem-
ini SEM 500 scanning electron microscope operated at electron energies
between 3 keV and 0.4 keV.

EDS analysis was performed using an Oxford MaxN 150 mm? detector
installed on the same system and using a primary electron energy of 3 keV.

SEM images of the wires were analyzed using the FlJI software. First,
the “tubeness” filterl3”] is applied with an appropriately selected sigma
value. For images of the nanowires, a custom filter is applied to enhance
the contrast of wires in the shearing direction. The resultant image is then
subjected to a ridge-detection algorithm,[383° which is cleaned up manu-
ally to fix eventual overlaps. Finally, the resultant image is filtered for wires
of a certain aspect ratio to avoid measuring non-wire shaped particles. Fi-
nally, since the wires are straight, the Feret’s diameter is a good measure
of wire length.

Transmission Electron Microscopy (TEM)— Selected Area Electron Diffrac-
tion (SAED): Transmission electron microscopy measurements have
been conducted using a JEOL JEM F200 operated at 200 kV acceleration
voltage equipped with a GATAN OneView CMOS camera for fast imag-
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ing. Since the polymer wires are extremely beam-sensitive, special care
was taken to acquire unmodified diffraction data. First, illumination con-
ditions have been set such that, the material do not alter during imaging
due to radiolysis for at least 1 second. A time series, of a so-far not illumi-
nated area, was taken and then analyzed. After 1.8 seconds (45 frames),
the diffraction spots vanished, giving a critical dose of about 30 e.nm=2.
The shown SAED pattern is therefore the summation of the images before
reaching the critical dose.

For SAED measurements, the TEM Cu-grid, coated with ODTMS served
as the substrate for the films, which were applied through solution shear-
ing. For the wire-based measurements, a thermal transfer technique was
employed due to the inability to coat the wires directly on the Cu-grid. Ini-
tially, the wires were shear coated on the Si/SiO2/ODTMS substrate and
then transferred onto a 100 nm carbon-coated Cu-grid. This transfer pro-
cess involved stamping the wires onto a commercially available Nitto ther-
mal release tape. Using a cantilever attached to a glass slide connected
to a micromanipulator, the wires on the thermal release tape were pre-
cisely aligned with the target Cu-grid and brought into contact. The stack
was subsequently baked at 110°C for 2-3 min to release the wires from
the tape. Finally, the glass slide was gradually raised to gently detach the
thermal release tape from the Cu-grid, resulting in the Cu-grid with wires,
which was used for the SAED measurements.

Grazing-Incidence Wide-Angle X-Ray Scattering: Grazing-incidence
wide-angle X-ray scattering (GIWAXS) measurements of the DPP-DTT
wires were performed at XRD1 at ELETTRA, Trieste, Italy. The beam en-
ergy was 12.4 keV and the spot size of the beam was 200 um x 200 um. A
Dectris Pilatus 2 M area detector was placed 400 mm behind the sample.
The sample-detector distance and the beam center on the detector were
verified using lanthanum hexaboride as a reference. The incidence angle
of the beam was 0.12° and the sample was exposed for 180 s to the beam
while being rotated 360°. The rotation was necessary to get sufficient scat-
tering intensity due to the low scattering volume in the wire samples. In
addition, a background subtraction using a blank silicon substrate to re-
duce the background scattering was performed.

The GIWAXS measurements of the DPP-DTT films were performed
at BL11-NCD SWEET at ALBA, Spain. The beam energy was 12.4 keV
and the spot size was 70 um (vertical) x 150 um (horizontal). A Ray-
onix LX255HS area detector was placed 167 mm behind the sample. The
sample-detector distance and the beam center on the detector were veri-
fied using chromium(l11) oxide as a reference. The incidence angle of the
beam was 0.12° and the sample was exposed for 3 — 5 s to the beam. All
the data were analyzed using WxDiff.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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