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Abstract

We have studied the electronic properties at the interface of a PTCDA molecular film on Au(111) by means of scanning
tunneling microscopy (STM), scanning tunneling spectroscopy (STS) and angle resolved ultraviolet photoelectron spec-
troscopy (ARUPS). Measurements were performed for the clean Au(111) surface as well as for 1 ML and multilayer cov-
erage of PTCDA. STS curves recorded for 1 ML PTCDA film show a feature at the density of states inside the PTCDA
gap and a metallic behavior, in contrast to higher coverage, where a semiconductor behavior is observed. By relating this
information to the band dispersion of the electronic states close to the Fermi edge, we can assign this electronic feature to
the Au(111) Shockley surface state. By comparison of intramolecularly resolved STM images with first-principles calcu-
lations of the free molecule we show that the electronic molecular states at the interface are not altered by the gold surface.
All these facts indicate a weak interaction of the PTCDA molecules with the Au surface and we conclude that the observed
metallicity of the interface is provided by the gold substrate rather than by the organic layer.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction als incorporate interesting properties such as self-

organization, flexibility, new electronic (semicon-

In the last years, an intensive research has been
focused on organic materials with promising appli-
cations in optoelectronic devices [1,2]. These materi-
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ducting or metallic) and optoelectronic properties.
The interface between the organic film and the inor-
ganic material is of special interest, because it influ-
ences the structure and morphology of the
molecular layers, and hence, also their properties.
Therefore, a detailed understanding of the processes
taking place at the interface and how they affect the
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electronic properties of the organic/inorganic sys-
tem [3] is not only of fundamental importance, but
also of technological relevance.

PTCDA (3,4,9,10, perylene tetracarboxylic dian-
hydride, C,4O¢Hg) are small conjugated molecules
belonging to perylene derivatives, which have been
extensively studied along the past years. These mol-
ecules are considered as a model system, due to their
ability of forming well-ordered layers on a variety of
substrates. PTCDA films present semiconducting
behavior, strong anisotropy in electronic transport
and relevant optical properties [2].

Several studies have focused on the growth mode
and structural properties of PTCDA on different
metallic substrates: silver [4-8], copper [9,10] and
gold [11-16]. Particularly, for PTCDA on Au(111)
the structure and morphology of this system have
been studied as a function of growth parameters
[14]. A layer-by-layer growth has been reported
for the first several layers [11], followed by island
formation for multilayer coverage [15]. Even in the
sub-monolayer regime PTCDA forms large
domains with well-ordered molecules. PTCDA mol-
ecules typically assemble on most substrates in a
herringbone structure, with a rectangular unit cell
consisting of two almost coplanar molecules
[13,14,16]. For the Au(111) substrate, also a less
dense square assembling can be obtained [15], which
is not treated in this paper.

Scanning tunneling microscope (STM) has dem-
onstrated its ability for the investigation of ordered
organic films grown on different substrates, provid-
ing structural and morphological properties. Besides
the topographical imaging, information about the
surface density of states from the voltage depen-
dence of the current can be obtained from scanning
tunneling spectroscopy (STS). The advantage of
STS, compared to other spectroscopic techniques,
is to locally probe the electronic properties. On the
other hand its interpretation is not straightforward
due to the convolution with the tip states. In this
sense the combination of STS and ultraviolet photo-
emission spectroscopy (UPS) is a powerful tool to
determine electronic properties at the interface.

One aspect treated in this paper is the interaction
of the PTCDA molecules with the metallic sub-
strate. In previous works, the interaction of PTCDA
molecules with silver surfaces has been described as
strong [17], involving an interaction between the «
molecular orbitals and the metallic surface. For
the Ag(111) substrate, a metallic behavior for the
first PTCDA monolayer has been reported [18]. In

the case of Au substrates a weaker interaction has
been observed [19]. STS measurements for PTCDA
grown on gold have been performed [20,21], how-
ever, the metallicity of the first monolayer has not
been addressed up to now.

Another aspect here mentioned is the influence of
the organic molecules on the gold surface state.
Tunneling spectroscopic studies have reported on
the behavior of the surface states of noble metals
[22], and how these surface states are modified by
adsorbates [23-27].

In this work we focus on the electronic states
close to the Fermi energy of the PTCDA/Au inter-
face by combining STM, STS and angle resolved
UPS (ARUPS). Through several experimental
observations we assert that there is a weak interac-
tion between the gold substrate and the first organic
monolayer, which does not disrupt the Au(111) sur-
face state even though the PTCDA overlayer com-
pletely covers the Au surface. We conclude that
the metallic behavior of the interface is provided
by the gold substrate beneath.

2. Experimental

STM and STS experiments were carried out with
a home-built UHV STM [28]. Ultraviolet photoelec-
tron spectroscopy measurements were performed in
a separate UHV chamber equipped with a Hel
(21.2 eV) radiation source and a hemispheric elec-
tron analyzer. The angular aperture of the analyzer
is 2°.

Au(111) single crystal sample was cleaned by
several sputtering and annealing cycles (sputtering
at ~1x 107® Ar pressure, annealing at ~700 K).

The organic films were deposited under ultra-
high vacuum from home-made sublimation cells.
Previous degassing of the PTCDA cell was per-
formed. The deposition rate was about 0.5 ML per
minute and was calibrated via scanning tunneling
microscopy and previously by a quartz microbal-
ance. Prior to the photoemission experiments, a
careful estimation of the PTCDA coverage was per-
formed from XPS measurements (data not shown
here).

All the measurements were taken at room tem-
perature. For the STM/STS experiments, tungsten
(electrochemically etched) and Pt-Ir (mechanically
cut) tips were used. W tips were prepared in situ
by thermal annealing and field emission, until stable
field emission currents were obtained. For the sys-
tem investigated here, the most reproducible spec-
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troscopic data were obtained with mechanically cut
Pt-Ir tips. They were recorded at stabilization bias
voltages between —1 and —2.5V, with voltages
referred to the sample. Higher voltages damaged
or lifted up the molecules from the surface. Tunnel-
ing spectroscopy was performed with set-point cur-
rents as low as possible, in order to avoid strong
interaction between the tip and the organic layer
[29], but high enough to have signal at zero voltage
[30]. STS curves were measured by averaging several
successive plots obtained on the same position and
conditions. All the STM/STS data acquisition and
processing were done using the WSxM software
[31].

3. Results and discussion
3.1. Scanning tunneling microscopy

Detailed characterizations of the structural prop-
erties and the growth mode of PTCDA/Au have
been previously reported [11-16]. However, for
sub-monolayer coverage several aspects can be dis-
cussed from topographic STM images. In Fig. 1
we show a representative STM image of PTCDA
molecules deposited at room temperature on a
Au(111) substrate for a sub-monolayer coverage.
On the left side of the STM image, the clean
Au(111) substrate is observed with the characteris-
tic (22 x v/3) reconstruction. On the right side,
adsorbed PTCDA molecules form an ordered

Fig. 1. Constant current STM image of sub-monolayer PTCDA
coverage on Au(111). The right side of the image corresponds to
a gold terrace covered with 1 ML of PTCDA. The left side
corresponds to the clean substrate. The substrate reconstruction
is still visible through the organic layer (57 nm x40 nm,
V=-2.0V,1=0.16nA).

domain assembled in the so-called herringbone
structure [13,14]. This structure is characteristic of
the (102) plane of PTCDA bulk [13]. The noisy
appearance in the STM images at the boundary of
the PTCDA area is due to a high mobility of
PTCDA at room temperature, with molecules dif-
fusing on the surface. Isolated molecules are only
observed when they are stacked along the steps or
pinned at surface defects.

Another interesting fact is that already in the first
monolayer PTCDA molecules adopt a structure
similar to the bulk molecular crystal [32]. Further-
more, it can be noticed in Fig. 1 that the Au(111)
reconstruction is not lifted up upon PTCDA mono-
layer adsorption [13,15,16]. The gold reconstruction
is still visible underneath the PTCDA molecular
layer. All these statements point out towards a weak
interaction of the molecules with the gold substrate
and that the molecule-molecule interaction domi-
nates over the molecule-substrate interaction [15].

Additional proofs for the weak interaction come
from the bias-dependent imaging of PTCDA on
gold. In Fig. 2(a) and (c) we show STM images
acquired at both polarities on a region covered by
1 ML. In these constant current images we resolve
intramolecular features of the PTCDA molecules.
The images reveal distinct internal structures for
unoccupied molecular states (V'=+1.0 V) and for
occupied molecular states (V= —1.8 V).

For the positive biased sample, where the elec-
trons tunnel into the unoccupied states of the sam-
ple, we observe 10 maxima in the STM
topographic images (Fig. 2(a)). In the case of a neg-
ative bias applied to the sample, which means elec-
trons tunneling from the occupied states, the
image reveals eight maxima for each molecule
(Fig. 2(c)), and all the molecules present a deeper
area parallel to the long axis, which splits the mole-
cules in two parts. Profiles along the molecules have
been added for better recognition of the maxima.

In order to gain insight into the meaning of these
intramolecular features, we have performed first-
principles calculations for the PTCDA free mole-
cule. These calculations were done within density
functional theory (DFT) in the local density approx-
imation (LDA) [33], using the SIESTA method
[34,35]. Core electrons were replaced by norm-con-
serving pseudopotentials [36], whereas valence elec-
trons were described using a double-{ plus
polarization (DZP) basis set. A real-space grid with
a cutoff of 50 Ry was used. Only the I" point was
used in reciprocal space. The geometries were
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Fig. 2. (a,c) STM images of | ML PTCDA on Au(111) at RT
obtained at V'=+1.0V (unoccupied) and V= —-1.8V (occu-
pied), respectively (4.2nmx4.2nm, /=0.6nA). Notice the
similarity between the unoccupied (occupied) states resolved in
single molecules and the corresponding calculated LUMO
(HOMO) of the free molecule, displayed in (b) and (d),
respectively. Profiles along a molecule are shown for better
comparison.

relaxed until the maximum residual force was below
0.04 eV/A.

Fig. 2(b) and (d) present charge density isosur-
faces obtained from the DFT calculation and corre-
sponding to the lowest-unoccupied molecular
orbital (LUMO) and the highest-occupied molecu-
lar orbital (HOMO) of the free molecule [37]. These
images are in good agreement with previous calcula-
tions by Scholz et al. [38]. The experimental STM
image shown in Fig. 2(a), measured at +1.0V
clearly resembles the calculated LUMO of the iso-
lated molecule, while the STM image measured at
—1.8 V can be directly related to the calculated
HOMO. Although broadening of the orbitals can-
not be excluded, the strong similarity between the

calculated orbitals and the STM images (see
Fig. 2) suggests that the HOMO and LUMO molec-
ular orbitals, are not significantly modified upon
adsorption of PTCDA on gold.

When there is a strong coupling between adsor-
bate and substrate states, a modification of the elec-
tronic structure is expected, and this is generally
reflected in the STM image. Thus, for systems with
a strong bonding between the organic molecules and
the substrate, as PTCDA on Si(100) [39] and on
Si(111) [40], high-resolution STM images show that
the intramolecular features differ from the HOMO
and LUMO of the isolated molecule. Similarly, for
PTCDA on silver [41,42] and for PTCDA on graph-
ite [43], where a charge transfer is proposed, shifting
of the LUMO towards the Fermi level partially fill-
ing this band has been reported [41,43]. In this case,
images at both polarities around the Fermi level
look like the LUMO. In contrast, for systems where
the molecule has a rather weak interaction with the
substrate, as reported for pentacene on isolating lay-
ers [44] or for the results described in this paper, the
intramolecular features resemble the molecular
orbitals of the isolated molecule, and this occurs
at the corresponding voltages. Again, these findings
point out to a rather weak interaction of PTCDA
molecules with the gold substrate.

3.2. Scanning tunneling spectroscopy

The main STS measurements were performed for
samples with sub-monolayer PTCDA coverage, so
that clean gold and PTCDA covered areas could
be simultaneously imaged (Fig. 1). Before and after
recording spectroscopic data on the adsorbate layer,
reference I-V curves were recorded on the clean fcc-
gold area. Only when the Au(111) spectrum with
the characteristic Shockley-type surface state is
achieved, we follow recording current-voltage
curves on the PTCDA molecules. With this
approach, we ensure a “good state of the tip” and
therefore, that the additional features which appear
in the case of STS on molecules, are indeed related
to PTCDA molecular states.

Fig. 3(a) shows tunneling spectroscopy results
acquired on the clean Au(111) surface (dashed line)
and on the 1 ML PTCDA region (solid line). STS
results for 2ML PTCDA/Au(l111) are also
included (gray line) for comparison. The spectra
are displayed as the differential conductance (d1/
dV) vs. Vplot. The curve for the clean gold exhibits
a characteristic feature, with the onset at ~— 0.4 eV,
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Fig. 3. (a) Tunneling spectroscopy performed at RT on clean
Au(111) and on 1 ML PTCDA covered gold. For clean gold
(dashed line) the onset of Shockley surface states is identified
around —0.4 V. A similar peak and the molecular related features
HOMO and LUMO appear in the differential conductance
spectra recorded on PTCDA monolayer (solid line). STS for
2 ML PTCDA on gold (gray line) shows semiconducting behav-
iour characteristic for PTCDA. The plots correspond to the
differential conductance that was derived from averaging several
1V curves and subsequent mathematical differentiation. (b) Detail
of the gold surface state region where a shift of ~40 meV can be
observed.

corresponding to the Shockley-type surface state of
the Au(l111) surface [45,46]. Subsequent spectro-
scopic curves acquired for 1 ML PTCDA on
Au(111) show a metallic behavior characterized
by a non-zero density of states at zero voltage.
The differential conductance plot for this case (solid
line in Fig. 3(a)) shows a peak close to the Fermi
level similar to the one observed for the clean sub-
strate though slightly shifted in energy. In the limit

of the room temperature STS experimental resolu-
tion,! a shift of ~40 meV toward the Fermi level
for the PTCDA monolayer has been reproducibly
obtained (Fig. 3(b)). The value of this shift and its
direction toward the Fermi level are comparable
with STS results reported for rare gases on
Au(111) [27], where shifts of 150 meV for Xe and
80 meV for Kr have been obtained. For other adsor-
bates, the reported energy shift of the bottom of the
band is much higher: 300 meV for Pd on Au(111)
[25] and 230 meV for NaCl on Cu(111) [26]. These
energy shifts can be qualitatively understood as
induced by a modification of the image potential
and work function of the surface upon coverage
[26].

Two additional peaks are observed in the STS
results for | ML PTCDA (solid line in Fig. 3(a)):
one centered around +1.0 V above the Fermi level,
and another one around —1.9V below the Fermi
level. These features can be attributed to the low-
est-unoccupied (LUMO) and the highest-occupied
(HOMO) molecular states of the PTCDA respec-
tively. Tsiper et al. [21] reported these peaks located
at +1.3 V and —2.2 V. A possible explanation for
this discrepancy could be related to different tip—
surface interaction or tunneling distance [29,30].

The STS measurements for 2 ML PTCDA cover-
age (gray line in Fig. 3(a)) do not show any structure
close to the Fermi level, corresponding to the
expected semiconductor behavior of the organic
layer. In the curve we observe the onset of the
LUMO at around +1.0V, and in the filled states,
a peak centered at about —2.0V attributed to
HOMO. The position in energies of both features
may slightly shift in the STS spectra depending on
the tunneling conditions; the value of the band
gap varies between 2.7 and 3.0 eV, when measured
from peak-to-peak in the differential conductance
(2.4-2.5 eV when measured in the logarithmic repre-
sentation). For higher PTCDA coverage (3-8 ML),
the results are similar to the 2 ML case but the gap
increases slightly, approaching a value of 3.3eV
(2.6eV in the logarithm), in comparison with
2.44-2.55eV reported for the transport gap of
PTCDA [47]. Other authors have reported even lar-

! The thermal broadening of the STS data measured at room
temperature can be estimated as ~4 kT ~ 100 meV. This value is
compatible with the width of the Au(111) surface-state band
onset measured in Fig. 3.
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ger gap values [21,48] with a similar dependence
with coverage, interpreted as a change in the polar-
ization with the organic layer thickness [21].

The presence of the peak in the STS curves of
1 ML of PTCDA at ~—0.4 eV (see Fig. 3) is some-
how unexpected, since it is known that the organic
semiconductor PTCDA has no molecular states in
this region, and LUMO and HOMO molecular
orbitals are far from the Fermi level. Moreover, this
feature being localized close to the Fermi level may
confer metallicity to the PTCDA adsorbed layer.
Metallicity of the surface overlayer has been
reported for PTCDA on the Ag(111) surface [18],
where a chemisorption process takes place at the
interface. These authors [18] have suggested that
the surface state of the Ag(111) could play a signif-
icant role in this effect. The question that arises in
our case is whether the feature observed in the
STS plots belongs to the Au(111) surface states or
is rather due to new electronic states formed at the
PTCDA/Au interface. The first case suggests a tun-
neling process of the surface states through the
PTCDA layer. On the other hand, the second one
points out toward a PTCDA-Au bonding different
than a simple Van der Waals interaction that could
lead to the formation of states in the overlayer gap.
In order to solve this question we have performed
ARUPS measurements.

3.3. Angle resolved photoemission

Fig. 4 shows the valence band photoemission
spectra recorded at normal emission in the region
close to the Fermi level as a function of PTCDA
coverage. The peak with a binding energy of
0.4eV in the upper curve corresponds to the
Au(111) Shockley-type surface state [45,46]. In the
subsequent spectra we observe that the gold surface
state is progressively attenuated as the coverage is
increased, being still visible at approximately
1 ML and disappearing at ~2 ML coverage (the
surface state is still visible at 1.5 ML, as can be
observed in Fig. 4). There is no shift, within the
experimental resolution, of this electronic state as
coverage increases, indicating the absence of impor-
tant interaction between the layer and the Au
surface.

PTCDA related electronic states are not visible in
the UPS spectra up to few layers coverage due to the
huge contribution and the large mean free path of
the valence band gold electrons. No extra states
close to the Fermi level can be resolved, neither

1—||||I||||I||||I||||I||||I|||—.l
PTCDA/Au(111) :'
Hel, normal emission it

........

clean Au

Intensity [arb. units]

1.5ML

I L1 11 I L1 11 I 1111 I L1 11 I L1 1.1 I L1 1.1
2.0 1.5 1.0 0.5 0.0 -0.5
Binding energy [eV]

Fig. 4. Normal emission photoemission spectra obtained at room
temperature for different coverages of PTCDA on Au(111). The
clean Au(111) spectrum shows the Shockley-type surface state at
a binding energy of 0.4eV. For 1.1 ML PTCDA the peak
corresponding to the Au(111) surface state is attenuated, but still
visible. Binding energies are referred to the Fermi level.

for the PTCDA/Au interface, nor for coverages lar-
ger than 1 ML,

Further proofs concerning the behavior and nat-
ure of the surface states are provided by angle
resolve photoemission (ARUPS) measurements. In
Fig. 5 we present the comparison between the pho-
toemission spectra for the clean gold substrate and
for a 1 ML PTCDA covered surface as the emission
angle is varied close to the surface normal. Both
UPS spectra show an identical dispersion, corre-
sponding to the well-known nearly free-electron-like
parabolic dispersion of the Shockley-type surface
state [46]. It is important to remark that any elec-
tronic state related to the single well-ordered
PTCDA overlayer should present a band dispersion
induced by the lateral periodicity of the layer, which
is different from that of Au. Hence, the electronic
features should repeat with the surface reciprocal-
space lattice i.e., about 0.15 A=, This small k-paral-
lel periodicity will be measured in our photoemis-
sion experiment as a non-dispersive band. This is
not the case of the band shown in Fig. 5, which dis-
perse following the Au(111) periodicity. We can
conclude that there are no new electronic features
related to the PTCDA-substrate interaction. Hence
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Fig. 5. Angular resolved photoemission spectra for the surface
state of clean (dashed line) and 1 ML PTCDA covered Au(111)
surface (solid line). Both surfaces display an identical angular
dispersion.

the peak observed in the STS curves for the first
PTCDA monolayer can be attributed to the
Au(111) Shockley surface state. Consequently, the
apparent metallicity of the PTCDA monolayer
solely arises from the gold substrate beneath; the
gold states are detected in the STS experiment via
a tunneling process through the PTCDA
monolayer.

As mentioned above, adsorption processes typi-
cally modify the surface electronic states of the
(111) face of noble metals. By means of photoemis-
sion spectroscopy a wide range of effects has been
reported depending on the adsorbates and their
interaction with the substrate. Chemisorbed atoms
often completely quench the surface state [49]. For
adsorption (physisorption) of rare gases [27,50],
where a weak interaction can be expected, the
reported ARUPS energy shift of the bottom of the
band is rather small, varying from 150 to 170 meV
for Xe, 80 to 100 meV for Kr, and 60 to 87 meV
for Ar (Refs. [50,27], respectively). In the case of
PTCDA here reported, limited by the experimental
resolution of our room temperature photoemission
spectroscopy, the ARUPS spectra is compatible
with a small energy shift (lower than 100 meV), in
agreement with the STS data shown in Fig. 3(b).
This places the organic monolayer of PTCDA as a

very weak interacting layer, only comparable to
noble gases physisorption.

4. Conclusions

To summarize, we present experimental results
obtained from a combination of different spectro-
scopic methods for the PTCDA/Au(11 1) interface.
The qualitative agreement between experimental
data obtained by both techniques, STS and photo-
emission, gives a clear evidence that the interaction
between PTCDA molecules and the Au(111) sur-
face is very weak. The Au(111) Shockley surface
state is not disrupted by one single and complete
adsorbed layer of PTCDA, but only an small energy
shift towards the Fermi level (<100 meV) is
observed by both spectroscopies. Therefore, the
metallicity observed by STS for the first PTCDA
monolayer is provided by the electronic states of
the gold substrate tunneling through the organic
layer.
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