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Self-assembled organic monolayers on epitaxial
graphene with enhanced structural and thermal
stability†

Hunter J. Karmel,a John J. Garramone,a Jonathan D. Emery,a Sumit Kewalramani,a

Michael J. Bedzykab and Mark C. Hersam*ac

Scanning tunnelling microscopy and X-ray reflectivity are used to

characterize adlayers of perylenetetracarboxylic diimide (PTCDI)

deposited on epitaxial graphene (EG) on SiC(0001). PTCDI adopts

a herringbone structural phase on EG/SiC that can accommodate

sub-5 nm voids with molecularly defined boundaries and isolated

molecular vacancies at room temperature. The PTCDI monolayer

remains intact up to substrate temperatures of B260 8C, thus demon-

strating enhanced thermal stability compared to previously studied

perylene derivatives on EG/SiC.

Carbon-based nanomaterials and organic semiconductors have
emerged independently as promising candidates for next-
generation electronic materials due to their outstanding carrier
mobilities and highly-tunable energy band structures, respectively.
In particular, graphene, an atomically thin hexagonal lattice of
sp2-hybridized carbon atoms, has attracted significant interest from
a diverse array of scientific disciplines as a result of its combination
of exceptional physical and chemical properties.1,2 Similarly, perylene
derivatives have been the subject of intense study as a result of their
versatile self-assembly characteristics,3–8 suitability for a wide range
of processing schemes,4,5,9–12 and the relative ease with which they
can be modified chemically for specific applications.13,14 Given the
complementary nature of these inherently distinct sets of attributes,
the integration of these two materials has been the subject of recent
theoretical15,16 and experimental investigations.7,8,17–22 However,
many issues relating to the structural and thermal stability of
these graphene–organic interfaces have yet to be fully addressed.
Consequently, the identification of non-covalently interacting mole-
cular adsorbates, which form energetically stable configurations on
graphene at and above room temperature, remains an issue of both
fundamental and practical importance.

Despite its superlative properties, pristine graphene suffers from
several inherent limitations that hinder its overall utility. Foremost
among these is its lack of a band gap, which has frustrated progress in
the development of graphene-based digital electronics. Additionally,
the chemically inert nature of the graphitic basal plane has inhibited
the integration of graphene with other technologically-relevant
materials.23 In order to overcome these obstacles, the graphene
research community has sought reliable approaches to modulate
the intrinsic electronic and chemical behavior of graphene through
the use of covalent24–28 and non-covalent adsorbates.7,8,15–21,29–32 To
characterize these surface functionalization schemes, ultra-high
vacuum (UHV) scanning tunneling microscopy (STM) has been
particularly useful due to its sensitivity to both the electronic and
topographic features of surfaces at the atomic-scale.7,8,17,18,21,25,30

One especially intriguing category of small organic molecules
that is known to possess excellent thermal and photochemical
stability is the class of perylene derivatives.13 Among these
compounds, perylenetetracarboxylic diimide (PTCDI) serves as
the elementary building block from which the vast majority of
these derivatives have been synthesized.13,14 Recent reports have
further suggested that p–p stacking interactions with polycyclic
aromatic molecules, such as PTCDI, may be useful for doping
and band gap engineering of graphene substrates.15,16,19

In this communication, we present a UHV STM investigation
of the formation and molecular self-organization characteristics
of PTCDI monolayers on epitaxial graphene (EG) on SiC(0001) at
room temperature. The molecule-substrate and intermolecular
interactions governing this system are found to promote struc-
tural stability as evidenced by highly-ordered boundaries between
PTCDI molecular islands and neighboring regions of exposed
graphene. To quantify the thermal stability of the PTCDI mono-
layer, temperature-dependent X-ray reflectivity (XRR) analysis is
performed to compare the relative adsorption strength of both
PTCDI and the previously studied perylene derivative on EG/SiC:
3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA). Specifically,
we find that the onset of thermal desorption takes place at a
temperature 38 � 10 1C higher for PTCDI compared to PTCDA.
Overall, this study demonstrates that PTCDI is an exceptionally
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stable organic monolayer on EG, suggesting its use for chemical
functionalization in graphene-based technologies.

STM characterization and sample preparation were performed
using a home-built room temperature UHV STM system with a base
pressure of B6 � 10�11 Torr.33 Topographic STM imaging was
conducted in constant-current mode where the samples were biased
with respect to electrochemically etched tungsten probes. Following
graphitization of SiC(0001) via thermal annealing at B1325 1C for
10 min, the resulting atomically pristine surfaces were observed to
consist of a mixture of monolayer and bilayer EG regions, as shown
in Fig. 1a and b. The EG substrate was maintained at room
temperature during the molecular deposition of PTCDI, illustrated
schematically in Fig. 1c, and subsequently annealed at 60 1C for
1 hour to promote the formation of uniform and well-ordered
molecular adlayers, depicted schematically in Fig. 1d (additional
sample preparation details are provided in the ESI†). The character-
istics of these homomolecular PTCDI adlayers were then explored at
the molecular-scale via STM, as shown in Fig. 1e and f, where the
detailed structural relationships between individual molecules of the
2D supramolecular architecture could be readily identified.

As shown in Fig. 1e, PTCDI forms a densely-packed 2D self-
assembled molecular adlayer with characteristic domain sizes
exceeding 100 nm. These molecular domains extend smoothly over
the underlying EG/SiC(0001) substrate and traverse potentially

disruptive topographic features including step edges and surface
defects. STM images with sub-molecular resolution, such as Fig. 1f,
reveal the detailed structural arrangement of each PTCDI molecule
within the adlayer. In particular, a new herringbone phase for PTCDI
is observed that has not been previously demonstrated experimen-
tally. This herringbone assembly has been theoretically predicted as
one of six architecturally distinct monolayers based upon PTCDI
dimers.6 A qualitative schematic diagram of the PTCDI herringbone
phase is depicted in Fig. 1d, where the lattice vectors a and b are
identified. The measured lengths of these lattice vectors and the
angle between them, as assessed in Fig. 1f, are found to be: a =
1.53 � 0.02 nm, b = 1.89 � 0.01 nm, and c = 97.5 � 2.51. In a
manner analogous to what has been previously documented for
PTCDA on EG/SiC(0001),17 PTCDI molecules at the corner sites of
the unit cell display a different topographic contrast in STM images
than the molecules at the center of the cell. This disparate contrast
results in the development of corresponding brighter and darker
stripes of molecules that are aligned along the a vector.

This molecular arrangement of PTCDI on EG/SiC(0001) differs
significantly from the structures that have been observed on
graphite substrates4 or heteroepitaxial graphene thin films grown
on Rh(111).21 On HOPG, PTCDI has been shown to self-assemble
into adjacent parallel rows with the individual molecules within
each row arranged at a slightly canted angle with respect to their
neighbors.4 On the other hand, recent work has demonstrated
that PTCDI forms structurally stable, spatially separated, one-
dimensional rows on EG/Rh(111), where each chain is one
molecule wide.21 Evidently, the ordering of PTCDI on graphene
depends strongly on the corrugation, topography, and electronic
properties of the underlying substrate.

Examination of the structure of PTCDI assemblies at sub-
monolayer coverage indicates that the 2D molecular domains
exhibit a high degree of structural stability under routine
scanning conditions. As shown in Fig. S2a (ESI†), the PTCDI
island transitions abruptly into a clean graphene region on an
otherwise atomically flat terrace. At higher resolution (Fig. S2c,
ESI†), it is apparent that these molecularly-defined edges can
occur on any side of the 2D molecular crystal, thereby permit-
ting the formation of arbitrarily shaped boundaries.

The stability of PTCDI domain edges is in stark contrast with
similar self-assembled molecular structures formed on identically
prepared substrates. For example, previous work with PTCDA
showed the formation of 2D molecular islands with disordered
domain boundaries.17,18 The edge instability observed for PTCDA
was attributed to a combination of thermal factors and STM tip
interactions during scanning. However, PTCDI molecules are known
to have stronger homomolecular hydrogen bonding interactions
than PTCDA.6 The observed stabilization of the well-ordered PTCDI
island edge structure at room temperature may therefore be the
result of the comparatively strong NH� � �O intermolecular hydrogen
bonds that form between neighboring PTCDI molecules. An asso-
ciated consequence of this stable edge behavior is that molecularly-
defined void structures exhibit similar stability, as shown in Fig. 2. A
range of void structures have been observed including diamond-
shaped voids (Fig. 2a), rectangular voids (Fig. 2b), and individual
molecular vacancies (Fig. 2c). In addition we note that Fig. 2c

Fig. 1 (a) STM image of EG/SiC(0001) (sample bias (Vs) = �2.0 V; tunnel-
ing current (It) = 0.08 nA). (b) STM image of monolayer graphene where
the underlying (6O3 � 6O3)R301 structure is visible as an array of bright
protrusions (Vs =�1.0 V; It = 0.08 nA). (c) Structure of PTCDI. (d) Schematic
of the PTCDI herringbone motif, with lattice vectors a and b. (e) STM image
acquired following the deposition of a PTCDI monolayer (Vs = �1.0 V; It =
0.05 nA). (f) Molecular-resolution STM image of the PTCDI monolayer
(Vs = �1.0 V; It = 0.04 nA).
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exhibits a different molecular ordering than the typically
observed herringbone architecture on EG/SiC(0001). Instead,
this region of the surface has self-organized into a canted
molecular phase similar to that observed on HOPG.

Following room temperature STM characterization of the
PTCDI molecular adlayer structural stability, the relative thermal
stability of PTCDI and PTCDA adlayers on EG/SiC(0001) was
quantified using XRR, a measurement sensitive to the coverage
of the molecular overlayer (XRR experimental details and sup-
plementary data are provided in the ESI†).22 Fig. S3 (ESI†) shows
temperature-dependent high-resolution XRR for EG/SiC(0001),
PTCDA/EG/SiC(0001), and PTCDI/EG/SiC(0001) samples at

L ¼ 2 sin
2y
2

� �
cSiC

l
� 4:5 SiC reciprocal lattice units (SiC r.l.u.),

which corresponds to the d-spacing of graphite (0002) (d E 3.35 Å).
Here, 2y is the scattering angle, l = 0.827 Å is the X-ray
wavelength, and cSiC = 15.12 Å is the lattice parameter for
6H-SiC. Each dataset exhibits a strong, sharp SiC(0006) single-
crystal diffraction peak at L = 6.0 SiC r.l.u., as well as a broader,
weaker signal at L E 4.5 SiC r.l.u. from the combined con-
tributions of the EG and p-stacked molecular layers.22 As both
samples are heated, the film peak irreversibly reduces in
integrated intensity, broadens, and shifts to lower L (Fig. S3,
ESI†). This behavior is indicative of an adlayer that is decreas-
ing in layer occupancy and total thickness, as well as increasing
in average d-spacing, thereby reverting to a bare EG/SiC(0001)
film. The heating in vacuum of bare EG/SiC(0001), in contrast,
has little effect on the scattered intensity (Fig. 3), and thus the
behavior for PTCDI and PTCDA is indicative of the desorption
of the organic monolayer. A weak temperature-dependent
decrease in intensity is observable for all samples prior to the
main thermal desorption events and is attributed to an increase
in the Debye–Waller factor with temperature.

Full quantitative analysis of the XRR data at each tempera-
ture can be used to evaluate the PTCDA and PTCDI coverage as
a function of temperature.22 However, a simpler and more
direct approach for assessing the molecular coverage, Y(T), at
temperature T, is to monitor the square root of the intensity,ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IðL;TÞ

p
, at the L value associated with the d-spacing of the

overlaying molecular thin film (L E 4.5 SiC r.l.u., corre-
sponding to d E 3.35 Å). Details on this method, which is
based on Redhead thermal desorption analysis, are provided in

the ESI.† 34 A plot of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ið4:5;TÞ

p
[correlated with Y(T)] is shown

in Fig. 3, and arrows indicate the transition temperature Tc

at the inflection point of the fitted Gauss error function.
With this definition, we find that the Tc for PTCDA and PTCDI

is 223 � 5 1C and 261 � 5 1C, respectively. The final
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IðL;TÞ

p
values, which are essentially identical to bare EG/SiC(0001),
differ slightly due to small variations in graphene coverage
between samples.

In summary, the structural and thermal properties of a
densely-packed hydrogen-bonded PTCDI adlayer have been
investigated on EG/SiC(0001). The structural stability of the
PTCDI adlayer allows for molecularly defined domain boundaries,
voids, and vacancies at room temperature. The thermal desorption
properties of the PTCDI monolayer is assessed in comparison to
the closely related PTCDA molecule, where we find that PTCDI
desorbs at a temperature 38 � 10 1C higher than PTCDA. Overall,
these results provide insight into the subtle chemical and inter-
facial factors that influence the stability of molecular adlayers on
EG and thus provide guidance for the controlled fabrication of
organo-graphene nanostructures.
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DOE (DE-FG02-09ER16109), ONR (N00014-11-1-0463), AFOSR
(FA9550-11-1-0275), and Keck Foundation. XRR was performed at
the Advanced Photon Source at Argonne National Laboratory, which
is funded by DOE (DE-AC02-06CH11357) using the DND-CAT
5ID-C station supported by DuPont, Northwestern University,
and Dow Chemical.
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