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The molecular orientation and electronic structure of hexa-peri-hexabenzocoronene (HBC) deposited on Ag-
(111) was investigated in the mono- and multilayer regime by near edge X-ray absorption fine structure
spectroscopy (NEXAFS), scanning tunneling and scanning force microscopy (STM and SFM), and ultraviolet
photoelectron spectroscopy (UPS). We found that the molecular orientation changed as a function of coverage,
exhibiting a transition from flat lying HBC in the monolayer to molecules being 43° inclined relative to the
substrate plane in the multilayer. This structural transition was accompanied by a rigid shift of molecular
energy levels by 0.3 eV toward higher binding energy between mono- and multilayer. In addition, broadening
of the highest molecular levels by ca. 0.35 eV was observed in the multilayer, suggesting the formation of
extended intermolecular energy bands.

Introduction

Electronic devices based on conjugated organic molecules
are presently receiving considerable attention. Organic light
emitting diodes, solar cells, thin film transistors, and memory
elements have been realized, which demonstrates the huge
potential of realizing a new technology platform.1 Interfaces
between metal electrodes and organic materials are ubiquitous
in such devices. Consequently, the understanding of the organic/
metal interface properties is a key factor to optimize organic
electronic device function. In particular, the interplay between
structural and electronic properties is of huge interest. One
prototypical molecule in the context of organic electronics is
hexa-peri-hexabenzocoronene (HBC; Figure 1). Because of the
disc-like structure and high-symmetry, HBC forms highly
ordered layers on many substrate materials, including, e.g.,
highly oriented pyrolytic graphite (HOPG),2 Cu(111),3 and Au-
(111).4 In the bulk crystal, HBC packs in columns with the
molecular discs in one column being tilted in one direction with
respect to the column normal, whereas in neighboring columns,
the tilt direction is different.5-7 Because of the parallel stacking
of the molecularπ systems, large charge carrier mobilities along
the columns are expected.8 An alkyl substituted derivate of HBC,
hexakis-dodecyl-hexabenzocoronene (C12HBC), has been shown
to exhibit a high one-dimensional carrier mobility of 0.5 cm2/
Vs.9 A number of other derivatives of HBC have been
investigated,10 indicating that HBC is of interest also in the field
of molecular electronics, e.g., for realizing molecular nanow-
ires,11,12molecular diodes,13,14or a single molecule transistor.15

In order to obtain a better understanding of the growth and
electronic structure of this prototypical molecule on a metal

electrode, we investigated HBC on Ag(111) from the monolayer
to the multilayer regime. The orientation of the molecules was
determined using near edge X-ray absorption fine structure
spectroscopy (NEXAFS), scanning tunneling and scanning force
microscopy (STM and SFM), and information on electronic
properties was obtained from ultraviolet photoemission spec-
troscopy (UPS).

Experimental Section

NEXAFS measurements were done at the Russian-German
beamline at the synchrotron light source BESSY (Berlin,
Germany), and UPS at the Flipper II endstation at Hasylab
(Hamburg, Germany). In both experimental setups, sample
preparation proceeded in a preparation chamber (base pressure
2 × 10-9 mbar) interconnected to the respective analysis
chambers. Cleaning of Ag(111) was accomplished by repeated
cycles of heating and sputtering. The cleanness of the surface
was verified by photoelectron spectroscopy. As observed by
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Figure 1. Chemical structure of HBC and the geometry of the
NEXAFS experiment showing the angle of photon incidenceR and
the angle of molecular plane orientationγ with respect to the sample
surface.
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STM, the crystal surface used in the experiments was atomically
flat with a typical terrace width of 100 nm. HBC was evaporated
from resistively heated pinhole sources. The mass thickness
(assumed film thickness for a homogeneous molecular layer in
the absence of island growth) of the deposited films was
determined by a quartz microbalance. Separate atomic force
microscopy measurements confirmed that the same mass was
deposited on the microbalance and the substrate. After thin film
deposition, samples were transferred to the respective analysis
chambers without breaking ultrahigh vacuum (UHV) conditions.

NEXAFS spectra were obtained by sweeping the excitation
energy between 280 and 320 eV and recording electrons having
a selected kinetic energy of 6 eV using a Phoibos 150
hemispherical analyzer (SPECS GmbH). The pressure during
measurements was 5× 10-10 mbar. For angular dependent
NEXAFS measurements, the angle of incidence on the sample
R (see Figure 1) was varied stepwise from-40° to +70°, with
0° referring to normal incidence of the photon beam on the
sample surface. All spectra were normalized (i) to the normal
step edge spectrum of the clean Ag(111) crystal, to eliminate
the system specific contribution to the carbon signal, and (ii)

to the intensity at 320 eV photon energy, according to an
established routine.16 UPS spectra were obtained with a double-
pass cylindrical mirror analyzer (resolution set to 150 meV) in
an analysis chamber at a pressure of 2× 10-10 mbar. The photon
energy was set to 22 eV. STM and SFM measurements were
done using an Omicron VT-STM attached to a custom UHV
system at Humboldt University Berlin.

Results and Discussion

1. Molecular Orientation. In order to determine the molec-
ular orientation of HBC on Ag(111), we used two different
nominal coverages, i.e., 6 Å for the ca. monolayer regime and
30 Å for multilayer properties. For both samples, NEXAFS
spectra fromR ) -40° to +70° were recorded (Figure 2).
Several distinct absorption peaks are clearly visible near 285
eV below the C K-edge in both series of spectra and agree well
with earlier published NEXAFS spectra of HBC.2,17 With the
help of theoretical calculations,17 the peaks can be assigned to
π* resonances from five inequivalent carbon sites within a HBC
molecule. As evident from the spectra, the intensity of theπ*
peaks varies withR, and a clear minimum atR ) 0° was found
for both coverages. For the transition of an electron from the C
K-shell into π* states (as is the case here), the maximum

Figure 2. NEXAFS spectra of HBC on Ag(111) for different angles of photon incidenceR for (a) 6 Å HBC coverage and (b) 30 Å coverage. The
bottom spectra show the results of fitting theπ* region with six Gaussian peaks. The peak at 285.3 eV (shaded) was used for quantification of
molecular orientation (see Figure 3).

Figure 3. Peak intensity (obtained from the area of the NEXAFS
feature at 285.3 eV in Figure 2) as function of the angle of photon
incidence R. Filled red squares: 6 Å HBC coverage, open blue
circles: 30 Å HBC coverage. The red (bottom) and blue (upper) solid
lines represent the best fits to the data (see text for details). Dotted
lines: calculated curves forγ ) 0° and 43°, according to eq 1.

Figure 4. Proposed molecular orientation for mono- and multilayer
HBC/Ag(111). (a) Model 1. (b) Model 2, as explained in the text.
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intensity is observed if the electric field vector of linearly
polarized radiation is parallel to the long axis of theπ* orbital.18

Since theπ* orbitals of HBC are oriented perpendicularly to
the molecular plane, low absorption intensity at smallR indicates
a small angleγ between the molecular plane and the sample
surface (see Figure 1). For spectral fitting, six Gaussian functions
were used to reproduce theπ* region situated below 290 eV,
as shown in the bottom spectra of Figure 2. For quantitative
analysis, we chose the second peak at 285.3 eV (shaded in
Figure 2) because it has the highest intensity and can also be
reliably fitted for the 6 Å coverage spectra. The resulting
dependence of this peak’s area onR is shown in Figure 3 for
the ca. monolayer (filled red squares) and the multilayer (open
blue circles) samples. The relative peak areas were normalized
to the one at 36°, for which the area is independent of the
molecular orientation (cf. eq 1 below). The highest intensity
and therefore strongest overlap between electric field vector and
molecularπ* orbitals is found for largeR, corresponding to
small γ. From theoretical considerations for homogeneous
layers, the angular dependence of the intensityIπ* follows:19,18

Here,P ) 0.98 is the degree of photon beam polarization, which
is characteristic of the beam source. Fits based on the experi-
mental data are included in Figure 3, the bottom solid line (red)
for the ca. monolayer and the upper solid line (blue) for the
multilayer samples, respectively. For comparison, calculated
dependencies according to eq 1 forγ ) 0° and 43° (this
particular choice is justified further below) were also included
as dotted lines. From this fitting procedure, the angleγ between
molecular plane and sample plane was determined toγ1 ) (25
( 4)° for 6 Å coverage andγ2 ) (31 ( 2)° for 30 Å coverage.
In this model (model 1), the HBC molecules in the monolayer
regime are already tilted with respect to the sample surface by
γ1, and the tilt angle increases slightly toγ2 in thicker films
(see Figure 4a). However, this simple model may be easily
challenged, since all reports available at present indicate that
conjugated molecules in a monolayer favor to align their
π-electron systems parallel to a metal surface.20-23 Furthermore,
both angles,γ1 and γ2, do not occur in any known crystal
structure of HBC,5,6 which requires the presence of two yet
unreported HBC polymorphs. Alternatively, the HBC films on
Ag(111) could be amorphous with thickness-dependent average
anglesγ1 andγ2, which is rather unlikely for this type of discotic
system. Therefore, we suggest an alternative model (model 2),
which is built on known fundamental interfacial mechanisms
and HBC properties already established in the literature, together
with the fact that NEXAFS spectra contain information on more
than the topmost molecular layer simultaneously. In this model,
HBC molecules in the monolayer lie flat on the Ag(111) surface
with γ1′ ) 0°, in accordance with general expectations.24,4

Molecules in the multilayer have a different orientation because
of a reduced interaction strength with the metal surface, which
is screened by the monolayer. Well defined and considerable
changes in molecular orientation between mono- and multilayer
on metal surfaces have been reported, e.g., for pentacene25,26

andR,ω-dihexylsexithiophene.21 For HBC, it could be expected
that the multilayer aggregates in the known bulk crystal
structure,5 with the substrate surface [now comprising the HBC
monolayer on Ag(111)] perpendicular to the HBC (010) net
plane. In this scenario, the molecular plane in the bulk crystal
forms an angle ofγ2′ ) 43° with respect to the surface plane.5

The angular dependence ofπ* resonances found in NEXAFS

spectra are thus interpreted as being due to a superposition of
these two molecular orientations (see Figure 4b). In order to
estimate the ratio of flat lying (proportion A) and inclined
(proportion B) HBC molecules in the two samples, we fitted
the data of Figure 3 as a superposition with the anglesγ1′ and
γ2′ fixed

As the number of free fitting parameters in eq 2 is identical to
that of eq 1, the best fits were identical. For the 6 Å coverage
sample, we obtained a ratio of 60% flat lying (A) to 40%
inclined (B) molecules, whereas for the 30 Å coverage sample,
43% of the signal was due to lying and 57% due to inclined
HBC. Note that the applicability of model 2 requires island-
growth (Volmer-Weber type) of HBC on Ag(111), i.e.,
multilayer formation with inclined molecules setting in before
the flat lying monolayer is completed. Consequently, increasing

Iπ* ∼ P[sin2 γ sin2(90° - R) + 2 cos2 γ cos2(90° - R)] +

(1 - P) sin2 γ (1)

Figure 5. (a) STM image of ca. monolayer HBC on Ag(111) (-1.2
V, 0.4 nA). The short-range order is clearly visible. The inset shows a
higher resolution image with one HBC molecule indicated. (b) SFM
image (noncontact mode) of multilayer (30 Å) HBC on Ag(111). Step
heights derived from the height distribution histogram (inset) are integer
multiples of the HBC column width as shown in Figure 4b for model
2.

Itotal ) AIπ*(γ′1 ) 0°) + BIπ*(γ′2 ) 43°) (2)
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the coverage from 6 Å to 30 Å results in continued growth of
the flat lying monolayer and inclined molecules in the multi-
layer, explaining the still substantial contribution of molecules
in the monolayer to the overall spectrum at 30 Å coverage. In
fact, this is fully consistent with UPS results presented further
below. If layer-by-layer growth were the case, the attenuation
of the monolayer component would be stronger than derived
above.

Direct support for the validity of model 2 was obtained by
STM and SFM investigations. For the monolayer range, STM
was used to directly determine the local structure of HBC on
Ag(111). At about monolayer coverage (nominal mass thickness
4 Å), HBC spontaneously formed ordered structures on the 10
nm scale, as shown in Figure 5a. However, on larger length
scales, a high density of structural defects was observed, which
was accompanied by structural instabilities causing changes
between subsequently recorded images, which indicates a weak
bonding of HBC to the metal surface. Nevertheless, the obtained
high-resolution images indicate the packing of individual HBC
molecules in a short-range ordered structure with 6-fold sym-
metry and with lattice constants ofa ) b ) (1.36( 0.06) nm
and 2D unit cell angleR ) (60 ( 2)°, similar to that observed
on other substrates (HOPG,27 Au(111)28). Hence, flat lying
molecules in the monolayer could be verified.

For SFM investigations in the multilayer regime, a mass
thickness of 30 Å HBC on Ag(111) was chosen. A representa-
tive SFM image (Figure 5b) shows islands of large flat terraces
with well-defined step edges. In order to derive the height of
individual steps present in the image the height-distribution
histogram was evaluated (inset of Figure 5b). The step heights
were found to be integer multiples of (9( 1) Å, which agrees
very well the expected height of lying HBC columns consisting
of 43° tilted molecules in model 2 (i.e., 8.5 Å as indicated in
Figure 4b).

2. Electronic Structure. For UPS, starting with 2 Å HBC
nominal coverage (θ) on Ag(111) the mass thickness was
doubled after each deposition step up to a final mass thickness
of 32 Å (Figure 6a). The valence region spectra forθ ) 2 and
4 Å agree well with the simulated spectrum (bottom) of a single
HBC molecule in the gas phase, obtained by Gaussian broaden-
ing of molecular eigenstates obtained by semiemprirical AM1
calculations,29 after appropriate adjustment of the energy scale.
The photoemission feature at lowest binding energy (BE),

centered at 2 eV, is derived from the two degenerate highest
occupiedπ levels of HBC, and the feature at 2.5 eV corresponds
to the next deeper lyingπ level. With increasingθ, an additional
peak appears at yet higher binding energy (2.8 eV), whereas
the intensity of the peak closest to the Fermi level (EF) decreases,
and the spectrum broadens overall.

A close look at the intensity of the Ag Fermi edge reveals
that it is still nonzero at 32 Å HBC mass thickness, indicating
an incomplete coverage of the Ag surface with molecules.30,31

Consequently, island growth for HBC/Ag(111) as postulated
in model 2 above is confirmed. The transition from a valence
spectral shape resembling single HBC molecules to a more
complex shape occurs between 4 and 8 Å mass thickness. Fully
consistent with growth model 2, in addition to flat lying HBC
in the monolayer, vertically inclined HBC molecules are present
for θ > 4 Å. HBC molecules in the multilayer thus give rise to
the complex shape of UPS spectra for HBCθ g 8 Å.

In order to verify that the photoemission spectra for high
coverage are indeed a superposition of mono- and multilayer
intrinsic HBC spectra, the following procedure was applied.
First, all spectra were normalized to the intensity at the Fermi
edge. Subsequently, the scaled pristine Ag(111) spectrum was
subtracted from the 4 Å HBC/Ag(111) spectrum in order to
derive the photoemission signal from the organic monolayer
alone (displayed as bottom curve in Figure 6b). In order to
remove metal substrate and HBC monolayer contributions from
the 32 Å HBC/Ag(111) spectrum, the scaled 4 Å HBC/Ag-
(111) spectrum was subtracted. For better comparison, this
multilayer spectrum was shifted by 0.3 eV in order to align the
lowest BE features (top curve in Figure 6b). The comparison
of “clean” HBC mono- (solid line) and multilayer (dashed line)
spectra in Figure 6b evidence that the multilayer spectrum is
very similar to the monolayer spectrum, except for the 0.3 eV
BE shift. The origin of this energy shift of the multilayer
compared to the monolayer can be explained by changes of the
polarization energy, i.e., weaker photohole screening due to a
larger distance from the metal surface.32 In addition, the “clean”
multilayer spectrum exhibits significant broadening of the
feature derived from the HBC highest occupied levels toward
lower BE (Figure 6b). This may be due to the superposition of
several effective multilayer thicknesses (with different screening
efficiencies), which cannot be taken into account with our
subtraction procedure. Also, the observed broadening of ca. 0.35

Figure 6. UPS spectra of HBC/Ag(111). (a) Spectra for increasing HBC coverageθ. The bottom spectrum (AM1) is a simulated UPS spectrum
of a single molecule. (b) UPS spectra of “clean” monolayer (bottom solid line) and “clean” multilayer (top dashed line) HBC obtained by the
subtraction procedure explained in the text. For comparison the multilayer spectrum was shifted by 0.3 eV toward lower binding energy to align
the maximum of the highest occupied molecular levels. The two dotted low-BE lines specify the onset of the HOMO-derived photoemission
features, and thus indicate the level-broadening due to band formation.
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eV (Figure 6b) may arise from 1-dimensional electron band
formation in the multilayer along the columnar stacking axis
due to substantial intermolecular coupling33 of neighboring HBC
molecules in the bulk crystal structure.7 The clear-cut structural
transition from flat lying (monolayer) to vertically inclined
(multilayer) orientation of HBC on Ag(111) as proposed in
model 2 (Figure 4b) is thus fully supported by UPS results.

Conclusion

The structural and electronic properties at the interface formed
between hexa-peri-hexabenzocoronene and Ag(111) was in-
vestigated by NEXAFS, STM, SFM, and UPS. The following
consistent picture of the interface was derived: The monolayer
of HBC adsorbs flat lying on the metal surface and the molecular
electronic structure resembles that of individual molecules due
to weak molecule/metal interaction. Multilayer HBC grows in
its bulk crystal structure on the monolayer HBC/Ag(111)
template with an angle of 43° between the molecular planes
and the substrate surface. This defined mono- to multilayer
structural transition is accompanied by a 0.3 eV shift of the
molecular levels toward higher binding energy. The formation
of dispersing intermolecular electron bands in the crystalline
multilayer is indicated by a broadening of the highest occupied
HBC levels by ca. 0.35 eV compared to the monolayer, where
no significantπ-π intermolecular overlap occurs.
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J.; Müllen, K.; Brédas, J.; Rabe, J. P.; Salaneck, W.J. Phys. Chem. B2000,
104, 3967.

(3) Gross, L.; Moresco, F.; Ruffieux, P.; Gourdon, A.; Joachim, C.;
Rieder, K.Phys. ReV. B 2005, 71, 165428.

(4) Ruffieux, P.; Gro¨ning, O.; Bielmann, M.; Simpson, C.; Mu¨llen,
K.; Schlapbach, L.; Gro¨ning, P.Phys. ReV. B 2002, 66, 073409.

(5) Goddard, R.; Haenel, M.; Herndon, W.; Krueger, C.; Zander, M.
J. Am. Chem. Soc.1995, 117, 30.
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M.; Müllen, K.; Byrne, H.; Blau, W.J. Phys. Chem. B2003, 107, 37.
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(14) Jäckel, F.; Wang, Z.; Watson, M. D.; Mu¨llen, K.; Rabe, J. P.Chem.
Phys. Lett.2004, 387, 372.
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