
Energy levels at interfaces between metals and conjugated organic molecules

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2008 J. Phys.: Condens. Matter 20 184008

(http://iopscience.iop.org/0953-8984/20/18/184008)

Download details:

IP Address: 129.252.86.83

The article was downloaded on 29/05/2010 at 11:57

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/20/18
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


IOP PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 20 (2008) 184008 (12pp) doi:10.1088/0953-8984/20/18/184008

Energy levels at interfaces between metals
and conjugated organic molecules
Norbert Koch

Institut für Physik, Humboldt-Universität zu Berlin, Newtonstrasse 15, 12489 Berlin, Germany

E-mail: norbert.koch@physik.hu-berlin.de

Received 4 September 2007, in final form 27 October 2007
Published 17 April 2008
Online at stacks.iop.org/JPhysCM/20/184008

Abstract
The fundamental physical and chemical phenomena that can occur at interfaces between
conjugated organic molecules and metal surfaces are discussed. The adsorption strength of
molecular monolayers on metals covers a wide range from the weak physisorption regime to
strong chemisorption, involving charge transfer and/or covalent bond formation. In many cases,
molecular conformation changes can be observed, which directly impact the interface electronic
structure and charge injection across the organic/metal contact. The energy level positions of
organic multilayers are essentially determined by the monolayer/metal interaction, and
‘flat-band’ conditions prevail for thicker layers of pure organic molecules. Consequently,
thermodynamic equilibrium across organic semiconductor films may not always be established.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The research on interfaces between metal surfaces and con-
jugated organic materials (COMs) is certainly driven by
the interest in fundamental properties of such fascinating
systems, i.e., the unique combination of ‘hard’ (metal)
and ‘soft’ (organic) matter. Moreover, the huge suc-
cess in realizing (opto-)electronic devices over the past 20
years has motivated many scientists to turn towards the
field of organic/metal interfaces, and the number of active
groups is still increasing today. Fully functional organic
light emitting diodes (OLEDs) [1–8], field effect transis-
tors (OFETs) [9–12], photovoltaic cells (OPVCs) [13–18],
memory cells (OMCs) [19–21], and various sensing de-
vices [22, 23] have been demonstrated, which are summarized
by the term organic electronics. The benefits of using COMs
(including small molecules and polymers) as alternatives to in-
organic materials include their light weight, mechanical flexi-
bility, and low cost thin film fabrication processes, i.e. simple
high vacuum sublimation, spin-coating, inkjet-printing, trans-
fer printing or even roll-to-roll printing. The wide tunability
of COM electronic and structural properties via chemical syn-
thesis is particularly attractive for this emerging technology, as
the use of particular molecular moieties and/or combinations
of COMs allows realizing defined insulating, semiconducting,
or conducting materials. A common feature of all devices men-
tioned above is interfaces between semiconductor COMs and

electrodes, across which charges have to be transported. Ex-
cept for ‘all-organic’ devices, electrodes made of metals are
commonly used. Consequently, the energy level alignment
at the interface between the metal electrode and the organic
semiconductor is of paramount importance for the injection
of charges from the metal into the semiconductor, in analogy
to the case of inorganic semiconductor/metal interfaces [24].
In organic electronics, thin film devices can be regarded as
‘large area’ entities, as typical lateral dimensions (depending
on the specific application) cover the range from >10 cm to a
few 100 nm. In contrast, the more recently emerged field of
molecular electronics is dedicated to implementing function-
ality on the single or few molecular levels, which requires the
understanding of contact properties on the molecular scale. In
this case, the demands regarding experiment and theory are ex-
tremely stringent as ‘every atom counts’. While single molec-
ular electronic devices will not enter the market within the very
near future, the progress of new knowledge on molecular scale
contacts can readily help to understand also issues related to
organic electronics. Therefore, the multidisciplinary nature of
research in both fields will benefit from a strong mutual inter-
action of scientists.

In the context of organic and molecular electronics several
key questions have to be answered to understand organic/metal
interface (OMI) properties and their role in device function.

(i) What is the nature of the interaction between the COM and
the metal?

0953-8984/08/184008+12$30.00 © 2008 IOP Publishing Ltd Printed in the UK1

http://dx.doi.org/10.1088/0953-8984/20/18/184008
mailto:norbert.koch@physik.hu-berlin.de
http://stacks.iop.org/JPhysCM/20/184008


J. Phys.: Condens. Matter 20 (2008) 184008 N Koch

(ii) How are energy levels aligned and distributed at the OMI
due to a particular interaction?

(iii) How is charge injection and transport influenced by the
interface energetics?

Experimentally, the most established tool to investigate
interface electronic properties is photoelectron spectroscopy
(PES). Because of its importance and wide use, the primary
concepts of this technique will be laid out in the following.
(Note that the use of PES for the investigation of organic/metal
interfaces has been addressed in great detail before [25–28].)
At first we consider the sample alone in vacuum (left part
in figure 1(a)). Occupied electronic states are commonly
divided into the valence region (VR) and core level (CL)
region. The former contains electronic levels with a rather
delocalized nature of the corresponding wavefunctions due
to non-zero spatial overlap of the electron wavefunctions of
the atoms constituting the solid. Such levels could be the
valence bands of extended systems (covalent or van der Waals
crystals, or polymers) or σ - and π -orbitals of molecules.
The latter contains the localized atomic core levels that are
shielded by valence electrons. At the surface of the sample
a certain vacuum level (Evac) exists, which is determined by
both the sample’s bulk and surface electronic structure and
charge distribution. Together with the Fermi level (EF), Evac

determines the sample work function (φsample) as indicated.
Evac is essentially constant in close proximity to the surface,
but can vary significantly for differently terminated surfaces.
In general, a surface has an inhomogeneous distribution
of positive (atomic nuclei) and negative (electrons) charges
along the surface normal, forming a surface dipole layer that
contributes to Evac. This, for instance, is the reason that
different metal crystal faces exhibit different values of φ (e.g.,
for Cu, φ values of the (100), (110), and (111) surfaces
spread over a range of about 0.5 eV [29, 30]). However, for
distances r large compared to the lateral dimensions of the
2D surface dipole layer, its contribution to the electrostatic
potential effectively reduces to that of a single dipole and Evac

decreases in proportion to r−2 [26] as shown in figure 1(a) for
both sample and electron spectrometer. Consequently, at large
distance from all surrounding matter the potential Evac assumes
a converged value, and an average work function φ∞ could be
defined.

In a PES experiment, the sample is irradiated with
monochromatic electromagnetic radiation of energy hν and
photoelectrons are emitted. Commonly, vacuum ultraviolet
radiation is used to measure VR (ultraviolet photoelectron
spectroscopy—UPS) and x-rays have to be used to emit high
binding energy CLs (x-ray photoelectron spectroscopy—XPS).
Directly after emission the kinetic energy of the photoelectron
is Ekin = hν − EB − φsample (figure 1(a)), where the electron
binding energy EB for a certain energy level is defined relative
to EF. The Fermi levels of the sample and the spectrometer
are aligned in thermodynamic equilibrium. In most cases the
work function of the spectrometer φspec will be different from
φsample, and accordingly Evac will show a variation along the
electron trajectory as indicated in figure 1(a). However, the
measured kinetic energy of the electron E ′

kin is not influenced
by the variation of Evac, as only the potential difference

Figure 1. (a) Schematic energy level diagram for the sample and the
electron spectrometer in a photoemission spectroscopy (PES)
experiment. (b) Example for the various energy levels observed in an
energy distribution curve (EDC) in a PES experiment. Please refer to
the text for a detailed explanation.

between the sample surface and the spectrometer is relevant
(as electrostatic interaction is conservative). Consequently, the
following relation applies for E ′

kin:

E ′
kin = hν − EB − φspec = Ekin − (φspec − φsample). (1)

For a given experimental set-up φspec is constant, and therefore
EB of electronic states of any sample can be measured,
regardless of φsample. By keeping hν fixed and sweeping the
measured kinetic energy the energy distribution curve (EDC) is
obtained, in its full range schematically depicted in figure 1(b).
In addition to VR and CLs the secondary electron cut-off
(SECO) at the lowest kinetic energy is shown. These secondary
electrons stem from inelastically scattered (within the sample)
photoelectrons, and electrons at the SECO’s low energy cut-off
were barely able to leave the sample in the limit of Ekin = 0 eV.
In a real experiment all electrons with Ekin < φspec − φsample

would not be able to enter the spectrometer (cf figure 1(a)).
In order to overcome this potential barrier and enable the
measurement of the SECO, a negative potential of a few volts
is applied to the sample, rigidly shifting all its energy levels
upwards relative to the spectrometer (simply imagine this in
figure 1(a)). Now the entire EDC is measured with a kinetic
energy higher by the amount of the applied negative potential.
From this measurement most parameters relevant in the context
of organic/metal interfaces can be readily determined: the
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sample work function φsample, the organic material’s ionization
energy IE, and the hole injection barrier HIB. The HIB is
commonly defined as the energy difference between EF and
the low binding energy onset of the emission from the valence
band or the highest occupied molecular orbital (HOMO). The
corresponding relations according to figure 1(b) are

φsample = hν − (
Ekin,EF − Ekin,SECO

)

IE = hν − (
Ekin,HOMO − Ekin,SECO

)

HIB = Ekin,EF − Ekin,HOMO.

(2)

In addition to the direct information from VR density of
states, the exact binding energies of CLs provide valuable
information on the chemical environment and bonding
configuration of specific atom species. For all typical PES
studies, it should be kept in mind that the kinetic energy
of photoelectrons is in the range of some eV to several
hundred eV, resulting in the high surface sensitivity of this
technique, as the elastic mean free path of such electrons is
below 1 nm [31]. Only recently, the advanced design of
new electron spectrometers led to the development of high
resolution ‘high kinetic energy photoemission’, with kinetic
energies in excess of 10 keV, which extends the sensitivity
of PES for bulk states significantly to over 10 nm [32–35].
In terms of lateral resolution, the use of spectroscopic
photoemission electron microscopy (PEEM) has revealed that
surface inhomogeneities on the length scale down to a few
nanometers can have a tremendous impact on molecular layer
growth and energetics [36–40]. The ultimate lateral resolution
in studies on the electronic structure of adsorbates (i.e. intra-
molecular length scale) can be achieved by scanning tunneling
spectroscopy (STS) [41, 42], and the concomitant use of
a scanned tip even allows the controlled manipulation of
molecules on surfaces [43–45]. In contrast to PES, STS
also allows probing of unoccupied states. Other methods
to assess unoccupied states include inverse photoemission
spectroscopy (IPES) [46–48] and two-photon photoemission
spectroscopy [49, 50].

2. Monolayer formation

Over the past few years and after numerous detailed
organic/metal interface studies it has transpired that the
interaction between conjugated molecules and clean metal
surfaces is a rather complex issue. Despite the huge number
of systems that have been investigated, no universal picture
has yet emerged, and one can conjecture that COM adsorption
will remain a vividly debated field for many years to come.
The possible types of interaction could be classified by
physisorption (van der Waals) or chemisorption (possibly
with a certain degree of charge transfer and/or covalent
bond formation). A physisorbed molecule should retain its
chemical integrity and orbital structure upon adsorption. If
chemisorption occurs, the ordering of orbitals of the adsorbed
molecule differs from that of the free (gas phase) molecule,
due to hybridization with electron wavefunctions of the metal
and/or a change in orbital population. Chemisorption can often

Figure 2. (a) Experimental UPS spectra for a p-sexiphenyl (6P)
monolayer (top) and multilayer (bottom) on Ag(111). (b) Theoretical
UPS spectra for a 6P molecule with various inter-ring twist angles α.
The inset shows a view along the long axis of a 6P molecules
defining α. Data are taken from [53].

readily be identified due to the appearance of new density of
states (DOS) that is absent for both the free molecule and
the clean metal (an example follows below). However, it is
sometimes difficult to clearly differentiate between these two
adsorption types if no clear new DOS can be observed, as will
be shown by the following example.

A prototypical rod-like conjugated molecule is p-
sexiphenyl (6P), which is an efficient blue light emitter in
OLEDs [5]. UPS spectra of a 6P monolayer and multilayer
on Ag(111) are shown as the top and bottom curves in
figure 2(a), along with the molecule’s chemical structure. It
is known that 6P adsorbs with its long molecular axis parallel
to the Ag(111) surface [51]. In order to allow for a direct
comparison of DOS changes, the spectra have been shifted
to align the strong photoemission peak at 3.9 eV binding
energy, which is derived from the six almost degenerate
lowest lying localized π -orbitals of 6P. The lowest binding
energy maximum (at about 1.8 eV binding energy) is related
to an ionization process of the highest occupied molecular
orbital (HOMO), that at about 2.4 eV to the HOMO-1, both
being delocalized π -orbitals [52]. Apparently, the HOMO
and HOMO-1 are shifted 0.1 eV closer to the localized π -
peak in the multilayer compared to the monolayer; i.e., the
energy separation between localized and delocalized π -states
is larger in the monolayer [53]. Except for this differential
shift of molecular levels, no other changes were observed
between the two spectra; most importantly, no new DOS
(or intra-gap states [28, 54–57]) were found, ruling out
strong chemisorptive bonding or charge transfer for 6P on
Ag(111). This was supported by core level photoelectron
spectroscopy of 6P on Ag(111), where no appearance of new
C 1s peak components for monolayer coverage compared to
multilayers was observed. Hence, the differential changes in
molecular level binding energy must be due to differences in
the molecular conformation of 6P between the monolayer and
the thick film. At room temperature, 6P molecules in the
bulk exhibit librational motion, resulting in angles between
neighboring benzene ring planes (α, for definition see the
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inset in figure 2(b), where the 6P molecule is viewed along
its long molecular axis) different from zero. The short 6P
analog biphenyl has an inter-ring twist angle of 42◦ in the
gas phase [58] and 32◦ in solution and the molten state [59],
whereas it was found to be planar on average [60] in the
solid state as a result of ring librations at room temperature.
However, for the longer p-quarterphenyl, an average twist
of 22.7◦ between the two inner rings and 17.2◦ between
the inner and outer rings in the low temperature phase was
found [61], and slightly larger values were even estimated at
room temperature [62]. As is very well established, larger α

leads to smaller conjugation (inter-benzene π -electron overlap)
along the 6P molecule, and consequently to a shift of energy
levels and a larger energy gap [61]. Theoretical modeling
using density functional theory (DFT) describes this behavior
qualitatively [53] (see figure 2(b)). In particular, an increase
of α leads to a decrease in the energy separation between
the delocalized HOMO and the localized π -states, which are
at about 5.7 eV below the vacuum level (as calculated by
DFT; note that the binding energy scale in figure 2(a) is
referred to EF, thus no direct correspondence of the energy
levels in figures 2(a) and (b) is provided; however, relative
changes are relevant here) in figure 2(b) (and around 4 eV
binding energy in figure 2(a)). The same trend was also
observed experimentally (figure 2(a)). This observation is thus
consistent with the fact that 6P molecules in direct contact
with the Ag surface have a smaller inter-ring twist angle α

than bulk 6P. This was also concluded by a scanning tunneling
microscopy study on 6P/Ag(111) performed at 6 K, where
α = 11.4◦ was reported [51]. From these observations and
the crystallographic data discussed above, it can be deduced
that the inter-ring twist angle in 6P at the Ag surface is
reduced by about 10◦. According to figure 2(b), this reduction
of α is fully consistent with the 0.1 eV change in the
binding energy difference observed experimentally between
the delocalized and localized states [53]. This small, yet
finite, interaction between the metal surface and 6P forces the
molecule into a more coplanar conformation with increased π -
electron overlap. Clearly, the energies of molecular states have
been altered by adsorption compared to the molecule in the gas
phase or in the bulk. However, there are no clear indications for
chemisorption, as core level shifts or the formation of organic–
metal hybrid states (intra-gap states) are lacking. Moreover,
noticeable covalent molecule–metal bond formation was not
observed in STM experiments, as the molecule could be moved
around the Ag(111) surface by the tip without losing its
integrity [51]. Finally, changes of α can simply be induced
by van der Waals inter-molecular interactions, as discussed
above for the various oligophenyls (e.g. α in the gas phase
versus in the crystal). Therefore, the adsorption of 6P on
Ag(111) could be classified as physisorptive. Here it is worth
noting that COMs should not be considered as rigid entities:
an adsorption, even a very weak one, can significantly change
molecular conformation and thus the electronic properties of
the molecule. Adsorption-induced molecular distortions are
expected to be more pronounced for stronger molecule–metal
interaction, which is, in fact, observed; examples for this
phenomenon are, e.g., discussed in detail in the article by
Kowarik et al [63], in this special issue.

Next, a model system will be discussed, which has
been extensively investigated in the past, and thus deep
understanding of the molecule–metal interaction is available:
3,4,9,10-perylene-tetracarboxylic acid dianhydride (PTCDA)
on Ag(111). Very early it was observed that the UPS
spectrum for monolayer PTCDA/Ag(111) differs significantly
from the multilayer spectrum [64]. As the multilayer spectrum
corresponds to neutral PTCDA molecules in the bulk, a
strong chemical interaction between the Ag surface and the
adsorbed monolayer was concluded [64]. A representative
UPS spectrum for monolayer PTCDA/Ag(111) is shown as
the bottom curve in figure 3(a), and it is very similar to
those reported earlier [64, 65]. In contrast to the case
of weakly adsorbed molecules, where no molecule-related
DOS is observed in the binding energy region close to EF

(e.g., figure 2), here a significant photoemission intensity is
observed that is absent for both clean metal surface and neutral
multilayer spectra. These features are labeled H′′ and L′′
in figure 3(a), and their maxima have binding energies of
about 1.6 and 0.3 eV, respectively. Zou et al [65] assigned
these features as follows: PTCDA interacts strongly with the
Ag surface involving significant charge transfer from the metal
towards the molecule. Therefore, the LUMO of PTCDA
becomes partially filled and thus shifts below EF and is then
detectable in UPS as feature L′′ (which only probes occupied
states). Most interestingly, a detailed shape analysis of L′′
led to the conclusion that this molecular state is actually cut
by EF at room temperature, indicating only partial LUMO
filling and a metallic molecular monolayer on Ag(111) [65].
Theoretical modeling yielded a transfer of approximately 0.6
electrons into the LUMO [66, 67]. The monolayer feature
H′′ was consequently assigned to be derived from the PTCDA
HOMO, however modified due to the charge transfer into the
LUMO. For multilayer PTCDA the HOMO is measured at
2.2 eV binding energy [65]. The transfer of negative charge
into the adsorbed molecule may be expected to lead to a
significant increase of the sample work function (on the order
of 1 eV) due to the formation of a surface dipole with its
negative end on the vacuum side [68, 69]. In contrast, the
work function (φ) only increased by 0.1 eV upon adsorption of
PTCDA on Ag(111) [65]. It was suggested that electron back-
donation from the molecule to the metal occurs simultaneously,
mostly involving the HOMO and HOMO-1 orbitals [65],
which, however, seems to be at variance with calculations [66].
The actual dipole-induced φ change might actually be larger
than 0.1 eV, as the counter-acting effect of metal electron
‘push-back’ due to molecular adsorption [26, 70–73] should
be considered as well. Assuming as a common value for the
‘push-back’ a φ-reduction of 0.5 eV [74], the total dipole-
related effective φ-increase for PTCDA/Ag(111) might be
∼0.6 eV. Note that this picture is probably over-simplified,
as theoretical results point towards a relatively complex
rearrangement of the charge distribution for this system [66];
and other theoretical investigations show that the charge
density and potential distribution along the surface normal for
strongly interacting organic/metal systems can be very rich in
detail [71, 75, 76]. In summary, the schematic picture of the
PTCDA/Ag(111) interface energetics as shown in figure 3(b)
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Figure 3. (a) UPS spectra of ca monolayer PTCDA on the metal
surfaces as indicated. The peak labels are explained in the text.
(b) Schematic energy level diagram for PTCDA/Ag(111) showing
the hybridization of molecular and metal levels. ‘A’ corresponds to
HOMO-2 of chemisorbed PTCDA, ‘B’ to the peak labeled H′′ , and
the part of ‘C’ below EF to the peak labeled L′′ in part (a) of this
figure. Part (b) is reprinted from Zou et al [65]. Copyright (2006)
with permission from Elsevier.

was suggested [65], emphasizing the important point that
pronounced hybridization of molecular and metal electron
wavefunctions can occur for strongly chemisorbed systems.

In addition to the complex situation regarding energy
levels of this interface, considerable structural changes were

also reported for PTCDA on Ag(111). As the entire charge
distribution on the molecule is altered due to adsorption,
also the intra-molecular bond lengths and even bond angles
change, as inferred from x-ray standing wave (XSW)
experiments [66, 77]. As discussed in more detail in the
contribution by Kowarik et al in this special issue [63], the
planarity of neutral PTCDA is removed due to adsorption,
with the anhydride oxygen atoms (labeled α in figure 3(a))
residing about 0.1 Å above the carbon backbone and the
carboxylic oxygens (labeled β in figure 3(a)) about 0.2 Å
below the average carbon plane, which itself is 2.86 Å above
the Ag(111) surface [66]. This particular adsorption geometry
is characteristic for the specific material pair. Replacing
Ag(111) by Cu(111) results in pronounced changes regarding
both adsorption geometry and interface electronic structure.
The average carbon plane of PTCDA is significantly closer
to the Cu(111) surface (2.66 Å), and both oxygen species
reside above this plane (bonding distances of 2.89 Å for
anhydride oxygen and 2.73 Å for carboxylic oxygen) [77].
These geometric changes have a profound impact on the
molecular energy levels as apparent from the UPS spectrum of
about monolayer PTCDA/Cu(111) (center curve in figure 3(a)).
While the HOMO-derived level H′ is at a similar position
compared to H′′ (on Ag(111)), the LUMO-derived level L ′
is shifted completely below EF, indicating that the PTCDA
monolayer adsorbed in Cu(111) is semiconducting [78]. This
observation is similar to that for PTCDA/Ag(110) [65], and
might be related to a complete filling of the LUMO (which
might be expected based on the observed smaller average
molecule–metal bonding distance), as opposed to the partial
filling on the Ag(111) surface, which yielded a metallic
molecular monolayer (see above). However, details of the
interfacial charge transfer balance may differ from this simple
picture, as the peculiar adsorption geometry of PTCDA on
Cu(111) could lead to differences in the hybridization of
molecular and metal levels.

In contrast to the Ag and Cu substrates, no photoemission
signature of a (partially) filled LUMO-derived molecular state
could be found for PTCDA/Au(111) [78]. The corresponding
monolayer spectrum (topmost curve in figure 3(a)) is flat
between EF and the onset of emission from the HOMO
related feature (H). This absence of clear indications for
charge transfer is fully consistent with the comparably
large bonding distance found for PTCDA on Au(111) of
3.27 Å [79], which is close to the molecular stacking
distance measured in PTCDA single crystals d(102) =
3.22 Å [80]. Consequently, this interaction of PTCDA and
Au(111) might be classified as physisorptive. However,
theoretical considerations have emerged that involve the
description of organic/metal interaction within a weak
chemisorption framework and applying the density of interface
states model [81, 82], originally developed for inorganic
semiconductor/metal interfaces. This concept, first introduced
by Vazquez et al [83], can be used to show that the proximity
of the metal surface with a continuum of states broadens
the molecular levels, e.g. with Lorentzian shape for weak
interactions [84]. The broadening of molecular levels leads
to a finite continuum of induced density of states in the

5



J. Phys.: Condens. Matter 20 (2008) 184008 N Koch

otherwise empty energy gap of the molecule. This induced
DOS can be integrated up to the total charge of the isolated
molecule, which then defines the position of the charge
neutrality level (CNL). As all molecular levels are considered
in this approach, and not just the HOMO and LUMO levels,
the CNL will generally not be found at the mid-gap position.
Finally, the relative positions of the CNL and the metal work
function determine the direction and the amount of charge
transferred across the interface [83, 84]. For the case of
PTCDA/Au(111) the application of this model predicted that
the induced DOS is large enough for a meaningful definition
of the CNL, interestingly rather independent of the molecule–
metal bonding distance. The theoretical work predicted that EF

at the interface should be close to the PTCDA CNL, which was
placed ∼2.45 eV above the center of the HOMO [83]. From
figure 3(a) it is difficult to determine the exact maximum of the
photoemission feature associated with the PTCDA HOMO as it
is superimposed by the intense emission from the Au substrate
at binding energies > 2 eV. Provided that the emission from the
HOMO might be broadened significantly, the peak maximum
may indeed be above 2 eV. In fact, the HOMO maximum
for multilayer PTCDA/Au(111) was found at 2.2 eV binding
energy [78]. In the meantime, the CNL concept has been
applied to a number of organic–metal systems [84], and even
organic–organic heterojunctions [84, 85], providing strong
indications for a predictive character of this model. Most
importantly, it appears that other important interface effects
can be accounted for in an extended CNL model. In addition to
the broadening of molecular levels due to the metal proximity,
metal–organic charge transfer and the ‘push-back’ effect can be
included [86, 87], as well as intra-molecular and metal–organic
bonding dipoles [88]. Such a unified CNL model, comprising
all relevant contributions to the energy level alignment at
organic/metal interfaces, could be generally applicable.

Once more, we turn back to PTCDA/Ag(111) to highlight
yet another important aspect of organic/metal interfaces.
As UPS is an area-averaging technique it is possible that
subtle differences in interface energetics due to inequivalent
molecular adsorption sites are not recognized. This issue
has recently been exemplified by Kraft et al [89], who used
scanning tunneling spectroscopy (STS) to reveal interface
energy level differences for PTCDA/Ag(111) on the molecular
scale. A detailed analysis of high resolution STM images
revealed that the centers of all molecules are located at or
close to bridge sites of the Ag surface. However, there exist
two inequivalent molecular orientations; i.e., molecules of
type A are almost perfectly aligned with the [101̄] Ag lattice
direction, while type B molecules are rotated by (18 ± 2)◦
with respect to

[
01̄1

]
(cf figure 4). These subtle differences

in adsorption geometry relative to the Ag substrate also lead
to different and inequivalent inter-molecular interactions. The
consequence can be seen in the STS curves recorded for A
and B type molecules (figure 4(a)), where the resonances
labeled L1 and L2 correspond to the states derived from
the HOMO and LUMO of PTCDA (analogous states are
labeled H′′ and L′′ in figure 3(a)). Apparently both levels
are shifted relative to each other, the shift being larger for
L2, which is mainly affected by the metal-to-molecule charge

Figure 4. (a) Experimental background-subtracted and simulated
dI/dV spectra for PTCDA/Ag(111), recorded on molecules of type
A (red, full line) and B (blue, dotted line). Inequivalent PTCDA
molecules are defined in the STM image (b). Green dash–dotted
spectrum: Ag(111). (c) dI/dV image recorded in the left flank of L1.
(d) Calculated free molecule HOMO. L2 corresponds to the peak
labeled L′′ in figure 3(a). Reproduced with permission from [89].
Copyright (2006) by the American Physical Society.

transfer [89]. The co-existence of these two slightly different
bonding situations with their individual energy levels may then
explain the highly asymmetric lineshape that was observed for
L′′ in UPS. We can thus expect that the concerted use of several
experimental techniques, in particular those with very high
lateral resolution, will reveal more fine details of the interaction
between molecules and metal surfaces, which should enable
a more reliable comparison of experiment to theory; this will
lead to a significantly improved understanding of organic/metal
interfaces.

The importance of understanding the fundamentals
of adsorption behavior of molecules in the monolayer
range becomes perceptible in the context of controlling
the energy level alignment at organic/metal interfaces in
devices. For instance, it has been shown that monolayers
of molecules with strong electron accepting character can
be used to adjust the energy level alignment at virtually
any organic/metal interface. Strong acceptors, such
as tetracyano-tetrafluoroquinodimethane (F4-TCNQ) [68] or
octofluoroanthraquinone [90] chemisorb even on Au surfaces
with noticeable charge transfer, leading to an increase of the
surface φ. Any subsequently deposited COM aligns its energy
levels relative to this new surface potential, and hole injection
barriers (HIBs) are reduced accordingly [69]. For instance, it
was shown that an F4-TCNQ monolayer on Au can reduce the
HIB by up to 1.2 eV [68]. The development of new electron
acceptors for this purpose can certainly benefit from a thorough
knowledge of how molecules interact with metal surfaces, and
how the delicate balance of adsorption-induced intra-molecular
conformation changes and how charge rearrangement depends
on the molecular structure.
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3. Multilayer formation

Pentacene (PEN) is regarded as the prototypical COM; it is the
most widely investigated organic system at present, and also is
successfully used to fabricate OFETs with exceptionally high
charge carrier mobility in excess of 5 cm2 V−1 s−1 [11, 12].
Au is a widely used metal for contact formation in organic
electronics. Therefore, the interface formed between PEN
and Au(111) will be discussed in the following as a
general example for multilayer formation [91]. The typical
experimental approach using UPS is to start with the atomically
clean metal surface, and then deposit increasing amounts of
COM, making measurements after every step. Results from
such a UPS experiment as a function of nominal coverage (θ)

with PEN are shown in figure 5(a). It should be emphasized
here that θ is a measure of the deposited mass rather than the
true organic layer thickness, as—by and large—COMs rarely
exhibit layer-by-layer growth on metal surfaces; very often
Stranski–Krastanov or Volmer–Weber type growth prevails, as
is also the case of PEN/Au, as will be detailed further below.
Notably, the sample work function (φ) decreases from 5.50 eV
(pristine Au) to 4.55 eV (θ � 4 Å) upon adsorption of PEN, as
inferred from the 0.95 eV shift of the secondary electron cut-
off (SECO) towards lower kinetic energy (figure 5(b)). This
change of the vacuum level (	vac) has been attributed to the
‘push-back’ of metal surface electrons due to the presence of
a weakly adsorbed organic layer [26, 70, 73]. In the wide
scan view (figure 5(a)) the lowest binding energy emission
feature observed after PEN deposition at about 1 eV is derived
from the highest occupied molecular orbital (HOMO) of PEN.
The binding energy region close to EF and the HOMO is of
particular interest when discussing interface energetics, and
is thus shown in more detail in figure 5(c). For θ = 2 Å
(i.e. slightly less than a flat-lying PEN monolayer), the HOMO-
derived narrow peak labeled ‘(1)’ (centered at 0.90 eV) has
its low binding energy onset at 0.70 eV below EF; this value
corresponds the HIB according to equation (2). Increasing
θ (and thus partially covering the monolayer with further
molecules to form multilayers) shifts this peak and its onset
towards lower binding energy by 0.1 eV. The magnitude of
this shift agrees well with the theoretically predicted increase
of 130 meV in polarization energy for a PEN monolayer
on Au upon adsorption of multilayers on top [92]. Thus
the HIB of the monolayer is reduced to 0.60 eV. For θ �
8 Å another peak (labeled ‘(2)’) emerges, which increases
in intensity for increasing coverage, while (1) decreases.
This observation is consistent with the formation of PEN
multilayers, as photoelectrons from the PEN monolayer (1)
become attenuated by the molecules adsorbed on top to form
multilayers. Island growth of PEN on Au is well documented
in the literature [93–95], and fully supported by the observation
of intensity from the substrate metal EF even at θ = 110 Å,
which is significantly larger than the elastic mean free path
of the photoelectrons. Consequently, feature (2) is related to
the HOMO-derived emission of PEN in the multilayer. The
peak center is at about 1.2 eV binding energy. The low binding
energy onset can, however, not be determined reliably, since
emission from (1) is superimposed on that from (2) (island

Figure 5. UPS spectra of pentacene (PEN) deposited onto Au(111)
for increasing coverage θ . (a) Survey valence region spectra.
(b) Secondary electron cut-off (SECO), and (c) near-EF low binding
energy region. (1) Corresponds to emission from the PEN monolayer
HOMO, (2) to the PEN HOMO of multilayers.

growth) in all spectra. Assuming a similar width of peaks (1)
and (2), the HIB for multilayers is estimated to be about 0.9 eV.
Note that the shift of about 0.3 eV to higher binding energy
when going from monolayer to multilayer affects all valence
levels by the same amount (rigid shift), as well as the C 1s
core levels (not shown). Conversely, the position of the SECO
does not change between mono- and multilayer coverage.
The shift of electronic levels is thus not due to changes
in molecular conformation (which would require differential
shifts) or surface potential, but it is of electrostatic nature.

The kinetic energy of photoelectrons and thus the
measured ionization energy (IE) is affected by a polarization
of the photohole’s surroundings. The sudden presence of the
hole left behind by the photoionization process leads to a very
fast (fs timescale) polarization of all surrounding matter, thus
‘screening’ the Coulomb attraction between the photoelectron
and its hole. More efficient screening results in higher kinetic
energy (=lower binding energy). The position of the SECO is
not affected by screening, as these electrons with Ekin = 0 eV
have no defined initial state (they were inelastically scattered).
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Figure 6. (a) Schematic energy level diagram of the PEN/Au(111)
interface (for details see the text). (1) is for the PEN monolayer, (2)
for the multilayer. (b) Representation of the PEN morphology and
molecular orientation on Au(111). Part (b) is reproduced with
permission from [95]. Copyright (2007) by the American Physical
Society.

For COM thin films on metals, screening is due to (i) the
metal substrate and (ii) the surrounding molecules. Photo-hole
screening by the metal substrate has been identified for various
organic molecules on a range of substrates [26, 27, 53, 96].
With increasing thickness of the organic layer the screening
by the metal becomes less efficient, resulting in an apparent
shift of all molecular levels to higher binding energy with
respect to both EF and Evac, and thus an increase in the
measured IE. Typically, the magnitude of this shift is found
to be in the range of 0.2–0.4 eV [53, 96], depending on the
specific system under investigation. For the present case of
PEN/Au(111), the total change in polarization energy between
the monolayer PEN on Au(111) not covered by multilayers and
the surface of the thick PEN film is about 0.4 eV, in reasonable
agreement with calculations, that gave about 360 meV for this
value [26, 27, 92]. This energetic situation of the PEN/Au(111)
interface is summarized in figure 6(a).

As the relative emission intensities of (1) and (2) are
markedly different in figure 5(c), it can be proposed that PEN
multilayers do not exhibit a flat-lying adsorption geometry
(molecular plane parallel to the surface). However, molecules
in the multilayer do not exhibit a ‘standing-upright-like’
geometry (as on SiO2 [97]). Most likely, PEN in multilayers
adopts a herringbone arrangement similar to its crystal bulk. In
fact, a recent x-ray diffraction and near-edge x-ray absorption
study by Käfer et al [95] showed that the growth of PEN on
atomically clean Au(111) is indeed characterized by a flat-
lying monolayer and multilayer islands, whose (011), (121),
and (122) faces are parallel to the Au(111) surface [95], as
schematically shown in figure 6(b). Note that if the Au surface
is polycrystalline or modified by other organic molecules
(including contamination from ambient air exposure) the

Figure 7. Hole injection barrier (HIB) and vacuum level shift (	vac)
for pentacene on various metals as a function of the pristine metal
surface work function φmetal. The lines are linear fits to the data (the
point for HOPG in the lower part was excluded from fitting).

orientation of PEN can differ markedly [95], and also the
interface energy level alignment is strongly affected [69, 98].

For various applications it is necessary to use contacts
other than Au, and thus many studies were reported for PEN
deposited on various metal substrates, covering a wide range
of work function and chemical reactivity. Plotting the key pa-
rameters of PEN/metal interfaces (i.e., hole injection barrier
and vacuum level shift) as a function of substrate φmetal results
in figure 7. While there is some scatter of data points for the
HIB (in particular for Au, possibly due to varying orientation of
molecules on the respective surfaces [74, 95]), there still seems
to be a linear relationship between metal φ and the magnitude
of the HIB. A linear fit through all points yields the ‘slope-
parameter’ S = 0.4 [27], defined as S = dHIB

dφmetal
. This value is

between those expected for the Schottky–Mott limit (S = 1)
and strict Fermi level pinning (S = 0) [27, 69, 99, 100].
Consequently, the finite interaction of PEN with these metal
surfaces leads to a behavior that may be described using
the charge neutrality level (CNL) model [84]. It should be
interesting to see in the future if this model is applicable
throughout the wide range of interaction strengths prevailing
at the individual interfaces: strong chemisorption of PEN on
Co [101], Cu [102] and Ca [103] was reported, whereas the
interaction with the other metals was found to be significantly
weaker (Sm [104], Hf [105], Ag [74, 103], HOPG [106, 107],
Au [91, 103, 108]). The fact that S �= 1 implies that inter-
face dipoles 	vac (i.e. changes of φ between the clean metal
surface and that covered with molecules) are required at these
interfaces, which indeed was observed (figure 7(b)). A slope
k = d	vac

dφmetal
= −0.5 fits best to these data (the value for

HOPG was excluded from the fit as it is not strictly a metal,
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with electrons spilling into vacuum forming a surface dipole).
The full consistency of HIB and 	vac values for all metal sur-
faces would require S + k = 0, which is almost fulfilled, as
this sum is −0.1 for PEN. In general, S-values for organic
molecules on metal surfaces span a wide range. S-parameters
similar to that of PEN have been found for N ,N ′-bis-
(1-naphthyl)-N ,N ′-diphenyl1-1,1-biphenyl1-4,4′-diamine (α-
NPD: 0.5), 4,4′-N ,N ′ -dicarbazole-biphenyl (CBP: 0.6) [27]
and para-sexiphenyl (6P: 0.5) [109]. The largest value of S
for an organic molecule on metal surfaces has been reported
for aluminum tris(8-hydroxyquinoline) (Alq3: 0.8) [27], but
no values close to S = 1 have occurred yet. In contrast,
S ≈ 0 has been obtained for several molecules (3,4,9,10-
perylene-tetracarboxylic acid dianhydride—PTCDA; 3,4,9,10-
perylenetetracarboxylic bisbenzimidazole—PTCBI; perfluori-
nated Cu phthalocyanine—F16CuPc) [27]. It has been sug-
gested that the magnitude of S correlates with the metal-
induced density of states within the energy gap of the adsorbed
molecule and the relative weight of occupied and unoccupied
densities of states of frontier orbitals [86]. In comparison, it
is interesting to note that interfaces between COMs and elec-
trodes made of non-metals, in particular including oxides and
conducting polymers, are characterized by a value of S very
close to 1, meaning that the Schottky–Mott-limit is almost
reached [69, 99, 100, 109]. However, for every specific COM
there exist critical (non-metal) substrate φ-values where a tran-
sition to Fermi level pinning behavior occurs [69, 99].

One more issue is worth pointing out for COM multilayer
energetics at interfaces to metals: thermodynamic equilibrium
may not be established across the organic layer. As can
be seen from figure 2, a certain vacuum level (electrostatic
potential) is established after the adsorption of the first
layer, and no further changes in Evac occur upon multilayer
formation. This is due to the fact that layers on top of the
monolayer are bound by weak van der Waals inter-molecular
forces, implying vacuum level alignment between molecular
layers. The same phenomenon holds for the electronic levels.
Apart from changes in the monolayer due to organic/metal
interaction, and the above discussed photoelectron screening
shifts (which saturate after a few nanometers) no binding
energy shifts as a function of organic film thickness are
observed. These ‘flat-band’ conditions are commonly observed
for the vast majority of organic/metal interfaces. Note
that UPS can only be applied for COM thicknesses up to
a few 10 nm as charging becomes problematic for larger
thickness [110, 111]. Device-relevant thickness ranges (a
few hundred nanometers or more) can be investigated with
the Kelvin-probe (KP) method, as exemplified in figure 8
[112]. This example shows nicely that no vacuum level shifts
for the COM N ,N ′ -bis(3-methylphenyl)-N ,N ′-diphenyl-[1,1′-
biphenyl]-4,4′-diamine (TPD) are observed for thicknesses
>100 nm, regardless of the metal substrate used. In contrast,
‘band-bending’, i.e. changes of the DOS binding energy with
respect to EF as function of distance from the interface, is
often found for interfaces between inorganic semiconductor
materials and metals [24]. Band-bending is due to charge
accumulation/depletion in the semiconductor in the near-
interface region or due to (charged) chemical impurities,

Figure 8. Variation of the vacuum level relative to the Fermi level
εF

vac (corresponds to the sample work function) for TPD on Au, Cu,
Ag, Mg and Ca substrates as a function of TPD thickness d . (a) The
region for small d up to 10 nm is expanded. (b) The whole region up
to d = 110 nm. Reproduced with permission from [112]. Copyright
by Wiley-VCH Verlag GmbH & Co. KGaA.

rendering it an electrostatic effect due to space charges that
shift Evac and the DOS in one direction by the same amount.
Therefore, effects such as molecular level energy changes
due to organic/metal chemisorption, molecular conformation
changes, screening, or energy band dispersion [113–117]
should not be included in the use of the term band- or energy
level bending. The reasons for the generally observed flat-
band conditions at organic/metal interfaces for device-relevant
thickness ranges are the high purity of the COMs and their
comparably wide energy gap (i.e. very low concentration of
thermally activated mobile charge carriers) [112]. If charged
impurities are included in the COM, or intentional doping is
introduced, band-bending can actually be observed for COMs,
e.g. as was shown for C60 with a very wide space charge
layer of ∼500 nm for an effective charged impurity (doping)
concentration in the ppm range [112]. Consequently, for very
pure organic materials, the Fermi level of the substrate and
the one in the organic layer are not aligned, as for instance in
figure 8 the substrate EF is found at rather different positions
in the TPD energy gap for different substrate metals.

As it is impossible to directly assess the (local) position
of EF in the gap of an organic thin film, other means have
to be used to visualize the possible lack of thermodynamic
equilibrium between metal contacts and COM thicker films.
This can be done in a UPS experiment by depositing a metal
M, which is very different from the substrate metal, on top of
a closed (i.e. pin-hole free) organic layer. In practice, a high
φ substrate in combination with a low φ top M can yield the
desired effect. This structure can be regarded as two metal
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Figure 9. Schematic energy level diagram for an organic film (COM)
on a metallic substrate, showing the HOMO (black bar), the LUMO
(gray bar), and top metal (M) gap states on the surface: (a) in
thermodynamic equilibrium and (b) in non-equilibrium. Evac

indicates the position of the vacuum level. In (a) the dashed line
represents the position of EF throughout the whole sample in
thermodynamic equilibrium. In (b), the dotted line represents the
position of the Fermi level EF,1 of the metal substrate, and EF,2 the
local Fermi level on the surface.

contacts with different φ-values on opposite sides of the COM
layer, as depicted in figure 9. In thermodynamic equilibrium,
the Fermi levels of the two metals line up and a built-in voltage
(the difference of the two metal φ-values) drops across the
organic layer (figure 9(a)); possible band-bending effects in the
COM layer are neglected in this example. However, several
experiments have yielded an energetic situation according to
figure 9(b); i.e., the Fermi level of the substrate EF,1 and that of
the top metal layer EF,2 were not aligned, and occupied DOS
of the top layer was observed above EF,1, clearly indicating
non-equilibrium conditions [57, 118–120]. Consequently, care
has to be taken when evaluating UPS data of metal deposits on
COM films, as the alignment of Fermi levels at opposite sides
of an organic layer may not be established.

4. Conclusions

While for some organic/metal systems (a few of them
were discussed here) a sound understanding of interfacial
phenomena already exists, a generally applicable picture
for this important class of interfaces is still lacking.
The complex interplay of molecular adsorption-induced
charge redistribution and concomitant conformation changes
of molecules determines the energy level alignment at
organic/metal interfaces and the efficiency and dynamics of
charge transport across the contact. Therefore, we should hope
to have refined experimental and theoretical tools at hand in
the future to advance our comprehension of interface physico-
chemical processes. Improved knowledge in the field will help
to find rational approaches for controlling interface properties
via the use of tailored molecules. This will facilitate exciting
new developments in organic and molecular electronics.
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