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Scanning Tunneling Microscopy and Spectroscopy Studies of Individual Lander Molecules
Anchored on a Copper Oxide Nanotemplate
Y. Naitoh,†,‡ F. Rosei,*,†,§ A. Gourdon,| E. Lægsgaard,† I. Stensgaard,† C. Joachim,| and
F. Besenbacher*,†
Interdisciplinary Nanoscience Center (iNANO) and Department of Physics and Astronomy, UniVersity of
Aarhus, DK-8000 Aarhus C, Denmark, Department of Applied Physics, Graduate School of Engineering, Osaka
UniVersity, 2-1 Yamada-oka, Suita, Osaka 565-0871, Japan, INRS Energie, Materiaux et Telecommunications,
UniVersité du Québec, 1650 Boul. Lionel-Boulet, J3X 1S2 Varennes (QC), Canada, and Groupe Nanoscience,
CEMES-CNRS, 29 Rue J. MarVig, BP 94347, 31055 Toulouse Cedex, France
ReceiVed: June 17, 2008; ReVised Manuscript ReceiVed: August 14, 2008

By means of scanning tunneling microscopy (STM), scanning tunneling spectroscopy (STS), and current
image tunneling spectroscopy (CITS), we have studied the electronic properties of individual “Lander”
molecules anchored on a nanopatterned Cu(110) surface. To hinder surface diffusion during STM and STS
imaging and spectroscopy studies at room temperature, the molecules are immobilized in the troughs of the
Cu-O nanotemplate which forms on the Cu(110) surface by exposure to oxygen at high temperature. STS
spectra extracted from CITS images reveal no lateral dependency over the molecules, which indicates that
the electronic features above the center of the molecules as well as above the four spacer legs are very
similar. An electronic gap of ∼2.2 eV was determined from the dI/dV spectra, which is tentatively ascribed
to the highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) gap of the
Lander molecules.
Introduction
Custom designed organic molecules are the ultimate building
blocks for the assembly of functional nanostructured materials.1-6
Today, by means of organic chemistry approaches, it is indeed
possible to design and synthesize molecules with well-defined
functionalities, including, for example, specific mechanical and
electronic properties. Using custom designed molecules such
as “wires”,7 “switches”,8-11 and molecular diodes, transistors
and small circuits can be realized.12-14 Although their electronic
functionalities are usually robust, when the custom synthesized
molecules are adsorbed on a substrate15 the molecule-surface
interaction may induce changes in the molecular properties
(including intramolecular structural changes) as well as local
modifications in surface structure. These changes imply that the
interaction between the molecules and the surface can be fairly
strong in certain cases and thus significantly alter both molecular
and surface properties.1,16
Within the framework of molecular electronics, a promising
approach to designing monomolecular circuits is to interconnect
suitable “molecular wires” to ultraclean and atomically welldefined nanoscale electrodes. A model molecular wire should
be a long, linear molecule with a small highest occupied
molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) gap and a suitable organization of molecular
energy levels, so as to guide the tunneling electrons over long
distances.17 Several types of molecular rods with lengths up to
15 nm are available by chemical synthesis; however, most of
these have a large HOMO-LUMO gap and consequently
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limited electron transport properties.18 The synthesis of efficient
long-distance molecular wires still represents a significant
challenge for organic chemistry.7,19 Model prototypes of molecular wires are generally equipped with so-called lateral
“spacer” groups to protect the integrity of the wire’s molecular
orbitals when they are deposited on a substrate and to insulate
the molecular wires from each other, thereby avoiding any crosstalk during the electrical measurements. Specifically, molecules
belonging to the so-called Lander1,7 family, consisting of a
“conducting rod with spacer legs”, were designed and synthesized to act as molecular wires, to be used as interconnects
between various nanodevices operating on an appropriate
substrate. In the gas phase, the Lander molecule can adopt
different minimum-energy conformations, because to some
extent the spacer groups can rotate freely around the σ-bond,
connecting them to the aromatic conducting π-board. The
preferred molecular conformation is attained by a rotation of
the spacer legs out of the right-angled orientation to the π-board
plane, which increases the π-π overlap between the aromatic
core and the benzene units.
Local techniques such as scanning tunneling microscopy
(STM)20,21 and scanning tunneling spectroscopy (STS)22-29 are
ideal tools to investigate the properties of individual adsorbates
with high lateral resolution (atomic or molecular), thus providing
useful information on molecular functionalities (conformations,
electronic properties, interaction with the substrate, etc.) after
they are adsorbed on a substrate. STS measures the elastic
tunneling current variation between the tip and the surface as a
function of bias voltage at a specific point above the sample.
The variation in the tunneling current with tunnel voltage can
be used to determine the conductance (I/V) and differential
conductance (dI/dV) of the sample and thereby the local
electronic properties of the molecules. In particular, it appears
that to a first approximation the normalized differential con-
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ductance (dI/dV)/(I/V) is proportional to the local density of
states of the surface. Current image tunneling spectroscopy
(CITS),22,30 which is obtained by acquiring STS curves at each
pixel of a given image area, maintaining the tip at constant
height, allows one to combine STM imaging capabilities with
local spectroscopic information. A CITS image represents a
tunneling current or conductance map of the surface obtained
at different bias voltages, and while each image reflects the
topographic corrugation of the surface, changes in contrast
between images yield a two-dimensional variation of the density
of electronic states on the surface.
STS data are often collected at temperatures below 15 K to
reduce thermal drift, diffusion, and broadening. However, it is
also important to investigate the electronic properties of organic
molecules at room temperature (RT), which represents the
working conditions of real devices.31 Unfortunately, such
investigations are particularly challenging because the relevant
molecules often diffuse readily on the surface at RT32-34 and
thermal drift complicates the acquisition of reliable STS data.
One way to circumvent the problem represented by these thermal
effects is to acquire STS spectra on full molecular overlayers,
because surface saturation effects prevent molecular diffusion.
Another alternative approach is to form nanostructures on the
surface where the molecules are anchored whereby the thermal
mobility of the molecules is significantly reduced.
STM studies of the adsorption of molecules belonging to the
Lander family35 on Cu(001),36-38 Cu(111),39,40 Cu(211),41 and
Cu(110)16,42-46 surfaces have been previously reported, and a
rich variety of structures were observed due to strong
molecule-surface interactions, which may induce local surface
restructuring. Here, we report on STM imaging as well as STS
and CITS studies at RT of individual single Lander (SL)
molecules and rows of SL molecules adsorbed on oxygen
induced nanopatterns on the Cu(110) surface.
Experimental Section
The STM/STS/CITS experiments were carried out in an
ultrahigh vacuum (UHV) chamber, equipped with standard
techniques for surface characterization as well as the Aarhus
scanning tunneling microscope,47-49 operated in the 100-400
K temperature range. The Cu(110) surface was cleaned by
standard sputter/annealing cycles (several cycles of Ar+ ion
sputtering at 2 keV followed by annealing to 823 K) to obtain
pristine, atomically flat substrates.20,50 The Lander molecules
were loaded into a glass crucible in a home-built evaporator
and thoroughly degassed at 500 K in the UHV chamber prior
to use. The molecules were then adsorbed on the surface by
simple sublimation from a heated glass crucible by organic
molecular beam deposition (OMBD). The molecular coverage
was varied by controlling the crucible temperature between 560
and 650 K (allowing variations of the deposition rate) and by
changing the exposure time (60-1200 s).
To obtain the one-dimensional (1D) nanoscale grating induced
by oxygen adsorption, the Cu(110) substrate was first cleaned
by sputter/annealing and exposed to 3-6 langmuir (1 langmuir
) 10-6 Torr s) oxygen and subsequently annealed to 650 K.
This procedure yields a surface template consisting of 1D bare
Cu rows with a width of 2-10 nm separated by Cu-O addedrow regions.51-53
The CITS images were recorded simultaneously with the
STM topographic images of the molecules by acquiring the I-V
characteristics at 32 × 32 ) 1024 points in the scanning area
while stopping the scan, opening the feedback loop, and
measuring the I-V curves holding the tip-surface gap instan-
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Figure 1. (a) Chemical structure of the Lander molecule (C98H90)
consisting of a central polyaromatic board and four spacer legs. STM
topographic images of rectangular and rhomboidal shaped Lander
molecules adsorbed on the 1D supergrating are shown in (b) and (c),
respectively (70 × 70 Å2).

taneously constant. From these measurements, we obtained
information on the tunneling conductance (I/V), and the first
derivatives of the tunneling current with respect to the sample
bias (dI/dV) were calculated using home-written software. The
experimental parameters used for topographic imaging were
0.2-0.3 nA for the tunnel current and -2.1 V for the sample bias. The voltage range for spectroscopy measurements was
(1.5 V.
Results and Discussion
The prototype molecule of the Lander family investigated
here, the SL (chemical composition: C98H90) molecule, is about
17 Å long and 15 Å wide and consists of a conducting board
(aromatic fluoranthene π-system) 4.5 Å wide with four 3,5-ditert-butylphenyl (DTP) “spacer legs”, with two placed on each
side (cf. the structure of the molecules displayed in Figure 1a).
The legs are designed so as to elevate the central π-system of
the molecule by a nominal distance of 5 Å above the substrate
upon adsorption (assuming an unperturbed conformation as in
the gas phase). The actual separation of the π-system upon
adsorption is lower, because of the attractive interaction between
the central π-board and the surface, yet sufficient to electrically
isolate the π-board from the surface. In this sense, the Lander
board may ideally act as a molecular wire segment, even when
adsorbed on a metallic support. The SL molecules on both
Cu(110) and Cu(001) appear in the STM images as clusters of
four bright lobes arranged in a quadrilateral geometry as revealed
in Figure 1b and c. This imaging feature is also confirmed by
the theoretical calculations.54,55 In the STM images of the
oxygen-induced reconstructed (2 × 1)O-Cu(110) surface, the
characteristic Cu-O stripes running along the [001] direction
are clearly visible, with atomic resolution.
Lander molecules diffuse freely on the surface at RT, which
makes imaging sometimes difficult and the acquisition of
spectroscopy data very challenging. It is in principle possible
to acquire punctual STS spectra on individual molecules.
However, during CITS acquisition, which can typically take 1
min or more, the molecule often diffuses, and the recorded CITS
image becomes meaningless. Most STS studies conducted at
RT report spectra obtained from full molecular coverage, which
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hinders the diffusivity of the molecules. However, under such
conditions, the STS spectra will be influenced by lateral
interactions between the molecules.
Since our aim was to acquire spectroscopic data from
individual molecules at RT, we needed to anchor single Lander
molecules on the substrate to acquire stable and reproducible
STS spectra and CITS images at RT. In this respect, we used
the reconstructed Cu(110)-(2 × 1)O surface, which was
obtained by exposing Cu(110) to oxygen at high temperature
as a template surface. This procedure yields a surface template
consisting of the nanoscale supergrating described above. The
1D bare Cu rows act as “surface cues”, guiding the adsorption
of the SL molecules on the 1D nanoscale supergrating.56-60
Figure 1b and c shows topographic images of an isolated Lander
molecule with rectangular conformation and a single row of
rhomboidal shaped Lander molecules, respectively, adsorbed
on the bare copper rows of the O2/Cu(110)-(2 × 1)O template
recorded at RT.61 The Lander molecules preferentially adsorb
on the bare Cu troughs, with the legs anchored at the edge of
the Cu-O added row regions. As previously described,56 the
molecules, independently of their conformation, are oriented
with their central π-board aligned along the [1-10] direction
of the Cu(110) substrate.
Typical I-V and dI/dV - V curves measured by STS are
displayed in Figure 2a and b. The spectra were obtained from
the center of the π-board and the four lobes of the Lander
molecule (rectangular conformation) displayed in Figure 1b.
Each of the five I-V curves in Figure 2a has a flat plateau from
about -0.5 to +0.7 eV, which we tentatively ascribe to its
electronic gap. There is no evident spatial dependence of the
spectra over the molecule; that is, the I-V curves and gap do
not vary significantly when acquired at different positions over
the board or the lobes. The dI/dV - V curves depicted in Figure
2b show characteristic peaks at around -1.0 and +1.1 eV, which
are tentatively assigned to the HOMO and the LUMO states of
the Lander molecule. From this finding, we estimate the gap to
be ∼2.2 ( 0.4 eV.
The conductance (I/V) images and the differential conductance
images reproduced from dI/dV spectra are shown in the upper
and lower rows, respectively, of Figure 2c. The four lobes of
the molecule are clearly visible in both sets of images, indicating
that the I/V and dI/dV spectra acquired in the CITS mode were
not affected by any changes or deformations of the tip and/or
the molecule. The CITS images (I/V and dI/dV) can be
interpreted as the integrated density of states.30 The bright
(yellow in our fake color scheme) contrast in the I/V images
corresponds to the current channel between the tip and the
sample, whereas the bright (yellow) contrast in the dI/dV images
is related to the spatial distribution of the empty and filled
electronic states.
Figure 3a and b displays the I-V and dI/dV - V curves of a
Lander molecule (rhomboidal conformation) within a molecular
row on the 1D supergrating (cf. Figure 1c). Again, there is no
significant variation between the five I/V spectra obtained from
the center of the π-board and the four lobes. The I-V curves
are flat between -0.6 and +0.6 eV and the dI/dV - V curves
have peaks at around -1.2 and +1.0 eV, from which we infer
a HOMO-LUMO gap of ∼2.2 ( 0.4 eV. The slight shift of
the HOMO and LUMO peaks between the spectra of the
rectangular and rhomboidal conformations may be due to a
possible interaction with the adjacent molecules in the row in
the case of the rhomboidal Lander molecule.
In all cases, the I/V spectra show little or no lateral
dependence over the Lander molecule, that is, when acquiring

Naitoh et al.

Figure 2. (a) I/V spectra acquired above the board′s center and the
four lobes of a rectangular Lander molecule adsorbed on a bare Cu
trough. (b) Differential conductance (dI/dV) calculated from the I-V
curves of (a). The tunnel gap was set with the following parameters: It
) 0.26 nA, Vt ) -2.1 V, and Zoffset ) -1.6 Å. (c) CITS images of the
Lander molecule as a function of sample bias; the upper images (set
of conductance (I/V) images) were obtained from I-V spectra, while
the lower images were from the dI/dV data. The color scale from black
(minimum) to yellow (maximum) indicates the conductance range from
0 to 10 ns.

spectra over the central aromatic π-board or over the legs. Since
the measured gap of ∼2.2 eV is much smaller than the highenergy gap (∼4-5 eV) expected for the DTP legs, we infer
that the main contribution to the I/V spectra originates from
the wave functions of the molecular wire. This implies that there
is a significant leaking of the wave function of the wires over
the four DTP legs. The optical gap of the SL measured in the
gas phase is ∼2.4-2.5 eV, which implies that the interaction
with the Cu(110) surface and possibly with the adjacent Cu-O
regions induces orbital mixing between the conducting board
of the molecule and the substrate.62
Conclusion
In summary, we report on STS spectra and CITS images of
individual Lander molecules as well as molecular rows adsorbed
on a nanopatterned Cu(110) surface at RT. To hinder surface
diffusion at RT, we prepared the supergrating that forms upon
exposure of the Cu(110) surface to 4-6 langmuir of oxygen at
elevated temperatures. This supergrating, composed of alternating bare copper rows and (2 × 1) reconstructed Cu-O rows,
acts as a template which directs the adsorption of the SL
molecules.58 The measured I/V and dI/dV spectra do not show
any lateral dependence over the Lander molecules, as they
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Figure 3. (a) Typical I/V spectra of the board center and the four
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molecular row on a bare Cu trough. (b) dI/dV conductance curves
extracted from the I-V curves in (a). (c) Sets of I-V and dI/dV images
are provided in the upper and lower rows, respectively. The tunnel
gap was set with the following parameters: It ) 0.23 nA, Vt ) -2.1
V, and Zoffset ) -1.6 Å. The color scale of the images depicts the
conductance range from 0 to 10 ns.
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