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Biaxially aligned crystals of an organic semiconductor

are prepared through crystallizing from a discotic liquid
crystalline phase which is aligned through confinement in
microchannels. The work demonstrates that the crystalline
solid retains memory of organization in the precursor
mesophase. The memory effect we demonstrate could

be used to prepare macroscopically organized solids of
functional molecules.

¥® ROYAL SOCIETY
PN OF CHEMISTRY

C

See Paul F. Nealey et al.,
J. Mater. Chem. C, 2023, 11, 11466.

As featured in:

Journal of

Materials Chemistry C

/

rsc.li/materials-c

Registered charity number: 207890



¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

Crystalline solid retains memory of anisotropy in

".) Check for updates‘
precursor liquid crystalline phaset

Cite this: J. Mater. Chem. C, 2023,

11, 11466 @ Wen Chen,?

b

Kushal Bagchi, (2 @ Tadej Emersi¢,® Zhongyang Wang,
Mincheol Kim,® Christopher Eom,® Zhang Jiang,” Joseph Strzalka,
Juan J. de Pablo (2% and Paul F. Nealey***

From chemical reactivity to mechanical strength, crystal texture plays a central role in determining
the key properties of solids. In organic electronics, texture determines the charge carrier mobility of
the active layer in devices such as organic field effect transistors (OFETs). Current methods of
controlling the texture of thin films of organic crystals through solution processing are restricted by the
stochastic nucleation that accompanies rapid solvent evaporation. We report here a facile method to
create biaxially textured crystals of thin films of discotic organic semiconductor, HAT6 (2,3,6,7,10,11-
Hexakis(hexyloxy)triphenylene). We first direct the self-assembly of the precursor discotic liquid
crystalline (DLC) state; the columnar hexagonal (Coly) phase of HAT6E is biaxially aligned in
lithographically fabricated microchannels. Synchrotron X-ray scattering measurements reveal the
direction of m-stacking is perpendicular to the channel walls. The biaxial alignment and the directionality
of m-stacking in the liquid crystalline phase are transferred to the crystalline state through rapid cooling.
Contrary to previous reports, we observe preservation of anisotropy upon crystallization of DLCs. As a
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significant fraction of organic semiconductors exhibit a liquid crystalline phase, we expect our method
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Introduction

From structural biology to material science, understanding
structure at the molecular level is intimately linked with our
ability to grow single crystals. Single crystals enable investiga-
tion of the intrinsic properties of materials and are necessary
for fundamental understanding of transport in solids. Identifi-
cation of new strategies to grow large single crystals can have
far-reaching technological implications. The Czochralski
method of growing single crystalline inorganic semiconductors
has made modern integrated circuits possible. An analogous
ability to control the molecular organization of organic materi-
als over macroscopic length scales is therefore expected to have
far-reaching technological implications, especially for fields
such as organic electronics and photonics.”” For instance,
the performance of organic field effect transistors (OFETS) is
highly dependent on the degree of lattice orientation or “the
texture” of organic crystals in thin films.?
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of creating textured crystals to be of broad interest.

The inherent complexity of organic molecules can compli-
cate the growth of large single crystals. The challenge of
forming single crystals of organic molecules is further exacer-
bated for thin films which are formed by processes far from
equilibrium such as physical vapor deposition and spin-
coating. Growing highly textured, single crystalline molecular
solids in confined geometries such as thin films is a funda-
mental problem in crystal nucleation and growth, the resolu-
tion of which is likely to have far-reaching implications for
organic electronics.

Thin films of organic semiconductors are generally prepared
either by vacuum deposition or solution processing. While
vacuum deposition offers several advantages for growth of
organic thin films it is an expensive method and suited for
high-end applications. As solution processing is more viable for
low-cost and large-area coating applications than vacuum
deposition, a variety of solvent-based techniques have been
used to deposit thin, crystalline films of small molecule organic
semiconductors. Several approaches have been used to opti-
mize crystal texture of solution-processed films such as dip-
coating,” zone casting,’ solution shearing,® and fluid-enhanced
crystal engineering’ (FLUENCE). However, the stochastic nat-
ure of nucleation that results from rapid solvent evaporation
hinders the formation of single crystals for most of these
approaches. Crystallization from a rapidly evaporating solvent

This journal is © The Royal Society of Chemistry 2023
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can also result in other undesirable outcomes such as dendritic
growth and thickness non-uniformity. The techniques that
have been used to form single crystalline states directly from
solution typically involve controlling several process para-
meters simultaneously. A facile and scalable method of produ-
cing biaxial crystals of organic semiconductors in the thin film
format is lacking and would have broad implications both for
organic electronics and for fundamental understanding of
transport in molecular solids.

We demonstrate here that liquid crystallinity can be har-
nessed to prepare biaxial crystals of organic semiconductors.
We use lithographically fabricated microchannels to attain
biaxial alignment of thin films of discotic liquid crystal (DLC)
former, HAT6. We demonstrate transfer of biaxiality from the
discotic to crystalline phase, thereby challenging the view in
the literature that crystallization of liquid crystals results in
loss or reduction of anisotropy.® " We characterize the aligned
phases using synchrotron grazing incidence wide-angle
X-ray scattering (GIWAXS) as well as atomic force microscopy
(AFM) and polarized optical microscopy (POM). In addition to
triphenylenes, several other important organic semiconduc-

tors classes'> ™ such as perylene diimides,">'® porphyrins,'”
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phthalocyanines,’® and hexabenzocoronenes'*® also exhibit
discotic liquid crystalline phases, making our results of broad
interest. We expect our method of attaining aligned molecular
crystals will be of interest for applications that use discotic
molecules such as organic transistors,” light-emitting diodes,"®
and solar cells.”*

Results

HAT®6 (2,3,6,7,10,11-Hexakis(hexyloxy)triphenylene) is a model
DLC former and organic semiconductor. Shown in Fig. 1(a) is
the chemical structure of HAT6. It has a conjugated, charge-
conducting triphenylene core and six alkyl side chains that
increase the molecule’s solubility in organic solvents. Differ-
ential scanning calorimetry is performed to determine the
phase transition temperatures of HAT6 (Fig. 1(b)). Consistent
with previous reports,>* we observe two transitions at ~100 °C
and 65 °C, corresponding to the melting of the columnar
hexagonal (Coly;) and plastic crystalline phases into the iso-
tropic and Coly phases, respectively. As shown in Fig. 1(c), in
the Coly liquid crystalline state, HAT6 molecules self-assemble
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Fig. 1 Structure and phase behavior of HAT6. (a) Chemical structure of HAT6. (b) Differential scanning calorimetry of HAT6. The columnar hexagonal
phase (Coly) occurs between 65 to 100 °C. At room temperature, HATG6 is a plastic crystal. (c) Schematic representation of molecular packing in the liquid
crystalline and (d) plastic crystalline phases. Only the triphenylene cores are depicted in the illustrations to emphasize the parts of the molecule that can

exhibit ordering.
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into columns which in turn organize hexagonally. The colum-
nar structure is preserved in the plastic crystalline state of
alkylated triphenylenes; however, the hexagonal symmetry is
lost, and the cores are tilted with respect to the columnar
axes.”® Shown in Fig. 1(d) is a schematic of the generic crystal
structure that alkylated triphenylenes adopt. The organization
of the triphenylene cores into columns in both the crystalline
and liquid crystalline phases enables these materials to func-
tion as one-dimensional conductors or molecular wires. How-
ever, to harness one-dimensional charge conduction the
columnar axis needs to be organized along the desired direc-
tion of transport.

Microchannels are known to induce directional planar
alighment in DLCs.'® Structure in thin films of DLCs is deter-
mined by competition between the different molecular orienta-
tions that are favored at the air and solid interfaces. While
molecules prefer to exhibit edge-on orientation at the free
surface, face-on packing is favored at the buried solid interface.
Introduction of two solid surfaces, perpendicular to the sub-
strate makes directional planar alignment energetically favor-
able. Although the molecules adopt face-on packing with
respect to the surfaces of the walls, with reference to the
substrate the orientation is edge-on. Consequently, an overall
planar alignment, with the direction of m-stacking perpendi-
cular to the grating walls, results in energetically favorable
molecular orientation at three out of four interfaces. The only
unfavorable structure occurs at the horizontal substrate
interface.
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To induce planar alignment of the Coly phase, microchan-
nels are fabricated using photolithography. The workflow for
the preparation of microchannels with cross-linked polystyrene
(X-PS) walls on a silicon substrate is shown in Fig. 2(a). X-PS is
spin-coated onto a silicon wafer; cross-linking is induced by
thermal annealing. Photolithography is performed to create
alternating regions of exposed and photoresist-protected poly-
styrene. The exposed regions are etched away using oxygen
plasma and the photoresist is subsequently stripped in solvent
resulting in microchannels on silicon with X-PS walls. An AFM
image of the topographical pattern before filling with HAT® is
shown in Fig. 2(b). The bright and dark regions are the
polystyrene and silicon regions, respectively. The pattern pitch
and channel width are ~5 and 3 pm, respectively; this pattern
geometry is utilized in all the POM images shown subsequently
(in the main manuscript). HAT6 is spin-coated onto the pat-
terns, heated to the isotropic phase, and cooled to the discotic
phase to induce alignment. The film is then cooled to room
temperature for imaging under the POM. The AFM image of the
patterned region after spin-coating and thermal processing is
shown in Fig. 2(c). Linecuts of the AFM images in Fig. 2 are
shown in Fig. S1 (ESIt). The AFM image and the linecut (Fig. S1,
ESIT) indicate that HAT6 partially fills the trenches and grows
selectively on the silicon regions.

The plastic crystal state of HAT6, obtained from cooling the
liquid crystalline phase exhibits biaxial alignment. Shown in
Fig. 3 are POM images, taken at room temperature, for films of
HAT6 spin-coated onto ~3 um wide polystyrene channels. The
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Fig. 2 Fabrication and characterization of microchannels for alignment of HAT6. (a) Schematic representation of the fabrication process to prepare
microchannels with cross-linked polystyrene (X-PS) walls on a silicon substrate. AFM images of channels (b) before and (c) after filling with HAT6. The
thickness of the spin-coated HAT6 film is & 70 nm. The scale bar for AFM images is 4 um. HAT6 partially fills the trenches, growing preferentially on the

silicon regions.
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130 nm

Fig. 3 Alignment of plastic crystalline phase of HAT6 in microchannels. POM images of crystalline HAT6 films of thickness 30 nm (a)—(c), 70 nm (d)-(f),
and 130 nm (g)-(i). Allimages were acquired at room temperature where HAT6 is a crystal. POM images are taken at 4x magnification at 0° (a), (d), and (g)
and 45° (b), (e), and (h) angles of the channel walls with respect to the crossed polarizers. Images are also taken at a 100 x magnification and 45° rotation
(c), (f), and (i). Scale bar for (a), (b), (d), (e), (@), and (h) is 500 pm and (c), (f), and (i) is 20 pm. Alignment of the HAT6 crystals is possible down to ~30 nm.
The X-PS grating heights are 35 nm, 80 nm, and 180 nm for (a)—(c), (d)-(f), and (g)—(i), respectively.

thinnest film is ~30 nm while the thickest film is ~130 nm.
The square region in the images is the patterned region while
the area outside it is the un-patterned background. Images are
taken with the channel walls along and rotated 45° with respect
to the crossed polarizers. Characteristic of directional planar
alignment, the intensity under a crossed polarized geometry
changes with rotating the sample in-plane. A video of the
change of intensity with in-plane rotation can be found in
Supplemental Video S1 (ESIY).

The degree of biaxial alignhment of HAT6 crystals in micro-
channels is quantitatively similar in the thickness range of
interest for organic electronic applications. For quantitative
analysis, the POM images shown in Fig. 3 are integrated. The
difference in the average intensity in the patterned regions at 0°
and 45° is a measure of biaxial alignment. The sum of inten-
sities at 0° and 45° is used as a normalization factor. The
1(45) — 1(0)
1(45) +1(0)
there is perfect biaxial alignment; the quantity is zero when the
structure is random in-plane. The quantitative analysis, shown
in Fig. 4 indicates that films in the range of 30-130 nm show
a quantitatively similar degree of alignment in the micro-
channels. De-wetting prevents exploration of films thinner than

variable plotted in the Y-Axis in Fig. 4, is 1 when

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Quantification of biaxial alignment of crystalline HAT6 films in
microchannels. The POM images shown in Fig. 3 are integrated to quantify
the difference in intensity between images collected when the channel is
at 45° and 0° with respect to the crossed polarizers. The pitch and width of
the channels are ~5 um and ~3 um respectively, for all samples analyzed.
The red-dotted line is an eye guide. Alignment of HAT6 crystals is
quantitatively similar for films that are 30 to 130 nm in thickness.
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30 nm (Fig. 3(c)). The 70 nm film however exhibits a smooth
and continuous morphology in the microchannels, as is evident
from the AFM image in Fig. 2 and POM images in Fig. 3. In
addition to thickness uniformity, the smooth textures observed
in Fig. 3(e), (f), (h) and (i) arise from the absence of grain
boundaries. The POM images of a HAT6 film deposited on un-
patterned silicon and subjected to the same thermal treatment
are shown in Fig. S2 (ESIf) for comparison. On un-patterned
silicon, HAT6 thin films exhibit a granular and polycrystalline
morphology.

Our results indicate that up to a film thickness of &30 nm,
structure is determined by interactions of HAT6 molecules with
the side walls and at the free surface. It is conceivable that
below a certain critical thickness the structure will be deter-
mined by the substrate and the molecular orientation will flip
from edge-on to face-on. Future studies using narrower chan-
nels, which will more efficiently inhibit de-wetting and allow
exploration of packing in even thinner films, could shed light
on whether there is a thickness limit for grapho-epitaxial
alignment. A bottleneck for the use of liquid crystal films for
sub 5 nm lithography®® is attaining alignment in ultrathin
films. An essential step in using soft materials for lithography
is pattern transfer; for pattern transfer of small features sizes
alignment is required in ultrathin films.

Biaxial alignment of HAT6 crystals in microchannels is
possible even when the chemical nature of the confining sur-
face is vastly different. The lithographic workflow shown in

View Article Online
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Fig. 2 was modified to create channels where the walls are also
made of silicon or gold. As shown in Fig. S3 and Table S1 (ESIt),
quantitatively similar results are obtained when the channel
walls are composed of silicon, gold, and polystyrene. Similarly,
alignment is quantitatively alike when the bottom surface is
modified through silanization. Our results suggest that geome-
try rather than chemistry determines the optical texture of thin
films of discotic molecules.

To probe structure at molecular length scales we perform
X-ray scattering. Specifically, we perform synchrotron grazing
incidence wide-angle X-ray scattering (GIWAXS), a technique
well-suited to study the structure of organic thin films.>® For
GIWAXS measurements, the pattern geometry is altered to
decrease the fraction of polystyrene; the channel width and
pitch are increased to ~8 and 10 um, respectively. Polystyrene
produces an amorphous halo in reciprocal space close to the n-
stacking peaks of interest. POM images of aligned HAT6
crystals in this pattern geometry are shown in Fig. S4 (ESIT);
biaxially aligned crystals are formed in wider channels as well.
Shown in Fig. 5 are GIWAXS patterns from HAT6 deposited on
patterned and un-patterned substrates. Q, and Q, represent
scattering vectors in the out-of-plane and in-plane directions,
respectively. Q; is along the surface normal, while Q, is perpendi-
cular both to Q, and the incoming X-ray beam. The color in the
two-dimensional scattering patterns represents intensity. Red
and blue represent high and low scattered intensity, respectively.
The samples are processed as described earlier.
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Fig. 5 X-ray scattering patterns from HAT6 thin films in liquid crystal and plastic crystal states on un-patterned and patterned substrates. GIWAXS
(grazing incidence wide-angle X-ray scattering) patterns collected in the liquid crystal state (80 °C) on (a) an un-patterned substrate and on a patterned
substrate with channel walls (b) parallel and (c) perpendicular to the X-ray beam. GIWAXS patterns in the crystalline state (25 °C) on (d) an un-patterned
substrate and on a patterned substrate with channel walls (e) parallel and (f) perpendicular to the X-ray beam. The film thicknesses are between 50—
60 nm. For b, ¢, e, and f, the width of the channels and pitch of the patterns are &8 um and ~10 um, respectively. The biaxial anisotropy of the liquid
crystalline state is transferred to the crystalline state. The gratings and the films are of approximately the same thickness.
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In the liquid crystalline phase of HAT6, molecules exhibit
edge-on packing on the un-patterned silicon substrate. Two
peaks are visible in Fig. 5(a). At Q, ¥ 1.7 A 'and d ~ 3.7 A is
the peak that corresponds to m-stacking. The excess scattered
intensity along Q,, as compared to Q,, is indicative of edge-on
packing. The peak at Q &~ 0.35 A™* corresponds to the spacing
between the centers of the columns. The presence of both
columnar peaks (spacing between columns) and n-stacking
peaks in the same pattern indicates the structure, in the sample
deposited on silicon, is random in-plane.

When the DLC phase is random in-plane, the plastic crystal-
line state exhibits uniaxial texture. Shown in Fig. 5(d) is the X-
ray scattering pattern from a HAT6 thin film on un-patterned
silicon, collected at room temperature where it is a crystal.
Consistent with expectations, the pattern from the plastic
crystal state exhibits sharp diffraction spots that arise from
the long-range ordering of the triphenylene cores. The side
chains, which are liquid-like and disordered produce an amor-
phous halo that is evident when the scattering pattern at 25 °C
is integrated to provide a one-dimensional I(Q) vs. Q plot
(see Fig. 6). The stacking peaks from the crystal lie in the
cluster of peaks from Q of 1.4 to 2.0 A™* (in y range of 45° and
90, where y is zero along Q, and 90 along Q,).
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In the liquid crystalline phase of HAT6, molecules exhibit
both edge-on packing and in-plane alignment in microchan-
nels. Scattering patterns, collected with the microchannels
parallel and perpendicular to the incoming X-ray beam are
shown in Fig. 5. Characteristic of biaxial alignment, the scat-
tered intensity varies with in-plane rotation.”® When the X-ray
beam is parallel to the microchannels, the columnar peaks
(spacing between columns) at Q &~ 0.35 A~ nearly disappear
and the intensity of the n-stacking peak at Q, ~ 1.7 increases.
The opposite effect is observed when the microchannels are
perpendicular to the X-ray beam, indicating that the direction
of m-stacking is perpendicular to the polystyrene walls. The
intensity of the n-stacking peak for the un-patterned film, and
for the patterned sample with the X-ray beam parallel and
perpendicular to the X-PS walls is quantified in Fig. 6(a). The
change in the intensity of the columnar peaks at Q ~ 0.35 A™*
with sample rotation is shown in Fig. S5 (ESIf). The liquid
crystalline structure consistent with the scattering patterns
from the film deposited on the patterned substrate is illu-
strated in Fig. 6(c).

When the DLC phase of HAT®6 is aligned in-plane, the plastic
crystalline state exhibits biaxial texture. Shown in Fig. 5(e)
and (f) are the X-ray scattering patterns from HAT6 confined

Plastic crystal
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Fig. 6 Scattering peaks arising from n-stacking interactions in HAT6 thin films in the liquid crystal and plastic crystal states. /(Q) vs. Q curves for (a) liquid
crystal and (b) plastic crystal states on un-patterned (blue triangles) and patterned substrates with the X-ray beam parallel (purple circles) and
perpendicular (red circles) to the X-PS gratings. X-ray scattering integrations are performed to capture m-stacking peaks. The films are between 50—
60 nm in thickness. For the patterned sample, the width of the channels and pitch of the pattern are ~¥8 um and ~10 pum, respectively. Schematic
illustration of packing of discotic molecules in a microchannel in (c) the liquid crystal and (d) plastic crystal states. The n-stacking anisotropy in the liquid
crystal state is transferred to the plastic crystalline phase.
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in microchannels, at room temperature and in its crystalline
state. The cluster of crystal stacking peaks, at Q of 1.4-2.0 A™*,
which is bright when the X-ray is parallel to the microchannels
almost completely disappears when the sample is rotated 90°.
The change in scattered intensity with sample rotation is
quantified in Fig. 6(b). The orientation of the columns in the
plastic crystalline state confined in the microchannels is illu-
strated in Fig. 6(d).

Discussion

The present work challenges the view that crystallization of
discotic liquid crystals leads to loss of optical anisotropy.
Previous studies on DLC former HBC-C12 (hexakis-dodecyl-
hexa-peri-hexabenzocoronene) showed that optical anisotropy
can be switched off and on by transitioning between the
crystalline and liquid crystalline states, respectively. The loss
of optical anisotropy on cooling into the crystalline states was
attributed to twisting of the conjugated cores upon solidifica-
tion. Here, we do observe twisting of cores in the crystalline
state but not loss of anisotropy. As shown in Fig. S6 and
Table S2 (ESIt) a phase transition produces minimal change
in optical texture. We observe, however, that the extent of
anisotropy in the crystalline state is processing-dependent. As
shown in Fig. S7 and Table S3 (ESIf), a crystalline sample
prepared through quenching from the LC state exhibits signifi-
cantly higher optical anisotropy than one prepared by slow
cooling. It is therefore possible that HBC-C12 processed in the
manner described in this manuscript would also exhibit optical
anisotropy in its crystalline state.

The results shown here establish that biaxiality can be
transferred from an aligned DLC phase to the crystalline state.
Confinement in microchannels is one of several methods to
align DLCs. DLCs can also be aligned using magnetic fields*’ or
shear forces,*® and we expect the transfer of biaxiality to the
crystalline state to occur irrespective of the method used to
align the fluid phase. Fukushima and co-workers used shear
forces to induce planar alignment of the DLC phase of a
fluorinated triphenylene.”® Consistent with our observations,
the authors observe transfer of biaxiality on crystallizing
from the mesophase. The authors of the study use films that
are &8 pum thick whereas we study films that are between
30-130 nm. The transfer of alignment from the discotic to
crystalline phase is therefore possible across a broad thickness
window. Moreover, the consistency between the results here
and those of Fukushima and co-workers, where a different
molecule was used, suggests the phenomenon observed here
is not specific to a given molecule but rather could be applic-
able to a broad class of DLC formers.

One of the principal advantages of liquid crystals is the large
volume over which they can be uniformly assembled. The
largest lateral dimensions over which grapho-epitaxy of discotic
liquid crystals has been achieved is 25 um.'® We discussed
earlier the broad thickness range over which DLCs can be
aligned. The alignment attained over these large volumes can
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be transferred to the solid-state either through crystallization as
reported here, or the mesophase structure can be frozen through
photopolymerization. While the photopolymerization of meso-
phases has been extensively researched,’** the crystallization
of DLCs as a route to prepare macroscopically organized solids
has remained almost completely unexplored. Our work demon-
strates the promise of using precursor liquid crystal phases to
crystallize thin films of biaxial crystals over micrometer-length
scales. The length scale over which grapho-epitaxy can be used to
align DLCs and their crystals is comparable to channel lengths
used in organic field effect transistors.>**

Crystallization of molecular solids in nanoconfined geome-
tries has been extensively studied.**® Confinement can influ-
ence crystal structure,®” polymorph selectivity,*® and lattice
orientation.?® In our study, through crystallization of a discotic
liquid crystal aligned in microchannels we gain control over
crystal texture. The length scale of confinement differentiates
the present study from previous work. Earlier studies of crystals
grown from isotropic liquids have investigated texture in geo-
metries where the confining dimension is ~100 nm or
less;*>?™*! the widths of the microchannels here are at-least
an order of magnitude higher. Solidification from the liquid
crystalline state therefore provides control of texture over much
larger length scales than crystallization of confined isotropic
liquids.

One of the questions that the present study raises is whether
the transfer of alignment from the mesophase to the crystalline
state would occur for liquid crystalline phases other than
discotics. Several small molecule organic semiconductors exhi-
bit smectic phases.** Crystallization of smectic liquid crystals
could also be used to organize molecular crystals over large
length scales. Several molecules with a conjugated core, called
chromonic LC formers,** form lyotropic LC phases in water.
Chromonic liquid crystalline phases can also be aligned on
substrates with patterned topography.** Crystallization of
aligned chromonic LCs could be another avenue to form biaxial
crystals from aligned mesophases. The organization and
crystallization of mesogens with asymmetric side chain
structure,*® such as Ph-BTBT-C10, in microchannels could also
be an interesting research direction. It remains to be seen
whether symmetric and asymmetric mesogens organize in a
similar manner in microchannels.

Methods

Materials

HAT6 (2,3,6,7,10,11-Hexakis (hexyloxy) triphenylene) with an
HPCL purity >98% was purchased from TCI (Tokoyo Chemical
Industry) chemicals. Thermally cross-linkable polystyrene
(X-PS; AZEMBLY NLD-128) was obtained from EMD Perfor-
mance Materials. All chemicals were used as received.

Sample preparation

Preparing polystyrene gratings. For spin-coating, a solution
of cross-linkable polystyrene (X-PS; AZEMBLY NLD-128) in
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toluene was prepared. Prior to spin-coating, the solution was
filtered with a 0.2 pm PTFE (Polytetrafluoroethylene)
membrane. After spin-coating onto a cleaned silicon wafer,
the sample was thermally annealed in a N, glovebox at 250 °C
for &30 mins to induce cross-linking. After annealing, the
sample was sonicated in toluene to remove the un-
crosslinked material. Onto the cross-linked polystyrene, the
positive photoresist AZ MiR 703 was spin-coated and certain
regions were exposed to light of wavelength, A = 375 nm and
dosage, D = 250 mJ cm~ 2. The film was subsequently developed
to create regions where polystyrene was exposed. The exposed
regions were etched in a O, plasma (65 W, 10 sccm, 10 mTorr).
After etching, the photoresist was stripped by sonicating in
NMP (N-methylpyrrolidone) at 80 °C for 5 minutes. After
sonication, the sample was rinsed with NMP, IPA (isopropyl
alcohol), and H,O. Finally, the sample was dried with N, gas.
The patterned areas for the POM and GIWAXS measure-
ments were 1 mm X 1 mm and 1 cm x 1 cm, respectively. A
larger area was patterned for GIWAXS measurements owing to
the large beam footprint in the grazing incidence geometry.

Silicon channels

To promote photoresist adhesion, a monolayer of hexamethyl-
disilazane (HMDS) was deposited from the vapor phase onto an
oxygen-plasma-cleaned silicon wafer. The positive photoresist
AZ MIR 703 was spin-coated and the same photolithography
and development process, described above was followed result-
ing in alternating regions of photoresist and exposed silicon. To
etch the exposed silicon regions a CHF;/O,-based plasma was
used under a pressure of 10 mTorr. The CHF; and O, flow rates
were 35 sccm and 20 scem, respectively. The RF (radiofre-
quency) and ICP (inductively coupled plasma) powers were
100 W and 300 W, respectively.

After etching, the photoresist was stripped by sonicating in
NMP (N-methylpyrrolidone) at 80 °C for 5 minutes. After
sonication, the sample was rinsed with NMP, IPA (isopropyl
alcohol), and H,0, and dried under N, gas. Finally, the sample
was cleaned using a 200 W oxygen plasma.

HAT6 spin-coating and thermal treatment

Solutions of HAT6 were prepared in chloroform and filtered
with a 0.2 pm PTFE membrane prior to spin coating. The
spin-coating speed and acceleration were 3000 rpm and
3000 rpm s ', respectively. Spin-coated films were prepared
on (1) cleaned, flat silicon (2) polystyrene gratings on silicon (3)
topographically patterned silicon and (4) topographically pat-
terned Au on silicon. After spin-coating, the samples were
annealed at ~105 °C for at least one minute to induce transi-
tion into the isotropic phase. The samples were then cooled to
90 °C to induce a transition to the discotic liquid crystalline
phase. From 90 °C, the sample was rapidly quenched to room
temperature, where HAT®6 is a crystal. A metal block was used
for quenching.

For film thickness measurements, HAT6 was spin-coated on
a clean, un-patterned silicon wafer and spectroscopic ellipso-
metry was performed. As it is not possible to directly measure
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the film thickness inside the grating with ellipsometry, the
thicknesses reported in this manuscript are based on measure-
ments performed on substitute silicon wafers. The thickness is
calculated using the equation:

XPS width

hgrating = hun-pattemed ml

un-patterned

where Agracing is the thickness of the film in the grating, Ayn.

patterned 18 the thickness measured using spectroscopic ellipso-

metry on a substitute un-patterned wafer using the same

solution concentration and spin-coating parameters. The frac-
XPS width

n—7m——
Pattern Pitch
this calculation, we assume the material initially on top of X-PS

migrates to the region below during annealing. AFM measure-
ments of the thickness in the channel (Fig. S1, ESIt) are
consistent with the thickness calculated using the above
equation.

tio describes the area fraction covered by XPS. In

Microscopy

The optical microscopy images in Fig. 3 were collected between
crossed polarizers in reflection mode using an Olympus BX51
microscope. Tapping mode atomic force microscopy was per-
formed on a Bruker Multimode 5 instrument to obtain the
images in Fig. 2. The image in Fig. S8b (ESIt) was acquired on a
Carl Zeiss Merlin SEM instrument using an in-lens detector, an
accelerating voltage of 3 keV and a working distance of ~3 mm.

GIWAXS

GIWAXS patterns were collected at Beamline 8-ID-E at the
Advanced Photon Light source, Argonne National Lab. Diffrac-
tion patterns were collected using a photon energy of 10.9 KeV.
An incidence angle of 0.14° was chosen for all reported mea-
surements; this angle was chosen as it is above the typical
critical angle of organic thin film but below the critical angle of
the silicon substrate. The images were collected at a sample-to-
detector distance of 217 mm using a Pilatus MF pixel array
detector. The exposure time for the measurements was 2 s.
To minimize beam damage and background air scatter, mea-
surements were performed in a low vacuum chamber of
~10"° mbar.

Prior to beamtime, the samples were subjected to the
thermal treatment described above. For the un-patterned sam-
ple, a 5 °C min~ ' heating rate was used in going from 25 °C
(plastic crystal) to 80 °C (liquid crystal). For the grating samples,
measurements were first performed at 25 °C with the X-ray
beam perpendicular to the grating. The same was then heated
to 80 °C at 5 °C min~ ', and measurements were performed in
the same geometry. The sample was then cooled to 25 °C at
5 °C min~'. The sample was rotated to make the gratings
parallel to the X-ray beam. The same thermal protocol was
then followed for the parallel geometry.

To produce the plot in 6a, the region from y of 82° to 87° in
the 2D pattern was integrated. For 6b, data from y of 50° to 80°
was integrated. Regions where there were no Bragg peaks were
used to background subtract the 1D data shown in Fig. 6.
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Differential scanning calorimetry

Differential scanning calorimetry was performed using the TA
Instrument Discovery 2500. Both cooling and heating were

performed at a rate of 10 °C min ™",
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