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ABSTRACT

Vertically oriented structures of single crystalline conductors and semiconductors are of great technological importance due to their directional charge
carrier transport, high device density, and interesting optical properties. However, creating such architectures for organic electronic materials remains
challenging. Here, we report a facile, controllable route for producing oriented vertical arrays of single crystalline conjugated molecules using graphene as
the guiding substrate. The arrays exhibit uniform morphological and crystallographic orientations. Using an oligoaniline as an example, we demonstrate
this method to be highly versatile in controlling the nucleation densities, crystal sizes, and orientations. Charge carriers are shown to travel most efficiently
along the vertical interfacial stacking direction with a conductivity of 12.3 S/cm in individual crystals, the highest reported to date for an aniline oligomer.

These crystal arrays can be readily patterned and their current harnessed collectively over large areas, illustrating the promise for both micro- and

macroscopic device applications.
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onjugated materials including semi-

conducting or conducting polymers

and small molecules have garnered a
tremendous amount of attention in recent
years largely due to their tunable electronic
properties and mechanical flexibility." In
particular, solution-processable conjugated
organic materials hold great promise for
next-generation electronic and optoelec-
tronic devices because of their compatibility
with low-cost solution processing methods
such as spray-coating and roll-to-roll print-
ing.2 Single crystals of these materials are of
particular interest, as they possess the long-
range order necessary to allow the intrinsic
transport limits to be realized.* To achieve
large area, high-density device arrays with
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high throughput, it is crucial to align these
single crystals.* ¢

Various approaches for aligning single
crystals oriented parallel with respect to
the substrate have led to groundbreaking
performances in devices that require 1-D or
2-D transport, such as field-effect transis-
tors.*>” On the other hand, for applications
that benefit from high surface area and
directional transport in the vertical direction
such as solar cells and sensors, it is desirable
to orient the single crystals in the vertical
direction (with respect to the substrate) in
high density.®~ ' A myriad of “top-down”
and “bottom-up” techniques have been
developed to achieve such vertical orienta-
tion for inorganic materials. Various fields
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including photovoltaics, vertical transistor arrays, energy-
storage devices, self-powered generators, and intercel-
lular interfacing have benefited greatly from these
structures and have resulted in technological break-
throughs.®'*~'¢ However, approaches for creating such
structures for organic materials remain sparse and rely
mainly on the guidance of an external porous tem-
plate.'””~'® These processes generally require harsh
conditions for template removal, which are detrimental
to the delicate conjugated organic materials, in order
to liberate the vertical arrays. Hence, it is highly desir-
able to develop a method free of porous templates for
producing vertically oriented single crystals for soluble
conjugated materials.

Graphene has emerged as a good substrate for
dictating the orientations of organic molecules on
top and have sparked a number of studies in recent
years. Various reports have found that conjugated
materials, both small molecules®®° and polymers,?”%
tend to orient favorably in a lying down, face-on
configuration with respect to graphene due to van
der Waals interactions and preferred orbital, electronic
density and dipole overlap, as opposed to the more
commonly observed standing up, edge-on scenario on
other substrates. Such orientation has been shown to
enhance device performance for applications such as
thin film vertical field-effect transistors.?®~° Further-
more, owing to its high conductivity, the graphene
layer can serve as a good electrode for direct integra-
tion into devices.?®%

With our growing understanding of the interaction
between graphene and conjugated molecules, it is
evident that graphene can serve as an effective guid-
ing substrate for vertical growth of conjugated materi-
als. Sofar, reported organic/graphene heterostructures
are largely limited to atomic layers or thin sheets that
are most suitable for probing fundamental properties
or 2-D devices. 3% A recent study using physical
vapor deposition to realize vertical organic nanowire
arrays on graphene has experimentally illustrated the
advantages of having high density 3-D structures for
applications such as solar cells.>' However, the main
attractive feature of conjugated materials as opposed
to their inorganic counterparts is their low-cost solution
processability.>* Hence, a solution-based method for
growing high quality, vertically oriented single crystals
is highly desirable and poised to advance the current
technology of organic electronics.

Here, we describe a simple yet effective solution-
based, highly controllable approach for the “bottom-up”
growth of vertically oriented single crystal arrays of
various conjugated materials on graphene. The crystal
arrays possess excellent morphological and crystallo-
graphic orientation with the most efficient 7—z stack-
ing carrier transport direction perpendicular to the
graphene substrate, a desirable feature for applica-
tions such as solar cells, sensors, and supercapacitors.
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Furthermore, the direct “bottom-up” growth provides
intimate contact and extended s-orbital overlap be-
tween the crystals and underlying graphene, leading
to an unprecedented conductivity of 12.3 S/cm for
tetraaniline 1 (a model compound in this study) along
the interfacial stacking direction, which is 1 order
of magnitude greater than the highest previously
reported value.

RESULTS AND DISCUSSION

Phenyl/phenyl-capped tetraaniline (TANI) 1 was cho-
sen as a representative molecule for exploring graphene-
assisted vertical crystallization since its monodispersity
allows TANI to serve as a good model system for the
crystallization of polyaniline, a benchmark conducting
polymer.3273* The chemical structures of TANI and all
other molecules presented here can be found in the
Supporting Information. In the crystallization process, a
loosely covered container is filled with a nonsolvent for
TANI, such as n-hexane. A TANI solution is dropped
onto a SiO,/Si substrate coated with a single layer of
chemical vapor deposited (CVD) graphene® raised
above the n-hexane liquid level (Figure 1a). The vapor
of the nonsolvent saturates the closed chamber and
infiltrates into the TANI solution, resulting in super-
saturation that induces crystallization. The crystalliza-
tion event is illustrated in Figure S1. At the end of the
process, dark colored TANI can be observed localized
over the graphene-covered area, while the bare SiO,
area remains intact (Figure 1b). A cross-polarized op-
tical micrograph further illustrates the high nucleation
affinity of TANI for graphene as evidenced by a sharp
interface between the graphene and SiO, surfaces
where the strongly birefringent TANI crystals are only
observed on graphene (Figure 1c). Scanning electron
microscopy (SEM) analysis reveals that the crystals
are oriented vertically with respect to graphene and
exhibit uniform morphological orientation and height
(Figure 1d and Figure S2). The nucleation density of
these crystals can be readily controlled by varying the
solution concentration (Figure 2a). As the solution
concentration increases, the crystal deposition den-
sity increases steadily. Figure 2b shows a collection of
SEM images offering a top view of the crystal arrays
achieved with the indicated concentration of TANI
dissolved in 2-propanol. The highest concentration
tested here is 2.0 mg/mL, which is slightly below the
saturation value of TANI in 2-propanol.

To decipher the crystallographic information, sev-
eral crystals were transferred to transmission electron
microscopy (TEM) grids for selected area electron
diffraction (SAED) analysis. The electron diffraction
pattern of a plate laying flat on a TEM grid (Figure 3a)
shows sharp Bragg spots, indicating that these plates
are single crystals. A (020) d-spacing of 0.39 nm is
obtained, suggesting that the TANI molecules 7-stack
parallel to the graphene substrate along the long-axis
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Figure 1. (a) Vapor-infiltration setup used for the experiments. (b) A graphene-coated SiO,/Si wafer before (top panel) and
after (bottom panel) the crystallization of TANI. (c) Polarized optical microscope image showing the SiO,/graphene interface
where crystals only grow on the graphene-covered areas. (d) SEM image showing that the plate-shaped TANI crystals are
oriented vertically on graphene. (e) DFTB modeling illustrates the electron density overlap between two TANI molecules and
graphene leading to the preferred face-on orientation.
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Figure 2. (a) Correlation between solution concentration (Cran) and crystal nucleation density (n,). (b) Top-view SEM images
showing the different nucleation densities at different concentrations. (c) Correlation between solubility and nucleation density
(na) of the crystals. (d) Side-view SEM images illustrating the size control of the crystals achieved by using different solvents at
a constant concentration of 2 mg/mL. (e—h) Control over the orientation of TANI crystals on graphene: horizontal crystals are
obtained by using an aromatic infiltrating solvent; for instance, benzene (e), toluene (g), and p-xylene (h). Molecular structures
for these solvents are shown as insets on the corresponding SEM image (f) SAED pattern for a crystal from panel e.

of the crystals. In combination with the cross-sectional respectively (Figure 3e and Supporting Information
SAED pattern (Figure 3b), a packing model can be Figure S4).
proposed for TANI on graphene with the (100), (010), When a large-area crystal array (~1 cm?) was ana-

and (001) d-spacings of 0.68, 0.78, and 240 nm, lyzed by powder XRD, only one intense peak at 23.8° 26,
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Figure 3. Crystallographic characteristics of the TANI plates: (a and b) Top-view and side-view (respectively) electron
diffraction patterns of the vertical plates (with corresponding images shown in inset) transferred to a TEM grid. (c) Powder
XRD pattern of the crystal arrays. (d) Molecular structure of TANI; (e) proposed packing arrangement for the TANI crystals
obtained from SAED data. The back layer of molecules along the ag-axis is represented in a different shade of color for
clarity.
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Figure 4. TANI crystals grown on different types of graphene: (a) vertically oriented crystals grow selectively on mechanically
exfoliated graphene (MEG) sheets; however, only clusters of crystals are obtained on (b) chemically converted graphene (CCG)
and (c) laser scribed graphene (LSG) with no selectivity for these graphene covered areas vs the SiO, substrate.

corresponding to 0.39 nm, was observed (Figure 3c). To exploit the surface requirement, mechanically
This value is in agreement with the (020) spacing exfoliated graphene (MEG),*® chemically converted
obtained from SAED, which indicates that all molecules  graphene (CCG),*” and laser scribed graphene (LSG)*®
are uniformly s-stacked along the vertical direction were transferred onto SiO,/Si substrates for TANI crys-

in each crystal over a large area. These results sug- tallization, to compare with CVD-grown graphene®?
gest that unlike the conventional template-guided (Figure 4). Among these, oriented vertical crystal arrays
methods, which provide alignment for a supramo- grow selectively on the mechanically exfoliated gra-

lecular morphology yet offer little control over the phene flakes (Figure 4a), in a fashion identical to that
molecular packing direction,'”~'® our graphene-assisted on CVD graphene. On the other hand, clusters of
approach exerts both excellent morphological and crystals with random orientations form when CCG or
crystallographic orientational control. For anisotropic LSG serve as the substrate (Figure 4b,c, respectively),

materials such as organic semiconductor crystals, similar to crystallization on conventional surfaces such
uniform orientation in solid-state packing is crucial as SiO,. The crystallization does not show any selec-
for achieving stable and consistent device perfor- tivity in nucleation sites when either CCG or LSG and

mance at the macroscopic scale toward important SiO, surfaces are present. It has been well established

applications such as solar cells and sensors.®~'° that both CVD-grown and peeled graphene possess a
To understand the mechanism behind the gra-  fully sp® conjugated carbon lattice,*>%° whereas a
phene-assisted crystallization, we performed experi- small amount of oxygenated groups remain on the

mental and theoretical investigations into (1) the basal plane of the graphene sheets formed by reduc-
surface requirements, (2) the energetics in binding tion of graphene oxide either chemically (CCG) or
affinity, and (3) the influence of the solvent system. photothermally (L5G).373® Therefore, an atomically
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TABLE 1. Solvent Properties for Vertical Crystallization of TANI

solvent dielectric” constant relative’ polarity
chloroform 48 259
tetrahydrofuran 76 20.7
dichloromethane 9.1 31.0
2-propanol 183 546
1-propanol 20.1 61.7
acetone 20.6 355
ethanol 224 65.4
methanol 326 76.2
acetonitrile 375 46.0
dimethyl sulfoxide 46.6 44.4

boiling” point (°C) vapor® pressure (mmHg) orientation®
61.2 210 vertical
66.0 200 vertical
39.6 350 vertical
82.5 44 vertical
97.0 21 vertical
56.2 240 random
785 59 random
64.6 128 random
81.6 97 random
189.0 0.7 random

“ Solvents with a dielectric constant lower than 20.1 leads to TANI crystals growing vertically, while those with dielectric constant higher than 20.6 results in dusters of crystals
randomly deposited on both graphene and Si0, areas. ° Other solvent properties including boiling point, vapor pressure, and surface tension do not appear to have a controlling

effect on the orientation of crystal growth.

homogeneous and defect-free sp? hybridized surface
is crucial for achieving vertical crystallization of con-
jugated compounds such as TANL. It provides preferred
orbital, electronic density and dipole overlap at the
interface between the substrate and the molecules,
which have been demonstrated to be crucial factors for
controlling the orientation of organic molecules ad-
sorbed on a substrate.>®?" In fact, tight-binding density
functional theory (DFTB) calculations indicate that
TANI adsorbs on graphene favorably in a face-on orien-
tation (Figure 1e). This configuration provides the
strongest overlap of s-electron densities between
the two, while minimizing the repulsive interactions.
The binding energy is calculated to be 68 kcal/mol,
which indicates an off-centered overlap of the
s-electrons of graphene and TANI. Since the preferred
orientation between TANI and graphene is face-on,
and crystals of conjugated molecules tend to grow
along their 7—a stacking direction, TANI crystals grow
vertically from the graphene-coated substrate with the
s—a stacking direction perpendicular to graphene.

In addition to surface and energetic factors, both the
solvation and infiltrating solvents play important roles
in dictating the preferred nucleation and controlling
the orientation of TANI crystal growth on graphene.
TANI is soluble in a variety of polar solvents. These
solutions were cast onto graphene-coated SiO,/Si
substrates for crystallization (Table 1). We observed
that when the solvent has a dielectric constant*® that is
less than or equal to that of 1-propanol, arrays of
vertical crystals form selectively on the graphene-
coated area (Table 1 and Figure S5). On the other hand,
when the solvation solvent's dielectric constant is
greater than that of 1-propanol, randomly oriented
clusters of crystals form all over the substrate, without
selectivity for the graphene-coated area (Table 1 and
Figure S6). Since graphene is a nonpolar, low surface
energy substrate,*’ solvents with lower dielectric con-
stant (e.g., THF) are favorable for achieving thorough
wetting, which enables preferred nucleation on gra-
phene when TANI reaches supersaturation. Conversely,
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more polar solvents (e.g., acetonitrile) do not favorably
wet the graphene surface. In fact, as the solvent
evaporates, the remaining droplet tends to migrate
away from graphene to the higher surface energy
SiO, area. As a result, large clusters of crystals form
on the SiO, substrate, while the deposition density on
graphene remains low.

The solvation solvent also offers control over the
nucleation density and crystal size of the vertical
crystals, as shown in Figure 2d and Figure S5, with
larger crystals corresponding to lower nucleation den-
sity, and smaller ones to higher nucleation density.
Plotting the solubility of TANI in these solvents against
their nucleation density reveals a nearly inverse pro-
portional relationship (Figure 2c). Since the TANI con-
centration is close to saturation in solvents such as
1-propanol or 2-propanol, supersaturation is reached
soon after n-hexane begins to infiltrate, resulting in
rapid nucleation that leads to a larger number of
smaller crystals. Conversely, a longer nonsolvent infil-
tration period is needed to induce supersaturation
for solvent systems in which TANI is more soluble
(i.e., CHyCl5, THF, chloroform). Therefore, a slower
nucleation process is created, which leads to larger
crystals with lower nucleation densities.*?

The ability to manipulate crystal orientations on a
certain substrate is crucial for expanding the realm of
device applications. Here, we demonstrate that the
orientation of the TANI crystals on graphene can be
controlled by the choice of infiltrating solvents. Hydro-
carbon infiltrating solvents with suitable solvation pro-
perties lead to vertical crystal growth (Figure S7, S9);
however, aromatic infiltrating solvents result in TANI
crystal growth in a horizontal orientation, that is,
parallel to the graphene substrate (Table S1). Figure 2
panels e, g, and h illustrate the morphology and
orientation of TANI crystals with benzene, toluene,
and p-xylene as infiltration solvents, respectively, while
2-propanol remains as the solvation solvent. The crys-
tals show similar triangle-like morphology as those
grown using hydrocarbon infiltrating solvents, but lie
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Figure 5. Anisotropic electrical properties of the TANI crystals grown on graphene. (a) Schematic of the conductive-AFM
measurement setup for the vertical crystals probing current along the b-axis. (b) Topographic AFM image of a high density
array of the TANI vertical crystals. (c) Schematic of the conductive-AFM measurement setup for the horizontal crystals where
the transport along the c-axis can be obtained. (d) Topographic AFM image of a crystal laying horizontally on graphene.
(e) Different conductivity values along the different crystallographic axes. (f and g) Schematics showing the top view (f) and
the cross-sectional view (g) of the graphene/TANI array/graphene (Gr/TANI/Gr) sandwich device. (h) SEM image showing
the top graphene electrode laminated on top of the vertical crystals at an edge of the levitated graphene. Inset illustrates the
continuous coverage of the top graphene layer on TANI arrays. (i) Typical /—V curves obtained for undoped crystals, a single
vertical plate, and a single horizontal plate after vapor doping. Inset has a smaller current scale (but same units) showing
the lower current for the horizontal plates. (j) /—V plots of the Gr/TANI/Gr sandwiched devices showing the current scale to

be magnitudes higher than that of a single TANI crystal.

horizontally on the graphene substrates. SAED pat-
terns of such crystals reveal the —s stacking direction
to be along their long-axis, which is now parallel with
respect to graphene (inset to Figure 2e). Identical
d-spacings are observed in the SAED patterns com-
parable to their vertically oriented counterparts (shown
in Figure 3a), indicating the same crystal structure.
As shown by the DFTB calculations (Figure 1e), the
vertical growth of the conjugated TANI crystals is likely
due to the strong affinity for the molecules to bind in a
face-on configuration with respect to graphene as a
result of the strong electron density overlap. However,
aromatic molecules such as benzene also have a high
binding affinity for graphene. DFTB calculations show
that benzene adsorbs strongly on the graphene sur-
face with an energy of ~17 kcal/mol per benzene
molecule. The nucleation sites available for TANI de-
pend on the surface coverage level. At even a quarter
of monolayer coverage of a graphene surface by
benzene, the probability of TANI adsorbing in a face-
on configuration is severely reduced. Although TANI is
adsorbed at 68 kcal/mol per molecule according to
DFTB calculations, the kinetics of face-on adsorption

WANG ET AL.

becomes unfavorable due to the high solvent-to-TANI
ratio. Thus, TANI molecules stack more favorably in an
edge-on fashion, which in turn alters the crystal growth
direction and leads to the horizontal orientation.
Note that a small amount of vertically grown crystals
are observed when p-xylene is used as the infiltrating
solvent (Figure 2h). With the two methyl substituents
on the benzene ring, it is likely that xylene does not
interact with graphene as strongly as the unsubsti-
tuted benzene or the monosubstituted toluene, hence
allowing for some s-interactions between TANI and
graphene which leads to vertical growth.

Control over the TANI crystal orientation on gra-
phene offers the opportunity to examine its aniso-
tropic electrical transport properties along different
crystallographic axes. Using the measurement geome-
try depicted in Figure 5 panels a and ¢, transport
properties along the interfacial stacking direction (i.e.,
the b-axis) and oligomer backbone (i.e., the c-axis) can
be measured using conductive atomic force micros-
copy (cAFM), respectively. Topographic AFM images of
vertical and horizontal crystals on graphene shown in
Figure 5b,d, respectively, enabled precise positioning
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Figure 6. Patterning of vertical organic crystal arrays. (a) Optical microscope images of patterned graphene on a SiO,/Si
substrate. The darker blue circles are graphene. (b) Same substrate after crystallization. TANI crystals only grow on the
circular-shaped graphene, leaving the SiO, area intact. (c) SEM image of a 4 x 4 circle pattern array showing the high
selectivity of the growth location. (d) Tilted view of an array of vertical crystals arranged in the shape of the graphene
substrate. (e) A magnified view of a corner of the circle in image d. (f) Optical microscope image of TANI vertical crystal arrays
grown in the shapes of interdigitated electrodes. (g and h) Top view SEM images offering a more magnified view of the
patterns comprising vertical arrays. (i—k) Optical microscope and SEM images showing the crystal arrays patterned into

shapes of letters.

of the top cAFM tip electrode for electrical character-
ization as well as a direct measure of cross-sectional
heights employed in subsequent analyses.
Current—voltage (/—V) characteristics acquired via
cAFM are shown in Figure 5i. An insulating baseline
was obtained for the as-grown, undoped crystals
regardless of orientation. Upon acid doping (i.e., HCl
vaporn),*® the measured current increased by over
6 orders of magnitude for the vertically oriented
crystals, corresponding to a conductivity of ~12.3 S/cm
(see Figure S10 for cAFM analysis and S11—12 for
detailed calculations). The conductivity of horizontal
crystals is seen to be significantly lower than that
observed for their vertical counterparts (Figure 5i
and inset), and is at most ~1.06 x 10~* S/cm (see
Figure S12 for details). Therefore, the conductivity

WANG ET AL.

along the interfacial stacking b-axis of the oligomer
crystals is at least 5 orders of magnitude higher than
that along the backbone c-axis direction (Figure 5e).
The observed anisotropic transport in TANI crystals
is most likely a result of the different conduction
mechanisms operating along the various crystallo-
graphic orientations. Because of the short conjugation
length of TANI, the carrier transport along the mol-
ecule's backbone is limited and relies on a hopping
mechanism between molecules.**~#% In contrast, the
extended conduction network comprising s-orbital
overlap is more efficient, therefore leading to a higher
conductivity.*”*® The fact that the vertical direction is
the most efficient conduction pathway with a high
conductivity renders these structures important for
applications that can benefit from directional 3-D
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transport such as organic solar cells, batteries, or sen-
SOI’S.10'49'50

Furthermore, conductivity along the 7-stacked b-axis
(12.3 S/cm) is 1 order of magnitude higher than the
highest previously reported value for tetraaniline
(1.1 S/cm),®® which can be largely attributed to the
high-quality interfacial contact and extensive s-orbital
overlap created by the direct growth of TANI crystals
on graphene. This is in contrast to the bottom-contact
configuration typically used for organic nanoscale
architecture measurements, where the electrode/
crystal interface is known to be nonideal because
of solvent impurity traps and the poor contact quality.
As a reference, vertical plates grown on graphene were
transferred onto bottom-contact microelectrodes for
|-V measurements, and a maximum conductivity of
1.9 S/cm was obtained along the b-axis, illustrating the
significance of direct growth of conjugated molecules
on graphene. It should also be noted that the phenyl/
phenyl-capped TANI has greater molecular symmetry
when compared to that capped with phenyl/amine
from previous studies,®® which could reduce the num-
ber of positional, cis-trans and conformational isomers
and lead to a more ordered packing.51 However, since
(1) single crystals of these two molecules exhibit con-
ductivity values on the same order of magnitude using
bottom-contact measurements (1.9 S/cm vs 1.1 S/cm)
and (2) DFT calculations at the B3LYP/6-31G(d) level
show negligible differences in the overall distribu-
tions of the HOMO coefficients (Figures S13—514), we
conclude that the high conductivity observed here
is mainly a result of the intimate contact quality and
extensive sr-orbital overlap between TANI crystals and
graphene.

To harness the current for multiple vertical crystals
collectively, another layer of graphene can be laminated
on top of the crystal arrays to produce a graphene/TANI/
graphene (Gr/TANI/Gr) sandwich structure (Figure 5f,g,
Figure S15a). SEM images in Figure 5h illustrate the
continuous graphene top electrode levitated over the
crystal arrays. [—V curves in Figure 5j show that prior to
acid doping, an insulating baseline is obtained, indicat-
ing that the top and bottom layers of graphene are
separated by the undoped crystal arrays. Once doped,
approximately 1.25 mA of current are detected at an
applied voltage of 1.0 V. The current scale for the arrays
is 3 orders of magnitude higher than that of a single
vertical crystal measured by cAFM, indicating that the
vertical crystals sandwiched between graphene are
indeed connected in parallel where their current can
be harnessed collectively, illustrating the potential of
such a structure for large-area device applications.

The patterning of electronic materials is crucial for
defining device position, downsizing component dimen-
sions, and minimizing interdevice cross-talk.>*>*
Unfortunately, it is often challenging to apply conven-
tional lithography for patterning organic materials due
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to their sensitivity to the harsh processing conditions
involved in typical lithography processes.*” Therefore,
there is considerable interest in the patterning of
organic materials through selective growth. Here, by
taking advantage of the high nucleation selectivity
TANI exhibits for graphene, the deposition locations
of TANI crystals can be precisely controlled simply by
patterning the graphene substrates. Figure 6a shows
an optical micrograph of graphene dots that are 10 um
in diameter patterned via photolithography. After the
TANI crystallization, only the area covered by the
graphene dots has turned dark, indicative of TANI
binding (Figure 6b). Top- and tilted-view SEM images
further illustrate the high selectivity that TANI crystals
have for graphene, evident by the sharp interface and
their vertical orientation (Figure 6¢c—e). Other patterns
of vertically oriented TANI crystal arrays, such as inter-
digitated electrodes, letters, etc., can also be readily
created by patterning graphene into such shapes at
desired locations (Figure 6f—k and Figure S16). Since
the photolithography step is carried out before the
TANI crystallization process, this approach is completely
benign toward the intrinsic properties of conjugated
materials and can lead to exciting opportunities for the
fabrication of novel organic electronic devices.

This graphene-assisted vertical crystallization
method is also widely applicable to other soluble

Figure 7. Vertical crystallization of other soluble conjugated
compounds on graphene. (a) Vertically oriented octaaniline 3
plates. (b) SAED pattern of a single octaaniline 3 plate
showing the preferred packing orientation. (c) Sexithiophene
4 vertical plates. The density of the plates is low because of
the poor solubility of sexithiophene 4 in virtually all solvents.
(d) Spot pattern from the SAED of a sexithiophene 4 plate
illustrates it is a single crystal. (e) Vertical wires of bis(N-
carbazolyl) biphenyl 5. (f) The corresponding SAED pattern
shows that each wire is a single crystal.
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conjugated materials. As a proof-of-concept, using the
solvent-annealing method and the solvent systems
demonstrated in Figure 2d and Table 1, vertically
oriented crystal arrays of phenyl/phenyl-capped octaa-
niline 3 (Figure 7a), sexithiophene 4 (Figure 7c¢), and
bis(N-carbazolyl) biphenyl 5 (Figure 7e) have been
produced on graphene. The former two exhibit plate-
like morphology, while the latter appears as 1-D wires.
The corresponding SAED patterns for the vertical
crystals are shown in Figure 7 panels b, d, and f. The
interfacial stacking distances for these three crystals
are 0.38, 0.39, and 0.37 nm, respectively, and all are
oriented along their crystal long-axis. The octaaniline 3
plates exhibit arc SAED patterns, indicating that the
longer chain length renders the molecule more con-
formationally flexible, thus introducing packing mis-
orientation. However, sharp Bragg spots are obtained
for both sexithiophene 4 and bis(N-carbazolyl) biphenyl
5 crystals under SAED analysis, demonstrating their
single-crystalline nature. Therefore, graphene-assisted
crystallization can be a general approach to obtaining
vertically oriented arrays of a wide variety of soluble
conjugated materials. With graphene also conveniently

METHODS

Phenyl/phenyl-capped tetraaniline 1 and octaaniline 3 were
synthesized by a condensation reaction under an inert atmo-
sphere, and phenyl/amine-capped tetraaniline 2 was synthe-
sized by a coupling reaction under ambient conditions, all via
previously reported routes.3® Sexithiophene 4 and bis(N-
carbazolyl) biphenyl 5 were purchased from Sigma-Aldrich
and used without further purification. The chemical structures
of these compounds are shown in the Supporting Information
as well as in Figures 3 and 7. CVD graphene was grown as
previously reported.>>* Briefly, a 25 um thick copper foil was
electropolished, rolled into a tube and annealed under a 5/95%
H,/Ar environment at 1070 °C for 20 min. The temperature was
then decreased to 1050 °C and methane was introduced for
30 min. The furnace was rapidly cooled and the resulting gra-
phene film was wet transferred®>*® using polylactic acid (Purac
Biomaterials) onto a p2-5i0,/Si wafer. Raman spectroscopy of
the transferred graphene indicates it is a single-layer, and AFM
characterization shows the graphene surface is rather smooth
with an Rq of 0.233 nm (Figure 517).

Crystallization experiments were carried out in a covered
Pyrex Petri dish under an ambient atmosphere. In brief, the
covered Petri dish was partially filled with a nonsolvent (e.g.,
n-hexane) for the molecule of interest. A piece of graphene-
coated SiO,/Si wafer was placed on a thick glass stage to raise it
above the liquid level. A solution of the molecule was then
dropped on the wafer. The vapor of the nonsolvent saturated
the covered container and infiltrated into the solution on the
wafer, leading to supersaturation followed by nucleation and
crystallization (Figure S1).

Optical microscope and SEM images were collected on a
Zeiss Axiotech Materials Microscope and JEOL-JSM-6700 field
emission SEM, respectively. For the undoped samples, a 2 nm
layer of platinum was sputtered onto the sample surface to
reduce charging. Transmission electron microscope TEM sam-
ples were prepared by brushing a TEM grid against the wafer
surface to mechanically transfer the crystals. TEM imaging and
selected area electron diffraction (SAED) were performed on a
FEI Tecnai G* TF20 TEM operated at 200 kV. SAED patterns were
collected on multiple areas on each crystal, which showed
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serving as a bottom electrode, this method can create
exciting new opportunities and potentially lead to
technological advances for applications that benefit
from ordered 3-D structures such as organic solar cells,
sensors, batteries, and supercapacitors.

CONCLUSIONS

We have developed a one-step, facile solution-based
method for growing highly ordered vertically aligned
crystals for a variety of organic semiconductor by using
graphene as a guiding substrate. The crystal densities
and orientations can be readily controlled via solvent
parameters. The resulting crystals are single crystalline
in nature and exhibit uniform crystallographic and mor-
phological orientations. High conductivity is achieved
for the TANI crystals upon doping and is attributed to
the ordered packing and their good contact quality
with graphene. Furthermore, the vertical crystal arrays
can be selectively grown into desired shapes by pat-
terning the graphene substrate. These unique proper-
ties render the vertical crystals promising for potential
applications in electronic and biomedical devices such
as solar cells, supercapacitors, and sensors.

identical patterns that confirmed their single crystalline nature.
Multiple crystals were analyzed for each sample and repro-
ducible results were obtained. Powder XRD spectra were col-
lected on a Panalytical X'Pert Pro X-ray powder diffractometer
using Cu Ko radiation with a wavelength of 0.15418 nm at a scan
rate of 4.0° /min.

Tight-binding density functional theory (DFTB) calculations
were performed to identify the preferred orientation of the TANI
molecular precursors on graphene. The electronic structure of
the graphene-TANI complex and stacking energy of TANI
molecules were calculated to identify the potential significance
of the vertical growth direction. The calculations were per-
formed using a periodic graphene sheet with a vacuum layer.
The binding energies and conformations of TANI molecules
were calculated. The calculations are relatively large with more
than 500 atoms in the computational domain and calculated
using DFTB with sparse matrix parallelization as implemented in
the DFTB+ code. The CHNO parameters used for the TANI were
tested using higher-level DFT calculations as implemented in
atom-centered all-electron DFT calculations using DMOL. The
DFTB+ method was able to produce an accurate description of
conjugation and bond distances for TANI molecules in compari-
son to higher-level DFT calculations.

Atomic force microscopy (AFM) was carried out using the
Bruker Dimension Icon scanning probe microscope under
ambient conditions. Topographic imaging was reproduced
from multiple samples in the PeakForce Tapping mode using
silicon nitride cantilevers (ScanAsyst-AIR, Bruker) with nominal
spring constants of 0.4 N/m, first longitudinal resonance fre-
quencies between 45 and 95 kHz, and nominal tip radii of
~2 nm.Images were processed by simple low-pass filtering and
first-order plane fitting. Local /—V spectra were acquired by
conductive AFM (cAFM) using the Bruker Extended TUNA
applications module. Pt—Ir coated silicon cantilevers (SCM-
PIC, Bruker) with calibrated spring constants between 0.12
and 0.15 N/m, first longitudinal resonance frequencies between
11.5 and 13 kHz, and nominal tip radii of <25 nm were used in
PeakForce Tapping mode in order to provide quantitative
control over the applied force, thereby reducing sample per-
turbations during the measurement. Bias voltage sweeps were
applied to each sample with respect to a virtually ground cAFM
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probe tip at a rate of 0.25 V/s over the range of interest, while
maintaining a constant applied force throughout by means of
the feedback loop. The reported /—V characteristics were stable
with repeated positive and negative bias sweeps and were the
average of 20 /—V curves taken at various positions on different
crystals for each sample.

Graphene/TANI vertical crystal arrays/graphene sandwiched
devices were fabricated by (1) depositing a strip of graphene, (2)
defining Ti/Au contacts using a shadow mask followed by
e-beam evaporation, (3) crystallizing TANI, and (4) depositing
a top bilayer graphene electrode (Figure S14a). [—V curves for
these devices were obtained on a Lake Shore probe station.

The patterning of graphene was carried out using photo-
lithography. AZ 5214 photoresist was spin-coated onto gra-
phene-covered SiO,/Si substrates at 3500 rpm. A photomask
was aligned using a Karl Suss MAG6 aligner followed by 6 s of UV
exposure at an intensity of 8 mW. After developing the photo-
resist in the AZ Developer, the exposed graphene area was
etched using an O, plasma in a Tegal Plasmaline Asher at 100 W
for 60 s. The remaining photoresist was then stripped away
using acetone followed by baking at 450 °C for 1 h under
flowing Ar to remove the photoresist residue traces.
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