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R
educing the size of devices is the
driving force of modern nano-
technology.1 As the smallest build-

ing block for nanodevices, many molecules

have been extensively investigated and

built to work as single-molecule-based

devices.2,3 However, one major challenge is

how to condense molecules onto a surface

without aggregation. One viable method is

to employ supramolecular architectures

that can be self-assembled at vacuum/solid

or liquid/solid interfaces using surface tem-

plates to isolate guest molecules via

host�guest interactions.4�18 Among all

demonstrated templates, the naturally

formed corrugated surfaces11�13 are the

most promising due to their stability. Never-

theless, the dimensions of the corrugations

in these surfaces are usually larger than the

molecule; hence the resulting arrays are

composed of molecular clusters instead of

isolated single molecules. Thus, corrugated

surfaces with shorter periodicity are needed

for the construction of single molecular ar-

rays for applications such as biosensors and

data storage. One good example is the BN

nanomesh with 2 nm hole and 3.2 nm lat-

tice constant. This template has been dem-

onstrated to trap single molecules or atoms

inside its “holes”.19 Another corrugated sur-

face, the 6�3 � 6�3 R30° reconstructed

6H-SiC(0001) surface (henceforth referred to

as “SiC nanomesh”20,21), with a periodicity

of about 1.95 nm is another potential candi-

date for the formation of molecular arrays.

However, the deposition of C60 on SiC

nanomesh resulted in a close-packed

wetting layer due to stronger intermolecu-

lar interactions relative to the molecule�

nanotemplate interaction.22

In this work, the adsorption of two pla-
nar molecules, CuPc and pentacene, is stud-
ied on the SiC nanomesh surface prepared
by thermal annealing of a 6H-SiC(0001)
sample. STM and PES are used to investi-
gate the adsorption geometries as well as
the adsorption interactions. STM measure-
ment reveals that both molecules are selec-
tively adsorbed in the nanomesh cells with
three different orientations. However, at
high coverage, the assembly of these two
molecules is quite different. CuPc forms an
ordered single-molecular array which uni-
formly covers the whole surface. This array
has the periodicity and rotational symmetry
identical to those of the substrate, indicat-
ing that the molecules are directly confined
by the SiC nanomesh. Moreover, the dis-
tance between adjacent molecules is larger
than the dimension of the molecule, imply-
ing that the individual CuPc molecules are
noninteracting and this array is a perfectly
isolated molecular array. On the other hand,
the molecules of pentacene, which has
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ABSTRACT The template-directed assembly of two planar molecules (copper phthalocyanine (CuPc) and

pentacene) on SiC nanomesh has been studied by scanning tunneling microscopy and photoelectron spectroscopy,

respectively. Both molecules are trapped as single molecules in the cells of SiC nanomesh at low coverage. At

high coverage, CuPc forms a highly ordered single-molecular array with identical symmetry and periodicity as

the substrate, whereas pentacene forms a quasi-amorphous layer due to the random mixture of three different

adsorption configurations. This difference in adsorption behavior is attributed to differences in molecular

geometries. The measured changes of work functions reveal weak charge transfer between the molecules and

substrate. Both molecules are preferentially adsorbed on the SiC nanomesh rather than on graphene. The CuPc

single-molecular array possesses good long-range order, large area coverage, and a molecular density of over 3.0

� 1013 molecules/cm2.
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multiple adsorption configurations at high coverage,
are mixed randomly to form a quasi-amorphous layer
on the SiC nanomesh.

RESULTS AND DISCUSSION
The clean SiC nanomesh surface is shown in Figure

1. Unlike the sample for XPS measurements, this sample
is slightly over-annealed to produce a nanomesh/
graphene mixed phase surface. The terrace A in Figure
1a is covered by epitaxial graphene (EG), as shown in
corresponding zoom-in Figure 1b. The terrace B, which
comprises SiC nanomesh with 1.95 nm honeycomb-like
cells, is enlarged in Figure 1c. From this image, several
distinct features of SiC nanomesh can be distinguished.
First of all, three out of six corners of the hexagonal
cells appear as bright triangular clusters (triangles at
hexagon corners).23 Meanwhile, the other three cor-
ners are featureless. In this work, the corners with bright
triangles are labeled “L” while the featureless vertices
are labeled “S”. The L and S vertices are not precisely lo-
cated at the hexagon corners (Figure 1c). This is due to
the surface irregularity of the SiC nanomesh.22 Another
prominent feature is the bumps in the middle of the
cells. This feature was observed in the work presented
in previous papers,20,23,24 but its origin is not
understood.

After a nominal dosage about 0.1 monolayer (ML),
single CuPc molecules appear as four-leaved clovers as
shown in Figure 2. The dosage is estimated according to
the size of the CuPc molecules (1.4 � 1.4 nm2) in its
closed packed form on highly oriented pyrolytic graph-
ite (HOPG).25 The simultaneously resolved triangular
clusters of the SiC nanomesh are used as a reference
grid to determine the adsorption configurations of
CuPc. In Figure 2a, CuPc molecules lie directly above
the nanomesh pores with their four lobes extended to
the rims of the nanomesh cells. This is a clear indication
that the growth of CuPc is mediated by the SiC nano-
mesh. Furthermore, adsorbed CuPc molecules follow
the orientation of the substrate. To clarify the orienta-
tions of CuPc, a vector pointing from the center copper
atom outward in between the two lobes is used to indi-
cate the in-plane orientation of CuPc (black arrows in

Figure 2a). Three orientations (25 � 3°, 55 � 3°, and 85
� 3°: the error-bars are estimated by statistical average
of molecular orientations in several STM images) rela-
tive to the substrate a axis are shown in Figure 2a. To
elucidate these orientations, schematic pictures of CuPc
with three different orientations as well as the SiC nano-
mesh cells are shown in Figure 2c�e. The three orienta-
tions are actually degenerate due to the 3-fold symme-
try of the substrate. However, after adsorption of
multiple CuPc molecules, the substrate-induced degen-
eracy is removed and the three orientations of CuPc be-
come distinguishable. Owing to the 4-fold symmetry
of CuPc, any orientation angle larger than 90° can be
automatically reflected back to the first quadrant. As the
result, the angles determined by 3-fold substrate sym-
metry (�, � � 120°, and � � 240°) are reduced into �, �

� 30°, and � � 60°. This deduction successfully explains
the 30° angular difference of the three orientations.

In Figure 2b, some CuPc molecules appear as
complementary fragments at several locations; this is
possibly due to molecular hopping by either thermal
activation or tip perturbation. As the acquisition time of
Figure 2b is 471 at 0.75 s per line, the sudden appear-
ance/disappearance of CuPc molecules indicates a
much shorter hopping time than 0.75 s. In addition,
the hopping frequency or dwell time of CuPc molecules
can be estimated experimentally. About 17 hopping
events are counted over 34 molecules during the acqui-
sition of Figure 2b. The hopping for a single molecule
thus happens roughly once per 1 � 103 seconds at low
dosage. No rotation of the static CuPc molecules in se-
quential STM images is observed, but molecules may
change their orientations during hopping. In a few
cases, CuPc molecules may hop back to their original
sites (back and forth dashed arrows in Figure 2b), or
new molecules may hop to previously occupied sites
(not shown here). These molecules adopt the same ori-
entation of the previous molecules at these sites, imply-

Figure 1. STM images of SiC nanomesh/graphene mixed
phase surface: (a) large area scan (30 � 30 nm2, VT � 2.1 V,
IT � 70 pA); (b) enlarged image of terrace A (10 � 10 nm2, VT

� 0.5 V, IT � 70 pA), (c) enlarged image of terrace B (10 �
10 nm2, VT � 2.1 V, IT � 70 pA).

Figure 2. CuPc molecules on SiC nanomesh: (a) adsorbed
CuPc molecules; (b) hopping of single molecules under tip
perturbation (conditions for panels a and b: 20 � 20 nm2, VT

� 3.4 V, IT � 40 pA); (c�e) schematic models of the three
CuPc orientations on SiC nanomesh cells. Black arrows indi-
cate the orientations of CuPc; green arrows indicate the a
axis of SiC nanomesh.
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ing that in one cell, only one out of three symmetric in-

plane orientations is energetically favorable. The

hopping happens frequently at low dosage, suggest-

ing that the energy barrier for hopping is small when

the neighboring pore site is unoccupied.

At 0.4 ML coverage, CuPc molecules are evenly dis-

tributed on the SiC nanomesh surface forming an or-

dered single-molecular array, as shown in Figure 3a.

This array possesses a 1.95 nm periodicity and 3-fold

symmetry of the substrate. The periodicity of the CuPc

array is not only larger than the CuPc size in its closed

packed form (about 1.4 nm),25,26 but also larger than the

calculated maximum size of the CuPc molecule (1.68

nm in diagonal length).27 The large separation (2.7 Å or

larger) and arbitrary orientations of adjacent molecules

suggest negligible intermolecular interactions. As most

molecular orientations can be distinguished in Figure

3a, a statistical analysis is performed to study the distri-

bution of these orientations. Three peaks at 25°, 60°,

and 90° are observed, indicating the preferred in-plane

orientations of CuPc molecules. These angles are similar

to the orientation of CuPc molecules at low coverage.

Thus, both spatial locations and orientations of CuPc are

confined by the substrate to form an ordered single

molecular array.

In Figure 3b, the CuPc array is observed to cover

the lower terrace uniformly, while the upper two ter-

races covered by single-layer graphene (SLG) are totally

empty, suggesting the preferential adsorption of CuPc

on SiC nanomesh instead of on graphene. This is not

surprising since the graphene/graphite surface is

known to be unreactive. The formation of this molecu-

lar array is not limited to selected nanomesh terraces;

on the contrary, this array is observed on all the SiC nano-

mesh terraces forming a wafer-scale single molecular

array. The molecular density of this array is estimated

to be about 3.0 � 1013 molecules/cm2.

We next study another molecule with simple geom-

etry, pentacene, to probe the molecular adsorption

sites on this nanomesh surface. Figure 4a shows the

STM image of pentacene deposited on SiC nanomesh

at low coverage (�0.2 ML). The rodlike feature repre-

sents a single pentacene molecule lying flat. Because of

the different molecule�substrate couplings, the sub-

molecular features of pentacene vary from one sub-

strate to another.28�31 In Figure 4c, pentacene appears

as three bright protrusions.

As with the CuPc molecules, pentacene adsorbs

within the cells and points to the corners of these cells.

The magnified image (Figure 4b) shows that the penta-

cene molecules deviate slightly from the center of the

cells with one phenyl end closer to the L vertex. The ori-

entations of adsorbed pentacene molecules are coinci-

dent with the direction from the cell center to L vertex

and about 30°, 90°, and 150° degrees to the substrate a

axis. Unlike CuPc, the fragmented pentacene image is

not observed in Figure 4. Thus the hopping time of pen-

tacene cannot be monitored by STM scanning. In-

stead, the hopping of pentacene is counted by the ap-

pearance/disappearance of molecules in sequential

images. The events are rare (less than 1 hopping event

over 100 molecules in one scan), indicating that the

trapping of pentacene is much stronger than CuPc. The

dwell time of pentacene is �4 � 104 seconds based

on the number of hopping events observed.

From the STM studies, both molecules are trapped

in the cell with substrate-determined orientations.

These observations imply that these molecules are

trapped not only by the cell centers but also by the ver-

tices of the cells. In the case of pentacene, the L vertex

appears to interact more strongly with pentacene than

the S vertex. In the case of CuPc, the molecular lobes lie

in-between the L and S vertices, possibly due to the

Figure 3. The CuPc single-molecular array on the SiC nano-
mesh surface: (a) 30 � 30 nm2 STM image of the CuPc molec-
ular array (VT � �1.9 V, IT � 40 pA); (b) 30 � 30 nm2 STM im-
age of the CuPc molecular array on a nanomesh terrace
(VT � �2.2 V, IT � 40 pA); (c) statistics of the in-plane orien-
tations of CuPc molecules.

Figure 4. Pentacene molecules on SiC nanomesh: (a) 30 �
30 nm2 STM image of pentacene on SiC nanomesh (VT � 1.7
V, IT � 40 pA). Blue arrows indicates the orientation of pen-
tacene molecules and green arrows indicates the a axis of
the substrate. (b) The enlarged image shows the location of
pentacene on the SiC nanomesh. The hexagons indicate the
SiC nanomesh cells, and the triangles indicate the L verti-
ces. (c) The enlarged image of a single pentacene molecule.
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competing interactions between the molecule and the

L and S vertices. Although the atomic structure of these

nanomesh features are not fully understood, these

cells and vertices effectively trap CuPc and pentacene

molecules to form molecular arrays.

When the dosage of pentacene increases to 0.8 ML,

molecules reside on the SiC nanomesh with less order.

However, three types of adsorption configurations can

be distinguished on this surface. First of all, small num-

bers of molecules possess the 3-fold symmetric config-

uration and they are highlighted by the black arrows in

Figure 5a. The second configuration is where the mol-

ecules pack in parallel (Figure 5c). In this configuration,

the intermolecular distance is about 0.85 nm, much less

than the periodicity of SiC nanomesh (1.95 nm), imply-

ing that two molecules reside in one SiC nanomesh cell

(Figure 5d). The last distinguishable configuration is

the bridge configuration, whereby the molecules ap-

pear as two bright dots separated by a gap (Figure 5e).

A similar appearance of pentacene described as a “two-

lobe structure” has been reported at the second penta-

cene layer on Ag(111).32 Although the authors did not

discuss the origin of this “two-lobe structure”, we infer

from their STM images that this structure is due to a

pentacene molecule crossing two underlying ones.

Therefore, the appearance here could be regarded as

one molecule bridging two underlying molecules (Fig-

ure 5f). A similar pentacene image with three bright

dots and two dark gaps has been observed by Kasaya

et al.33 on silicon (100) 2 � 1, and the authors explained

the image by a model where pentacene molecules

bridge three dimer rows. The mixture of these configu-

rations at high coverage could be explained by two rea-

sons. The first is the small size of pentacene (1.66 �

0.74 nm)34 relative to the nanomesh cell. The space be-
tween two pentacene molecules in neighboring cells
is large enough to accommodate additional molecules
in metastable configurations, that is, the parallel and
bridge configurations. Therefore, the small size of pen-
tacene allows disorder in the molecular array at higher
coverage. The second reason is attributed to the limited
diffusivity of pentacene molecules on the SiC nano-
mesh. In Figure 5b, a domain boundary between
graphene and SiC nanomesh is indicated by the dashed
line. It can be clearly observed that no pentacene mol-
ecules adsorb on graphene, and that the population of
pentacene increases on the SiC nanomesh close to this
boundary. The increase in population is due to the uni-
directional diffusion of pentacene from graphene to
the nanomesh surface. The same diffusion trend was
suggested in CuPc deposition, but the diffusivity of
CuPc on SiC nanomesh is large enough to distribute
the excess molecules away from the boundary (cf. Fig-
ure 3b). Pentacene therefore forms a random array at
high coverage due to multiple adsorption configura-
tions and low diffusivity.

We have investigated the template effect of the SiC
nanomesh by two molecules, CuPc and pentacene. The
adsorption geometries of both molecules are con-
strained by the nanomesh substrate. CuPc is demon-
strated to form a highly ordered single molecular ar-
ray, whereas pentacene forms a random array
comprising several intermixed configurations. Next,
photoelectron studies of both molecule�substrate sys-
tems will help to clarify the origin of this interaction.

While no chemical reactions could be identified from
XPS (see Supporting Information), small work function
shifts for CuPc (�0.15 � 0.05 eV) and pentacene (�0.25
� 0.05 eV) are observed (Figure 6). This suggests a
vacuum level shift relative to the Fermi level due to the
formation of interface dipoles, which originate from elec-
tron transfer from CuPc or pentacene (electron
donor)35�37 to the SiC nanomesh. As previously re-
ported,22 the weak charge transfer between C60 and SiC
nanomesh, which induces a �0.15 � 0.05 eV vacuum
level shift, is responsible for altering the fullerene growth
from island mode to layer-by-layer mode within the first
two layers. Therefore, the interaction which traps CuPc
and pentacene inside the cells of SiC nanomesh is attrib-
uted to the weak interface dipoles. The relative dipole
strengths can explain the different hopping rate of the
two molecules. Due to the weaker dipole force, CuPc is
more uniformly distributed on the SiC nanomesh surface.
Meanwhile, the stronger dipole force hinders the diffu-
sion of pentacene on the nanomesh surface and results
in an accumulation of molecules at the graphene�

nanomesh phase boundary.
The dipole force is responsible for trapping both

molecules on the SiC nanomesh surface, but it may
not be enough to explain the differences in molecular
assembly. In the experiments, the size and geometry of

Figure 5. Quasi-amorphous pentacene layer on SiC nano-
mesh: (a) 0.8 ML pentacene on SiC nanomesh (20 � 20 nm2,
VT � �1.9 V, IT � 40 pA); (b) pentacene at the domain bound-
ary (30 � 30 nm2, VT � 1.9 V, IT � 40 pA); (c) enlarged im-
age shows the parallel configuration from the blue square
in panel a; (d) schematic of parallel configuration in honey-
comb cell. This two-in-one configuration is geometrically
possible; (e) enlarged image shows the bridge configura-
tion from the black square in panel a; (f) schematic of bridge
configuration. The two ends of upper pentacene are col-
ored in yellow to indicate the bright dots in panel e.
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the molecules also influences the molecular assembly.
The formation of an ordered array for CuPc is facilitated
by its compatible size to the nanomesh cell. The square-
shaped Van-der-Waals envelope of CuPc (1.68 nm) is
slightly smaller than the periodicity of SiC nanomesh
(1.95 nm) and forms a one-molecule-in-one-cell config-
uration. The CuPc size is large enough to exclude a two-
in-one configuration. However, the pentacene molecule
with smaller Van-der-Waals envelope (1.66 nm � 0.74
nm) allows a two-in-one configuration in the nano-
mesh. Thus, the size of molecules plays a crucial role in
the formation of ordered single molecular arrays.

Although both molecules have three in-plane orien-
tations, the angular difference of orientations is 30° for
CuPc while it is 60° for pentacene. This difference is due
to the 4-fold and 2-fold symmetry of CuPc and penta-
cene, respectively. If a 3-fold or 6-fold symmetric mol-
ecule is used, the adsorbed molecules will only have
one in-plane orientation and form a higher ordered mo-
lecular array.

CONCLUSION
The template effect of SiC nanomesh was observed

in CuPc and pentacene deposition. The adsorption con-

figurations of both molecules are influenced by the sub-

strate, revealing the template effect of the nanomesh

surface. In particular, CuPc forms a highly ordered single

molecular array covering the nanomesh uniformly.

This array maintains the periodicity and symmetry of

the substrate. In contrast, pentacene forms a quasi-

amorphous overlayer comprising a random mixture of

several different configurations. From photoelectron

measurements, no chemical shift was identified except

for small work function shifts for CuPc (�0.15 � 0.05 eV)

and pentacene (�0.25 � 0.05 eV). These shifts are ex-

plained by the formation of interface dipoles induced

by charge transfer. The formation of such molecular ar-

rays with ultra high density and large area on the SiC

nanomesh surface has potential applications in high-

density data storage and chemical sensors.

METHODS
The SiC nanomesh on a 6H-SiC(0001) sample (CREE Re-

search, Inc.) was prepared in the multichamber endstation of
the Surface, Interface, and Nanostructure Science (SINS) beam-
line, Singapore Synchrotron Light Source.38 The SiC sample was
directly heated at 700 °C for overnight degassing and followed
by annealing with additional Si flux at 800 °C to remove native
oxide on the surface. Then the sample was annealed to 1150 °C
to form the SiC nanomesh surface. The sample preparation is de-
scribed in detail elsewhere.20 The synchrotron-based photo-
electron experiments were performed in situ in the same sys-
tem. The synchrotron light is p-polarized with photon energy
resolution E/	E set at about 1000. A hemispherical electron en-
ergy analyzer (EA 125, Omicrometer Nano-Technology GmbH) is
used to analyze the photoelectron. The photon energy is set at
350 eV for C 1s and Si 2p measurements, and 60 eV for work func-
tion measurement. Photon incident angle is set to 50° to sur-
face normal, and photoemitted electrons are collected at 90°.
The STM experiments for CuPc and pentacene deposition were
conducted in a low temperature STM system.39 Another nano-
mesh sample was carefully degassed to remove contaminations
after the ex-situ transfer. The clean nanomesh surfaces were ob-
served by STM measurement and are consistent with previous
reports.20,23 Organic molecules were evaporated by using a low-
temperature Knudsen cell (MBE-Komponenten, Germany) onto SiC
nanomesh substrates at room temperature. The deposition tem-

peratures for CuPc (Sigma-Aldrich, sublimation grade) and penta-
cene (Sigma-Aldrich, 99.9%, sublimed) are 350 and 190 °C, respec-
tively. During deposition, the chamber pressure was always
maintained below 1.0 � 10�9 Torr. The deposition rate is cali-
brated either by using the attenuation of the Au 4f photoelectron
peak after deposition of molecules on a reference Au(100) sample
in XPS measurement or by measuring the molecular coverage in
STM images. To resolve the low kinetic energy electrons cutoff, a
negative 5 V sample bias was applied. The vacuum level (Evac) of SiC
nanomesh upon the deposition of CuPc or pentacene was mea-
sured by linear extrapolation of the low-kinetic energy onset (sec-
ondary electron cutoff) of PES spectra.40
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