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Atomically resolved orientational ordering of Cgq
molecules on epitaxial graphene on Cu(111)+

Minbok Jung,®® Dongbin Shin,® So-Dam Sohn,?® Soon-Yong Kwon,® Noejung Park®
and Hyung-Joon Shin*@®

A detailed understanding of interactions between molecules and graphene is one of the key issues for
tailoring the properties of graphene-based molecular devices, because the electronic and structural
properties of molecular layers on surfaces are determined by intermolecular and molecule—-substrate
interactions. Here, we present the atomically resolved experimental measurements of the self-assembled
fullerene molecules on single-layer graphene on Cu(11l). Fullerene molecules form a (4 x 4)
superstructure on graphene/Cu(111), revealing only single molecular orientation. We can resolve the
exact adsorption site and the configuration of fullerene by means of low-temperature scanning
tunnelling microscopy (LT-STM) and density functional theory (DFT) calculations. The adsorption
orientation can be explained in terms of the competition between intermolecular interactions and
molecule—substrate interactions, where strong Coulomb interactions among the fullerenes determine
the in-plane orientation of the fullerene. Our results provide important implications for developing
carbon-based organic devices using a graphene template in the future.

1. Introduction

Since the discovery of graphene, carbon-based materials
including other types of carbon allotropes such as fullerene
(Ceo) and one-dimensional carbon nanotubes (CNTs) have
attracted much attention due to their distinctive electronic
and physical properties as well as their potential for use as
building blocks for molecular electronic devices.' The scale
of electronic components continues to shrink to the point
that it is now on the scale of a few tens of nanometres. We
expect that electronic devices on such a scale can be realized
with molecular components and this encourages research
leading to a greater understanding of the fundamentals of
molecular systems. In particular, fullerene and its derivatives
have been considered as promising organic materials in many
applications such as field effect transistors,” organic solar
cells,® and organic light emitting diodes.” Due to its potential
for use in various applications, a considerable amount of
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effort has been made in an effort to understand the funda-
mental physical and chemical properties of the fullerene
molecule. Given that most applications of Cg, have been
assessed in the form of a molecular layer on a supporting
substrate, much of this effort has thus far been focused on
gaining precise information about the behaviour of fullerene
on various surfaces. In order to realize carbon-based organic
electronic devices using a graphene template, it is of signifi-
cance to understand the equilibrium configurations of
molecules on graphene and the interaction between certain
molecules and graphene.

The synthesis of graphene on Cu by the chemical vapour
deposition (CVD) method is one of the most popular methods
used to obtain large-sized graphene.® However, there has been
no investigation of C¢o molecules on graphene/Cu regarding
the precise adsorption sites, adsorption structure, and the
detailed relationships between graphene-substrate and
fullerene-graphene. In this paper, we report a low-tempera-
ture scanning tunnelling microscopy (STM) study of self-
assembled fullerene molecules on graphene/Cu(111)
combined with first-principles density functional theory (DFT)
calculations. By preparing sub-monolayer Cq, molecules on
graphene/Cu(111), we can successfully resolve the exact
adsorption site and orientation of individual fullerenes by
means of STM. Interestingly, all of the fullerenes are shown to
be arranged in a single orientation. We find that the Cg,—Cgo
Coulomb interaction and the Cgy—graphene interaction play
important roles in determining the configuration of self-
assembled fullerenes.
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2. Methods

2.1 Experimental details

The experiments were performed using an ultrahigh-vacuum
low-temperature scanning tunnelling microscope (SPECS, JT-
STM). The base pressure of our system was less than 4.7 x 10~
Torr. The Cu(111) single crystal was cleaned by several cycles of
Ar' sputtering and annealing. After the sample cleaning
process, single-layer graphene was synthesized by an Ar-assisted
growth method.® Ethylene gas (99.8%, Sigma-Aldrich) was
leaked into the preparation chamber at a pressure of 1.5 x 10~*
Torr followed by the introduction of Ar gas to a total pressure of
1.5 mTorr. The temperature of the substrate was kept at 1073 K.
After confirming single-layer graphene by STM, we deposited
Ceo molecules (Alfa Aesar, 99.9%) onto the graphene-covered
Cu(111) substrate at room temperature by thermal evaporation.
All STM and STS experiments were performed at a sample
temperature of 1.2 K. Differential conductance was obtained by
a lock-in technique with an ac modulation voltage of 50 meV
(rms) at 727 kHz to the sample bias.
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2.2 Calculation details

We used the Vienna Ab initio Simulation Package (VASP) to
calculate the ground state of a many electrons system in the
frame work of DFT.'*** The plane-wave basis set with an energy
cut-off of 400 eV and the PBE-type gradient-corrected exchange-
correlation potential were used." The van der Waals interaction
was implemented using the scheme of DFT-D2.** The ions were
described by the projector augmented wave (PAW) potentials.
To model the graphene/Cu template, we used a (4 x 4) supercell
of graphene on the three layers of Cu(111). The stacked layers of
Ceo/graphene/Cu were separated from its replica along the
perpendicular direction by more than 10 A. In the self-consis-
tent-field total energy calculations, the k-points were sampled
over the uniform 3 x 3 grid in the Brillouin zone of the (4 x 4)
two-dimensional graphene superlattice. All of the atomic posi-
tions were relaxed within residual forces smaller than 0.01 eV
A~'. To simulate the STM images of the occupied and unoccu-
pied states, we integrated the Kohn-Sham charge density in the
energy window of 1.7 eV below or above the Fermi level,
respectively.'®
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Fig. 1 Self-assembled fullerene molecules on graphene/Cu(111): STM images of (a) a single-layer graphene island on Cu(111) (100 x 100 nm?,
Veampte = 0.1V, [t = 0.5 nA) and (b) C¢g molecules on Cu and graphene (100 x 100 nm?, Veample = —0.2V, Iy = 0.1 nA). (c) Apparent height profiles
of the Cgg self-assembly on Cu(111) (upper) and on graphene (lower) taken along the white and red lines in (b). Differential conductance (d//dV)
measured from (d) graphene and (e) fullerene. The insetin (a) is a high-resolution STM image showing the honeycomb structure of graphene (2.4
x 2.4 nm?, Veample = —0.01V, | = 3.0 nA). The arrow marked in (d) indicates the position of the Dirac point.
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3. Results and discussion

Fig. 1a shows a STM topography image of a single-layer gra-
phene island on a Cu(111) single crystal. We could routinely
observe graphene islands, the sizes of which are smaller than
~100 nm. When we evaporated Cq, molecules onto graphene/
Cu(111) at room temperature, the fullerenes form an island of
close-packed hexagonal structures both on graphene and on Cu
surfaces (Fig. 1b). The apparent height of the Cg, island on
graphene is 8.5 & 0.5 A, higher than that on Cu(111) (6.3 + 0.2
A) in the STM images (Fig. 1c). The intermolecular distance
between the fullerenes is 9.9 + 0.2 A on graphene and 10.3 + 0.2
A on Cu(111). In general, C¢, molecules tend to form a hexag-
onal arrangement on the surface due to their lateral interaction.
The different intermolecular distance originates from the
different lattice constants of the underlying surfaces. The
Cu-Cu bond length is 2.56 A and the lattice constant of gra-
phene is 2.46 A. The van der Waals diameter of Cg, is approxi-
mately 1.1 nm, which corresponds closely to nearly four unit
cells of the underlying surfaces, i.e., 10.2 A for Cu(111) and 9.8 A
for graphene, indicating that the monolayer of C¢, molecules on
graphene and Cu(111) is arranged in a (4 x 4) superstructure.
The electronic structures of graphene and fullerene were
measured by scanning tunnelling spectroscopy (STS). It should
be noted that the Dirac point of graphene is located at —350
meV; that is, the Fermi level is shifted toward the unoccupied
states (Fig. 1d). It is well known that the Dirac point shift of
graphene is strongly influenced by the underlying substrate.'”>°
The charge transfer between graphene and the substrate results
in the electron or hole doping of graphene. In our STS result,
the Fermi level shift toward the unoccupied states indicates the
n-type doping of graphene by the electron transfer from Cu to
graphene. The STS of the fullerene on graphene shows well-
defined peaks at —2.7, 0.7, and 2.1 V, which correspond to the
highest occupied molecular orbital (HOMO), the lowest unoc-
cupied molecular orbital (LUMO), and the LUMO+1 states of
fullerene, respectively. Each peak position is related to the
alignment of the molecular resonances of the Cg, molecules.
The measured HOMO-LUMO gap is ~3.4 eV, which is larger
than that of fullerene on a metal surface.”* Fullerene has a
high electron affinity of 2.7 eV (ref. 24) and a bandgap energy of
4.9 €V.>**” When fullerenes form an island on a metal surface,
the HOMO-LUMO gap is reduced compared to that of free Cgo
owing to the charge screening by neighbouring molecules and
the metal surface.””*®* On graphene, however, the electronic
states of the Cgo molecules are decoupled from the substrate.
Therefore, the screening effect of the substrate is negligible on
graphene. Recently, many researchers have studied Cg, mole-
cules on graphene synthesized on various surfaces.’*** A
similar decoupling effect of graphene was reported by Cho
et al.* On graphene/SiC(0001), C4, has a large HOMO-LUMO
energy gap of 3.5 eV, which is slightly larger than our result. On
the other hand, when adsorbed Cgy, molecules are commensu-
rate with the graphene moiré structure on Ru(0001), the LUMO
states of Cg, shift toward a lower energy level due to the large
amount of surface trapping energy.* In our result, however, we
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could not find any influence of moiré patterns of graphene/
Cu(111) on the adsorbed Cg, molecules. It means that self-
assembled fullerene molecules on graphene exhibit different
adsorption behaviours and electronic structures, depending on
the support of the graphene layer.

To determine the exact adsorption site of fullerenes on gra-
phene, we obtained a high-resolution STM image of graphene
near the edge of a Cg island (Fig. 2a). Evidently, Cg, molecules
are arranged in a (4 x 4) superstructure, with the centre of each
fullerene molecule located at the mid-point of a C-C bond of
graphene. Interestingly, all of the Cg, molecules have the same
submolecular structure on graphene; the brightest region is off-
centred from the adsorption site at a positive sample bias
(Fig. 2b). At a negative sample bias, fullerenes are imaged as
having a three-lobed shape (Fig. 2c). In our result, nearly every
fullerene inside an island has the same submolecular structure
regardless of the island size (Fig. S1t), which suggests that all of

J
4

Fig. 2 Orientation of self-assembled Cgg molecules on graphene: (a)
STM image of Cgg molecules on graphene (9.0 x 5.8 nm?, top region:
Veample = 0.9 V and Iy = 100 pA, bottom region: Vsampie = 3 mV and /=
2.0 nA). Bias dependence of STM images of Cgo molecules acquired at /;
= 0.1nAand Vigample = 0.9 V (b), and —2.7 V (c). (d) Optimized config-
uration of Cgg on graphene/Cu as calculated by DFT calculations. The
Cu layer underneath the graphene is not shown. The simulated STM
images of four Cgg molecules in a (4 x 4) superstructure for the
unoccupied states (e) and for the occupied state (f). The red lines in (a)
are drawn along the centre of carbon rings. The white rhombus in (a)
indicates a (4 x 4) unit cell of graphene.
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the fullerenes on graphene are equally oriented. During STM
experiments, we always confirmed the cleanliness of the tip by
measuring the STS on graphene or Cu(111) surfaces before
acquiring the STM topographic images, since the molecular
orbital of fullerenes could be imaged differently by the
adsorption of Cg on the tip apex.*” In the STM topography, the
submolecular structure is shown to be related to the electronic
structure of the fullerenes.”*¢ The 6:5 single bonds in fullerene,
which have relatively low electron density, are shown to be
brighter at a positive sample bias (the LUMO states), whereas
the 6:6 double bonds are imaged as protrusions at a negative
sample bias (the HOMO states). In order to confirm the precise
configurations of fullerene, we performed the DFT calculations
on our system. Considering the symmetry of Cg, there are five
possible orientations with respect to the top of its cage: a carbon
atom (CA), a hexagon (H), a pentagon (P), a 6:5 bond (H:P), and a
6:6 bond (H:H). Among these orientations, CA exhibits the best
agreement with the experimental results. Fig. 2d shows the
equilibrium configuration of Cgy, where a carbon atom of
fullerene is located at the mid-point of a C-C bond of graphene.
For this orientation, the calculated HOMO and LUMO images
are identical to the experimental results (Fig. 2e and f).
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CA: (a) Cgo molecules in a (4 x 4) superstructure on graphene/Cu(111)
and (b) Ceo molecules without a substrate.
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In previous STM studies of Cg, molecules on surfaces,
fullerenes in general showed H, H:P, H:H and P orientations in
self-assembled islands.’****3® We also observed that the
orientation of Cs, molecules on Cu(111), unlike those on gra-
phene, was not uniform. Fig. 3a shows the calculated binding
energy of Cgo islands on graphene for the H:P, P and CA
orientations. The CA orientation reveals the lowest energy of
—1.787 eV, which means that the configuration of C¢, molecules
in our experimental result is the most stable in terms of energy.
There are two major interactions that determine the equilib-
rium superstructures of self-assembled molecular adsorbates:
(1) the interaction between the molecules and the substrate and
(2) the interaction among the molecules. We calculated the
binding energy of Cq, aggregates without a support to examine
the effect of the substrate. In this case, the CA orientation
showed the lowest binding energy as well, while the H:P
orientation showed a lower binding energy than the P orienta-
tion. The energy difference between Fig. 3a and b represents the
adsorption energy of Cgo on graphene/Cu(111). The adsorption
energies of Cg in the CA, P and H:P orientations are —0.991,
—1.047, and —0.977 eV, respectively. This signifies that the
Ceo—graphene interaction is the strongest for the P orientation.
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Fig.4 Intermolecular interaction among self-assembled Cgo molecules
on graphene/Cu(111): side view and Schlegel diagram of Cgq in the CA
orientation (a), and in the P orientation (c). Distribution of e-poor and e-
rich C—C bonds in the circumference of self-assembled Cgo molecules
in the CA orientation (b), and in the P orientation (d). Blue and red dots
indicate the e-poor and e-rich C—C bonds, respectively.
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Fig.5 Reorientation of a disordered Cgo during successive scans: Upper: a series of STM images (3 x 3 nm?, Veample = 1.5V, and [ = 50 pA). The
disordered fullerenes are marked by the dotted circles. Lower: the orientation of fullerenes as marked in the upper images.

As noted above, a pentagon ring of Cg, is an electron-poor
region, and the graphene on Cu(111) is doped by electrons due
to the charge transfer. Hence, the electrostatic interaction
between Cg, and graphene/Cu(111) is the strongest for the
configuration with a pentagon ring of fullerene facing a gra-
phene surface.

Our experimental and computational results reveal that the
Ces0—Cso intermolecular interaction plays a more important role
in determining the equilibrium orientation of each molecule
than the Cgo—graphene interaction. Why does the CA orienta-
tion have strong intermolecular interactions? Fig. 4a shows a
side view and a Schlegel diagram of fullerene in the CA orien-
tation, which illustrates the distribution of C-C bonds in the
circumference of a fullerene. There are two electron-rich (e-rich)
double bonds and eight electron-poor (e-poor) single bonds.
The strong attractive Coulomb interaction may favour the
alignment of e-rich and e-poor bonds. In addition, the repulsive
force between e-poor bonds also affects the azimuthal orien-
tations of fullerenes. Considering the symmetry of the mole-
cules, we can confirm that the Coulomb interaction among
molecules becomes stronger when the fullerenes are arranged
in the same way as our experimental result (Fig. 4b). On the
other hand, all of the C-C bonds in the circumference are e-rich
double bonds in the P orientation (Fig. 4c and d), which induces
only repulsive force among the molecules regardless of the
azimuthal orientation. We expect that the isolated Cg, mole-
cules may have lower energy for the P orientation upon
adsorption. When they are assembled into an island to form a
(4 x 4) structure, a 20.3° tilt of Cg, molecules from the P
orientation to the CA orientation can minimize the intermo-
lecular Coulomb energy.

Although most Cgy, molecules in islands have the same
orientation, we could, by chance, find a disordered fullerene
in a Cgp island (Fig. 5). Interestingly, it changes its orientation
during successive scanning processes, which means that the
rotation of this unstable fullerene is induced by the STM tip.
Finally, it finds a stable orientation of CA after the 11th scan,

This journal is © The Royal Society of Chemistry 2014

at which point it no longer changes its orientation. It is
difficult to estimate the energy barrier associated with the
rotation of the fullerene inside islands, but it appears that the
strong electric field in the gap below the tip or tunnelling
electrons from the tip would be sufficient to overcome the
rotational energy barrier. We recognize from this result that
the CA orientation is the most stable orientation and that a
strong intermolecular interaction is the main origin that
determines the individual orientations of fullerenes on gra-
phene/Cu(111).

4. Conclusion

In summary, we have successfully resolved the stable configu-
ration of self-assembled fullerene molecules on graphene/
Cu(111) using STM and DFT calculations. Fullerene molecules
absorb at the mid-point of C-C bonds of graphene, forming (4 x
4) superstructures. Furthermore, we observed the homogeneous
alignment of Cg, molecules inside islands on graphene. The
n-doped graphene on Cu(111) prefers the P orientation of a
fullerene energetically; however, the Coulomb interaction
among neighbouring fullerenes is strong enough to align the
Ceo molecules in the final orientation of CA. We believe that our
findings have demonstrated the importance of intermolecular
and molecule-substrate interactions in determining equilib-
rium configurations for weakly adsorbed molecular systems,
thus also providing a useful basis for developing carbon-based
electronic devices in the future.
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