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G
raphene, a single sheet of sp2-
bonded carbon arranged in a hon-
eycomb lattice, has become a hot

topic due to its unusual electronic proper-
ties which originate from the linear disper-
sion of its � and �* bands in the vicinity of
the K point in the hexagonal Brillouin zone.1

Graphene represents the ideal two-
dimensional electron gas system and has
potential applications in high-speed,
ballistic-transport-based electronic
devices.2,3 Epitaxial graphene (EG) on SiC
has been demonstrated as a possible plat-
form for the development of graphene-
based electronics.4�6 In order to use EG for
electronic devices such as field-effect tran-
sistors (FETs), it is necessary to precisely
control the charge carrier type and concen-
tration in EG. Recently, there have been
many experimental reports on doping
graphene by adsorbates such as NH3,7 NO2,
H2O molecules,8,9 Bi, Sn, and Au atoms,10 as
well as organic molecules.11�13 However,
how to fabricate a buffer layer at atomic-
scale to further build graphene-based nano-
scale devices is less studied.

Because of the inertness of the graphene
surface, it is very challenging to grow high-
quality oxide thin films on graphene for top-
gating FETs. Recently, Dai’s group demon-
strated that reactive sites on mechanically
exfoliated graphene for atomic layer depo-
sition of Al2O3 can be created by functional-
ization using the carboxylic acid derivative
of PTCDA.14 Therefore, it is necessary to un-
derstand the PTCDA film growth mecha-
nism to fabricate pinhole-free PTCDA layers
on graphene for the development of high-
quality gate oxide films on top. Liu’s group
showed that high-performance bottom-
contact organic field-effect transistors can
be achieved using patterned graphene as
source/drain electrodes.15 In order to better

optimize the device performance, we need
to understand the interface electronic struc-
tures and energy level alignments between
graphene electrode and organic thin films.
PTCDA, whose molecular structure is shown
in Figure 1a, has been extensively investi-
gated as a model system for organic�

inorganic interfaces and forms ordered
structures on various substrates.16�23 A
scanning tunneling microscopy/spectros-
copy (STM/STS) study on PTCDA on bilayer
EG at 4.7 K reveals that PTCDA adopts non-
planar adsorption geometry in a brick-wall
structure, resulting in n-type doping of EG.24

In contrast, another STM/STS investigation
at room temperature suggests that PTCDA
forms a herringbone structure and lies flat
on EG.25 In this article, we present an in situ
low-temperature (77 K) high-resolution
STM/STS and synchrotron photoemission
spectroscopy (PES) study of self-assembled
PTCDA on EG as well as on HOPG for com-
parison. The molecular arrangement, film
growth mechanism, and the interfacial elec-
tronic interactions between PTCDA and EG/
HOPG are discussed.

RESULTS AND DISCUSSION
Figure 1b is a representative STM image

(80 � 80 nm2, VT � 1.0 V) taken from an
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ABSTRACT In situ low-temperature scanning tunneling microscopy is used to study the growth of 3,4,9,10-

perylene tetracarboxylic dianhydride (PTCDA) on epitaxial graphene (EG) on 6H-SiC(0001), as well as on HOPG for

comparison. PTCDA adopts a layer-by-layer growth mode, with its molecular plane lying flat on both surfaces. The

PTCDA films grow continuously over the EG step edges, but not on HOPG. STS performed on single-layer PTCDA

on monolayer EG shows a wide band gap larger than 3.3 eV, consistent with pristine PTCDA films. Synchrotron-

based high-resolution photoemission spectroscopy reveals weak charge transfer between PTCDA and EG. This

suggests weak electronic coupling between PTCDA and the underlying EG layer.
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EG sample with thickness of �1.3 monolayers and few

defects. The surface is covered by either monolayer or

bilayer graphene,26 as labeled. At high bias voltage, the

nanomesh27 buffer layer underneath EG is more obvi-

ous in the monolayer regions. This nanomesh buffer

layer forms prior to the development of single-

crystalline graphene layers. Annealing SiC at �1100 °C

leads to the decomposition of SiC followed by the de-

sorption of Si from the surface and an accumulation of

carbon atoms to form a carbon-rich surface layer, re-

ferred to variously in the literature as the carbon
nanomesh, interfacial graphene, or carbon buffer
layer.27�30 After annealing SiC substrates at 1200 °C or
higher temperature, single-crystalline graphene films
will grow on top of the interfacial graphene buffer
layer.26

Figure 2a (40 � 40 nm2, VT � �1.5 V) and Figure
2b (30 � 30 nm2, VT � �1.5 V) are STM images of a well-
ordered PTCDA island on monolayer EG and on HOPG,
respectively. Six PTCDA molecules are imposed in Fig-
ure 2b to guide the eyes. The honeycomb structures of
the uncovered EG and the atomic structure of HOPG are
highlighted in the corresponding high-resolution STM
inset (5 � 5 nm2, VT � �0.1 V) in Figure 2a and the in-
set (4 � 4 nm2, VT � 0.3 V) in Figure 2b, respectively. Fig-
ure 2c (20 � 10 nm2, VT � 2.5 V) and Figure 2d (20 �

10 nm2, VT � 2.2 V) are the corresponding close-up STM
images of PTCDA on monolayer EG and on HOPG at
positive tip bias. Due to the corrugation of the underly-
ing nanomesh, the PTCDA film on monolayer EG ap-
pears less uniform than that on HOPG. On both sur-
faces, PTCDA molecules form similar herringbone
assemblies. This herringbone packing structure is uni-
versal for PTCDA on surfaces such as Ag(111)16 and
KBr20 and is attributed to attractive intermolecular inter-
actions via C�H · · · O�C bonds.31 The unit cells marked
by black rectangles are similar in size, 2.15 � 1.05 nm2,
consistent with previous results on HOPG.18,19 It is obvi-
ous that the PTCDA molecules lie flat on the graphene
substrate with their molecular �-planes parallel to the
surface, due to interfacial ��� interactions between
PTCDA and EG12,13 and the attractive intermolecular in-
teractions via C�H · · · O�C bonds.31 The observed flat-
lying herringbone arrangement is different from the
nonplanar adsorption geometry in a brick-wall struc-
ture reported in ref 24, which is apparently a low-
temperature (4.7 K) phase for PTCDA on EG.

STS measurements were carried out to identify the
local electronic properties of PTCDA on monolayer EG,
with the tip bias fixed at 1.5 V and the set-point current
at 200 pA. The differential tunneling conductance (dI/
dV) as a function of the tip bias V, which is correlated to
the electronic density of states of the sample, was ob-
tained numerically from the I�V curve. Figure 2e shows
the superposition of several dI/dV curves taken at ran-
dom locations on the PTCDA monolayer shown in Fig-
ure 2a. Each curve was averaged over 10 spectra taken
at one point. These curves reproducibly reveal two
peaks at �1.52 and �1.78 V (tip bias), attributed to
the LUMO and LUMO�1 of PTCDA, respectively. There
are no other features in the bias window from �1.3 to
2.0 V, corresponding to the expected semiconductor
behavior of the organic layer. The STS results are simi-
lar to previous STS measurements on multilayer PTCDA
on an inert surface, Au(111),21,22 where the LUMO is
close to 1.4 eV (sample bias) and the gap is larger than
3.3 eV, suggesting that PTCDA intermolecular interac-

Figure 1. (a) Molecular structure of PTCDA, where the red, gray, and
white spheres represent O, C and H atoms, respectively. (b) STM im-
age (80 � 80 nm2, VT � 1.0 V) of �1.3 monolayer EG grown on
6H-SiC(0001).

Figure 2. STM images of PTCDA monolayer on monolayer EG (a) (40 �
40 nm2, VT � �1.5 V) and on HOPG (b) (30 � 30 nm2, VT � �1.5 V). Six
PTCDA molecules are imposed in panel b to guide the eyes. While the
inset (5 � 5 nm2, VT � �0.1 V) in panel a shows the honeycomb struc-
ture of the uncovered monolayer EG, the inset (4 � 4 nm2, VT � 0.3 V)
in panel b shows the atomic structure of HOPG. Panels c (20 � 10 nm2,
VT � 2.5 V) and d (20 � 10 nm2, VT � 2.2 V) are the corresponding
close-up at positive bias to show the arrangement of PTCDA on EG
and on HOPG, respectively. The black rectangles in each panel mark
the corresponding unit cells. (e) STS taken on PTCDA layer in panel a.
Set-point: VT � 1.5 V, I � 200 pA.
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tions are much stronger than PTCDA�EG interfacial in-

teractions. However, the STS spectrum of PTCDA on EG

at 77 K in our experiment is slightly different from that

measured at 300 K in ref 25. This difference may arise

from temperature-dependent bonding geometry

of PTCDA on EG, which can modify the electronic

structure of PTCDA films. Further experiments of

temperature-dependent STM, STS, and PES measure-

ments of PTCDA on EG are needed to clarify this hy-

pothesis. The observed STS results suggest that the

electronic structure of PTCDA is decoupled from that

of the underlying EG, implying very weak electronic

coupling between PTCDA and EG, in good agreement

with ref 25.

Figure 3a (50 � 50 nm2, VT � 1.5 V) and Figure 3b

(50 � 50 nm2, VT � 1.5 V) are STM images showing the

EG surface covered by monolayer PTCDA. In Figure 3a,

bilayer EG is on the lower-left region and monolayer EG

is on the upper-right region.26 The boundary between

them is highlighted by a red dotted curve. The PTCDA

monolayer preserves its structural continuity across the

steps between monolayer and bilayer EG. Figure 3b dis-

plays three terraces separated by one two-SiC-bilayer

step (�0.53 nm in height) and one three-SiC-bilayer

step (�0.76 nm in height), as illustrated by the line pro-

file in Figure 3c taken from the black line in Figure 3b.

The molecularly resolved STM image reveals that the

PTCDA molecules retain their herringbone-like arrange-

ment over these steps, as shown in the close-up in Fig-

ure 3d (25 � 25 nm2, VT � 1.5 V). Here we speculate that

PTCDA follows the structure of graphene to form

carpet-like film continuously over step edges,
consistent with ref 25. The PTCDA film is not
hampered by step edges in the saturated
monolayer region.

Figure 4a (40 � 40 nm2, VT � �2.2 V) shows
�1.4 monolayer PTCDA on the EG surface.
The PTCDA molecules in the second layer also
display a herringbone arrangement that is
continuous over a mono-SiC-bilayer step as
noted by the red dotted curve. Figure 4b (250
� 250 nm2, VT � 2.5 V) displays a HOPG sur-
face covered by �1.1 monolayer PTCDA. On
the upper half, there are two islands. The one
on the left-hand side highlighted by a green
dotted curve is the second layer PTCDA; the
other one highlighted by a red dotted curve is
monolayer PTCDA on another HOPG terrace
one atomic layer higher. The image shows that
the second layer PTCDA does not grow across
the monatomic step edge of HOPG. Unlike EG,
which grows continuously over SiC steps, the
HOPG terraces are discontinuous over step
edges.

Figure 5a (100 � 100 nm2, VT � �2.4 V) dis-
plays multilayer (�3 monolayer) PTCDA on
the EG surface. The dislocation feature indi-

Figure 3. PTCDA follows EG continuously over two kinds of steps: (a)
steps between monolayer and bilayer EG (50 � 50 nm2, VT � 1.5 V), (b)
multiple SiC bilayer steps (50 � 50 nm2, VT � 1.5 V); (c) the correspond-
ing line profile taken along the black line in panel b shows the step
height; and (d) a close-up (25 � 25 nm2, VT � 1.5 V) to show the PTCDA
continuously over multiple SiC bilayer steps clearly.

Figure 4. (a) STM image (40 � 40 nm2, VT � �2.2 V) showing 1.4
monolayer PTCDA on EG, with the first and second layer PTCDA form-
ing continuously over single SiC bilayer steps highlighted by the red
dotted curve. (b) STM image (250 � 250 nm2, VT � 2.5 V) of 1.1 mono-
layer PTCDA on HOPG, where the red dotted curve highlights the
monostep of HOPG, and the green dotted curve highlights the bound-
ary of the second layer PTCDA island.

Figure 5. STM images of multilayer PTCDA on EG showing two
equivalent PTCDA domains: (a) large-scale (100 � 100 nm2, VT �
�2.4 V) and (b) close-up (30 � 30 nm2, VT � 2.6 V).
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cated by the green dotted curve separates two PTCDA

domains. Figure 5b (30 � 30 nm2, VT � 2.6 V) is a

close-up taken from the red square in Figure 5a, show-

ing all the PTCDA molecules in herringbone arrange-

ment. The unit cell, marked by a black rectangle in Fig-

ure 5b, is the same size as that of the first PTCDA layer,

suggesting a layer-by-layer growth mode. The angle be-

tween the two domains was measured to be 60 � 1°

as marked in Figure 5b, in agreement with PTCDA on

HOPG.32,33 This is attributed to the three-fold symmetry

of the substrate. Because PTCDA is stable in air,23 atomic

force microscopy (AFM) experiments on the same sur-

face were performed in ambient at room temperature.

The AFM results (not shown here) reveal that the mor-

phology of the PTCDA thin films follows that of EG.

We also carried out synchrotron-based high-

resolution PES to investigate the electronic structure at

the interface between PTCDA and EG. In Figures 6a and

6b representative PES spectra at the low binding en-

ergy region and the low kinetic energy region are

shown as a function of PTCDA thickness, respectively.

To resolve the low kinetic energy cutoff, a negative 5 V

sample bias was applied. The vacuum levels (Evac) were

measured by linear extrapolation of the low kinetic en-

ergy onset (secondary electron cutoff) of the PES spec-

tra. The bottom spectrum in Figure 6a displays the elec-

tronic structure of a clean EG/SiC surface with a main

peak at �7.6 eV and a weaker peak at �2.5 eV, consis-

tent with our previously reported results.11 Upon 0.72

nm PTCDA deposition, the vacuum level was observed

to shift upward by 0.25 � 0.05 eV, as
shown in Figure 6b. For such a nonin-
teractive interface, this suggests a
weak charge transfer taking place at
the interface involving electron trans-
fer from EG to the PTCDA layer. The
highest-occupied molecular orbital
(HOMO) peak of PTCDA is observed at
the binding energy of 2.65 � 0.05 eV,
confirming the absence of features be-
tween 0 and 2 V in STS. Upon increas-
ing the PTCDA coverage to 1.44 nm,
the representative valence band spec-
trum of bulk PTCDA is observed,17

without any apparent contribution
from the EG/SiC substrate. For the
thickness-dependent PES measure-
ments, we did not observe any new in-
terface states, confirming the weak
electronic coupling between PTCDA
and EG.

This weak interfacial interaction is
supported by core-level PES measure-
ments. Figure 6c shows the O1s core
level spectra as a function of PTCDA
deposition. Photon energy of 650 eV
was chosen here to enhance the sur-

face sensitivity. The two peaks at 532.07 and 533.98 eV
attributed to CAO and C�O�C bonds in PTCDA in-
crease with increasing PTCDA thickness, without any
additional O1s peak component due to interfacial inter-
actions. Figure 6d shows the evolution of C1s peaks
during PTCDA deposition, using photon energy of 350
eV for higher surface sensitivity. The bottom spectrum
of clean EG displays a very strong peak at the binding
energy of 284.67 eV and a weaker shoulder at higher
binding energy of 285.65 eV, consistent with previous
results on 1.3 monolayer EG.34 As the PTCDA coverage
increases, two new peaks appear at 285.41 and 289.02
eV, which are due to the C-ring and OAC�O bonds of
PTCDA molecules, respectively. The EG C1s peaks are
simply superimposed by the two PTCDA components.
No binding energy shift or new peak due to strong in-
terfacial interactions was observed, confirming the
weak interactions between PTCDA and EG, consistent
with above-mentioned STS results.25

CONCLUSION
We present an in situ low-temperature (77 K)

high-resolution STM and synchrotron-based PES
study of self-assembled PTCDA on EG as well as on
HOPG. PTCDA molecules self-assemble into a stable,
well-ordered monolayer with an in-plane herring-
bone arrangement and with their molecular planes
parallel to both EG and HOPG surfaces. The growth
of PTCDA on EG follows a layer-by-layer mode. Syn-
chrotron PES reveals weak charge transfer and weak

Figure 6. Synchrotron-based high-resolution PES spectra as a function of PTCDA thickness: (a)
valence band spectra at the low binding energy part; (b) PES spectra at the low kinetic energy
part (second electron cut off); (c) O1s core-level spectra and (d) C1s core-level spectra.
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interactions between PTCDA and EG. In particular,
PTCDA films grow continuously crossing over the un-
derlying EG step edges, but not on HOPG. This sug-
gests that it is possible to grow a pinhole-free PTCDA
monolayer on EG. It is important for the functional-

ization of the EG surface using PTCDA derivatives to
enhance the adhesion of a gate dielectric layer on
EG, facilitating the growth of defect-free ultrathin
dielectric layers in graphene-based electronic
devices.

EXPERIMENTAL SECTION
All of the experiments were carried out on two ultrahigh

vacuum (UHV) systems with base pressures lower than 2 � 10�10

mbar. Epitaxial graphene (EG) films were prepared by annealing
chemically etched (10% HF solution) n-type Si-terminated 6H-
SiC(0001) samples (CREE Inc.) in the multichamber endstation of
the Surface, Interface and Nanostructure Science (SINS) beam-
line, Singapore Synchrotron Light Source,35 where in situ syn-
chrotron-based photoemission experiments were performed.
The detailed sample preparation method could be found
elsewhere.26,27 The in situ LT-STM experiments were carried out
in a custom-built multichamber system housing an Omicron LT-
STM. All STM images were recorded in constant current mode at
77 K using chemically etched tungsten (W) tips.

PTCDA (Sigma-Aldrich, 99.9%) molecules were deposited in
situ from a Knudsen cell (MBE-Komponenten, Germany) onto
EG and HOPG substrates at room temperature. During deposi-
tion, the pressure was always maintained below 5.0 � 10�10

mbar. The deposition rate was calibrated to be either 0.06 nm/
min, measured using the attenuation of Au 4f photoemission
peak on a reference Au(100) sample in SINS, or 0.1 ML/min (ML:
monolayer, refers to the surface fully covered by flat-lying PTCDA
molecules) using a quartz crystal microbalance (QCM) and STM
in the LT-STM system.
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