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M
olecular electronics1 is a promis-
ing alternative paradigm to con-
ventional electronics to meet the

demand for device miniaturization. To fab-
ricate single molecule devices, a first step is
to understand and control the formation of
large scale well-ordered single-molecule ar-
rays with desired functionality. To retain the
pristine functions of molecules, it is neces-
sary to assemble molecules on surfaces
without forming strong covalent bonds,
such as on two-dimensional (2D) supramo-
lecular porous networks,2�4 on dislocation
networks,5 or on electronically self-pat-
terned single-crystalline Al2O3 thin film on
NiAl(100).6,7 Inert 2D atomically thin films
such as the hexagonal boron nitride (h-BN)
on transition metal surfaces8,9 have been
shown to be promising templates for single-
molecular arrays, for example, naphthalo-
cyanine8 and copper phthalocyanine (CuPc).9

Whereas naphthalocyanine molecule at-
taches at the center of the h-BN nanomesh
hole,8 CuPcmolecule is randomly shifted off
the center of the corresponding host hole.9

This has been attributed to in-plane com-
ponents of surface dipole rings of the h-BN
nanomesh.
The (6

√
3 � 6

√
3)R30� reconstructed SiC

(0001) surface,10 also known as SiC nano-
mesh11 (hereafter, SiC nanomesh), resem-
bles a quasi-honeycomb structure with an
average side length close to 1.85 nm, as
shown in the filled state STM image and the
corresponding fast Fourier transform (FFT)
pattern in Figure 1a. It comprises a single
graphene-like carbon layer which is partially
covalently bonded to a truncated SiC(0001)
surface,12�16 as shown in the models in
Figure 4d and Supporting Information, Fig-
ure S1. It can be electronically decoupled to
be quasi-free-standing epitaxial graphene
(EG).17�22 The corrugation of the carbon
layer is calculated to be close to 0.12 nm,15

in good agreement with our previous STM

measurements.11 The boundaries of the
nanomesh correspond to regions where C
atoms are not commensurate with SiC and
hence are suspended on top of it without
any covalent bond formation; while the
holes correspond to regions where the
C-honeycomb is covalently bonded to the
underlying SiC via Si�C σ-bonds.14 Such
covalent bonding breaks the hexagonal
network of π-orbitals but preserves the
σ-bonds of sp2 hybridization,13 making the
SiC nanomesh semiconducting. The result-
ing charge transfer from SiC to the corru-
gated graphene-like carbon layer is uneven
and is localized in the hole regions close to
the interface,13,14 which results in a perpen-
dicular dipole in each hole (see Supporting
Information (SI)). Our previous study has
demonstrated that SiC nanomesh is a good
template for CuPc self-assembled arrays,
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ABSTRACT

The self-assembly of nonplanar chloroaluminum phthalocyanine (ClAlPc) molecules as well-

ordered single-molecule dipole arrays on the silicon carbide (SiC) nanomesh substrate was

investigated using low temperature scanning tunneling microscopy. ClAlPc exclusively adsorbs

in the center of the SiC nanomesh holes with its inherent dipole (from Cl to Al) pointing toward

the substrate. The dipole can be inverted by a positively biased tip with a threshold tip voltage

of 3.3 V. We deduce that the interaction between the intrinsic dipole of ClAlPc and the periodic

out-of-plane component of the surface dipole on the SiC nanomesh plays a significant role in

the dipole array formation.
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but not for pentacene.23 Here, we use a dipole mo-
lecule to elucidate the template self-assembly
mechanism.
In this contribution, we use low temperature scan-

ning tunneling microscopy (LT-STM) to investigate the
formation of well-ordered single-molecular arrays of
chloroaluminum phthalocyanine (ClAlPc) on a SiC nano-
mesh template, as well as demonstrate positively
biased-STM-tip-induced molecular dipole orienta-
tion inversion. ClAlPc has an electric dipole moment
pointing from a Cl atom to Al atom, perpendicular to
the phthalocyanine plane (cf. structure in Figure 2b
inset).24 As deposited, ClAlPc molecules exclusively
adsorb in the hole center of the SiC nanomesh
template with their Cl-atoms pointing toward the
vacuum. After several scans at tip biases around
3.3 V, the molecules in the scanned area were
inverted with their Cl atoms now pointing to the
substrate and shifted off-center and closer to the
nanomesh boundaries. The out-of-plane compo-
nents of the surface dipoles of the SiC nanomesh
are believed to play a key role in the accommodation

of single ClAlPc molecules and the formation of such
dipole arrays.

RESULTS AND DISCUSSION

Figure 1panels b and c show high resolution STM
images of the SiC nanomesh at opposite tip bias
polarities (b, 1.5 V; c, �1.5 V). There are two types of
structural units dominating the surface in Figure 1b.
One is the down-pointing trimer (highlighted by a
green triangle), and the other is a single or double
protrusion between the trimers (highlighted by a
green circle). In Figure 1c, both structural units are
observed to be significantly different. The former
appears as dark triangles and the latter as irregular
shaped units with a weak corrugation in a hexagonal
geometry. In addition to the two above-mentioned
features, there are several other types of structural
units on SiC nanomesh reported in refs 12 and 25.
The two types shown here correspond to Types C and E
in ref 12, respectively. Type C is at the corner of a
nanomesh and Type E is in the hole center of a
nanomesh. A unit cell of (6

√
3� 6

√
3)R30� reconstruc-

tion is marked on both panels, respectively, with a red
diamond.
Upon depositing ∼0.85 monolayer of (ML, where

1 ML refers to the coverage of one ClAlPc molecule per
nanomesh hole) ClAlPc, a well-ordered single molecu-
lar array was observed on the SiC nanomesh, as shown
in Figure 2a. The corresponding FFT pattern inserted at
the lower left corner of Figure 2a shows a hexagonal
symmetry with an averaged periodicity of ∼1.85 nm,
the same as that of the SiC nanomesh. The intermole-
cular distance is much larger than that close-packed
ClAlPc on HOPG of 1.51 nm,26 suggesting negligible
interaction between neighboring ClAlPc molecules.
The ClAlPc image resembles a protrusion with four
equivalent lobes in the close-up STM images as shown
in Figures 2b, 3, and 4b, which indicates that the
phthalocyanine plane of ClAlPc lies flat on SiC nano-
mesh with its Cl-atom pointing to vacuum (here-
after, Cl-up configuration). Such growth behavior is

Figure 2. (a) Large scale STM image (VT =�2.60 V) of∼0.85
ML ClAlPc on SiC nanomesh and corresponding FFT pattern
(inserted) showing a long-range ordered single ClAlPc
molecular array with quasi-hexagonal symmetry in a peri-
odicity of∼1.85 nm. (b) Enlarged STM image (VT =�2.83 V)
showing all the ClAlPc in Cl-up configuration. Top view and
side view of the molecular structure of ClAlPc are inserted.
(c) Proposed model for ClAlPc molecules on SiC nanomesh.

Figure 3. Series of molecularly resolved STM images (7.5 �
7.5 nm2, VT =�2.76 V) of 0.1ML ClAlPc on the SiC nanomesh
from the same area showing the hopping of the ClAlPc
molecules between the holes of the SiC nanomesh.

Figure 1. (a) Typical large scale STM image (VT = 1.5 V) and
the corresponding FFT pattern (inserted) showing the SiC
nanomesh in quasi-hexagonal symmetry with a periodicity
of∼1.85 nm.High resolution STM images, (b) (þ) and (c) (�),
from the same area but at opposite tip bias polarities
showing the characterization of SiC nanomesh. The dark
triangles in panel b correspond to the down-pointing
trimers in panel c (labeled by green triangles), indicating
that the holes of nanomesh (labeled by green circles) are
featureless at negative tip bias. The unit cell of (6

√
3 �

6
√
3)R30� superstructure is marked by a red diamond.

A
RTIC

LE



HUANG ET AL. VOL. 6 ’ NO. 3 ’ 2774–2778 ’ 2012

www.acsnano.org

2776

significantly different from that on HOPG,24,26 where
ClAlPc grows in a bilayer mode. The difference is
discussed in detail later.
Figure 3 shows a series of molecularly resolved

empty state STM images of 0.1 ML ClAlPc on the SiC
nanomesh from the same area. The images evidence
molecular hopping between specific sites on the SiC
nanomesh, which is induced by either thermal activa-
tion or repulsive tip�molecule interaction at negative
tip bias. Close inspection reveals that all the ClAlPc
molecules are surrounded by three Type C structural
units; that is, they are adsorbed on top of the Type E
structural units. This indicates that the center of the
molecule exactly locates at the center of a host nano-
mesh hole. A proposed model of ClAlPc on SiC nano-
mesh is shown in Figure 2c.
Simultaneous images of filled states with ClAlPc in

Cl-up configuration and mesh-like structure of SiC
nanomesh were not obtained. We attribute this to
the strong attractive interaction between a positively
biased tip and Cl-up ClAlPc, which perturbs molecular
adsorption on the SiC nanomesh. When the tip bias
was increased to a threshold voltage of þ3.3 V, some
objects resembling single ClAlPc molecules appear in
the initial STM images scanned (not shown). Blurred
features dominate such images, indicating a molecule
diffusing or hopping heavily. Statistically, an estimated
switching probability at the scanning conditions of
Vtip = 3.3 V, I = 100 pA, and scan speed of 1 s/line is
larger than 70%. Upon several (3�5) scans, the images
become clear. Figure 4a is a zoomed-out empty states
STM image. The area highlighted by a red square was
scanned for five times at a positive tip bias of 3.3 V,
where individual ClAlPc molecules were observed with
an appearance of four lobes enclosing a depression at
the center, as shown in the empty states STM image
inserted at the top right corner of Figure 4a and in the
filled states STM image in Figure 4c. The inset in
Figure 4a was taken at the boundary of the red square,
highlighting the inconsistent appearance between
ClAlPc in- and outside the red square. The ClAlPc
molecule in the red square now lies flat on the SiC
nanomesh with its Cl atom pointing into the substrate
(hereafter, Cl-down configuration). We scanned the
same area with a negative tip bias up to �4.0 V and
found that the ClAlPc remained in the Cl-down con-
figuration, indicating a weaker tip�molecule interac-
tion in such a configuration. This is indicative of
irreversible flipping of ClAlPc induced by the STM tip.
Recently, tip-induced single-molecule reversible
switching of SnPc on Ag(111) at a temperature lower
than 30 K was reported, where the motion of a central
Sn ion through the unaffected frame of a phthalocya-
ninemolecule is achieved via resonant electron or hole
injection into molecular orbitals.27,28 The same behav-
ior of ClAlPc on graphite was also reported.29 However,
it is not clear here whether the whole ClAlPc molecule

flips over or the ClAl-group moves through the frame
of a phthalocyanine due to the influence of the posi-
tively biased tip. More investigations at lower tempera-
tures are required to elucidate this point.
Figure 4 panels b (VT = �2.60 V) and c (VT = 3.30 V)

are STM images taken from the same area in higher
resolution before and after molecule inversion, where
two defects are marked by green circles, respectively,
as reference. While all the Cl-upmolecules reside at the
center of the holes, the Cl-downmolecules locate close
to the boundaries of the host nanomesh. It can be
understood as following. The charge redistribution at a
hole of nanomesh (red region in Figure 4d) calculated
using density functional theories based on a (

√
3 �√

3)R30� unit cell clearly shows electron accumulation
(depletion) regions at the carbon layer (SiC substrate).
The charge transfer within covalent Si�C bonds is
equivalent to nearly one electron per bond (see SI).
Since the transferred charge is localized at the carbon
layer and located in the nanomesh holes, the out-of-
plane components of these induced dipoles point from
the carbon layer into SiC, as shown by a green arrow in
the proposed model in Figure 4e. The inherent dipole
of ClAlPc is indicated by a red arrow. When deposited
on SiC nanomesh, ClAlPc in the Cl-up configuration has
an inherent downward dipole. This dipole aligns well
with that of the nanomesh, which results in an

Figure 4. (a) Large scale STM image (VT = �2.30 V) with
ClAlPcmolecules in both Cl-up and Cl-down configurations.
Area marked by a red square indicates region where scan-
ning at þ3.3 V tip bias was carried out for five times,
resulting in the molecular configuration inversion from Cl-
up to Cl-down. Inset: Zoomed-in STM image (VT = �2.30 V)
over the boundary showing ClAlPc molecules in both Cl-up
(left) and Cl-down (right) configurations. STM images from
the sameareabefore (b,VT =�2.60V) and after (c,VT = 3.3 V)
scanned four times at þ3.3 V tip bias for comparison to
show that while almost all the Cl-up molecules reside in the
holes, the Cl-down molecules reside off the centers of the
corresponding host holes and close to the boundary of the
nanomesh. (d) Calculated model of SiC nanomesh.
(Reprinted with permission from ref 13. Copyright 2008
by American Physical Society). (e) Proposed models and
mechanism of ClAlPc in Cl-up and Cl-down configurations
on SiC nanomesh. The red arrow indicates the inherent
dipole of ClAlPc, the green arrow indicates that of the
nanomesh.
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attractive interaction between the ClAlPc and the
nanomesh and enhances the stability of the ClAlPc in
the center of nanomesh, as shown in the upper panel
of Figure 4e. When ClAlPc is inverted to the Cl-down
configuration, its inherent dipole is upward and opposite
to that of the nanomesh, which results in the off-center
adsorption as shown in the lower panel of Figure 4e.
Therefore, the downward periodic surface dipole of SiC
nanomesh immobilizes molecules with inherent dipoles
to form a well-ordered noninteracting single-molecular
dipole array.
Upon increasing the coverage of ClAlPc, a closely

packed second layer with 4-fold symmetry forms leav-
ing the first layer intact, as shown in Figure 5a. The
corresponding FFT pattern inserted at the lower left
corner of panel a shows one hexagonal superstructure
(from the first layer) and one square superstructure
(from the second layer), as highlighted in the same FFT
pattern inserted at the lower left corner of panel b.
Figure 5b is a close-up image showing the second layer
ClAlPc in a square close-packed arrangement with a
lattice constant of about 1.50 nm, where ClAlPc ap-

pears as four lobes with a center depression (Cl-down
configuration). This suggests that the interaction be-
tween ClAlPc and nanomesh is strong enough to
prevent the insertion of additional ClAlPc molecules
into the first layer from forming a close-packed layer.
On monolayer EG, ClAlPc molecules in a Cl-up config-
uration aggregate into a square arrangement with a
lattice parameter of ∼1.50 nm, suggesting that the
effect of SiC nanomesh surface dipoles can be
screened by monolayer EG (data not shown).

CONCLUSION

We demonstrate the fabrication of well-ordered
ClAlPc molecular dipole arrays on the SiC nanomesh
template. The preferential adsorption was steered by
the out-of-plane components of the dipole in each
nanomesh caused by the unevenly distributed inter-
facial charge transfer from the SiC to the carbon layer.
As revealed by in situ LT-STM experiments, ClAlPc
molecules adsorb exclusively at the center of the
corresponding host SiC nanomesh holes in a Cl-up
configuration to form large area well-ordered nonin-
teracting molecular arrays. They can be inverted into a
Cl-down configuration under the influence of a posi-
tively biased tipwith a threshold voltage of 3.3 V, and at
the same time, relocate to positions close to the
boundary of the host nanomesh. The understanding
and fabrication of such large scale well-ordered single-
molecule dipole arrays on SiC nanomesh is a first step
toward single molecule devices, which could have
potential application in the fabrication of other low-
dimensionalmolecular nanostructureswith desired func-
tionalities, for example, to anchor other polar functiona-
lized molecules and for use in organic nanodevices. As
ClAlPc is switchable between two distinct electric dipole
configurations, suchdipole arrays hold promise for future
ultrahigh density information storage devices and chem-
ical sensors. In addition, it provides a pathway to atom-
ically precise nanopatterning of the ClAlPc and similar
dipole molecules on SiC nanomesh.30

METHODS
All the experiments were performed in a custom-built multi-

chamber ultrahigh vacuum (UHV) system with base pressure
lower than 6.0� 10�11mbar, which houses an Omicron LT-STM.
The 10 mm � 3 mm SiC sample cut from an as-received
n-doped on-axis 4H-SiC(0001) wafer (Cree Inc.) was loaded
into the UHV chamber without further treatment and de-
gassed overnight at ∼800 �C by resistive heating. After
degassing, Si was deposited onto the sample with its tem-
perature kept at∼850 �C to remove the surface oxide. Slowly
heating the sample in the absence of a Si flux up to a
temperature of 1100 �C or higher resulted in the formation
of pure or partially EG covered SiC nanomesh.11,16 ClAlPc was
deposited at ∼275 �C from Knudsen cells (MBE Komponen-
ten, Germany) onto SiC nanomesh kept at room temperature
in the growth chamber. The deposition rate was calibrated to
be ∼0.05 ML/min on a pure SiC nanomesh sample. STM

imaging was carried out in constant current mode with a
chemically etched tungsten (W) tip at 77 K. STM images were
analyzed using WSxM.31
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Figure 5. (a) Large scale STM image (VT =�3.23 V) showing
the ClAlPc molecules formed a close packed 2nd layer,
leaving the molecules in the 1st layer intact. The corre-
sponding FFT pattern shows a hexagonal superstructure
and a square superstructure, as highlighted in the inset in
panel b. (b) Zoomed-in STM image (VT = 2.0 V) showing the
ClAlPc in the 2nd layer arranged in a square arrangement (as
marked by a green square) with their Cl atoms pointing
toward the substrate. Six ClAlPc molecules were overlaid to
guide eyes.
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