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Abstract

Copper-Octaethyl Porphyrin self-assembly has been studied on NaCl islands, 1-3 monolayers thick, grown on metal substrates.
Extended ordered molecular monolayers are observed for the first time on ultrathin insulator films. The assembly occurs in hierarchical
fashion, starting on the metal substrate, then followed by assembly on the first and second NaCl layers, clearly demonstrating a decrease
in adsorption energy for increasing insulator layer thickness. The underlying mechanisms are discussed on the basis of molecule-sub-
strate interactions. Voltage-dependent STM images reveal differences of the electronic structure for molecules adsorbed on metal and

NaCl/metal areas.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

The formation of self-assembled molecular 2D super-
structures has been extensively studied on metal substrates,
and provided insight into competing intermolecular and
molecule-surface interactions as, e.g., van der Waals [1],
covalent [2], dipolar or H-bond [3] interactions. To date
much less has been reported on molecules adsorbed on
insulator surfaces. The few examples of molecular self-
assembly on non-conductive substrates focus on small mol-
ecules, e.g., CO, [4] or CHy [5]. Larger organic molecules
either do not show any ordering [6,7] or condense in rather
large crystallites [8—11]. In a recent publication, assembly
of large polar molecules has been induced by trapping them
in small pits artificially produced on a KBr surface [12].

A different approach consists in the use of ultrathin insu-
lators, which are particularly interesting because they are
suitable for the local investigation of adsorbate properties
by Scanning Tunnelling Microscopy (STM) and Spectros-
copy (STS). Initial studies reported preferential adsorption
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of a perylene derivative on semiconducting CaF; monolay-
ers, compared to adsorption on insulating CaF, bilayers,
both grown on Si(111) [6]. Furthermore, ultrathin alumina
films grown on NiAl(110), have recently been shown to sig-
nificantly suppress fluorescence quenching of individual
porphyrins by the metal substrate [13]. Investigations of
the local electronic structure of ultrathin insulators as a
function of layer thickness have suggested that electronic,
magnetic and chemical interactions between an adsor-
bate and the metal could be tuned in a controlled manner
by adjusting the number of insulator monolayers [14,15].
Thus, it is of fundamental interest to study the controlled
assembly of molecules on ultrathin insulators of various
thickness.

In this Letter, we report the assembly of ordered 2D lay-
ers of Copper-Octaethyl Porphyrin (CuOEP) molecules on
1-3 layers thick NaCl films, and discuss our results in terms
of molecule—surface interactions. NaCl was chosen because
its growth behavior on several metal and semiconductor
substrates has been well characterized [16-20]. Further-
more, the insulating behavior of NaCl films has been re-
cently demonstrated in STM experiments showing single
electron charging of individual gold atoms supported on
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ultrathin NaCl/Cu(111) [21]. The choice of a molecule
from the porphyrin family was motivated by the availabil-
ity of porphyrins with a large variety of side groups and
central metal ions allowing to specifically tune the mole-
cule-substrate interaction. Moreover, the adsorption and
self-assembly properties of several porphyrins have already
been studied on metal surfaces [22-24].

2. Experiment

STM experiments were performed in a multi-chamber
UHYV system equipped for in situ sample preparation and
characterization by low energy electron diffraction (LEED),
ultraviolet photoelectron spectroscopy (UPS), and X-ray
photoelectron spectroscopy (XPS). Single crystal metal sur-
faces, i.e., Cu(111), Ag(001), Ag(111), were prepared by
cycles of Ar' sputtering and annealing. Sodium chloride
was sublimated from a boron nitride crucible onto the
atomically flat and clean metal substrate. The deposition
rate (typically 1 A/min) was monitored by a quartz micro-
balance while the temperature of the metal substrates was
set between 300 and 400 K in order to favor the growth of
large 2D NaCl islands. CuOEP was sublimated from a
tungsten crucible onto the NaCl/metal substrates kept at
room temperature. In a series of experiments, the NaCl
mean coverage was varied between 0.3 and 0.7 ML in order

to compare the behavior of CuOEP molecules on bare
metal, first and second monolayer salt islands within the
same imaged STM frame.

3. Results and discussion

Numerous NaCl/metal samples with various CuOEP
coverages, up to a full monolayer, have been investigated
at room temperature by STM, LEED, UPS and XPS. In
this Letter, a representative selection of the STM data is
presented. Unless otherwise stated, we report features com-
monly observed for CuOEP/NaCl on all three metal
substrates.

In zoom-in sequences of STM images both molecular
overlayers and square or rectangular shaped NaCl islands
can be recognized and their thickness can be determined
as illustrated in Fig. 1. The NaCl islands exhibit non-polar
edges with some kinks, their surface orientation is equiva-
lent to the non-polar NaCl(001) surface as deduced from
lattice resolved STM images obtained before the deposition
of CuOEP (not shown here). The lattice constants of the
ultrathin NaCl layers have been determined to be 5.53,
549, and 532A on Ag(111), Cu(111) and Ag(001),
respectively, consistent with the lateral shrinking earlier ob-
served on Cu(111)[20]and Al(111)[19]. On top of the first
salt layer, second and third NaCl layers are observed as

Fig. 1. Zoom-in sequence of STM images referring to the same area for 1 ML CuOEP on NaCl/Ag(111): (a) overview (—0.25 V, 49 pA): NaCl islands of
characteristic square shape; (b) zoom-in (—0.34 V, 57 pA) on the island encircled in (a): for clarity, the borders of the NaCl island and of some of its second
and third layers are highlighted. The distinctive island shapes allow to univocally identify sample regions of defined NaCl layer thickness, even upon
deposition of CuOEP. (c) (—0.34 V, 57 pA) Individually resolved CuOEP molecules self-assembled on the first NaCl layer. The arrow marks an antiphase
boundary between two similarly oriented molecular domains. (d) Close up view (—0.25 V, 81 pA) centered on the third NaCl layer: the surrounding second

layer is partially covered by ordered molecules.
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highlighted in Fig. 1b. The first layer may actually be a
double layer as reported for NaCl on Ge(001) [16,18]
and on Al(111) [19]. Individually resolved CuOEP mole-
cules form extended domains with a nearly hexagonal
superstructure on the NaCl (Fig. lc,d). Each unit cell
accommodates one molecule with its aromatic core parallel
to the substrate. Under suitable imaging conditions each
molecule exhibits internal structure (Fig. 1d). To our
knowledge, our observation represents the first demonstra-
tion of extended 2D molecular assembly on ultrathin
insulators.

For each metal substrate the close-packed directions of
the CuOEP overlayers form specific angles with respect
to the NaCl (100) island edges. Domains related by mirror
symmetry with respect to those edges as well as antiphase
boundaries are observed (Fig. lc). This is consistent with
point-on-line coincident epitaxy, which appears to be the
rule if the lateral stiffness of the molecular overlayer signif-
icantly exceeds the shear strength of the overlayer—
substrate interface [25]. The simplest superstructure is
obtained on NaCl/Ag(001). Based on the measured inter-
molecular distances and on symmetry analysis, we suggest
the model presented in Fig. 2. Adsorption of each molecule
centered above a hollow site, as drawn in Fig. 2, (or above
bridge sites) provides nearly equivalent adsorption sites for
all molecules. This is consistent with the identical appear-
ance of all molecules within the CuOEP layer (Fig. 1c,d).
As the observed overlayer periodicity is a half-integer mul-
tiple of the substrate periodicity, on-top adsorption would
imply alternating adsorption on top of anions and cations,
i.e., two quite inequivalent adsorption sites.

In order to gain insight into the self-assembly on different
substrate regions we systematically increased the CuOEP
mean coverage from 0 to 1 ML. The molecules sequentially
adsorb and assemble on the bare metal areas, the first and
then the second NaCl layer. This hierarchical behavior is
illustrated and summarized in Fig. 3. For a proper interpre-
tation of the STM data it is worth to recall that the tip-
sample interaction may strongly affect adsorbates which
are not bound stably enough to the substrate. Indeed, when
scanning at low CuOEP coverage, we observe a high surface
mobility of the molecules, identified by characteristic streak
patterns in STM images [26,27]. Only when a threshold cov-
erage on a specific area (i.e., bare metal, first or second NaCl
layer) is reached the molecular arrangement is stable en-
ough to be imaged by STM.

Between sample preparation and STM measurements a
time ranging from minutes up to two days elapses. The re-
ported observations do not depend on this time interval
and also gentle annealing (up to 400 K) did not produce
any observable effect. Therefore, we can assume that at
the time of our measurements thermodynamic equilibrium
between the different sample areas has been reached. The
respective adsorption energies per molecule then obey the
following inequalities
E(metal) N E(ls‘layer NaCl) > E(Z“dlayer NaCl) (1)
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Fig. 2. Schematic model for the superstructure of a CuOEP overlayer on
NaCl/Ag(001). The observed registry can be described by the coincidence
matrix M = 25 1

0 25
the NaCl bulk crystal unit cell have been chosen as basis vectors. The
molecule centers are positioned (as also indicated by black dots) for one
among several possible sets of twofold symmetric adsorption sites. The in-
plane orientation of the molecules could not be determined. The table
compares intermolecular distances and angles of the model with those
measured by STM.

), where the [100] and [010] primitive vectors of

Moreover, since no 3D molecular aggregates are observed

2"Jayer NaCl)
E
ads

E((:SEOEP cryslal)7 (2)
where E(G'OFF < s the cohesive energy per molecule in
the CuOEP crystal. The differences between these adsorp-
tion energies must be at least in the order of kT (25 meV)
as significant population differences are observed at room
temperature.

Other mechanisms could in principle lead to the ob-
served hierarchical behavior. In particular step edges, as
well as the size of terraces could play a role in the nucle-
ation of stable CuOEP monolayers. The latter can be ex-
cluded as several large second NaCl layer islands (lateral
dimension >50 nm) were found, while molecular assembly
is observed also on significantly smaller first NaCl layer
and clean metal areas. Furthermore, as can be observed
in Fig. la,b, the step length per unit area for the 1-layer
thick NaCl regions (steps between 1- and 2-layer thick ter-
races) is comparable — if not larger — with the one for bare
metal regions (steps between bare metal and 1-layer thick
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Fig. 3. Schematic illustration of the layer-selective hierarchical assembly of CuOEP as a function of the mean coverage. Epitaxial filling successively occurs
on the metal, the first and the second NaCl layer. Stable ordered overlayers are observed on each layer only once it is almost full. This process is explained
by the stepwise decrease in adsorption energy of CuOEP. On the left, three STM images acquired for different CuOEP coverage on NaCl/Ag(001) are
shown as examples: (a) 0.37 ML (25x25nm, 1V, 24 pA): no molecules can be resolved due to their high mobility; (b) 0.67 ML (40 x40 nm, =29V,
45 pA): the salt-free metal area is completely covered by assembled molecules but no molecules can be resolved on the NaCl islands. In particular, the
second NaCl layer (inset 10 x 6 nm) appears to be very clean as atomic resolution of NaCl is achieved; (c) 0.84 ML (100 x 100 nm, —1.6 V, 24 pA):
molecular assembly is observed on metal as well as on 1-layer thick NaCl terraces.

NaCl terraces). Therefore, it is very unlikely that nucle-
ation at steps causes the observed sequential adsorption.

Let us discuss the observed selectivity in terms of possi-
ble molecule—substrate interactions. For simplicity, we ne-
glect effects of lateral intermolecular interactions on the
adsorption energy which are expected to be relatively weak
for large flat molecules parallel to the substrate with a small
perimeter/area ratio.

For such molecules, van der Waals (vdW) interactions
are expected to contribute to the adsorption energy [1].
For chemically inert species adsorbed at a distance d from
a flat surface, the vdW attraction is approximately Cs/d".
This simple model has successfully been applied to describe
the physisorption of rare gases [28]. For a given adsorbate
at fixed distance d, it predicts the following difference be-
tween the vdW attraction to a metal (m) and to the same
metal covered by an insulator (i) of thickness #:

1 1 ' 3)

& (d+1)
For all rare gas atoms, C;,,, on Ag(111) is only slightly lar-
ger than on Cu(111), but is more than twice C5; on NaCl

(C3m — Cs3))

and other alkali halide (001) surfaces [28]. The ratio
C3,,/C5,; is essentially independent of the adsorbate and
should also be the same for flat molecules. Thus, Eq. (3) ap-
pears consistent with the observed decrease of CuOEP
adsorption energies.

Porphyrins are however known to have donor character
[29]. Therefore, one has to consider an additional electro-
static contribution to EX“Y due to electron transfer from
the molecule to the substrate. For CuOEP directly ad-
sorbed on the three metal surfaces studied here, evidence
for such a charge transfer comes from the work function
decrease observed in UPS measurements [30]. However,
there is no evidence for level hybridization, as HOMO
and HOMO-1 peaks are rigidly shifted without noticeable
changes of their relative intensities and shapes compared
to the levels of the free ChtOEP molecule.

In principle, a net charge transfer between the molecules
and the metal could also take place in presence of an ultra-
thin insulator, as electrons can tunnel through a few insu-
lator layers [19,14,31]. However, the broadening of the
molecular energy levels is proportional to the tunnelling
exponent which governs the decay of the metal local
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density of states (LDOS) through the insulator [32,33].
According to Fig. 3b of [19], this decay is about two orders
of magnitude per monolayer of NaCl. As a consequence,
the HOMO of CuOEP, which lies about 2 eV below the
Fermi level [30], is so narrow already for 1 ML NaCl that
charge transfer is practically negligible.

To summarize, the differences between adsorption ener-
gies on areas covered by 0, 1 or 2 ML of NaCl are most
likely explained by charge transfer for molecules directly

Fig. 4. (a) STM image (U= —1.76 V, I =40 pA) across a NaCl-metal
step covered by a monolayer of CuOEP. (b) and (c) images are extracted
from the left (CuOEP/Ag(001)) and right (CuOEP/NaCl/Ag(001)) parts
of image (a) by averaging over several unit cells. The molecular
appearance differs depending on the underlying substrate. d) Repeated
alternation of the bias voltage between —1.6 and —1.9 V along the slow
scan direction (same area as image a) causes changes in appearance only
for molecules on NaCl/metal.

adsorbed on the metal and by the vdW energy difference,
Eq. (3), once a NaCl layer is present.

In the case of weak substrate-adsorbate interaction,
bias-dependent STM experiments have confirmed the ex-
pected narrowing of the electronic states for isolated mole-
cules [13,33]. We have acquired STM images on
neighboring CuOEP/NaCl/metal and CuOEP/Ag(001) re-
gions (Fig. 4a,d). Such a direct comparison rules out possi-
ble artifacts due to tip changes. The round protrusions
visible on metal areas stay almost unaffected, while the
appearance of molecules adsorbed on NaCl/metal depends
on the applied bias (Fig. 4d). This behavior has been
repeatedly observed between —0.5 and —2.0 V. Based on
symmetry reasons we can argue that this observation is
not the result of a modulation by the underlying NaCl pat-
tern (see Fig. 2). Furthermore, in separate experiments on
bare NaCl layers (not shown here), no significant changes
for similar bias values have been observed. Thus, the
molecular appearance and its bias dependence reflect an
inherent characteristic of the adsorbed CuOEP, potentially
due to decoupling of molecular electronic states from the
underlying metal [13,33]. The lack of a clear correlation be-
tween the STM contrast and the molecular structure could
be due to asymmetry of the tip and/or of the molecular
conformation. Detailed calculations and low temperature
STM/STS measurements are needed to gain deeper
understanding.

4. Conclusions and outlook

The formation of 2D ordered epitaxial molecular layers
on ultrathin insulators has been observed for the first
time. The reported hierarchical assembly is qualitatively
consistent with the rapid decrease in vdW interaction ex-
pected for an increased number of insulator layers and
with an additional charge transfer to the metal. The ob-
served behavior clearly indicates that the molecule—surface
interaction can be discretely tuned by controlled deposi-
tion of a few insulator layers between the adsorbate and
the metal substrate. Metal-insulator—molecule hetero-
structures (MIMol) like those investigated here represent
interesting model systems to study electronic tunnelling
and interactions between molecules and metals across
ultrathin insulators on the atomic scale. Such studies are
highly relevant for the development of functional molecu-
lar electronics.
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