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Abstract

The electronic structure at the interfaces of 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) and the metal sur-
faces Au(111), Ag(111) and Cu(111) was investigated using ultraviolet photoelectron spectroscopy (UPS). By combining
these results with recent X-ray standing wave data from PTCDA on the same substrates clear correlation between the elec-
tronic properties and the interface geometry is found. The charge transfer between the molecule and the metal increases
with decreasing average bonding distance along the sequence Au–Ag–Cu. Clear signatures of charge-transfer-induced
occupied molecular states were found for PTCDA on Ag(111) and Cu(111). As reported previously by Zou et al.
[Y. Zou et al., Surf. Sci. 600 (2006) 1240] a new hybrid state was found at the Fermi-level (EF) for PTCDA/Ag(111),
rendering the monolayer metallic. In contrast, the hybrid state for PTCDA/Cu(111) was observed well below EF, indicat-
ing even stronger charge transfer and thus a semiconducting chemisorbed molecular monolayer. The hybridisation of
molecular and Au electronic states could not be evidenced by UPS.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The energy level alignment at organic/metal
interfaces is a key issue for the performance of
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devices in the field of organic electronics [1,2]. Two
rather simple models are often employed to describe
limiting cases of the energy level alignment mecha-
nism: (i) the Schottky–Mott limit, where the ener-
gies of the molecular orbitals (MOs) are strictly
determined by the work function of the metal sub-
strate involving vacuum level alignment, and (ii)
Fermi-level pinning, where the energies of the
.
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MOs are pinned relative to the Fermi-level (EF) of
the metal by charge transfer between the substrate
and adsorbate [3,4]. However, these models do not
incorporate the complex processes determining the
energy level alignment at organic/metal interfaces,
where other mechanisms like the chemical interac-
tion between substrate and adsorbate [5,6], the elec-
tron push-back effect [1,7–9], interface dipoles
[1,10,11], or the adsorption-induced geometry of
the molecules [12–14] play important roles. Hence,
in order to obtain a deeper understanding of energy
level alignment mechanisms at organic/metal inter-
faces it is helpful to study the electronic interface
properties of a structurally well characterized
system.

An interesting model molecule in this context is
3,4,9,10-perylene tetracarboxylic dianhydride
[PTCDA, Fig. 1]. The electronic as well as the geo-
metric structure of PTCDA on different metal sub-
strates has been studied in detail [15–28]. It is
known that PTCDA can react strongly with metals
via electron transfer [15–18], resulting in anionic
molecular species. Despite the manifold possible
interactions at the interface, PTCDA multilayers
exhibit the same hole injection barrier (HIB) on a
variety of polycrystalline metal substrates, covering
a wide range of work functions (ca. 3.7–5.2 eV). For
PTCDA on Mg, In, Sn and Au, [19] as well as for
PTCDA on Au and Co, [20] the molecular levels
have been investigated by ultraviolet photoelectron
spectroscopy (UPS). For PTCDA on Au, Al and
Sn the HIBs have been determined from current–
voltage measurements in model devices [21]. Struc-
tural information for PTCDA adsorbed on single
crystalline substrates Au(111), Ag(111) and
Cu(111) has been obtained by means of low and
high energy electron diffraction, scanning tunneling
microscopy (STM) and X-ray diffraction
[22,23,27,29]. Recent X-ray standing wave (XSW)
studies have shown different adsorption geometries
for PTCDA on Au(11 1) [12], Ag(111) [12–14] and
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Fig. 1. Chemical structure of PTCDA, the indices mark the
anhydride (Oa) and the carboxylic (Ob) oxygen.
Cu(111) [14]. In addition to different average bond-
ing distances of PTCDA on these metal surfaces,
significant deviations from the planar bulk-confor-
mation of the organic molecule were found. To
obtain deeper insight in bonding mechanisms at
organic/metal interfaces it is necessary to compare
these data with the interfacial electronic structure
of PTCDA on these three metal substrates. For
PTCDA/Ag(1 11) it is already known that hybrid-
isation of unoccupied and occupied molecular orbi-
tals with Ag 4d-bands occurs in the monolayer
[15,30], accompanied by electron transfer from the
metal to the molecule. This well characterized sys-
tem may act as a reference for PTCDA/Au(1 11),
where the bonding is expected to be weaker than
on Ag(111) [16,24,31] and for PTCDA/Cu(111)
[27,28], where a stronger chemical interaction is
expected [14,32]. We have performed UPS measure-
ments on PTCDA/metal interfaces with Au(1 11),
Ag(111), and Cu(111) substrates. These data reveal
a correlation between the adsorption geometry and
the interface electronic structure, leading to deeper
insight into this interesting model system. In addi-
tion, the electronic structure of multilayer PTCDA
has been measured on each substrate. Despite the
remarkable differences in adsorption geometry
and interfacial electronic structure for monolay-
ers, the multilayer electronic structure and energy
level alignment are virtually identical for all three
cases.

2. Experimental details

Photoemission experiments were performed at
the FLIPPER II end-station at HASYLAB (Ham-
burg, Germany) [33]. The interconnected sample
preparation chambers (base pressure 2 · 10�9 mbar)
and analysis chamber (base pressure 2 · 10�10

mbar) allowed sample transfer without breaking
the ultrahigh vacuum. The Au(1 11), Ag(1 11) and
Cu(111) single crystals were cleaned by repeated
Ar-ion sputtering and annealing cycles (up to
550 �C). PTCDA was evaporated using resistively
heated pinhole sources, at evaporation rates of
about 1 Å/min. The film mass thickness was moni-
tored with a quartz crystal microbalance. Hence,
the values for PTCDA coverages corresponds to
nominal film thicknesses. However, depending
on the specific growth mode a nominal coverage
of 2–3 Å corresponds to a monolayer on all three
substrates. Spectra were recorded with a double-
pass cylindrical mirror analyzer in off-normal
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emission and an acceptance angle of 24� with an
energy resolution of 200 meV and a photon energy
of 22 eV. The secondary electron cut-offs (SECO)
[for determination of the sample work function
(/) and the ionization energy] were measured with
the sample biased at �3.00 V. All preparation steps
and measurements were performed at room temper-
ature. The error of all given values of binding ener-
gies and SECO positions is estimated to ±0.05 eV.

3. Results

The thickness dependent evolution of the photo-
emission spectra for PTCDA on the three different
(111)-substrates is shown in Fig. 2.

The deposition of up to 2 Å PTCDA on Au(111)
resulted in the attenuation of the Au derived photo-
emission features and the growth of a shoulder cen-
tered at 1.80 eV binding energy (BE) on the low
Fig. 2. Thickness dependent UPS spectra of PTCDA on Au(111), Ag
about 3 Å corresponds to monolayer coverage. The first row displays i
spectra. H marks in each case the HOMO of multilayer PTCDA. The se
the Fermi-energy (EF) on an enlarged scale. H 0 marks the HOMO an
Ag(111), H00 and L00 the same for PTCDA/Cu(111). Dvac denotes th
multilayers of PTCDA.
binding energy side of the Au 5d-bands. In analogy
to earlier studies [31,34], we attribute this feature to
the HOMO (highest occupied molecular orbital) of
PTCDA. No indication for another molecular
adsorption-induced photoemission feature close to
EF was found. Increasing the coverage up to 48 Å
led to a continuous shift of this feature to 2.55 eV
BE. At this multilayer coverage, the spectrum fully
agrees with PTCDA spectra on polycrystalline Au
reported previously [20,34]. For 1 Å PTCDA/
Au(1 11) the sample work function decreased by
0.20 eV compared to pristine Au(1 11)
(/Au = 5.15 eV), and by further 0.25 eV at a cover-
age of up to 48 Å (i.e., �0.45 eV total vacuum level
shift).

For the Ag(111) substrate the deposition of 1 Å
PTCDA resulted in several new photoemission fea-
tures; a peak centered at 0.2 eV BE directly below
the Fermi-edge of the metal (L 0) and another peak
(111) and Cu(111). h denotes the layer thickness. A coverage of
n each case the secondary electron cut-off spectra and the survey
cond row shows the corresponding spectrum in the region close to
d L 0 the LUMO-derived interface states in the case of PTCDA/
e decrease in the vacuum level between the pristine metal and
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centered at 1.55 eV BE (H 0). Increasing the coverage
up to 2 Å led to enhanced intensity of both peaks.
However, for 4 Å PTCDA coverage the intensity
of the two peaks L 0 and H 0 decreased and a new
peak centered at 2.20 eV BE emerged. Increasing
the coverage up to the final value of 48 Å led to a
shift of this peak to 2.45 eV BE, while the two low
BE peaks vanished. / of pristine Ag(111) was
4.90 eV. For sub-monolayer coverage / decreased
by only 0.10 eV and stayed constant for higher
coverages.

The deposition of up to 2 Å PTCDA on Cu(111)
also resulted in two new photoemission features in
the region near to EF, i.e., a broad peak centered
at 0.80 eV BE (L00) and another peak centered at
1.70 eV BE (H00). At higher coverages the intensities
of these peaks decreased and at 48 Å PTCDA cov-
erage these peaks and the metal Fermi-edge were
no longer visible. However, similar to the case of
PTCDA/Ag(111) a new peak centered at 2.55 eV
BE emerged at multilayer coverage. / of clean
Cu(111) was 4.90 eV. The work function was
decreased by 0.15 eV for a coverage of 1 Å PTCDA
and stayed essentially constant for further PTCDA
deposition.

The work function at monolayer coverage was
4.75 eV on all three substrates, regardless of the
shape of the photoemission spectrum. The HOMO
positions of all multilayer samples were virtually
identical, with the peaks centered at 2.55 eV for
PTCDA/Au(111) and PTCDA/Cu(1 11), and at
2.45 eV BE for PTCDA/Ag(111). Consequently,
the PTCDA ionization energies (measured from
the HOMO-onset to the vacuum-level) were identi-
cal on all three substrates within the error bar of
±0.05 eV, namely 6.80 eV on Au(1 11), 6.85 eV on
Ag(111) and 6.75 eV on Cu(111).

4. Discussion

In the following we will discuss our photoemis-
sion results in the light of previous knowledge about
the properties of PTCDA/metal interfaces. We will
make particular relation to recently reported bond-
ing distance values, which will finally allow to arrive
at a comprehensive picture of PTCDA/metal inter-
face energetics.

It has been suggested that the interaction
between a conjugated organic molecule and a
Au(111) surface should be rather weak [16,24].
Consequently, no clear signature of molecule-metal
reaction-induced peaks within the energy gap region
of PTCDA was observed in the spectra of PTCDA/
Au(1 11), even at sub-monolayer coverage (Fig. 2).
The shift of the HOMO between monolayer and
multilayer of 0.75 eV towards higher binding ener-
gies seems unusually large for weakly interacting
conjugated organic molecules on metals. Usually,
the screening of the photo-hole by the metal charge
density results in shifts up to 0.40 eV between
mono- and multilayer coverage of molecules on
metals [35,36]. The position of the HOMO in the
monolayer (1.80 eV BE) is in good agreement with
scanning tunneling spectroscopy (STS) data, where
a HOMO position of 1.90 eV BE was measured
[24]. In contrast, another STS study found the
HOMO centered at 2.18 eV BE for monolayer
PTCDA/Au(1 11) and at 2.32 eV BE for 2–3 layers
PTCDA/Au(1 11) [31]. As an explanation for this
discrepancy, different tip–surface interactions and/
or tunneling distances were suggested [24]. A mono-
layer of PTCDA on Au(111) forms well ordered
domains with two distinct structures, but only mod-
ification is observed in the second and subsequent
layers [37,38]. A recent STS study of the unoccupied
states of PTCDA/Au(1 11) reported differences in
the position of the lowest unoccupied molecular
orbital (LUMO) of up to 0.35 eV depending on
the adsorption domain of PTCDA [39]. The authors
suggested hydrogen-bond-mediated intermolecular
interaction to be responsible for the different peak
positions. By analogy, differences of the same order
of magnitude should be possible for occupied states.
The area-averaged UPS spectra reveal both peaks,
but the peak at higher BE may be masked by the
dominant Au 5d emission. However, the differences
in the electronic structure of the two monolayer
adsorption domains, coupled with the polarization
effect of the photo-hole can explain the 0.75 eV shift
of the PTCDA HOMO between mono- and multi-
layer. UPS data of multilayer PTCDA on polycrys-
talline Au report the HOMO peak centered at
2.60 eV BE [34] or 2.35 eV BE [20], respectively.
Considering the structural differences between
Au(1 11) and polycrystalline Au, our value is in
good agreement with the literature.

The absence of clear molecule-derived photo-
emission features in the energy gap region may thus
be interpreted as indicative of physisorption of
PTCDA on Au(1 11). However, the small decrease
of / by only 0.45 eV induced by a monolayer of
PTCDA on Au(111) compared to the pristine sub-
strate may indicate a stronger interaction than only
physisorption. The electron push-back effect fre-
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quently leads to a larger decrease of / (in the range
of 1 eV) for molecules physisorbed on Au surfaces
[1,8]. Molecules chemisorbed on a metal via electron
transfer (from the metal to the molecule) induce an
additional contribution to the total interface dipole,
which can partially or totally cancel the push back
effect [6,40]. If the charge transfer for PTCDA/
Au(1 11) were very small, the experimental observa-
tion would merely be limited by the fact that the
newly induced density of states is simply too low
to be detected [41]. Moreover, detailed theoretical
work for PTCDA/Au(1 11) suggested significant
molecular level broadening and interface electron
density rearrangement induced by the metal prox-
imity [42], which could be regarded as another
way of describing a ‘‘soft’’ chemisorption process.

PTCDA on Ag(111) exhibits a strong chemical
interaction, accompanied by electron transfer from
Ag to PTCDA [15,16]. Following earlier reports,
the (sub-)monolayer peaks in the energy gap of
PTCDA are assigned to hybrid states of the Ag
4 d-bands and the LUMO (now partially filled L 0),
HOMO (now the H 0), and the HOMO-1 states of
neutral PTCDA [15,30]. At elevated temperatures
PTCDA/Ag(111) grows in the Stranski–Krastanov
mode, but at room temperature the growth becomes
more layer-by-layer like [43,44]. Consequently, these
interface states are no longer visible in the UPS sig-
nal for higher PTCDA coverages. The LUMO-
derived interface peak (L 0) is located directly at
the Fermi-level, thus a monolayer PTCDA on
Ag(1 11) is metallic [15]. The peak emerging at
2.20 eV BE at a coverage of 4 Å was assigned to
the HOMO of neutral molecules [15]. The shift of
the HOMO peak to 2.45 eV BE for 48 Å PTCDA
coverage can be attributed to different polarization
energies of PTCDA for the monolayer and multilay-
ers [31]. The decrease in / between the pristine
metal and monolayer PTCDA is much smaller than
for PTCDA/Au(1 11), also indicative of a stronger
chemical interaction between the substrate and the
adsorbate.

The observation of interface states for a mono-
layer of PTCDA on Cu(111) shows that strong
chemical interaction occurs at this interface. As
the behavior of the SECO is similar to PTCDA/
Ag(1 11), we conclude that significant electron
transfer from the metal to the molecule takes place
as well. Thus, peak L00 is assigned to the (partially)
filled LUMO and H00 from the HOMO of the neu-
tral PTCDA molecule. However, these interface
states of PTCDA on Cu(111) are centered at signif-
icantly higher binding energies than for PTCDA/
Ag(1 11). The energetic differences indicate that
the hybridization of the molecular levels and the
Cu 3d-bands is different from the case of PTCDA/
Ag(1 11). Because the peaks are shifted to higher
binding energies, stronger bonding of PTCDA to
Cu(1 11) is likely. For monolayer PTCDA on
Cu(1 11) the LUMO-derived interface state (L00) is
located clearly below the Fermi-level, i.e., a mono-
layer of PTCDA on Cu(111) is expected to be semi-
conducting, in contrast to the metallic molecular
layer on Ag(111). Since PTCDA on Cu(111) grows
in the Stranski-Krastanov mode [27], the interface
state photoemission is not completely attenuated
by overlayer material in the UPS spectra at multi-
layer coverages. The position of the HOMO of the
multilayer is consistent with UPS data for PTCDA
on polycrystalline Cu, where a HOMO position of
2.47 eV BE has been reported [20].

The electronic structure of PTCDA on the differ-
ent substrates exhibits remarkable differences, rang-
ing from ‘‘soft’’ chemisorption (on Au) to strong
hybridization of metal bands and molecular orbi-
tals, yielding metallic (on Ag) or semiconducting
monolayers (on Cu). It is now interesting to see
how these differences in the electronic structure are
reflected in the adsorption geometry and bonding
distance of PTCDA on the metal substrates (or, of
course, vice versa). In Fig. 3 the binding models of
PTCDA on Au(1 11), Ag(111) and Cu(111), are
summarized schematically. The PTCDA energy lev-
els in the interface region are compared to those in
PTCDA multilayers (Fig. 3a) and the binding posi-
tions dH of the carbon and oxygen atoms of
PTCDA adsorbed on the three noble metals
(Fig. 3b), using the results from X-ray standing
wave studies [12–14].

The comparably weak PTCDA/Au(1 11) interac-
tion is reflected in both the electronic structure and
the adsorption geometry. In the UPS spectra no
LUMO-derived features appeared at the PTCDA/
Au(1 11) interface. The XSW results report an aver-
age carbon bonding distance of PTCDA on
Au(1 11) (dH = 3.27 Å) [12] close to the molecular
stacking distance measured in PTCDA single crys-
tals (d(102) = 3.22 Å) [45], which also suggests a
rather weak interaction. For PTCDA on Ag(111)
a clear LUMO-derived peak (L 0) appeared in the
interface region directly at the Fermi-edge, which
leads to the metallic character of adsorbed PTCDA.
The interface electronic structure of PTCDA on
Ag(1 11) has already been discussed in detail
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Fig. 3. (a) Schematic energy level diagram of PTCDA on Au(111), Ag(111) and Cu(111). The shaded area corresponds to the metal
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from the transport gap, measured with (inverse) photoemission for PTCDA/Ag [31]. (b) Schematic binding positions of PTCDA on the
three different substrates as measured in [12–14]. The position of the oxygen atoms in PTCDA/Au(111) was not measured with XSW,
however a merely planar adsorption geometry of PTCDA on Au(111) might be assumed [22,23].
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[15,30] and is presented here for completeness. The
adsorption geometry with an average carbon bond-
ing distance of dH = 2.86 Å [13,14] directly supports
the strong chemical interaction of PTCDA with
Ag(111). In addition, PTCDA on Ag(111) shows
a nonplanar adsorption geometry with the carbox-
ylic oxygens (Ob) bent towards and the anhydride
oxygens (Oa) bent away from the metal surface with
respect to the carbon plane. On the Cu(111) sub-
strate the higher binding energy of the LUMO-
derived peak (L00) compared to PTCDA/Ag(111)
nicely correlates with the even smaller bonding dis-
tance of PTCDA carbons (dH = 2.66 Å) [14]. In
addition, the PTCDA bending on Cu is also differ-
ent than on Ag, as all of the oxygen atoms are bent
away from the surface with respect to the PTCDA
carbon plane.

Making an overall comparison of UPS and XSW
results, a direct correlation between the adsorption
geometry and strength of chemical bonding can be
found. With increasing metal reactivity the chemical
interaction, as revealed by the interfacial electronic
structure, increases and the carbon bonding dis-
tance decreases accordingly. The distortion of the
PTCDA molecules in the case of the strongly inter-
acting systems PTCDA/Ag(1 11) and PTCDA/
Cu(111) is not yet fully understood [14]. However,
it can be speculated that the different molecular con-
formations (i.e., bending of the carboxylic oxygens)
are directly related to the amount of charge trans-
ferred to the molecule, evidenced by the metallic-
type monolayer PTCDA on Ag(111) and the semi-
conducting-type on Cu(111). This open question
may be the topic of further ab initio calculations.

In the following, we consider the properties of
the PTCDA multilayers on the three different sub-
strates. The PTCDA ionization energies were found
to be essentially the same on all three substrates.
Despite the obvious differences in the (sub-)mono-
layer spectra, the hole injection barriers of multi-
layer PTCDA on all three substrates are virtually
identical. Considering the work functions of
PTCDA monolayers on the three substrates this
finding is no longer surprising, since / for all three
monolayer PTCDA/metal systems is the same. Par-
ticularly for PTCDA on Ag(111) and Cu(11 1) the
chemisorbed monolayer must be regarded as a mod-
ified metal substrate for the multilayer growth. The
molecular levels of PTCDA in the multilayer are
thus aligned relative to the modified substrate / as
in other organic heterostructures [6,46]. Therefore
the observation of the nearly equal HIBs on all
three substrates irrespective of the initial clean metal
substrate work function cannot be interpreted in
terms of ‘‘classical’’ Fermi-level pinning in the
framework of organic/metal interfaces, where
besides a small charge transfer between the metal
and the adsorbate no chemical interaction occurs
and a small density of interface states is able to
pin the molecular orbitals [3,4]. Reactive PTCDA
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is possibly a special case, which is not compatible
with the existing energy level alignment models.
The three-layer model (metal–chemisorbed mono-
layer–multilayer) can explain our findings, but the
reason for the constant work functions of the
PTCDA/metal systems remains open. An alterna-
tive approach may be provided by the calculations
of charge neutrality levels (CNL) [42,47]. In the case
of PTCDA on Au(111), a CNL level is found
(2.45 ± 0.10) eV above the center of the PTCDA
HOMO level, the CNL again is located 0.02 eV
above EF [42]. This result is in good agreement with
our measured HOMO positions. Vázquez et al.
[42,47] stated that changes in the bonding distance
of PTCDA and distortions in the range of the exper-
imentally measured values on the different sub-
strates have no significant influence on the
position of the CNL. Therefore, also for PTCDA/
Ag(1 11) and PTCDA/Cu(1 11) the CNL theory
should be applicable. It should be interesting to
see in future work, whether this theory, which was
designed for chemically weakly interacting systems,
can successfully describe the physics at these
interfaces.
5. Conclusion

We have demonstrated chemisorption with differ-
ent interaction strength of PTCDA on the substrates
Au(1 11), Ag(11 1) and Cu(11 1) using photoemis-
sion. Our results confirm the results from recent
XSW studies and reveals the correlation between
the strength of the chemical interaction and the aver-
age bonding distance. Taking PTCDA on Ag(111)
as a reference we find that PTCDA binds more
strongly to Cu(111) and less strongly to Au(1 11).
For PTCDA on Au(111) no additional states are
observed in the energy gap and the bonding distance
is large. For PTCDA on Cu(111) the LUMO-
derived interface state is more tightly bound than
on Ag(111), the bonding distance is smaller, and
the PTCDA molecule is distorted. Multiple layers
of PTCDA on all three substrates have the same hole
injection barrier since the work function of PTCDA
monolayers is identical in all three cases.
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[43] B. Krause, A.C. Dürr, K. Ritley, F. Schreiber, H. Dosch, D.
Smilgies, Phys. Rev. B 66 (2002) 235404.

[44] B. Krause, F. Schreiber, H. Dosch, A. Pimpinelli, O.H.
Seeck, Europhys. Lett. 65 (2004) 372.
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