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ABSTRACT: Nanoscale control of surface chemistry holds
promise for tailoring the electronic, optical, and chemical proper-
ties of graphene. Toward this end, the nanofabrication of sub-
5-nmheteromolecular organic nanostructures is demonstrated on
epitaxial graphene using room temperature ultrahigh vacuum
scanning tunneling microscopy. In particular, monolayers of
the organic semiconductor 3,4,9,10-perylene-tetracarboxylic dian-
hydride (PTCDA) are nanopatterned on epitaxial graphene using
feedback-controlled lithography (FCL) and then used as chem-
ical resists to template the deposition of N,N0-dioctyl-3,4,9,10-
perylene-tetracarboxylic diimide (PTCDI-C8). The generality
of this FCL-based nanofabrication procedure suggests its applic-
ability to a wide range of fundamental studies and prototype device fabrication on chemically functionalized graphene.
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The extraordinary electronic properties of graphene1,2 make it
an attractive material for next generation electronics.3 While

many promising electronic4 and sensing devices5,6 have been
demonstrated, important challenges remain including interfacing
graphene with dielectrics and organics, controlling the band gap
and doping of graphene, and high-resolution lithography.7

Chemical functionalization of graphene has been pursued via a
variety of covalent and noncovalent schemes. Covalent attach-
ment of species such as oxygen,8 hydrogen,9-11 and aryl groups12

generally disrupts the electronic properties of graphene. On the
other hand, noncovalent chemistries allow for less perturbative
tuning of the doping and surface reactivity of graphene. For
example, noncovalently interacting species have been demon-
strated to act as dopants,13,14 solubilizing agents,15,16 and nuclea-
tion layers for the deposition of dielectric films.17

Lithographic patterning of graphene is actively being explored for
the nanofabrication of graphene nanoribbons and for the local
modification of graphene surface chemistry. Several groups have
nanopatterned graphene using scanning probe microscopy tech-
niques.9,18-21 These early results have focused on covalent modi-
fication of graphene with an eye toward fabricating graphene nano-
ribbons.19,21 While evidence of quantum confinements effects has
been reported in these SPM-patterned nanoribbon structures, line
width control has been limited by patterning resolution and/or the
lack of uniform covalent modification. Furthermore, nanoscale
templating of subsequent chemistry has not yet been demonstrated.

Here, we demonstrate the nanofabrication of sub-5-nm het-
eromolecular organic nanostructures on epitaxial graphene
grown on SiC(0001) using room temperature ultrahigh vacuum
(UHV) scanning tunnelingmicroscopy (STM). In particular, the
organic semiconductor 3,4,9,10-perylene-tetracarboxylic dianhy-
dride (PTCDA), which forms well-ordered monolayers on
graphene,22-24 is nanopatterned by feedback-controlled litho-
graphy (FCL) and then used as a chemical resist to template the
deposition of N,N0-dioctyl-3,4,9,10-perylene-tetracarboxylic di-
imide (PTCDI-C8). Using molecular-resolution UHV STM, the
role of intermolecular interactions in the geometry, growth
mode, and stability of the PTCDA/PTCDI-C8 heteromolecular
nanostructures is delineated. Nanopatterned organically functio-
nalized graphene enables fundamental studies and prototype
device fabrication, thus facilitating ongoing efforts to realize
graphene-based technology.

Epitaxial graphene was prepared on 6H-SiC(0001) substrates
(Cree, Inc.) by heating the samples above 1300 �C for several
cycles of 60 s in UHV. Subsequent room temperature STM
characterization of the samples was accomplished in the same
home-built UHV system25 and employed electrochemically
etchedW tips. STM imaging at many locations across the sample
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showed a mixture of single layer and bilayer graphene domains,
which can be visually distinguished by their differing roughness
and apparent topographic contrast.22 A typical clean epitaxial
graphene surface is shown in the room temperature UHV STM
image of Figure 1a.

Self-assembled monolayers of PTCDA (97% purity, Sigma-
Aldrich) and PTCDI-C8 (98% purity, Sigma-Aldrich) were
formed on graphene by thermal evaporation in UHV from
alumina-coated W boats (Midwest Tungsten Service). The
molecules, whose structures are shown in Figure 1b, both form
well-ordered monolayers on graphene. For PTCDA, herring-
bone ordering is observed (Figure 1c,e) due to hydrogen
bonding between adjacent molecules,22 while the aromatic back-
bone is noncovalently bound to the graphene sheet via π-π*
interactions. The PTCDA monolayer interacts weakly with the
epitaxial graphene and, unlike its behavior on highly ordered

pyrolytic graphite (HOPG), is insensitive to surface defects and
step edges.22,24 Consequently, PTCDA forms highly ordered and
uniform monolayers on epitaxial graphene that are the ideal
starting point for a molecular resist. For PTCDI-C8 (Figure 1d),
the alkyl chains weaken the intermolecular interactions, leading
to rectangular symmetry in the self-assembled monolayer. This
symmetry is consistent with a previous study of PTCDI-alkyl
derivatives,26 suggesting that the aromatic backbone lies flat on
the graphene surface while the alkyl chains protrude above the
plane of the backbone (Figure 1f).

At submonolayer coverage, PTCDA and PTCDI-C8 form
molecular islands that have different edge behavior. The PTCDA
island edge (Figure 2a) is sharp and distinct from the graphene
background, although there is some instability during STM
imaging since the outer molecules have fewer nearest neighbors
to stabilize them. In contrast, as indicated by the arrows in
Figure 2b, the PTCDI-C8 island edge is ill-defined and indistinct,
with the molecules appearing to fade into the graphene back-
ground. This difference can likely be attributed to the weaker
intermolecular interactions in the PTCDI-C8 monolayer, which
implies greater molecular diffusion at the PTCDI-C8 island edge.

The interaction between PTCDA and PTCDI-C8 domains is
shown in Figure 2c,d. After ∼0.5 monolayers (ML) of PTCDA
and∼0.5 ML of PTCDI-C8 are sequentially deposited, separate
domains of each molecule are observed (Figure 2c). The
PTCDI-C8 fills in the remaining graphene areas that are not

Figure 1. Organic monolayers on epitaxial graphene. (a) Room tem-
perature STM image of the initial pristine epitaxial graphene surface
(Imaging conditions: sample bias Vs = -2.0 V, tunneling current It =
0.05 nA, scale bar 15 nm). (b)Molecular structures of 3,4,9,10-perylene-
tetracarboxylic dianhydride (PTCDA) and N,N0-dioctyl-3,4,9,10-perylene-
tetracarboxylic diimide (PTCDI-C8). Gray, red, and blue spheres are C,
O, and N respectively. (c) PTCDA monolayer assembled on epitaxial
graphene (Vs = -2.0 V, It = 0.07 nA, scale bar 3 nm). (d) PTCDI-C8
monolayer assembled on epitaxial graphene (Vs =-1.0 V, It = 0.05 nA,
scale bar 5 nm). (e) Schematic model of the PTCDA monolayer unit
cell. (f) Schematic model of the PTCDI-C8 monolayer unit cell.

Figure 2. Interaction of PTCDA and PTCDI-C8 monolayers.
(a) Room temperature STM image of a submonolayer island of PTCDA,
showing a disordered domain boundary on graphene (Vs =-2.0 V, It =
0.05 nA, scale bar 10 nm). (b) A submonolayer PTCDI-C8 island shows
boundaries that appear to fade into the graphene background, as
indicated with arrows (Vs = -2.0 V, It = 0.05 nA, scale bar 10 nm).
(c) Clearly defined boundary between a PTCDA domain and a PTCDI-
C8 domain (Vs = -2.0 V, It = 0.05 nA, scale bar 5 nm). (d) During the
initial stages of deposition onto a submonolayer PTCDA sample,
PTCDI-C8 preferentially accumulates at the edges of existing features
such as PTCDA islands and graphene step edges, as indicated with solid
arrows. The edges of the PTCDA island are decorated with PTCDI-C8
molecules, which appear as brighter spots that stabilize the PTCDA
boundary, as indicated with dashed arrows (Vs = -1.5 V, It = 0.04 nA,
scale bar 10 nm).
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covered by PTCDA rather than depositing on top of the PTCDA
layer, which is consistent with the known growth mode of
PTCDA on graphene, where a full monolayer is formed before
the growth of a second molecular layer.24 In Figure 2d, the early
stage of PTCDI-C8 growth on a ∼0.5 ML PTCDA graphene
surface is imaged, showing the nucleation of PTCDI-C8 at the
edges of PTCDA islands and graphene/SiC steps. The growing
PTCDI-C8 film appears as a bright, ill-defined band (solid
arrows) except at the boundary of the PTCDA island, where
the PTCDI-C8 molecules interact strongly enough with the
PTCDA molecules to stabilize the interface and produce a
distinct line of bright features (dashed arrows). The previously
unstabilized PTCDA edge molecules are now stabilized interior
molecules, while the edge is now comprised of unstabilized
PTCDI-C8 molecules. Furthermore, the presence of PTCDI-
C8 has caused the interface between PTCDA and PTCDI-C8 to
adopt a lower energy configuration and rearrange the interface
into straight lines.

The ability of PTCDA to adopt distinct boundaries indicated
its suitability for supporting nanoscale features. Initially, we
attempted to nanopattern the PTCDA monolayer by scanning
the STM tip across the PTCDA monolayer along the three
dotted lines in Figure 3a while applying an elevated bias and
current (-3.6 V sample bias, 0.5 nA tunneling current, 23 nm/s
tip speed). We then reimaged the same area at nonperturbative
conditions (-2.0 V, 0.04 nA) as shown in Figure 3b. While
selective desorption of small regions of the PTCDAmonolayer is
observed, the results are inconsistent. At position (i) no PTCDA
desorption was achieved, while at position (ii) a relatively large
patch of PTCDA was removed, leaving a pattern with width of
10-15 nm, and at position (iii) a small dot less than 5 nm was
formed.

To improve the reliability, reproducibility, and resolution of
the PTCDA nanopatterning, we employed feedback-controlled
lithography (FCL).27-30 FCL employs a secondary feedback
loop to detect changes in the tunneling current indicative of
molecular desorption during nanopatterning. In this manner,
nanopatterning is terminated immediately following the desorp-
tion event, preventing additional desorption and thusminimizing
the nanopattern size. Furthermore, since nanopatterning con-
tinues until desorption occurs, FCL is relatively insensitive to
changes in the tip-sample junction that likely explain the
inconsistent results observed in Figure 3. In Figure 4, FCL was

used to pattern four dots at-4.0 V applied bias, 0.3 nA tunneling
current, and a threshold condition of 13% change in current. The
resulting patterns in Figure 4b are each about 4-5 nm in
diameter and are consistent in shape and positioning. During
FCL, the tunneling current and tip height are recorded as a
function of time as shown in Figure 4c. A sharp increase in the
current is detected indicating a successful desorption event,
followed by a similar increase in the tip height as the primary
feedback loop reestablishes the nanopatterning set point condi-
tion. An increase in current is observed for PTCDA desorption,
rather than a decrease as might be expected for the formation of
a topographic depression. We believe this effect can be attributed
to the increased density of states of pristine graphene compared
to PTCDA at the nanopatterning conditions (-4.6 V, 0.5 nA)
or to desorbed PTCDA molecules that are briefly trapped in
the tip-sample junction. Following extensive exploration of the
nanopatterning phase space, the most critical parameter is the
sample bias; namely, desorption readily occurs for sample biases
exceeding -4.0 ( 0.5 V. The FCL nanopatterning current and
secondary feedback loop cutoff conditions also provide control
over the nanopattern size. In particular, FCL near the nanopa-
tterning threshold shows sub-2-nm nanopatterning resolution
(see Figure S1 of the Supporting Information).

Using the chemical insight gained from Figure 2, the nano-
patterned PTCDA monolayer was used as a chemical template
following the procedure schematically illustrated in Figure 5a.
The implementation of this schematic is shown in the STM

Figure 3. Nanopatterning PTCDA without FCL. (a, b) STM images of
a PTCDA monolayer on epitaxial graphene (a) before and (b) after
nanopatterning lines without a secondary feedback loop. In (a), the
dotted lines indicate the paths taken by the tip during nanopatterning
(-3.6 V, 0.5 nA, tip speed 23 nm/s). The resulting patterns in (b) are
inconsistent: the top pattern shows no desorption, the middle pattern is
10-15 nm wide, and the bottom pattern is a sub-5-nm dot. For both
images, Vs = -2.0 V, It = 0.04 nA, and scale bars are 20 nm.

Figure 4. Nanopatterning PTCDA by FCL. (a, b) STM images of a
PTCDA monolayer (a) before and (b) after nanopatterning by FCL.
The FCL nanopatterning locations are indicated by circles in (a). The
patterning conditions were-4.0 V, 0.3 nA (both images: Vs =-1.85 V,
It = 0.04 nA, scale bars 15 nm). (c) Plots of tunneling current (red line)
and change in tip height (blue line) vs time during FCL. Upon
application of the FCL patterning conditions, a secondary feedback
loop detects a sharp spike in the tunneling current followed by an
increase in the tip height and subsequently terminates the patterning
conditions.
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images of Figure 5b-d. A clean PTCDA monolayer (Figure 5b)
was patterned by a series of closely spaced FCL dots to form two
larger regions of exposed graphene (Figure 5c). PTCDI-C8
was then thermally evaporated in situ to fill in the patterns
(Figure 5d). Deposition of PTCDI-C8 was accomplished by
firmly packing the PTCDI-C8 powder into a 0.02 in. diameter
alumina tube (Omega Engineering, Inc.), which was then
wrapped with a 0.25 mm diameter Ta wire for resistive heating
in situ. The PTCDI-C8 completely fills the two nanopatterns,
forming a well-ordered nanoscale domain within the PTCDA
monolayer. The emergence of molecular ordering within a
patterned region with increasing PTCDI-C8 dose is shown in
Figure S2 of the Supporting Information.

As the sample progresses from the initial PTCDA monolayer
to the final heteromolecular nanopattern, the number of point
defects is observed to increase. In particular, immediately after
nanopatterning, additional bright features are seen outside of the
nanopatterns (Figure 5c) that are attributed to PTCDA mole-
cules that have readsorbed to the surface following FCL-driven
desorption. Additional dark point defects are also observed and
appear to be single missing PTCDAmolecules that emerge as the
monolayer is disrupted during nanopatterning. Following
PTCDI-C8 deposition, additional bright features outside of the
nanopatterns in Figure 5d are presumably PTCDI-C8 molecules
that have adsorbed at the defects already present in Figure 5c.
The shape of the nanopatterns also undergoes changes from
Figure 5c to 5d. Both nanopatterns are elongated and anisotropic
immediately after nanolithography (Figure 5c) but becomemore
rounded and isotropic after PTCDI-C8 deposition (Figure 5d).
However, the surface area of the patterns is not significantly
changed (i.e., the upper pattern maintains the same area and
the lower pattern is only about 10% smaller). The change in
shape without significant changes in area can be attributed to

(1) rearrangement of PTCDA/PTCDI-C8 boundaries to the
low-energy configurations that were noted in Figure 2d and
(2) radiative sample heating during PTCDI-C8 deposition that
drives molecular diffusion. The net effect is a relatively symmetric
nanoscale heteromolecular nanostructure with well-defined
edges, which is desirable for envisioned graphene-based quantum
devices where edge effects play a significant role.31

In conclusion, we have studied self-assembled monolayers of
PTCDA and PTCDI-C8 on epitaxial graphene using room
temperature UHV STM. The intermolecular forces in these
noncovalent monolayers play a central role in the geometry
and stability of heteromolecular domain boundaries. Informed by
this molecular-level characterization, room temperature FCL is
employed to desorb PTCDA from graphene at the sub-5-nm
length scale. The resulting nanopatterns are subsequently used to
template PTCDI-C8, thus demonstrating the utility of PTCDA
as a chemical resist. The high resolution nanoscale patterning of
the PTCDA chemical resist can likely be used as a template for
further chemical functionalization, including covalent or etching
chemistries that could provide a means for nanopatterning the
graphene substrate itself. Ultimately, the ability to fabricate well-
defined heteromolecular nanopatterns creates opportunities for
future studies of graphene physics, chemistry, functionalization,
and applications.
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bS Supporting Information. Detailed experimental meth-
ods and materials, STM data showing voltage and current
dependence of FCL patterning, and STM images showing
the emergence of ordering in heteromolecular patterns. This
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Figure 5. Heteromolecular nanopatterns. (a) Schematic illustration of the formation of heteromolecular nanopatterns. Step (i), clean epitaxial graphene
on SiC(0001). Step (ii), deposition of PTCDA to form a monolayer. Step (iii), patterning of the PTCDA monolayer using FCL to expose clean
graphene. Step (iv), deposition of PTCDI-C8 onto the exposed graphene regions with the PTCDA layer acting as a chemical resist. (b, c, and d) STM
images showing implementation of the patterning and deposition, corresponding to steps (ii), (iii), and (iv), respectively. Patterning conditions to create
the features in (c) were-4.6 V, 0.5 nA, with the locations of the FCL dots indicated as circles in (b). For all STM images, Vs =-1.8 V, It = 0.02 nA, and
scale bars are 10 nm.
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