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Shear-aligned large-area organic semiconductor crystals through
extended nt- minteraction

Song Zhang,t? Felix Talnack,t® Tanguy Jousselin-Oba,® Vinayark Bhat,? Yilei Wu,? Yusheng Lei,*¢ Yoko
Tomo,*f Huaxin Gong,? Lukas Michalek,® Donglai Zhong,®> Can Wu,* Abderrahim Yassar,8 Stefan
Mannsfeld,** Chad Risko,*? Michel Frigoli,** and Zhenan Bao*?

Small molecule-based organic semiconductors are broadly utilized in organic field-effect transistors (OFETs) due to their high
crystallinity and electrical performance. A recent 2D material, namely TIPS-peri-Pentacenopentacene (TIPS-PPP), which is
the vertical extension of the 1D TIPS-Pentacene material (TIPS-PEN), offers a lower bandgap, higher aromaticity, and an
enhanced m-m interaction with neighboring molecules comparing to TIPS-PEN. However, an in-depth understanding of the
relationship between the structure and the electronic properties is not yet available due to poor control over the crystallite
size. In this work, we successfully engineered highly oriented large-area TIPS-PPP crystals through the solution shear coating
technique. Compared with narrow ribbon-like TIPS-PEN crystals, TIPS-PPP crystals can grow centimeters long and over 500
um wide. Meanwhile, TIPS-PPP molecules are less susceptible to forming metastable polymorphs than TIPS-PEN molecules
upon fast evaporation. The crystal structure of TIPS-PPP is also thermally stable at 250 °C. Notably, the anisotropic charge
carrier mobility of TIPS-PPP crystals is resolved through fabricating bottom-gate top-contact devices, with a hole mobility of
3.1 cm?V-is? along the preferred packing direction. Further device optimization using top-gate bottom-contact devices
improved the mobility up to 6.5 cm?Vis?, which is among the highest for pentacene-derivative-based organic

semiconductors.

1. Introduction

Past decades have witnessed surging research on organic electronics,
including organic field effect transistors (OFETs), organic
photovoltaics (OPVs), and organic light-emitting diodes (OLEDs).1-10
As the active layer in electronic devices, many efforts have been
made to design new building blocks for organic semiconductors
(OSCs), i.e.,
improved electronic performance. Due to their tunable crystalline

n-conjugated small molecules and polymers, with

packing motifs and band structures, small molecule OSCs play an
essential role in understanding the interplay between crystal
structure, thin film morphology, and charge transport. The crystal
structures of pentacene (PEN) and its substituted derivatives like
6,13-bis(2-(tri-isopropylsilyl)ethynyl)pentacene  (TIPS-PEN)  are
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among the most investigated small molecules for OFET, both through
experiments and simulations.?=22 Introducing the TIPS side chain to
the pentacene core improves its solution solubility and stability,
while a morphological transition occurred from herringbone packing
to 2D lamellar -t stacking.1423

Most recently, the synthesis of TIPS-peri-Pentacenopentacene (TIPS-
PPP) was reported by Frigoli and co-workers.2* Compared with the
TIPS-PEN structure with a 1D pentacene core, TIPS-PPP has two peri-
fused pentacene cores, which leads to enhanced aromaticity and
potentially more geometric overlap of neighboring m-conjugated
backbones. Furthermore, the TIPS-PPP exhibits a smaller band gap
and 16 times higher stability than the TIPS-PEN in toluene solution.?*
Theoretical studies suggest that TIPS-PPP has a lower reorganization
energy and a larger intermolecular transfer integral compared to
TIPS-PEN, with an estimated theoretical mobility one order of
magnitude higher than TIPS-PEN. However, only drop-casted TIPS-
PPP thin films have been reported so far, which gave a modest charge
carrier mobility of 0.3 cm?2/Vs for bottom-gate top-contact (BGTC)
devices and 1 cm?/Vs for top-gate bottom-contact (TGBC) devices,
due to the limited size of single crystalline domain. Thus, there
remains a great need for fabricating large-area TIPS-PPP thin film
crystals to better understand the structure-electronic performance
relationship and to further enhance the device characteristics.
Previously, our group has utilized the solution shearing method to
manipulate film processing conditions and subsequently control the
morphology of TIPS-PEN.171825 Through the engineering of the
kinetics of thin film drying and the crystal packing motif, it has been
observed that a high charge carrier mobility can be achieved. This
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work utilized the solution shearing method to control the solvent
evaporation and direct crystal growth of TIPS-PPP. Slow coating
speeds resulted in aligned large-area crystalline domains for TIPS-
PPP, while faster speeds favor the alignment of TIPS-PEN crystals.
Further characterizations demonstrate that TIPS-PPP crystals exhibit
preferential structural and thermal stability, as well as enhanced
electronic performance, indicating the extension of n-it overlapping
an effective strategy in improving the stability and performance of
semiconductors.

2. Results and discussion
2.1 Solution shear coating

The chemical structures of TIPS-PPP and TIPS-PEN are shown in Fig.
1a-b. The PPP core consists of two rows of peri-fused pentacene. The
same solubilizing TIPS side chain is introduced to the PPP core to
ensure the same brick-wall motif packing as TIPS-PEN.2* The solution
shearing setup, comprising a top shearing blade and a bottom
substrate on a hot stage, is depicted in Fig. 1c. During the shearing-
blade movement, the solvent/substrate contact line moves along the
shearing direction, leaving the semiconductor film deposited on the
substrate. Fine-tuning the solvent evaporation, substrate wettability,
and coating speed is essential to control the mass transport of solute
and the crystallization process. Here, trichlorobenzene (TCB) was
selected as the solvent due to the good solubility of TIPS-PPP up to
10 mg/ml. The strong intermolecular interaction between TIPS-PPP
molecules led to a limited solubility (< 2 mg/ml) in more common
solvents (i.e., toluene, mesitylene, and chlorobenzene), if compared
to TIPS-PEN. To avoid thin film dewetting, hydrophilic substrates like
bare SiO,/Si wafers or surface modified SiO,/Si wafers are desired.
However, hydroxyl groups on the substrate surface typically lead to

Journal Name

charge trapping in pentacene-based electronic devices.2627. As
measured by photoelectron spectroscopy in atmosphere (PESA),
TIPS-PPP crystals showed a much higher HOMO (Highest occupied
molecular orbital) level (—5.04 eV) than that of TIPS-PEN (—5.30 eV)
(Fig. 1d). A high off-current above 10“ A was observed for OFET
devices made of TIPS-PPP crystals on pristine SiO,/Si substrates,
which is an indication of charge trapping (Fig. S1, Supporting
Information). To avoid charge trapping on the substrate,
trichloro(phenethyl)silane (PTS) treatment was performed on SiO,/Si
wafers to passivate the hydroxyl group and passivate charge trapping
sites.28 The substrate temperature was maintained at 130 °C to allow
a balanced TCB evaporation speed. It was found that 60% to 80% of
the solvent boiling point (213 °C for TCB) is preferred to enable
sufficient solute deposition without drying too quickly.17.1828

The coating speed can greatly affect the mass transport, drying speed,
and shear distortion force during the crystallization and growth rate
of small-molecule crystals. To investigate the influence of the coating
speed on the crystallite formation, a wide range of speeds, spanning
from 0.02 mm/s to 0.5 mm/s were applied to deposit TIPS-PPP
solution (8 mg/ml). Polarized optical microscope (POM) images of
shear-coated TIPS-PPP thin films were shown in Fig. 1e-i. At a low
coating speed below 0.06 mm/s, wide and long crystalline domains
with widths above 500 um and lengths over 1 cm could be achieved.
It was noticed that these are twin crystals with a clear grain boundary
parallel to the shearing direction, indicating highly oriented crystal
growth. The inset showed periodic bright and dark patterns upon 13°
rotation, indicating well-aligned molecular packing in individual
crystalline domains. On the surface of green/yellow-colored
crystalline domains, layers of blue/pink colored regions could be
observed (Fig. 1f). These thicker regions could result from secondary
crystallization (i.e., crystallization on existing crystals) at a later stage
of solvent evaporation. Upon increased coating speed above 0.06
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Fig. 1. Solution shear coating of TIPS-PPP and TIPS-PEN crystals. (a, b) Molecular structure of TIPS-PPP and TIPS-PEN. Reproduced with
permission.221 2022, John Wiley and Sons. (c) 3D schematic of the solution shear coating process. (d) Photoelectron spectroscopy in air
(PESA) plot showing the HOMO level of TIPS-PPP and TIPS-PEN. (e-n) Polarized optical microscope images of shear-coated (e-i) TIPS-PPP and
(j-n) TIPS-PEN films under different coating speeds. The shearing direction is along the vertical direction. The inset represents rotated images

at an angle of 13°.
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mmy/s, the crystallite size was significantly reduced to sub-200 um
wide and 2 mm long strips (Fig. 1g).

Meanwhile, misoriented spherulites and small crystallites coexisted
between these discontinuous crystallite strips. At 0.2 mm/s, the
surface was fully covered by woven-like spherulites with curved grain
boundaries, indicating a reduction in directionality (Fig. 1h). These
spherulite domains further reduced in size upon increasing the
coating speed to 0.5 mm/s (Fig. 1i). Additionally, the effect of the
initial solution concentration on the film formation was studied by
shear coating 3 mg/ml and 5 mg/ml TIPS-PPP solutions under the
same conditions (Fig. S2, Supporting Information). The same trend as
However, the
progression from oriented crystalline domains over strips to woven-
like dendrites was shifted to lower speeds as the concentration
decreased, i.e., the oriented crystalline strips occurred at a lower
speed of 0.06 mm/s for 3 and 5mg/ml. These observations suggested
that a longer crystallization time and sufficient mass transport were
warranted for forming large, oriented TIPS-PPP crystals.

To understand the effect of extended n-it overlapping on the crystal
growth, TIPS-PEN crystals were fabricated through shear coating
under the same conditions as TIPS-PPP (Fig. 1j-n). Under 0.02 mm/s,
POM images showed multiple randomly oriented crystalline domains
with large cracks inside (Fig. 1j). Upon slightly increasing the coating
speed to 0.04 mm/s, previously observed as “fishbone-shaped”

before was observed for these concentrations.
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ribbon crystals appeared and exhibited near-unidirectional growth at
an angle of ~ 25° to the shearing direction (Fig. 1k). These ribbon
crystals were bundles of sub-10 um wide ribbons without clearly
aligned grain boundaries and periodic patterns upon rotation under
POM. Interestingly, these ribbon crystals were still accessible at a
much faster speed of 0.2 mm/s, where more spherulites existed in
TIPS-PPP films (Fig. 1I-n). This disparity in the sensitivity difference to
coating speed results from different nucleation speeds and amounts
of mass transport required for the crystal formation. To further
understand this behavior, in-situ UV-vis absorption spectroscopy was
utilized to monitor the m-nt stacking peak (672 nm for TIPS-PEN and
830 nm for TIPS-PPP) during the free drying process of drop casted
semiconductor solutions with the same concentration (Fig. S3,
Supporting Information). The onset of m-mt stacking peak formation
for TIPS-PEN occurs 20 seconds earlier than that of TIPS-PPP, which
was direct evidence that the intermolecular n-rt stacking between
individual 1D TIPS-PEN occurred faster than that the 2D counterpart
core. Therefore, the extended 2D-core of TIPS-PPP produced wider
and aligned crystalline domains given sufficient mass transport and
incubation time.

2.2 Crystal structure

5 Perpendicular

(2-12)

parallel to
shearing direction

Qxy /(A7)

Fig. 2. Crystal structure analysis on shear-coated TIPS-PPP thin films. (a-j) 2D GIWAXS patterns of TIPS-PPP thin films under different coating
speeds along the (a-e) parallel and (f-j) perpendicular direction. The (0 1 0) peak is plotted separately to better compare the peak location.
(k-1) 3D schematics showing simulated TIPS-PPP molecules in a unit cell. The PPP core is parallel to the (2 -1 2) plane. The n- it stacking
distance is calculated to be 3.67 A. (m) 3D schematics showing the incident X-ray is parallel to the a-unit cell axis.

This journal is © The Royal Society of Chemistry 20xx
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For shear-coated semiconductor films, the molecular packing and
crystal alignment are deterministic parameters of their electrical
performance. Here, grazing-incidence wide-angle X-ray scattering
(GIWAXS) experiments were performed to obtain the 2D scattering
patterns of TIPS-PPP thin films. The films were analyzed with the
incident X-ray parallel and as well as perpendicular to the shearing
direction (Fig. 2a-j), to assess the influence of the shear-coating on
the orientation of the crystallites. To determine the crystal structure,
a least-square-error optimization procedure was used to extract unit
cell parameters based on the powder X-ray diffraction resulted from
pristine materials and GIWAXS patterns (Table S1, Supporting
Information).2* The two unit cells were in good agreement, indicating
a similar crystal structure in the thin film and the bulk. The indexed
GIWAXS image was shown in the supplementary in Fig. S4,
Supporting Information. In order to further show that both the bulk
and thin film phases were almost identical, the observed GIWAXS
image was compared to a calculated GIWAXS image in Fig. S5,
Supporting Information. The similarity of the diffraction pattern
showed that the crystal structures were alike.

The (0 0 L) peaks were observed in all images of Fig. 2, representing
the vertical packing of TIPS-PPP molecules on the substrate with a
lamellar distance of 1.73 nm. At below 0.06 mm/s, distinct
crystallographic planes showed up along two directions, i.e., (0 1 L)
peaks in the parallel direction and (1 0 L) peaks in the perpendicular
direction (Fig. 2a-c). This observation indicated strong crystal
alignment in the shear-coated films and agreed with the observed
POM images. Such anisotropy was diminished upon a slight increase
in coating speed at 0.1 mm/s, as evidenced by the appearance of (—1
1 L) peaks along the perpendicular direction (Fig. 2h). This feature
marked the appearance of misoriented crystalline domains, such as
spherulites and smaller crystallites in between crystalline stripes. A
further increased coating speed resulted in randomly oriented
spherulites and more peaks along both directions (Fig. 2d,e,i,j). From
the crystal structure reported by Jousselin-Oba et al. the n-1t stacking
distance was estimated to be 3.334 A and that the TIPS-PPP cores
were orientated parallel to the (2 —1 2) (Fig. 2k,I,m).?* From our
GIWAXS measurements a slightly larger d-spacing of the (2 —1 2)
plane of 3.37 A was extracted (Fig. 2f,g).

From the GIWAXS images of the highly orientated films obtained
from slow shearing speeds, the orientation of the unit cell in respect
to the shearing direction can be extracted. In the GIWAXS image
shown in Fig. 2a with the X-ray beam parallel to the shearing
direction only the (0 1 L) Bragg rod was visible, whereas for the
perpendicular case shown in Fig. 2f only the (1 0 L) Bragg row was
visible. This indicated that the a-unit cell axis was orientated parallel
to the shearing direction (Fig. 2m). This contrasts with TIPS-PEN
where the b-axis was orientated parallel to the shearing direction.?®

In contrast to TIPS-PPP, TIPS-PEN thin films exhibited randomly
distributed crystalline domains at a low coating speed, as evidenced
by the (0 1 L) peaks along both parallel and perpendicular directions
(Fig. 3a,f). From 0.06 mm/s to 0.2 mm/s, (0 1 L) peaks shown in the
parallel direction slowly disappeared, indicating an increased degree
of alignment for TIPS-PEN ribbons (Fig. 3b-d). At 0.5 mm/s, more
orientations showed up with multiple diffraction patterns at the
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Fig. 3. 2D GIWAXS patterns of TIPS-PEN thin films under different
coating speeds along the (a-e) parallel and (f-j) perpendicular

directions. To better compare the peak location, the (0 1 0) peak is
plotted separately.

same position along both directions (Fig. 3e,j). Previous work on
solution shearing of TIPS-PEN molecules in toluene demonstrated
that a higher coating speed leads to faster crystallization and solvent
kinetically trapped metastable
polymorphs.’® These polymorphs displayed a more oblique

evaporation, resulting in
molecular packing under increased coating speed, resulting in
shorter -t stacking distance, shorter (1 0 1) d-spacing, and longer (0
1 0) d-spacing. In this study, similar lattice strain-induced molecular
displacement behavior was noticed. With increased coating speed
from 0.02 mm/s to 0.5 mm/s, the (0 1 0) peak shifted to a lower qyy,
thus increasing d-spacing from 7.44 A to 7.67 A (Fig. 3f-j). This trend
agreed with the previous report, where the d-spacing increased from
7.83 A to 8.13 A.18 However, these changes were not seen in shear-
coated TIPS-PPP thin films with a relatively undisturbed (0 1 0)
packing distance (Fig. 2a-e). TIPS-PEN was known to have multiple
polymorphs depending on the processing condition and
temperature.l’” The observation here suggested TIPS-PPP displayed
only one packing structure accessible during shear coating. This could
potentially be attributed to the presence of a more extended m-
structure, resulting in a stronger interaction between adjacent TIPS-
PPP molecules.

This journal is © The Royal Society of Chemistry 20xx
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2.3 Thermal stability

In addition to the structural stability, the thermal stability of TIPS-PPP
and TIPS-PEN crystals were also compared. It has been known that
TIPS-PEN  crystals go through thermally induced phase
transformations, as shown by two endothermic transitions from 120-
130 °C and 160-170 °C in the differential scanning calorimetry (DSC)
curve (Fig. 4a).3031 These transitions resulted from the onset of
conformational freedom for TIPS side chains, leading to changes in
unit cell geometry. As a result, crystallographic cracks were widely
distributed in TIPS-PEN crystals coated under 130 °C, as shown in Fig.
1j. At first glance, no noticeable cracking behavior was observed in
the POM image of aligned TIPS-PEN ribbon crystals (Fig. 4b).
However, a zoom-in atomic force microscopy (AFM) image captured
the existence of sub-micrometer-long and nanometer-wide cracks
across the crystal surface (Fig. 4c). Notably, the crack growth
direction can provide rich information about the molecular packing
of TIPS-PEN molecules.3® Due to the weaker interaction between the
edges of pentacene core compared with the intermolecular
interaction between pentacene cores, primary cracks typically
formed along the crystal long axis, and secondary cracks propagated
between pentacene cores during thermal expansion and extraction
(Fig. 4d).

Unlike TIPS-PEN, TIPS-PPP did not exhibit thermal transitions up to
300 °Cin the DSC curve, indicating no observable structural changes
in unit cells (Fig. 4e). To further examine the potential cracking
behavior, POM images were taken for TIPS-PPP crystals on a hot
stage under nitrogen protection (Fig. 4i). Here, two regions with clear
grain boundaries were selected on the film surface. While no
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cracking behavior was seen in region 1 (~ 100 nm) up to 250 °C,
region 2 with a higher film thickness (> 200 nm) showed symmetric
cracks growing outwards the grain boundary direction at 80° under
250 °C (Fig. 4f-g, 4j-k). Importantly, the molecular orientation did not
change, as evidenced by the periodic patterns in rotated POM images
and unchanged GIWAXS patterns (Fig. S6, Supporting Information).
AFM images were taken using an as-cast sample to investigate the
origin of the cracking behavior. No apparent features were observed
from region 1 except a height change (~10 nm) across the grain
boundary (Fig. 4h). In contrast, an extra layer of crystal (~ 4 nm) along
the grain boundary appeared in region 2, which could result from
secondary crystallization (Fig. 4l). Meanwhile, clear boundaries
between neighboring crystals propagating from the primary grain
boundary at an angle of 100° with respect to the shearing direction
can be identified. Notably, the orientation of these boundaries was
the same as the cracking orientation. Therefore, the long axis of TIPS-
PPP crystals can be inferred since the m-m stacking is the preferred
crystal growth direction (Fig. 4l). The observed orthogonal crystallite
growth direction for TIPS-PEN and TIPS-PPP agrees with the
calculated molecular packing orientation from GIWAXS.

2.4 OFET Characteristics

Owing to the large and aligned crystalline domains in TIPS-PPP thin
films, it is feasible to deposit multiple devices on the same crystal to
study the crystal orientation effect on the charge carrier mobility.
Here, bottom-gate top-contact (BGTC) devices were fabricated using
small electrodes with a channel length of 50 um and width of 200 um.
The channel direction was kept at an angle to the shearing direction,
from 0° (parallel) to 90° (perpendicular) in 15° steps (Fig. 5a, Fig. S7,

20

Fig. 4. Thermal-stability comparison between (a-d) TIPS-PEN and (e-l) TIPS-PPP. (a,e) DSC curves showing the second heating and cooling
scan of (a) TIPS-PEN and (e) TIPS-PPP, respectively. (b, i) POM image of shear coated (b) TIPS-PEN and (i) TIPS-PPP crystals at a speed of 0.04
mm/s under 130 °C. (c,d) AFM image of TIPS-PEN ribbon crystals showing the cracking behavior. (f, g, j, k) POM images of (f, g) region 1 and
(j, k) region 2 under different temperatures. Region 2 shows a green/yellow color, and region 2 shows a blue/red color with a higher film

thickness. (h, I) AFM image of as-cast TIPS-PPP crystals in two regions.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. Experimental and simulated OFET performance. (a) 2D schematic showing the BGTC device geometry and the electrode orientation.
The arrow represents shearing direction and the angle between shearing direction and charge transport direction ranges from 0 to 90
degrees. (b) Representative transfer curves and (c) extracted mobility against gate voltage for BGTC devices under different orientations. (d)
Polar plot of experimental mobility for TIPS-PPP crystal. The a-unit cell axis is parallel to the shearing direction. (e) DFT simulation of HOMO-
HOMO coupling between neighboring TIPS-PPP molecules. (f, g) Polar plots of simulated mobility for (f) TIPS-PPP and (g) TIPS-PEN projected
on the a-b plane of the unit cell. (h, i) Temperature dependence of experimental mobility using one BGTC device. (j) Representative transfer
curves and (k) extracted mobility against gate voltage for TGBC devices. The shearing direction is perpendicular to the charge transport

direction.

Supporting Information). MoOs was deposited as a hole extraction
layer between TIPS-PPP and the gold electrode. All devices were
operated in the saturation regime and under ambient conditions,
with a source/drain voltage of —60 V and a gate voltage ranging from
20to —60 V. The representative output curve can be found in Fig. S8,
Supporting Information. Fig. 5b showed representative transfer
curves for each angle, where the drain current increased from 0° to
75°, then slightly dropped at 90°. All curves showed limited hysteresis
with a high on-off current ratio of around 105, suggesting limited trap
states at the semiconductor/dielectric interface.32 Meanwhile, a
strong linearity in the |lsp|Y2 (Vg) graph was observed, with a
reliability factor ranging from 104% to 110%. However, non-ideal
humps were noticed in the gate voltage-dependent mobility curves
for devices with a high mobility, indicating the dominance of contact
resistance under a high gate voltage (Fig. 5c).33 Fig. 5d plotted the
extracted charge carrier mobility at different angles, where a high
mobility was observed at an angle from 60° to 90° with an averaged
mobility of 3.13 + 0.47 cm?2V-1s"t at around 75°. This mobility was ten
times higher than that of drop-casted TIPS-PPP thin films and twice
of shear-coated TIPS-PEN crystals with a high reliability factor.2434-36

6 | J. Name., 2012, 00, 1-3

To understand the observed orientation-dependent mobility, density
functional theory (DFT) calculations were performed to determine
the coupling on four adjacent TIPS-PPP molecules. The dimers T1 and
T2 showed comparative HOMO-HOMO coupling of 44 and 30 meV
(Fig. 5e). The chromophore had a hole reorganization energy of 90
meV, slightly less than that of pentacene (95 meV) and TIPS-PEN (92
meV), all computed at the same level of theory. This observation was
in line with the lower bandgap for TIPS-PPP (1.36 eV) than TIPS-PEN
(1.63 eV), as measured by UV-vis absorption (Fig. S3, Supporting
Information). Simulated mobility revealed that the fastest charge
transport direction was around 15° off the perpendicular to the
backbone direction. It was also to be noticed that the simulated
maximum mobility of TIPS-PEN crystals was six-time smaller than
TIPS-PPP (1.25 cm?2V-1s1 versus 7 cm?2V-1s1) with less balanced charge
transfer characteristics, as evidenced by a much-tilted polar plot and
more anisotropic transfer integral (Fig. S9, Supporting
Information).3” For comparison with experimental mobility, a polar
plot was used to depict the angle-dependent simulated mobility
within the a/b plane of the unit cell (Fig. 5f). An overall agreement
with the experimental mobility was observed with a 25° angle
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difference for TIPS-PPP crystals (Fig. 5d). This difference could be due
to slight differences in the packing of the shear-coated crystal and
the fact that molecular motions were not taken into account in the
simulation. For TIPSPEN, the maximum mobility had been observed
along the b-unit cell axis, which was parallel to the shearing direction
(Fig. 5g).238

The temperature dependence of charge transport was also
investigated under high vacuum from 300 K to 100 K. Instead of
band-like transport, a thermally activated charge transport was
observed, where the hole mobility continuously decreased with
reduced temperature (Fig. 5h). Similar behavior had been observed
for bar-coated TIPS-PEN crystals and attributed to the exponentially
increased contact resistance as temperature decreased.3* Next, the
mobility was plotted against the inverse of temperature to extract
the activation energy using an Arrhenius-like equation. An activation
energy of 10.9 meV was calculated for TIPS-PPP crystals, which was
much lower than shear-coated TIPS-PEN crystals (15 meV) or spin-
coated TIPS-PEN spherulites (>20 meV) (Fig. 5i).343940 Thus, the
trapping states in these TIPS-PPP devices were much shallower than
that of TIPS-PEN-based OFET devices. Followed by the temperature
dependence, the grain boundary effect was explored by fabricating
OFET devices with a longer channel width of 1000 um. On highly
aligned crystals with clear grain boundaries, the mobility showed a
negligible difference with and without one single grain boundary in
the channel (Fig. S9, Supplementary Information). However, for thin
films coated under 1 mm/s with significantly reduced crystallite size,
the mobility dropped over one order of magnitude with notably
increased threshold voltage (Fig. S10, Supporting Information). Such
a trend agreed with previous works showing a greater number of
grain boundaries leading to a high density of traps that can drastically
reduce the mobility.*!

In addition to BGTC devices, different device geometries and
dielectrics were also studied to improve the charge carrier mobility
of TIPS-PPP crystals. Bottom-gate bottom-contact (BGBC) devices
and top-gate bottom-contact (TGBC) devices were fabricated using
the same semiconductor layer. Cr/Au electrodes were first deposited
on PTS-coated SiO,/Si wafers with a channel dimension of 2000 um
(width) by 50 um (length). Then, the TIPS-PPP solution was shear-
coated perpendicular to the charge transport direction to obtain the
BGBC device (Fig. S11, Supporting Information). On top of the BGBC
devices, a layer of Cytop dielectric was applied, followed by gold
deposition to fabricate TGBC devices (Fig. 5j). While both devices
showed limited hysteresis in the transfer curve, a relatively high
threshold voltage below 10V was noticed, which could result from
injection issues between TIPS-PPP and Au electrodes.*? Similar to the
BGTC devices, a non-linear mobility-voltage relationship showed up
at a high gate voltage due to contact resistance, which could also be

seen from the output curve (Fig. 5k, Fig. S11, Supporting Information).

BGBC and TGBC devices showed an average saturated mobility of
0.86 £ 0.11 cm2V-1s1and 6.47 + 0.86 cm?V-1s1, respectively, with a
reliability factor from 103% to 120%. The mobility in the linear region
also agreed with the saturated region despite the contact resistance
effect (Fig. S11, Supporting Information). The much-improved
performance of TIPS-PPP on the Cytop dielectric could be attributed
to its trap-free characteristics, high hydrophobicity, and low
dielectric constant.*3-4> Overall, the hole mobility of TIPS-PPP crystals
in this work is among the highest for solution-coated pentacene-
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based semiconductors.22:36,43,46-48 The extension of r- T overlapping
provides an exciting pathway for the future engineering of high-
performance organic semiconductors.

3. Conclusions

This work investigates the effects of 1D and 2D pentacene-like
materials on morphology, thermal, and electronic properties. The
solution shearing technique is employed to fabricate large-area
aligned crystals by carefully monitoring the shearing speed and
crystal growth. Compared to needle-like TIPS-PEN (1D) crystals, TIPS-
PPP (2D) crystals span centimeters long and over 500 um wide.
Owing to strong m-m interactions, these crystals retain stable
molecular packing under shearing and show thermal resistance up to
250°C. DFT simulations suggest that TIPS-PPP has stronger
intermolecular transfer integrals and a lower reorganization energy
than TIPS-PEN. Consequently, TIPS-PPP crystals exhibit significantly
improved charge carrier mobility compared to TIPS-PEN crystals. The
synthesis and study of other 2D semiconductor materials is ongoing.

4. Experimental
4.1 Solution shear coating

A solution of ~15 pl of TIPS-PPP in trichlorobenzene (3 to 8 mg/ml)
was heated overnight at 120°C on a hot plate. The solution was then
applied between an octadecyltrichlorosilane (OTS)-treated shearing
blade and a phenyltrichlorosilane (PTS)-treated SiO,/Si substrate. A
tilt angle of 8° with a 10 um gap size was kept for the top blade, while
the substrate temperature was maintained at 130°C. Detailed
descriptions of the solution shear coating setup and the OTS/PTS
treatment on SiO2-Si substrate have been reported previously.1849

4.2 Crystal characterization

POM images were taken using Nikon ECLIPSE LV100 microscope. In-
situ annealing experiments were performed using an Instec HCS 3
hot plate with an INSTEC mK1000 temperature controller.
UV/Vis/NIR absorption spectra were recorded using a Cary 6000i
spectrophotometer. PL spectra were acquired using HORIBA
Fluorolog3 spectrofluorometer equipped with a picosecond TCSPC
module. Photoelectron spectroscopy in air (PESA) measurements
were taken on a Riken AC-2 photoelectron spectrometer with a
power setting of 100 nW and a power number of 0.33. The sample
for PESA was prepared by solution shear coating on a PTS-modified
glass slide. DSC is collected with TA Q2500 instrument at a
heating/cooling rate of 10 °C min-1.

4.3 Morphological characterization

GIWAXS experiments were performed at beamline 11-3 of the
Stanford Synchrotron Radiation Lightsource. An incident X-ray with a
photon energy of 12.7 keV was used at an angle of 0.12°. Samples
were stored in a helium chamber to avoid air scattering and oxidation
upon heating. A two-dimensional detector (MAR-225) was used to
collect data at a sample-to-detector distance of 300 mm. The data
was processed using the WaveMetrics Igor Pro with a Nika script and
WAXStools software. AFM images were collected using tapping
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mode on a Bruker Icon AFM with NSC15/AI-BS (MikroMasch, Tallinn,
Estonia) AFM cantilever (typical resonant frequency of 325 kHz and
force constant of 40 N-m-1). Images were recorded with 512 pixels
and a scan-rate of 0.8 Hz. The data was evaluated and depicted with
Gwyddion SPM software.

4.4 OFET device fabrication

The BGTC devices were fabricated by patterning a shadow mask on
top of blade-coated thin films, followed by thermally evaporating 3
nm molybdenum oxide and 60 nm gold with an evaporation rate of
0.1 As-1and 0.4 As -1, respectively. The electrode for BGBC/TGBC
devices was fabricated by evaporating 3 nm chromium and 40 nm
gold on top of the Si0,/Si wafer with a channel length of 50 um and
channel width of 2000 um. For TGBC devices, a layer of ~1 um thick
Cytop dielectric was directly spin-coated on top of the
semiconductor, followed by thermal evaporating 40 nm gold as the
gate. The geometrical capacitance of the CYTOP layers was measured
to be ~2.1 nF cm?2. All devices were measured under ambient
environment using a Keithley 4200 semiconductor parameter
analyzer.

4.5 DFT calculations

All DFT calculations were performed with Gaussian16.5° The
intermolecular electronic couplings were computed using the
fragment molecular orbital approach (FMO-DFT) at the PBE/6-
31G(d,p) level of theory.>1-33 The input geometries for the dimer
were obtained from the crystal structure. An electronic coupling
calculator from the OCELOT API was used to compute the charge
transfer integrals.>* The inner-sphere reorganization energy was
evaluated with the four-point model.>> To reduce computing time,
the trialkyl silicon chains were removed, and calculations were only
performed for the most extensive n-conjugated system. The neutral,
cation and anion geometry were optimized with IP-tuned LC-
wHPBE/Def2SVP with normal mode analysis to confirm minima on
the potential energy surface.’>8 The formalism proposed by
Goddard et al. to estimate anisotropy in charge carrier mobility.>° We
compute the hopping rate W using the Marcus-Hush equation®®
2

W = V? #exp (— 4;?) (€))]
where V is the electronic coupling, 1 is the reorganization energy, T
is the temperature set to 289 K and kg is the Boltzmann constant.
The angular dependence of mobility is computed using the following
equation -

__° 2P cos2y.cos2(0: —
Hep = ZkBTZWL r{P;cos*y;cos?*(6; — ¢) @)
Wi
P; =
AT 3)

where i represents a specific hopping path with a hopping distance
of 1;, hopping rate W;, hopping probability P;. (6; — ¢) is the angle
between the conducting channel and the hopping path, ¢ is the
orientation of the conducting channel relative to the reference axis
and y; is the angle between the hopping paths and the reference
plane which is set to 0.
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