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ABSTRACT Graphene, with its unique electronic and structural qualities, has become Q X
an important playground for studying adsorption and assembly of various materials %&Q
including organic molecules. Moreover, organic/graphene vertical structures assembled by ‘8?
van der Waals interaction have potential for multifunctional device applications. Here, we boe

investigate structural and electrical properties of vertical heterostructures composed of Cso
thin film on graphene. The assembled film structure of Cso on graphene is investigated
using transmission electron microscopy, which reveals a uniform morphology of Cg, film on
graphene with a grain size as large as 500 nm. The strong epitaxial relations between Cgo

crystal and graphene lattice directions are found, and van der Waals ab initio calculations
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support the observed phenomena. Moreover, using Cso—graphene heterostructures, we fabricate vertical graphene transistors incorporating n-type

organic semiconducting materials with an on/off ratio above 3 x 10°. Our work demonstrates that graphene can serve as an excellent substrate for

assembly of molecules, and attained organic/graphene heterostructures have great potential for electronics applications.
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raphene-supported heterostruc-
tures open up possibilities for var-
ious interesting phenomena and
applications.’ Recently, layered heterostruc-
tures using graphene and inorganic 2D
materials assembled by van der Waals
(vdW) interaction (or mechanical transfer/
stacking) have become interesting device
platforms.? Especially, inorganic layered ma-
terials such as MoS, and WS, layers have
been incorporated into heterostructures with
graphene, and their electronic/optoelectrical
properties have shown promising results.>~>
Related epitaxial growth of inorganic materi-
als on graphene has been also pursued.®~8
Assembly of organic materials on graph-
ene has also generated broad interest,'®
and its potential for organic transistors and
organic photovoltaics has been under
investigation."'~'* The organic molecules
can be adsorbed onto graphene mainly
by vdW interaction. The crystal structures
adopted by organic molecules are governed
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by competition between molecule—molecule
interactions and molecule—substrate interac-
tions. Many applications involving organic ma-
terials have pursued optimal crystal structures
by various methods.'” In this aspect, graphene
has recently emerged as an excellent template
for fabricating well-ordered structures with
atomic scale objects such as organic molecules
and inorganic nanoparticles. Of high impor-
tance is the control of molecular packing on
graphene and utilizing electrical properties of
such assembly structures.

In this paper, we study Cgo—graphene
vertical heterostructures assembled by
vdW interactions. Transmission electron mi-
croscopy (TEM) reveals the uniform Cgq film
morphology on graphene, and we find
strong epitaxial relations between the Cgo
crystal and graphene lattice directions. The
preferential growth of Cg, crystals along
graphene's zigzag and armchair directions
is experimentally observed and theo-
retically accounted for using ab initio
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calculations employing vdW interactions. Moreover,
with the C4o—graphene vertical junction, we demon-
strate the operation of graphene vertical transistors
showing n-type transport behavior. The energy barrier
modulation at the Cgo—graphene Schottky junction
can be used to achieve a high on/off ratio greater than
3 x 103, which is difficult to obtain for conventional
graphene transistors. Our work demonstrates that
graphene can serve as an excellent substrate for under-
standing the epitaxial assembly of organic semiconduc-
tors as well as for organic/graphene heterostructure
electronic device applications.

RESULTS AND DISCUSSION

We begin with a discussion of thin-film structures of
Ceo assembly on graphene. Using TEM, we investigate
the detailed Cgo film structure as well as epitaxial
relations of assembled Cg, crystals to the graphene
lattice. Previous studies of Cgq assembly on graphene
(graphene on metallic substrate or graphite) have
mainly utilized scanning tunneling microscopy (STM)
or low-energy electron diffraction (LEED).'®"2° STM
studies have elucidated some important structural
and electrical properties such as formation of specific
Cso molecular orientations and adsorption sites on
graphene substrates at low temperature.'®~'® LEED
has been also used to investigate Ce, film structures.?’
Notably, LEED of Cg, on graphite did not show a strong
epitaxial behavior.?® In our study, the Cgp film is pre-
pared on a suspended graphene. With its high elec-
trical conductivity and mechanical strength, graphene
can serve as a unique substrate for TEM investigation.
TEM allows us to study the micrometer scale structures
of assembled films as well as to image Cgo molecules at
atomic/molecular scales. Recent studies have demon-
strated that even single atoms adsorbed on the
graphene surface?'*? as well as organic film can be
imaged using various TEM techniques.”®> Moreover,
without effects from the underlying substrate, we
expect to observe intrinsic assembly behavior from
the graphene—Cqq interaction. For example, graphene
grown on Ru substrates shows high corrugation due to
the graphene/Ru interaction, and specific preferential
adsorption sites of Cgo were reported.'s'”

Ceo film is deposited on graphene TEM grids by a
thermal evaporation process (see Methods section for
details). Figure 1 shows TEM images of Cgq thin film
grown on graphene TEM grids. In Figure 1a, the sche-
matic of Cg, film grown on a graphene membrane is
shown. The central circle region is the suspended
graphene membrane where Cqq is assembled directly
on graphene, while Cq, crystals are grown on amor-
phous carbon outside the circle. Cgo film (10 nm thick-
ness and substrate temperature of 120 °C) shows high
uniformity on graphene (Figure 1Tb—d). An atomically
flat graphene substrate allows uniform formation of
Ceo film. The Cgo morphology on amorphous carbon
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shows distinct morphology, showing a dominant
island growth mode (Figure 1b,c). A zoomed-in TEM
image of Cgo film on a graphene membrane clearly
shows highly ordered Cg crystal structure (Figure 1d).
Moreover, the atomic resolution TEM images of Cgo on
graphene show a well-organized hexagonal honey-
comb lattice structure. The simulated TEM image
shows good agreement with experimental observa-
tions, which confirms close-packed Cgo crystal
structures.

The epitaxial relation between the Cg( crystal axis and
graphene lattice direction is systematically investigated
by electron diffraction as well as high-resolution TEM
imaging. Figure 2a,b shows representative selective
area electron diffraction of Cso/graphene specimens. In
this case, the size of the electron beam illumination is
~300 nm. The lowest-order diffraction peaks of the Cg,
film show a d-spacing of 8.7 A, which is consistent with
the previous results from close-packed Cqq crystals.*
We note that, at room temperature, Cgo molecules are
under rotational motions and attain the face-centered
cubic molecular structure?® As the Cgo diffraction
signals in Figure 2a,b show single-crystal-like diffrac-
tions, this suggests that the grain size of Cgq crystals is
larger than 300 nm. Generally, the Cgo grain size is in
the range of 300—500 nm. More interestingly, we
observe a strong epitaxial growth of Cgo crystals on
graphene. The histogram of rotational angle ® (the
angle between the Cgq crystal facet and the graphene
zigzag lattice direction, Figure 2c) shows that Ceo
crystals have a higher growth tendency along the
zigzag (ZZ) or armchair (AC) directions of graphene
lattices, as shown in Figure 2d.

To explain the observed epitaxial behavior of C¢y on
graphene, we perform first-principles ab initio simula-
tions employing vdW interactions. First, we consider
various Cgo molecular orientations toward the graph-
ene substrate and calculate its adsorption energy. Due
to the large number of possible configurations, a
computational screening of relevant relative orienta-
tions of Cgo on graphene has been performed, which
resulted in nine different interface geometries. The
adsorption energies were also computed without
vdW dispersion forces (see Figure S1 in Supporting
Information), which remarkably show energy differ-
ences of 1 order of magnitude smaller than those
calculated including vdW interactions. This strongly
suggests that vdW interactions play a role in the stabili-
zation of the interface. After we constructed the Cgg
crystal made of different molecular orientations at
©® = 0°, we calculated the crystal-direction-dependent
adsorption energies as a function of the rotational
angle ©.

Our first-principle calculations show that AC and ZZ
have local minima for adsorption energies at low
(~2—6°) and high (~23.5—28°) angles ©, with energy
gained between 0 and 30° reaching values up to
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Figure 1. Cg thin film grown on graphene. (a) Schematic of Ce film grown on a graphene membrane. Cq is thermally
evaporated to a graphene TEM grid. The central circular region has a suspended graphene membrane. Outside the circle, the
Ceo is evaporated onto an amorphous carbon film. Bottom image shows a side view of the sample geometry. (b) TEM image of
Ceo film (10 nm thickness) on graphene. C¢, uniformly covers the graphene surface. (c) TEM image of C, film around the edge
of a hole in a Quantifoil TEM grid. The C¢o morphology on amorphous carbon shows island growth. (d) Zoomed-in TEM image
of Cg, film on a graphene membrane. Uniform lattice structure of Ce is visible. Red square is a field of view for the inset. Inset
clearly shows the crystal structure of the Cg thin film. (e) Schematic of the Cg, crystal model with three Cq( close-packed
layers. The three layers (red, blue, and gray) of C¢o have ABC stacking relation. (f) Side view of the Cgo model shown in panel e.
(g) Atomic resolution TEM image of a C4 crystal grown on graphene. (h) Cg( crystal model with three layers. (i) TEM simulation

image of model h.

—80 meV per Cgo molecule at specific configurations
(e.g., pentagon/hole). Since Cq is under rotation and
changes its relative configuration at room tempera-
ture,?® a thermal ensemble of calculated energies with
different configurations should be considered. On
average, we still observe that low and high angles have
local energy minima. This is in sound agreement with
experimental observations shown in Figure 2d. The
vdW simulations also show that most of the Cgo/
graphene interfaces change their energetic stability
at different values of ® once the systems assume new
crystallographic orientations relative to the graphene
surface. For instance, the pentagon/hole configuration
is less stable than the apex-hole geometry (see Figure S1
in Supporting Information) at ® = 0°, but at ® = 30°,
the former assumes higher stability than the latter. This
suggests that the graphene axis along AC or ZZ direc-
tions could induce additional stability of the interfacial
energy as a function of ©®. We note that a previous
study on a similar system (Ceo single-crystal graphite)
shows a similar angular distribution with somewhat
weak epitaxial effects.”® We believe that the graphene
TEM grid serves as an ideal substrate for Cgq film
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formation, and their intrinsic C4o—graphene interac-
tion (without substrate under graphene) can be ob-
served in our system.

As we have demonstrated that graphene is an
excellent substrate for Cgy film formation, we now
discuss device fabrications and electrical measurement
of the Cgp—graphene vertical junction. We prepare
Cgo—graphene junction devices on a SiO,/Si substrate
(Figure 3a). As graphene's work function (or Fermi
level) is largely tunable due to its extremely small
density of states at the Fermi level,® the interfacial
energy barrier also can be effectively modulated by an
external gate electric field (Figure 3b). This mechanism
has been used for recent demonstration of vertical
transistors and solar cells incorporating graph-
ene. 3?28 The previous studies on graphene vertical
transistors have mainly focused on inorganic/graphene
heterostructures. On the other hand, the related
study on organic/graphene counterparts has been
limited,'*?*° especially for n-type organic materials,'
although this platform has promising application po-
tential for flexible electronics. As one of the high-
performance n-type organic semiconductors,®? Cep
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Figure 2. Epitaxial relation between the Cg, molecular crystal and underlying graphene. (a,b) Selected area electron
diffraction of C¢o grown on graphene. The misorientation angle © is defined as an angle between the first-order diffraction
signal of the Cg crystal and the first-order diffraction signal of the graphene lattice. (c) C4o crystal model on graphene. The
misorientation angle © (as defined in panel a) can also be defined from an angle between the C¢, crystal facet and the
graphene zigzag lattice direction. (d) Histogram of experimentally observed misorientation angle ®. The high angle (>25°)
and very low angle (<2°) show high probability. (e) Misorientation angle © dependence of calculated adsorption energy of the
Ceo crystal on the graphene surface including van der Waals interactions with different adsorption configurations. The
geometries used in the calculations with the highest energetic modifications as a function of ® are shown as an inset labeled
according to the color shown for each curve. The energy difference between adsorption energies at 0 and 30° are shown at the
right side. Positive (negative) values correspond to a decrease (increase) of the energy stability for Cso on top of the graphene
surface. The regions at low (~2—6°) and high (~23.5—28°) misorientation angles have local energy minima for various
adsorption configurations and are highlighted in the shaded rectangles.

can be incorporated into graphene heterostructures to
display n-type vertical transport behavior. For vertical
device fabrications, various thicknesses (150—450 nm)
of Cgo are investigated, and the presented data are
from 450 nm thickness unless otherwise noted.
Figure 3d shows a representative output curve of
vertical junction devices. It shows nonlinear curves,
and the current with positive Vg5 shows high modula-
tion with respect to Vg while the current modulation at
negative Vys is very small. The output curve with
semilog scale shows that the junction shows quite
an ideal diode behavior with an ideality factor 5 of
approximately 1.9. As the lowest unoccupied molecu-
lar orbital (LUMO) and highest occupied molecular
orbital (HOMO) of Cgo are ~4.3 and ~6.9 eV,** the
electrical transport occurs between the LUMO of Cg
and the Fermi energy state of graphene (~4.7 eV). The
high modulation at positive Vg5 shows that the energy
barrier for n-type transport is highly tunable, which is
consistent with our energy band diagram (Figure 4a).
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The observed higher current with higher Vg is also
consistent with our picture; Fermi energy level of
graphene is raised with higher Vg, and the Schottky
barrier is lowered accordingly, which results in higher
current at the junction (Figure 4a). As displayed in
Figure 3f, an on—off ratio greater than 3 x 10 is also
demonstrated at Vg, = 2 V from optimized vertical
devices. The on—off ratio is slightly lower at lower Vs,
but we still observe it around 10°. This high on—off
ratio is very difficult to achieve in conventional lateral
graphene transistors. We note that it may be possible
to achieve higher on/off ratios through perforated
graphene electrodes and different dielectric materials,
as recently demonstrated in vertical graphene organic
transistors. 3%

To demonstrate that the Schottky barrier modula-
tion at the junction is the main mechanism for cur-
rent control, we measure the temperature-dependent
vertical transport. The energy barriers with different
gate voltages can be extracted from the relation,
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Figure 3. Vertical transport measurement of C¢o—graphene vertical heterostructures. (a) Device geometry of C¢o—graphene
vertical structure. (b) Side view of the device geometry and measurement setup. (c) Optical image of a representative
fabricated device. (d,e) Output curve (I4—Vy;) with different applied gate voltages V. Panel e shows the current (y-axis) in log
scale. (f) Representative transfer curves (I4—V,) of a device.
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Figure 4. Measurements of Cso—graphene interface energy barriers. (a) Energy diagram of the graphene/C¢, heterostructure.
The Fermi energy of graphene is tunable with the gate electric field. The barrier at the Cgo—graphene interface can be
modulated according to the graphene Fermi energy shift. (b) Measurement of interface barrier energy by temperature-
dependent vertical current measurement. The energy barriers with gate voltage modulation can be extracted from the slope
(lines). (c) Value barrier ¢, as a function of electric field gating. The lines are derived from a model where the graphene work

function change is estimated by charge density change induced by electric gating.

Ln(l/T?) = —egy/ksT, where I is current, T is temperature,
and ¢, is the energy barrier. Figure 4b shows data
which are plotted in Ln(I/T?) versus 1/T. The devices
show a linear dependence in the measured tempera-
ture ranges, and the change of slopes in Figure 4a
shows that the obtained barrier is changed with dif-
ferent gate voltages. This confirms that the applied
gate voltage can effectively tune the barrier energy.
In Figure 4c, we plot energy barriers corresponding
to different gate voltages. The extracted energy barrier
shows large modulations over 0.3 eV with different V.
The vertical device with Cgy shows steep variation of ¢,
at Vg ~ 50 V (Figure 4c). This gate voltage corresponds
to the Dirac point (minimum conduction point) Vp in a
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graphene device (Figure S2). We can estimate the
Fermi energy shift of graphene by electric-field-
induced gating. With graphene's band structure, the
Fermi energy of graphene is given by Er = sign(AV )hve-
(a|AVy|)'"?, where o= 7.1 x 10" cm 2 V' is the gate
capacitance, vp = 1 x 10° ms™" is the Fermi velocity of
graphene, AV = V4 — Vp is the gate voltage difference
from the Dirac point Vp. Ideally, the Fermi energy shift
should be fully translated to energy barrier modula-
tion, but we find that the modulation effect is some-
what smaller than what we expect. When we fit the
measured data with the estimated Fermi energy shift
by electric field gating, we find that the barrier mod-
ulation shows about 65% of expected Fermi energy
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shift (line in Figure 4c) with a fitting parameter of
Vo = 55 V. This can be attributed to a somewhat
nonideal graphene—Cqq interface and barrier pinning
effect. The barrier modulation can be sensitive to the
interfacial cleanness and other conditions.

CONCLUSION

We investigate the vertical structure composed of
Cso and graphene. The well-ordered assembly of Cg

METHODS

Graphene Sample Preparation. Graphene was synthesized by
chemical vapor deposition on 25 um thick copper foil>*
A graphene TEM sample was fabricated following a direct transfer
method without using poly(methyl methacrylate) (PMMA)
support.>® Synthesized CVD graphene has an average of 5 um
grain size.>® Graphene on the SiO,/Si substrate was transferred
using a PMMA support film.3*3” PMMA solution was spin-
coated on the surface of as-grown graphene on Cu foil at the
speed of 2000 rpm for 1 min. The sample was left in air for 1 day
to allow the solvent to evaporate thoroughly. O, plasma was
then applied to remove the graphene layer on the other side of
the Cu foil. The sample was placed into a solution of sodium
persulfate (Na,S,0g, a concentration of 0.1 g in 1 mL of water) to
etch the underlying copper foil and was then rinsed with
deionized water. The PMMA/graphene films were picked up
by SiO,/Si substrates and left for 24 h to obtain completely dry
samples. The PMMA film was removed by soaking in acetone for
24 h and then rinsed with isopropyl alcohol and blown dry.
Finally, sample annealing with a H, (20%) and Ar (80%) envi-
ronment (with total pressure ~1 Torr) at 360 °C for 2 h was
performed to remove residual PMMA and to obtain a cleaner
graphene surface.

Cgo Evaporation. Cqo was evaporated using a thermal evapora-
tor. For evaporation to TEM grids, a TEM grid was preannealed in
air at 200 °C for 30 min to minimize the possible adsorbates on
the graphene surface. After the preannealing process, TEM grids
were attached onto the substrate with Kapton tape. The sub-
strate temperature was held at 120 °C with an evaporation rate
of 0.2 A/s. Cgo with a 10 nm thickness was prepared for TEM
imaging. For device fabrication, a shadow mask with a 4 mm x
4 mm opening was used for Cgq film deposition. The various
substrate temperatures of 20—120 °C and the film thickness
from 150 to 450 nm were investigated. The vacuum level was
around 3 x 10~° Torr during deposition.

Transmission Electron Microscopy. TEM imaging was performed
with a FEI Titan operated at 80 kV equipped with an image
corrector. Selective area electron diffraction was performedin a
FEI Tecnai G2 F20 X-TWIN, operated at 200 kV. The TEM image
simulations were performed using MacTempas and CrystalKit.
The imaging acquisition conditions including a defocus value of
10 nm were used for the simulations of the Cg( crystal.

Device Fabrication and Measurement. Au electrodes (80 nm
thickness) were evaporated by a thermal evaporator using a
shadow mask. The device measurement was performed inside a
globebox using a Keithley 4200 parameter analyzer. For tem-
perature-dependent data, device measurement was carried out
in a vacuum probe station (MMR Technologies) at 10~* mbar at
a temperature range from 293 to 353 K.

Computational Details. Calculations were based on density
functional theory using the SIESTA code.® The generalized
gradient approximation® and nonlocal van der Waals density
functional®® were used together with a double-¢ plus polarized
basis set, norm-conserving Troullier—Martins pseudo-
potentials,*’ and a mesh cutoff of 150 Ry. Atomic coordinates
were allowed to relax using a conjugate gradient algorithm until
all forces were smaller in magnitude than 0.01 eV/A. Relevant
lattice constants (in-plane and out-of-plane) were optimized for
each system. To model the system studied in the experiments,
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molecules on graphene is studied using TEM. The
n-type vertical transport through the Cgo—graphene
heterostructure shows a promising high on/off
ratio with largely tunable energy barriers. Our study
can be extended to other organic semiconductor
systems. With its versatility, the organic/graphene
heterostructure can be a very useful platform for
electronics applications ranging from transistors to
photovoltaics.

we created large supercells containing up to 1692 atoms to
simulate the interface between Cgo and graphene layers. To
avoid interactions between supercell images, the distance
between periodic images of the Cgo/graphene heterostructures
along the direction perpendicular to the graphene plane was
always larger than 20 A. The resolution of the real-space grid
used to calculate the Hartree and exchange-correlation con-
tribution to the total energy was chosen to be equivalent to a
150 Ry plane-wave cutoff. The number of k-points was chosen
according to the Monkhorst—Pack scheme®? and was set to the
equivalent of a 44 x 44 x 1 grid in the two-atom primitive unit
cell of graphene, which gives well converged values for all of the
calculated properties. We used a Fermi—Dirac distribution with
an electronic temperature of kg7 = 21 meV.
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