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ABSTRACT

The template-directed assembly of planar pentacene molecules on epitaxial
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graphene grown on Ru(0001) (G/Ru) has been investigated by means of low-

© Tsinghua University Press temperature scanning tunneling microscopy (STM) and density functional theory

and Springer-Verlag Berlin (DFT) calculations. STM experiments find that pentacene adopts a highly selective
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1 Introduction

Graphene has attracted great attention due to its unique
electronic properties and potential applications [1].
Many methods for fabricating graphene have been pro-
posed, such as mechanical exfoliation [2], or epitaxial
growth on metals [3-5] and SiC [6, 7]. Among these
approaches, graphene grown on Ru(0001) is very
promising because of the ease of fabrication and the
large, continuous samples obtained—both are of great
importance for future electronic devices. Much work

has also been focused on organic molecule adsorption
on graphene/Ru(0001) (G/Ru) [8-12] and analogous
substrates (such as G/Ir and G/SiC) [13-16]. The
increasing interest in such structures is due to several
aspects. First, graphene grown on metal substrates
with a lattice mismatch always forms a regular moiré
pattern. The impact of this superstructure on the
adsorption behavior and lateral ordering of organic
molecules is fundamentally interesting and important,
but little is known so far. Moreover, in technological
applications graphene must be combined with other
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materials to manufacture actual devices. Among the
many candidate substances for nanoelectronic devices,
organic molecules are an obvious choice due to their
large range of functional properties. Graphene-based
organic solar cells have already been fabricated and
analyzed [17, 18] and it is also known that charge-
carrier mobility in organic devices depends significantly
on molecular orientation and packing [19]. In view of
these applications it is desirable to improve control
during the initial growth process.

In this work, the adsorption behavior of pentacene
molecules on G/Ru was investigated combining
scanning tunneling microscopy (STM) experiments
and density functional theory (DFT) calculations.
Pentacene was chosen due to its wide use both in
research on molecular self-organization [20-23] and in
the design of photovoltaic cells where it acts as donor
[24, 25]. Unlike prior studies of molecule-graphene
interfaces such as perylene-3,4,9,10-tetracarboxylic
dianhydride (PTCDA)-G/SiC [13], (2,3,5,6-tetrafluoro)-
7,7,8,8-tetracyano-p-quinodimethane ((F-)TCNQ)-G/Ir
[15], C4o—G/Ru [11], and FePc—G/Ru [10], which merely
focused on a particular dosage, we systematically
investigated progressive growth behavior at a wide
range of coverages. The selective and dispersed
adsorption of pentacene on G/Ru in the initial stage was
due to the adsorption energy differences of pentacene
on G/Ru with different adsorption sites. We then
successfully controlled the growth of a single molecular
layer with structures ranging from amorphous to
fully ordered by controlling the deposition rate and
substrate temperature.

2 Experimental and calculation details

The experiments were performed with a commercial
Omicron low temperature STM system with a base
pressure better than 1 x 10™° mbar. The atomically flat
Ru(0001) surface was prepared by cycles of argon-ion
sputtering and high temperature annealing. Graphene
was formed on this surface by exposing the ruthenium
substrate to ethylene at 1,300 K and a pressure of
1 x 10" mbar for about 3 min. Pentacene (Sigma, 99+%)
was carefully purified by temperature gradient
sublimation and then thermally evaporated onto
graphene. Several deposition conditions (different

evaporator and/or substrate temperatures, see the
Electronic Supplementary Material (ESM)) were
used to alter the structures of the pentacene layer.
Subsequently, the samples were cooled down to 5 K for
STM imaging. In every case, the voltage was applied
to the sample with respect to the tip.

To gain insight into the growth mechanism of
pentacene molecules on G/Ru, we have carried out
theoretical calculations. The calculations were based
on DFT, as implemented in the Vienna ab initio simu-
lation package (VASP) [26, 27]. Projector augmented
wave potentials were used to describe the core electrons
and a generalized gradient approximation of Perdew,
Burke, and Ernzernhof (PBE) to describe exchange and
correlation [28]. Since van der Waals (vdW) forces
provide the main interaction between pentacene and
the G/Ru, and as the vdW or dispersion force often
plays a crucial role in the adsorption of aromatic
molecules, we used Grimme corrections to take into
account the vdW forces [29]. The parameters in our
DFT + D/PBE calculations are described elsewhere
[30]. The periodic slab model included three layers
of Ru(0001), one layer of graphene, one pentacene
molecule and a vacuum layer of 15 A. A moiré unit cell
with 12 x 12 graphene on 11 x 11 Ru(0001) was used.
All atoms were fully relaxed except for the bottom
two substrate layers, until the net force on every
atom was less than 0.02 eV/A. In our calculations, the
energy cutoff of the plane-wave basis sets was 400 eV,
and, due to numerical limitations, only the I" point was
employed for Brillouin zone integrations.

3 Results and discussion

A graphene monolayer on Ru(0001) forms a well
aligned hexagonal moiré pattern, originating from
the lattice mismatch between graphene and Ru(0001).
This superstructure has a periodicity of 30 A and an
apparent corrugation of about 1 A. Figure 1(a) is a high
resolution, atomically resolved STM image of the moiré
topography with the unit cell outlined by a rhombus.
Three regions can be unambiguously distinguished
in this unit cell: The bright region (marked by a solid
circle), the intermediate region (marked by a solid
triangle) and the dark region (marked by a dashed
triangle), which are assigned to the atop, face-centered
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Figure 1 STM images and schematics of pentacene on G/Ru at
low coverage. (a) STM atomic-resolution image of graphene on
Ru(0001) with a rhombus indicating the moiré unit cell. Three
distinct areas in a unit cell are outlined by solid circle (atop),
solid triangle (fcc), and dashed triangle (hcp), respectively, with a
model of pentacene. (b) STM image showing pentacene molecules
preferentially adsorbed on fcc regions. The ellipses indicate the
three configurations. Vectors a and b are used to indicate the atop-
atop direction of G/Ru and the long symmetric axis of pentacene,
respectively. (c) Schematic illustration of the three equivalent
adsorption configurations. Rhombus and circle indicate the moiré
unit cell and atop site, respectively. Scanning parameters: (a) Vs =
—0.02V,71=4.0nA, (b) V;=-2.0V,1=0.09 nA.

cubic (fcc) and hexagonal close packed (hcp) regions,
respectively. Each region represents different arrange-
ments of the carbon honeycomb pattern with respect
to the underlying ruthenium substrate [10, 31].
Linear-shaped pentacene molecules are deposited
onto this corrugated template. As seen in Fig. 1(b),
pentacene adopts a dispersed and highly selective
adsorption mode at low coverage (<0.1 monolayer
(ML)), indicating that the growth of pentacene is
strongly mediated by the moiré structure. However,
on a highly oriented pyrolytic graphite (HOPG) surface,
pentacene tends to aggregate into islands due to the
minimal variation in adsorption potential [32]. With
the aid of an unoccupied fcc region marked by a
dashed arrow in the lower left of Fig. 1(b), we can
conclude that molecules preferentially adsorb on the
fcc region of the moiré template. Further inspection
shows that pentacene molecules exhibit three possible
adsorption configurations, labeled as C1, C2, and
C3 in Fig. 1(b). All three of these configurations are

oriented toward atop regions, but are rotated with
respect to each other. We find that the three molecular
orientations (b) are 0° + 2°, 60° + 2°, and 120° + 2°
relative to the substrate axis (a) (the error bars are
estimated by a statistical averaging of several STM
images). The three angles align well with the three-
fold symmetry of the fcc region, hence C1, C2, and
C3 are equivalent configurations. The three molecular
configurations as well as graphene unit cells are
schematically represented in Fig. 1(c).

As we increase the coverage, pentacene molecules
first occupy all the fcc regions and subsequently start
to reside on hcp regions. In the following, we refer to
molecules on fcc (hcp) sites as fcc (hcp)-molecules.
In Fig. 2(a), four rhombuses outline moiré unit cells
whose hcp regions are occupied by molecules. Note
that a few of fcc sites are occupied by multiple
molecules rather than single molecule, as pointed out
by arrows in Fig.2(a). However, the probability of
this phenomenon is less than 1% in our statistical
analysis. This is consistent with our conclusion that
pentacene prefers to occupy fcc site with single
molecule. We lean to attribute this phenomenon to
the defects of the moiré pattern, which change the
local adsorption energy for molecules (see Fig. S1 in
the ESM). For hcp adsorption, in most case molecules
form parallel ordered clusters (they sometimes also
form disordered clusters, see Fig. S2 in the ESM). Two
enlarged STM images of such clusters are displayed

Figure 2 STM images of pentacene on G/Ru at high coverages.
(a) Pentacene molecules sequentially adsorb on hcp regions after
occupying all fcc sites. (b) Zoom-in STM images showing two
typical adsorption scenarios (S1 and S2) of hep-molecules. The
fcc-molecules are indicated by ellipses and hcp-molecules lie in
parallel in between. (c) Molecules occupy all fcc and hep regions,
leaving the atop regions unoccupied. A calculated highest occupied
molecular orbital (HOMO) is superimposed to facilitate identification
of pentacene molecules. Vectors a and b are used to highlight the
orientations of molecules. Scanning parameters: (a) Vy=-3.0 V,
1=0.05nA, (b) and (c) V;=-2.0 V,/=0.1 nA.
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in Fig.2(b). In each image, ellipses highlight three
fce-molecules. The hep region surrounded by these fcc-
molecules is occupied by three parallel hcp-molecules.
However, there are two distinct scenarios (S1 and S2)
for hcp-molecules regarding their relative orientations
with respect to surrounding fcc-molecules. In the
upper panel, the orientation of hcp-molecules nearly
coincides with that of neighboring fcc-molecules—
a case we refer to as scenario S1. In the lower panel,
hcp-molecules are not parallel to any of the three
adjacent fcc-molecules—a case referred to as scenario
S2. Note that in S1 the orientation of an hcp-molecule
can be any of the three values (0°, 60°, and 120°) corres-
ponding to the three initial fcc-molecular configurations
(C1, C2, and C3).

With further dosing, pentacene will occupy almost
all fcc and hcp regions and leave atop regions
unoccupied, as shown in Fig. 2(c). In this image, the
dark holes are the locations of the unoccupied atop
regions. Strictly, some molecules have crossed the
boundaries between fcc/hcp and atop regions due
to the high coverage. However, it is obvious that the
majority of the atop region is unoccupied, indicating it
is less preferable for molecular adsorption. Individual
pentacene molecules display a ten-lobe rod-like shape,
which is identical to the calculated highest occupied
molecular orbital (HOMO) of a free molecule, owing
to the weak electronic hybridization at the molecule-
graphene interface [33]. Pentacene forms a disordered
sub-layer at this coverage (~0.7 ML), featuring some
localized parallel-packed molecular clusters evolved
from the adsorption scenario discussed in Fig. 2(b).

We calculated the adsorption energy for eight
possible adsorption configurations labeled as fcc-R0,
fcc-R30, hep-R0O, hep-R30, atop-R0, atop-R30, fcc-2-R0,
and fcc-2-R30, as shown in Fig. 3. Fcc-R0O, hcp-R0, and
atop-R0 denote one pentacene molecule adsorbed on
the fcc, hep, and atop regions of G/Ru with the same
molecular orientation as shown in Fig. 1(b), respectively.
Fcc-R30, hep-R30 and atop-R30 denote the identical
adsorption sites, but with a 30° rotation of the
pentacene molecules. Fcc-2-R0 (fcc-2-R30) refers to
two pentacene molecules adsorbed on the fcc region
of G/Ru with the same orientation as fcc-RO (fcc-R30).
The configurations with 30° rotation of the molecule
compared to the molecules shown in Fig. 1(b) are
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Figure 3 Schematic configurations of pentacene adsorbed on
G/Ru. (a) Six configurations for single molecular adsorption
denoted as fcc-R0O, hep-RO, atop-RO, fcc-R30, hep-R30, and
atop-R30. (b) Two configurations for parallel adsorption of two
pentacene molecules denoted as fcc-2-R0 and fec-2-R30.

modeled, because they are frequently in evidence
in Fig. 2(c) (see Table S1 in the ESM). Table 1 shows
the calculated adsorption energy per molecule for
each configuration displayed in Fig. 3. Calculations
unambiguously confirm that the fcc-RO molecule
has the highest adsorption energy and that it is the
most stable configuration among the configurations
calculated. This implies that pentacene molecules prefer
the fcc region to the hcp and atop regions of G/Ru,
which is in good agreement with our experimental
observations of the selective adsorption of pentacene
on the fcc region. Moreover, our calculation results
clearly point out that a configuration with two
molecules in the same region is less stable than a
configuration with a single molecule. This agrees well
with the experimental finding that pentacene molecules
adsorb dispersedly on G/Ru at low coverage.

The pentacene molecules form disordered structures
at high molecular coverage (~0.7 ML, see Fig. 2(c)). In
order to obtain ordered self-assembled structures we
investigated the influence of substrate temperature
and deposition rate on the structure and morphology
of pentacene film [34]. As shown in Fig. 4(a), a short-
range ordered pattern is formed at much higher
substrate temperature (T, = 60 °C) due to the greater
thermally activated surface diffusion. The molecular
ordering can be confined within regions measuring
tens of nanometers; this gives rise to a large number of
small ordered domains as outlined by dashed irregular
polygons. A typical domain, shown in an enlarged
STM topography (inset of Fig. 4(a)) is formed by five
pentacene molecules in short side-by-side chains on
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Table 1 Adsorption energies per molecule for the eight adsorption configurations calculated by using DFT based calculations including

vdW interactions

Configuration fcc-RO fce-R30 hcp-RO hep-R30 atop-RO atop-R30 fce-2-R0O fce-2-R30
Adsorption 2.636 2.612 2.507 2.503 1.820 1.880 2.496 2.407
energy (eV)

Figure 4 STM images and schematic illustrations of pentacene
molecules on G/Ru with short- and long-range ordered structure.
(a) STM image indicating that molecular ordering can be confined
within regions measuring tens of nanometers. Three domains are
outlined by dashed lines and denoted as D1, D2, and D3. The inset
is an enlarged STM image (7.5 nm x 7.5 nm), showing a domain

with molecular models superimposed to guide the eye and a vector
a marking the atop—atop direction of graphene. (b) Schematic
representations show the three basic molecular orientations of the
domains in (a). (c) STM image of a uniform pentacene layer and
zoom-in image showing side-by-side long-range ordering, with
bright protrusions (outlined by dashed circle) due to the structural
influence of underlying graphene moiré pattern on pentacene film.
(d) and (e) Theoretical models of the loose- and close-packed
structure, with an adsorption energy per area of 1.49 eV/nm?* and
1.80 eV/nm?, respectively. Scanning parameters: (a) V, = -2V,
1=0.05 nA, for inset is the same. (¢) V;=-2.0 V, I=0.05 nA, for
inset, V,=2.0V,1=0.05 nA.

both fcc and hep regions, leaving the atop region empty.
Further investigations show that these domains have
only three orientations, denoted as D1, D2, and D3 in
Fig. 4(a), which are schematically represented in
Fig. 4(b). The three basic constituents are energetically
equivalent due to the three-fold symmetry of the
moiré template. Thus, a random mixture of the three
constituents gives rise to the construction of a locally-
ordered pentacene film. As we increase the temperature
further to T, =90 °C and T, = 180 °C (corresponding to
a deposition rate of ~0.25 ML/min, six times higher

than that in Fig. 2(c)), molecules self-assemble into a
uniform film with long-range ordering and close-
packed structure, as displayed in Fig. 4(c). We ascribe
the formation of this homogeneous pattern to a
combination of desorption and diffusion processes.
Our experiments prove that loose-packed pentacene
films, as shown in Fig. 2(c) and 4(a), will completely
be desorbed at substrate temperatures above ~75 °C
due to the weak interactions at the molecule-graphene
interface. However, when molecules assemble into a
close-packed pattern, intermolecular interactions will
make the film more stable. These films could only
be desorbed at a higher temperature. To clarify this
point, we also carried out DFT calculations based on
the models shown in Fig. 4(d) and 4(e), which are
constructed to mimic the STM topography of the
Fig. 4(a) and 4(c). Theoretical results explicitly show
that the close-packed structure has an adsorption
energy per area 20.8% higher than the loose-packed
one, demonstrating that the former is more stable.
Here we consider adsorption energy per area rather than
adsorption energy per molecule due to different molecular
densities of the two self-assembled patterns [35, 36].
Hence, we conclude that under these deposition
conditions, molecules tend to aggregate into close-
packed islands, otherwise they will totally be desorbed
from the graphene surface.

4 Conclusions

We have demonstrated that the corrugated moiré
structure of a graphene/Ru(0001) interface significantly
modulates the growth behavior of pentacene. Molecules
preferentially reside on fcc regions with three equivalent
configurations, and subsequently occupy hcp regions
mainly involving two adsorption scenarios. DFT
calculations show that the dispersed and selective
adsorption behavior of pentacene on G/Ru at low
coverage is controlled by the adsorption energy of

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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molecules on the substrate. Moreover, by controlling
the deposition rate and substrate temperature, the
self-assembled structure changes from disorder, local
order to long-range order.
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