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The electronic structure at highly ordered pentacene monolayer prepared on Cu�110� substrate was studied
by angle-resolved ultraviolet photoemission spectroscopy. The valence-level photoemission line shape showed
the evidences of �i� formation of the interface states and �ii� two-dimensional energy-band dispersion of the
resultant interface states. The lattice constant deduced from the observed energy-band dispersion is consistent
with the reported one based on the low-energy electron diffraction experiments. Thus, the observed energy-
band dispersion can be ascribed to the in-plane intermolecular energy-band dispersion in the pentacene mono-
layer on Cu�110�. These phenomena may originate from the hybridization between the molecular orbital and
the wave function of the substrate surface. Furthermore, work-function change of about −0.9 eV by adsorption
of pentacene was observed from the shift of the secondary-electron cutoff. Such a decrease of the work
function indicates the formation of a dipole layer at the interface with the molecule positively charged. This
direction is opposite to the naive expectation from the electron transfer from the substrate to the molecule,
which was suggested from the previous work of core-level photoemission spectroscopy �McDonald et al., Surf.
Sci. 600, 1909 �2006��. This unexpected result may originate from the charge redistribution at the interface due
to the induced image charge in the metal and the push back of electrons spilled out from the metal surface by
the adsorbed molecules, which may overwhelm the effect of electron transfer.

DOI: 10.1103/PhysRevB.76.165436 PACS number�s�: 79.60.�i, 73.20.�r, 73.30.�y, 72.80.Le

I. INTRODUCTION

The electronic structure at interfaces formed between an
organic film and a metal surface plays a crucial role in the
performance of �opto�electronic devices using organic semi-
conductors such as light-emitting diodes, field-effect transis-
tors, and photovoltaic cells. In particular, the energy posi-
tions of the highest-occupied and lowest-unoccupied
molecular orbital �HOMO and LUMO� levels relative to the
Fermi level �EF� of metal electrodes are of fundamental im-
portance in discussing the barrier heights for the charge in-
jection and separation at organic/metal interfaces.1,2 There-
fore, it is natural that many research groups have been
investigating the energy level alignment at organic-related
interfaces in order to elucidate the energetics of organic
devices.1–20 These studies have been performed by using
surface-scientific tools such as ultraviolet photoemission
spectroscopy �UPS�, inverse photoemission spectroscopy,
Kelvin probe, scanning tunneling microscopy �STM�, and
scanning tunneling spectroscopy �STS�, which provide the
information on the occupied and unoccupied electronic struc-
tures and the vacuum level.

By these studies, it is now well established that the for-
mation of the interfacial electric dipole layer affects the en-
ergy level alignment and, hence, the barrier heights at the
interface.1,2 Thus, the clarification of the origin of this inter-
face dipole is an important issue in the recent studies of
organic interfaces. Several possible factors were listed as
possible origins,1 and there are already evidences for �1�
electron transfer between the molecule and the metal for

strong donors and acceptors,8,9 and �2� the orientation of po-
lar molecules10–13 as the origin of the dipole layer. On the
other hand, the origin and the details of the dipole layer for
ordinary nonpolar molecules with moderate electron donat-
ing and/or accepting power have not yet been well clarified.
Among the efforts for clarifying the responsible factors,
Flores and co-workers recently proposed the concepts of the
induced density of interface states21 �IDIS� and the charge
neutrality level �CNL� to describe the dipole layer formation
in terms of the molecular level broadening by the molecule-
metal interaction.22–24 Their basic idea is as follows. The
HOMO and LUMO are simply broadened to form a continu-
ous density of states �IDIS� in the original HOMO-LUMO
gap of the molecule, and the two electrons in the original
HOMO occupy these states up to the CNL. At electrical
equilibrium after the contact, the initial energy difference
between the EF of the metal and the CNL of the organic
semiconductor is cancelled to achieve thermodynamic and
electrical equilibria with the alignment of the top occupied
states at both sides of the interface by �1� some amount of
electron transfer and �2� the accompanying change of the
electric potential including the effect of the dielectric con-
stant of the organic layer. This process determines the
amount and direction of charge transfer, and the resultant
dipole layer is given by the potential change, which corre-
sponds to the work-function change at the deposition of mol-
ecules.

They further argued that such broadening of the HOMO
and LUMO does not depend on the metal nor the type of
surface ��100�, �111�, etc.�, and the energy of the CNL rela-
tive to the HOMO and LUMO is a parameter specific to each

PHYSICAL REVIEW B 76, 165436 �2007�

1098-0121/2007/76�16�/165436�10� ©2007 The American Physical Society165436-1

http://dx.doi.org/10.1103/PhysRevB.76.165436


molecular species. Their estimation of the dipole layer based
on this model showed fair agreement with experiments for
various organic films on polycrystalline metal substrates, and
they concluded that a simple model holds, with the CNL
being actually an intrinsic energy parameter for each organic
material, nearly independent of the metal substrate.22–24

However, as suggested in our previous work,1 there are
other important possible origins of the interface dipole be-
sides the simple charge transfer. In fact, several groups
showed fair agreement between their theoretical calculations
and experiments by considering other types of charge redis-
tribution upon molecular adsorption at the surface.25–27 Thus,
the origin of the interface dipole at organic-related interfaces
still remains an open question. There are also various obser-
vations questioning the picture of simple broadening, mostly
independent of the metal surface. Munakata et al. observed
large spatial inhomogeneity of the electronic structure of Cu-
phthalocyanine films on a polycrystalline Cu substrate by
using the new techniques of microspot photoemission
spectroscopy,4 and ascribed this inhomogeneity to the differ-
ence of molecule-substrate interaction depending on the sur-
face. Several works directly observing the interfacial elec-
tronic states by conventional UPS7 and high-resolution STM
with STS16–20 also indicated that the characteristics of the
interfacial electronic structure strongly depend on the sub-
strate surface �e.g., Ag�111� and Ag�110�� and the film struc-
ture. Thus, it seems that the factors determining the interfa-
cial electronic structure and the energy level alignment,
including the dipole layer, can be more complex than ex-
pected in the simple charge-transfer model assuming
molecule-specific CNL. Hence, it is generally not easy to
discuss the interfacial electronic structure precisely using
conventional organic/metal interfaces such as the polycrys-
talline or amorphous organic films formed on polycrystalline
and rough metal surfaces as used in real devices. To fully
clarify the possibly complicated electrical and structural phe-
nomena at the organic-related interface, a more pertinent ex-
perimental approach to this issue would be to use a well-
characterized system, e.g., epitaxially grown organic film on
atomically flat and clean metal single crystal surfaces, in
quantitative electron spectroscopic measurements.

In this work, in order to study the electronic structure at
organic/metal interfaces in detail, we have performed angle-
resolved UPS �ARUPS� experiments on a highly ordered
pentacene monolayer grown on Cu�110� substrate. It was re-
ported that pentacene molecules on Cu�110� in the mono-
layer regime form a highly ordered structure with planar ad-
sorption geometry, where the molecular long axis is parallel

to the �11̄0� substrate direction.28–31 We observed a distinc-
tive electronic structure at the pentacene/Cu�110� interface,
which is completely different from those of the gas- and
bulk-phase pentacene. We clearly observed the formation of
the interface states upon adsorption of the pentacene mol-
ecule. Furthermore, the observed interface states shifted pe-
riodically with the photoelectron takeoff angle, which can be
attributed to the intermolecular energy-band dispersion in the
pentacene monolayer. These phenomena may originate from
the hybridization between the molecular orbital �MO� and
the wave function of the substrate. Also, we discuss the pos-

sible origin of the interface dipole at the pentacene/Cu�110�
interface.

II. EXPERIMENTS

The experiments were performed using the ARUPS sys-
tem at the beamline 8B2 of the synchrotron radiation facility
UVSOR at the Institute for Molecular Science. The system
consists of an organic-preparation chamber, a metal-
preparation chamber, and a measurement chamber, with base
pressures of 9�10−8, 1�10−8, and 2�10−8 Pa, respectively.
A Cu�110� single crystal substrate �purity of 5N� was pur-
chased from MaTecK GmbH, and was cleaned by repeated
cycles of Ar+ ion sputtering �primary electron-beam energy
of 2 keV and current density of about 30 mA/cm2 under Ar
pressure of 8�10−3 Pa� and annealing up to about 870 K in
the metal-preparation chamber. The cleanliness and the order
of atomic arrangements of the substrate surface were con-
firmed by Auger electron spectroscopy, low-energy electron
diffraction �LEED�, and UPS measurements.

The purified pentacene sample was the same as that used
in Ref. 32. The sample material was purchased from Tokyo
Chemical Industry Co., Ltd. �purity 98%�, and was purified
by three cycles of sublimation in an Ar gas stream of 13 Pa.
This material was carefully evaporated onto the clean
Cu�110� surfaces in the manner similar to that described in
Refs. 30 and 31. In particular, the most important parameter
in preparing the highly ordered pentacene monolayer on
Cu�110� is the substrate temperature during the deposition.
We obtained the highly ordered monolayer by heating the
substrate at 500–600 K during the deposition �see Fig. 3 and
corresponding discussion�. The film thickness and the depo-
sition rate �less than 0.1 nm/min� were measured with a cali-
brated quartz microbalance.

ARUPS measurements were performed by using a VG-
ARUPS10 system with a hemispherical electron energy ana-
lyzer and a multichannel detector in the measurement cham-
ber. The synchrotron radiation was monochromatized by a
plane-grating monochromator.33 In the present experiments,
we set the total-energy and angular resolutions at about
100 meV and 2°, respectively. The definition of the experi-
mental geometry of ARUPS such as the photon incidence
angle ���, photoelectron takeoff angle ���, and sample azi-
muthal angle ��� is shown in Fig. 1. The origin of the azi-
muthal angle �=0° was defined so that the electric-field vec-
tor �E� of the incident photon is on the incident plane

containing the �11̄0� substrate direction and the surface nor-
mal �the �110� substrate direction�.

All the spectra were measured at the substrate temperature
of about 300 K. In order to estimate the work function of the
sample, the ARUPS spectra in the region of the secondary-
electron cutoff were measured with a −5 V bias applied to
the sample to detect the photoelectrons with a kinetic energy
�Ek� close to 0 eV.

III. RESULTS AND DISCUSSION

A. Effect of the geometrical film structure on the ultraviolet
photoelectron spectroscopy spectra

Prior to showing the experimental results, we briefly sum-
marize the results of the previous works on the growth of
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pentacene thin films on Cu�110� in the monolayer regime.
Highly ordered pentacene monolayer on Cu�110� has been
observed and studied by using STM,28,29 LEED,29–31 He-
atom scattering �HAS�,31 thermal desorption spectroscopy,31

near-edge x-ray absorption fine structure �NEXAFS�,30,31 and
x-ray photoemission spectroscopy �XPS�,15 with mostly con-
sistent results as follows. When the molecules are deposited
onto the substrate at room temperature �RT�, a disordered
pentacene ultrathin film with the molecular long axis parallel

to the �11̄0� substrate direction is obtained. After annealing
the RT-deposited ultrathin film at 400 K, the molecules
�re�order to form a highly ordered �sub-�monolayer with the
stripes of pentacene along the �001� substrate direction, re-
taining the orientation of the molecule with its long axis

along the �11̄0� substrate direction.28 Such a highly ordered
monolayer could be also obtained by depositing the mol-
ecules on heated substrate at 460 K.30,31 The LEED patterns
of the highly ordered pentacene monolayer on Cu�110� show
a predominant p�6.5�2� �or p�6�2�� structure, while a co-
existing c�13�2� �or c�12�2�� phase was also occasionally
observed.29–31 The surface Brillouin zone for the Cu�110�
surface, the p�6.5�2� overlayer, and the c�13�2� overlayer
are illustrated in Fig. 2.

Figure 3 shows the ARUPS spectra in the regions of the
secondary-electron cutoff and the valence levels for the pen-
tacene monolayer on Cu�110�; the spectra of the Cu�110�
substrate, the 0.3-nm-thick film deposited at 300 K substrate
temperature �film �i��, and the monolayer film prepared by
depositing the molecules at 500 K substrate temperature
�film �ii�� are compared. The abscissa is the binding energy
�Eb� relative to the substrate EF. In order to obtain strong
emission just above the vacuum level and the pentacene-
derived valence levels, the emission angles of �=0° and 58°
were selected, respectively, with �=60°, �=0°, and the pho-
ton energy �h��=20 eV.

The spectrum of the clean Cu�110� surface shows an in-
tense peak at 1.9 eV �labeled S�, which is attributed to the
direct transition from the s,p band of the clean Cu
substrate.34–36 We followed the dispersion with � of the peak

S along the �11̄0� direction, which agrees well with the pre-
vious reports.34–36 For film �i�, a pentacene-derived peak ap-
pears at 1.0 eV �labeled A�, and the work function is de-

creased by about 0.9 eV from that of the clean substrate
�4.6 eV�. For film �ii�, the peak A becomes more intense, and
the work function slightly decreases further from that of the
film �i� �0.05 eV�. When we annealed film �i� at 600 K, the
valence electronic structure and the work function of the an-
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FIG. 1. �Color online� Parameters for experiments of photoelec-
tron angular distribution: the photon incidence angle, electron take-
off angle, and sample azimuthal angle are denoted by �, �, and �,
respectively.
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cutoff and the valence levels for the pentacene/Cu�110�: the
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nealed film showed fair agreement with those of film �ii� �not
shown�. This temperature dependence in the ARUPS spectra
corresponds well with the STM observation of the formation
of the highly ordered pentacene monolayer at similar anneal-
ing reported by Lukas et al., where the molecule orients with

its long axis along the �11̄0� substrate direction.28 We note
that there is a possibility of the presence of the bilayer do-
main in film �i�, where the orientation and the arrangement of
the molecule in the second monolayer are different from
those in the first monolayer contacting directly with the
Cu�110� surface.30,31 In the experimental setup in Fig. 3, the
electric-field vector E of the incident photon was parallel to

the �11̄0� substrate direction. Thus, the change in the valence
electronic structure upon annealing can be explained by the
symmetry selection rules �i.e., change in the lateral film
structure� as will be discussed later. This result indicates that
the highly ordered pentacene monolayer could also be real-
ized in the present sample of film �ii�. When the film thick-
ness exceeds 10 nm, on the other hand, we obtained the UPS
spectrum of the well-oriented pentacene multilayer of
upright-standing molecular orientation �not shown�. The
characteristics of the UPS spectrum of the well-oriented pen-
tacene multilayer, where the molecules orient with their
plane nearly perpendicular to the substrate surface, are de-
scribed elsewhere.37 Although the valence electronic struc-
ture strongly depends on the molecular order along the sub-
strate surface, we note that the effect of the difference of the
molecular order on the interfacial dipole layer between the
as-deposited �film �i�� and highly ordered film �film �ii�� is
negligibly small �0.05 eV�, even if it exists. The possible
origin of the presently observed interface dipole layer will be
discussed later.

B. Formation of the interface states

In order to discuss the valence electronic structure at the
pentacene/Cu�110� interface in detail, we performed various
ARUPS measurements for the highly ordered pentacene/
Cu�110� system, which is prepared by the same method as
that for film �ii� in Fig. 3. The � dependences of the ARUPS
spectra with a step of 3° for �a� the clean Cu�110� substrate
and �b� the pentacene monolayer on the Cu�110� substrate
are shown in Fig. 4. The abscissa is Eb relative to the sub-
strate EF, and the spectra are normalized to the incident pho-
ton flux. The spectra were measured at �=60°, �=58°, and
h�=20 eV. As a reference, in Fig. 4�b�, we also show the
UPS spectrum of the gas-phase pentacene,38,39 which is
shifted to align the lowest-Eb peak to that of the pentacene
monolayer on Cu�110� at �=0°. For the Cu�110� substrate,
the peak S due to the direct transition from the s, p band
appears at 1.9 eV when �=0°, and gradually shifts toward
the low-Eb side until � reaches 30°. Upon formation of the
pentacene monolayer on the substrate, the intensity of this
substrate peak S decreases, and the pentacene-derived peaks
A–C appear along with an increase of intensity at EF.

It is interesting to note that the pentacene-derived peaks
A–C shift continuously with �, which may be the reflection
of the two-dimensional energy-band dispersion at the sur-
face. However, in the case of thin films of large

�-conjugated planar molecules with flat-lying orientation,
where the intermolecular 	-	 interaction is rather weak, such
a continuous peak-position change with � has not been
observed.40–42 This finding of the dispersive behavior will be
discussed in detail later, together with the cases with excep-
tionally strong lateral interaction.

Another interesting point is the relative energies among
peaks A–C in Fig. 4�b�. We note that the separation between
A and B is about 0.6±0.12 eV, while the Eb difference be-
tween the HOMO and HOMO-1 peaks in the gas-phase UPS
spectrum is much larger �1.4 eV�.38,39 This discrepancy is in
contrast to the case of the weakly physisorbed pentacene
monolayer on highly oriented pyrolytic graphite with a flat-
lying orientation, where the relative energies of the UPS
peaks agree well with those in the gas phase, reflecting the
persistence of molecular characteristics in the film.32 Thus,
we can consider that the peaks A and B are formed by the
strong molecule-substrate interaction.

For further discussion of the origin of peaks A–C it is
helpful to examine the symmetry selection rules for the
ARUPS spectra, since they give information on the geo-
metrical arrangements and electronic structures of adsor-
bates. We applied such rules to the observed � dependence
of peaks A–C in Fig. 4�b�.

For such consideration, we use the point group of the
molecule. The symmetry of the free pentacene molecule is
D2h. Upon flat-lying adsorption on the Cu�110� surface with-
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out considering the distortion of the molecular plane, the
symmetry is reduced to C2v due to the existence of the sub-
strate, which eliminates the molecular plane as a symmetry
element. The selection rules were examined based on the
MO calculations for a pentacene molecule by density-
functional theory performed with the GAUSSIAN03 package
using a 6-31G�d , p� basis set. Electron correlation was taken
into account using Becke’s three-parameter exchange with
Lee, Young, and Parr correlation function. In Fig. 5 and
Table I, we summarize the obtained orbital patterns and the
representations in the D2h and C2v point groups in the neutral
and anion states. For the anion, we assumed that an electron
with � spin occupies the original LUMO of the neutral mol-
ecule �i.e., singly occupied molecular orbital: SOMO�. In the
present experimental setup, the electric vector of the light E
can be regarded as almost polarized along the surface nor-
mal. To detect photoelectrons in the incident plane of light,
the final state should be symmetric with respect to the inci-
dent plane. This requires that the occupied state, from which
the electron is emitted, be symmetric with respect to this
plane. For example, the HOMO of the neutral pentacene

should show weak emission for the �11̄0� substrate direction

at �=0° and strong emission for the �001� substrate direction
at �=90° �denoted in Table I by � and �, respectively�.
However, as seen in Fig. 4�b�, the lowest-Eb peak �A� of the
pentacene monolayer on Cu�110� shows strong emission for

the �11̄0� substrate direction at �=0° and no emission for the
�001� substrate direction at �=90°, which do not agree with
the photoemission behavior expected from the symmetry se-
lection rules.

Since the simple consideration mentioned above does not
work, we rather judged the representations for the levels
A–C from their observed behaviors in the spectra in Fig. 4�b�
based on the selection rules listed in Table I. From such
examination, the peaks A, B, and C can be assigned to b1, b1
�or a2�, and a1 representations in the C2v symmetry, respec-
tively, as summarized in Table II. As the possible origins of
the discrepancy from the orbital patterns for a free molecule,
we propose that peaks A and B may originate from �i� the
energy level splitting of the original HOMO level due to the
hybridization with the wave function of the substrate, �ii�
different molecular levels which are each for itself modified
by admixtures of metal states, or �iii� the modification of the
surface electronic structure of the Cu�110� substrate due to
the adsorption of the molecule. These phenomena can
modify the orbital symmetry. Peak C can also be assigned to
the resultant interface states. Further considerations on the
origin of the interface state at the pentacene/Cu�110� inter-
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TABLE I. Summary of the orbital symmetry for gas-phase �D2h�
and flat-lying-oriented �C2v� pentacene. The allowed and forbidden
transitions for the emission in the incident plane of photon are de-
noted by � and �, respectively. Orbital numbers correspond to
those in Fig. 5.

Orbital
number

Symmetry
�11̄0�

��=0° �
�001�

��=90° �D2h C2v

74 b3u a1 � �

73 b2g b2 � �

72 au a2 � �

71 b1g b1 � �

TABLE II. Assignments of the experimentally observed peaks
A–C in C2v symmetry estimated from the examination of the sym-
metry selection rule �see Table I�.

Peak
in Fig. 4

�11̄0�
��=0° �

�001�
��=90° �

Assignment
�in C2v symmetry�

A � � b1

B Hidden � b1 or a2

C � � a1
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face are now in progress by comparing with theoretical cal-
culations.

Next we discuss the steplike feature in the � dependence
of the UPS line shape near EF of the pentacene/Cu�110� sys-
tem, which cannot be explained by the background of the
Fermi edge of the Cu�110� substrate, which weakly appears
in the spectra of clean Cu�110� substrate.

It was reported for pentacene/Cu�110� that the C 1s and
Cu 3p XPS spectra showed different line shapes between the
monolayer and the multilayer coverage.15 For the monolayer
film, the core-level photoemission line shape could be ex-
plained assuming electron transfer from the substrate to the
pentacene molecule.15 On the other hand, the strong elec-
tronic coupling of the MOs with the substrate was suggested
from NEXAFS study. The �*-resonance line shape due to the
transitions from the various C 1s levels into unoccupied
states for the pentacene multilayer on Cu�110� �Refs. 30 and
31� corresponds well with that for the pentacene monolayer
on Au�111�.43 However, the �*-resonance line shape for pen-
tacene monolayer on Cu�110� is clearly different from these
cases.30,31 For the origin of the �*-resonance line shape for
pentacene monolayer on Cu�110�, Lukas et al.30,31 suggest a
pronounced electronic distortion, or rehybridization, of the
MOs upon adsorption on the Cu�110� surface.

Combining the previous XPS and NEXAFS results, we
consider that one possible origin of the observed steplike
feature near EF is the �former� LUMO-derived state, which is
occupied by an electron from the substrate due to the strong
molecule-substrate interaction and the hybridization with the
wave function of the substrate. Similar scenario has been
reported by using the interfaces of perylene-3,4,9,10-
tetracarboxylic acid dianhydride �PTCDA� on Ag�111� and
Ag�110�,7,19,20 and of benzene on Ni�100� and Cu�110�.44

Second possible origin of the steplike feature near EF is the
modification of the photoionization cross section for the sub-
strate EF due to the change in the symmetry of the substrate
surface upon adsorption. Third is the formation of the IDIS21

or the metal-induced gap state.45 Such effect was suggested
at the pentacene/Au�001� interface by Lee et al., with the
theoretical calculation as a function of the molecule-substrate
distance.46

C. Intermolecular energy-band dispersion via the substrate

As mentioned above, the pentacene-derived peaks A–C in
Fig. 4�b� show continuous position change with �. This may
be ascribed to the two-dimensional intermolecular energy-
band dispersion. However, it is difficult to precisely discuss
the observed shift due to the possible coexistence of the
p�6.5�2� and the c�13�2� �or the p�6�2� and the c�12
�2�� overlayers reported in Refs. 29–31. As seen in Fig. 2,
the Brillouin zones for the p�6.5�2� and the c�13�2� �or
the p�6�2� and the c�12�2�� overlayers are the same size

in the �11̄0� substrate direction. Thus, we can fairly discuss

the periodicity of the energy-band dispersion along the �11̄0�
substrate direction.

In order to discuss the observed continuous peak-position
change in Fig. 4�b� further, we examined the � dependence
of the ARUPS spectra at �=0°, which corresponds to the

�11̄0� substrate direction, and �=28°, which shows peaks A
and B in Fig. 4 simultaneously. In our experimental setup,
we could not observe peaks A–C from the � dependences of
the ARUPS spectra along the �001� substrate direction ��
=90° � except for the Shockley-type surface state localized

around the Ȳ point, probably due to the symmetry selection
rule and the existence of the substrate background. The re-
sults at �=0° and 28° are shown in Fig. 6. The spectra were
measured at �=60° with h�=20 and 30 eV, and the intensi-
ties are normalized to the incident photon flux. At �=0°, for
both h�=20 and 30 eV, the direct transition peak S from the
s,p band of the substrate shows a large dispersion with �
between Eb=0 and 2 eV as indicated by dashed �blue� curve.
This agrees well with the previous reports.34–36 For the
pentacene-derived peak A, the periodic shift of the peak with
� is also clearly seen. At �=0°, �=40°, and h�=20 eV, the
value of Eb for peak A is about 0.7 eV. With increasing �, it
shifts to the high-Eb side, and turns back at �=45°. We see a
similar turning of peak A also at �=50° and 58°. The total
width of the shift is about 0.25 eV. Furthermore, peak C also
shows a somewhat smaller periodic shift with �, in which the
total width of the shift is about 0.05 eV. These periodic shifts
can also be seen for h�=30 eV. On the other hand, at �
=28°, one can see the periodic shifts for both peaks A and B,
and the direction of the periodic shift in peak B is opposite to
that in peak A.

We will analyze these data in more detail. The photoemis-
sion process can be expressed as sequential steps of optical
transition, transport to the surface, and the escape across the
surface.47 At the optical transition, both the energy and mo-
mentum are conserved. In the case of examining the � de-
pendence of the ARUPS spectra, we can also use the conser-
vation of the momentum parallel to the sample surface, due
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FIG. 6. �Color online� Takeoff angle ��� dependence of the
ARUPS spectra for the pentacene monolayer on Cu�110� measured

at �=0°, which corresponds to the �11̄0� substrate direction, and
�=28°, which shows peaks A and B in Fig. 4 simultaneously, with
h� of 20 and 30 eV. The abscissa is the binding energy relative to
the Fermi level �EF� of the substrate.
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to the lack of potential step along the surface. From these
relations, the lateral wave vector of photoelectron in the solid
�k�� is expressed as

k� =
�2me

*Ek



sin � , �1�

where me
* is the effective mass of the photoelectron and Ek is

the kinetic energy relative to the vacuum level.47

To confirm the validity of the preceding discussion, it is
also necessary to examine the experimental resolution of the
wave number ��k�� since the lattice constant is large in the
present sample. This can be obtained by differentiating Eq.
�1� as

�k� =
�me

*



� �Ek

�2Ek

sin � + �2Ek cos ���� . �2�

In the present experiments, the values of �� and �Ek are 2°
and 0.1 eV, respectively. Consequently, �k� is largest at the
� point of the topmost band and is estimated to be less than
0.9 nm−1, which is equivalent to about 23% of the width of
the Brillouin zone. Thus, the uncertainty in the wave vector
is not negligible, but still sufficiently small to allow the dis-
cussion made below.

Figure 7 shows the experimentally derived band structure

at �=0° �the �11̄0� substrate direction� and �=28° obtained
by using Fig. 6 and Eq. �1�. The abscissa is the lateral wave
vector k�, and the ordinate is Eb relative to the substrate EF.
In order to map out the energy-band dispersion, we took the
second derivative of the ARUPS spectra �−d2I�Eb� /dEb

2� at
h�=20 eV after smoothing to specify the energies of the
spectral features. Open and filled circles indicate the peak
position of peaks A–C in the ARUPS spectra measured at
h�=20 and 30 eV, respectively. The labels �A and �B in Fig.
7�a� indicate the expected � points from the previous struc-
tural analyses of the p�6.5�2� structure30,31 and the p�6
�2� structure29, respectively. One can see that the E�k��
curve of peak A measured at h�=20 eV corresponds well
with that measured at h�=30 eV, and that the E�k�� curve of
peak C has turning points at the same k� positions as that for
peak A. From the present experiments, we found that the
experimentally observed � point ��exp� exists at k�

=15.7±0.9 nm−1, which is the center of the fifth Brillouin
zone, and the �exp fairly well agrees with the expected �
points of �A and �B. Furthermore, from the band structure at
�=28° shown in Fig. 7�b�, we confirmed that the turning
points of the E�k�� curve for peak B appear at the same k� as
that for peak A, and that the phase of the curve for peak B is
opposite to that of peak A.

From the E�k�� curves of peaks A and C, we can estimate

the lattice constant �� along the �11̄0� substrate direction
using the relation =2� /K, where K is the size of the Bril-
louin zone, under the assumption of the tight-binding model.
The value of  obtained from the data in Fig. 7 is about
1.6 nm, which agrees well with the lattice constant estimated
from the previous HAS and LEED measurements.29–31 These
findings support our assignments that the periodic shift of
peaks A–C are due to the in-plane intermolecular energy-

band dispersion in the pentacene monolayer on Cu�110�. By
assuming peak A in Fig. 7 to be a free-electron-like disper-
sion parabola, the effective mass of the photohole �mh

*� is
obtained to be 0.24m0 at 300 K. On the other hand, there is a
flatband just below the substrate EF. It can be a �former�
LUMO-derived state of the molecule, which is partially oc-
cupied by an electron from the substrate, or some other gap
state strongly localized at the interface as discussed above.

From the structural analyses on the pentacene/Cu�110�,
the pentacene monolayer forms the coexistent layer with the
p�6.5�2� and the c�13�2� �or the p�6�2� and the c�12

�2�� phases.29–31 In the �11̄0� substrate direction, the
p�6.5�2� and the c�13�2� �or the p�6�2� and the c�12
�2�� overlayers have their � points at the same k position.
Thus, we note that �i� the turning point of the E�k�� curve

along the �11̄0� substrate direction fairly reflects the � point
of the film, and that �ii� the bandwidth and the estimated mh

*

are the averaged values over the p�6.5�2� and the c�13
�2� �or the p�6�2� and the c�12�2�� phases.

The observation of in-plane intermolecular energy-band
dispersion in flat-lying �-conjugated organic thin films has
been reported for the benzene/metal systems.48–50 In these
systems, such a dispersion was observed for the 	-derived
MOs, and has been explained by the compressed film struc-
ture with the small intermolecular distance forced by the un-
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FIG. 7. �Color online� In-plane intermolecular energy-band dis-

persion in the pentacene monolayer on Cu�110� at �=0° �the �11̄0�
substrate direction� and �=28°. The abscissa is the parallel compo-
nent of the wave vector �k��, and the ordinate is the binding energy
�Eb� relative to the Fermi level �EF� of the substrate. In order to
map out the energy-band dispersion, we took the second derivative
of the ARUPS spectra �−d2I�Eb� /dEb

2� at h�=20 eV after smooth-
ing to specify the energies of the spectral features. The labels A, B,
C, and S correspond to those in Fig. 6. Open and filled circles
indicate the position of the pentacene-derived peaks in the raw
ARUPS spectra measured at h�=20 and 30 eV, respectively.
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derlying substrate. Such a compressed structure induces
strong intermolecular 	-	 interaction. In the present system
of pentacene/Cu�110�, however, the film structure is not
compressed as judged from the lattice constant and the van
der Waals radii compared with benzene/metal. On the other
hand, Temirov et al. reported the in-plane intermolecular
energy-band dispersion for the unoccupied state in a PTCDA
monolayer on Ag�111� with an effective mass of electron of
0.47m0 from the high-resolution STM with STS study.20 The
observed dispersion in Ref. 20 is far larger than expected for
the PTCDA monolayer alone,51 and they suggest that the
dispersion might be related to the surface state since the ef-
fective mass is similar to that of the Ag�111� surface. How-
ever, in the present pentacene/Cu�110� case, there is no

known surface state along the �11̄0� substrate direction on
the Cu�110� surface within the observed energy window.34–36

Although we cannot give a definite origin of this disper-
sion at present, we can deduce that the intermolecular inter-
action via direct contact is considerably weak, and the ob-
served dispersion may originate from the intermolecular
interaction via the substrate due to the significant hybridiza-
tion between the MOs and the substrate. For further consid-
eration about this issue, a joint experimental and theoretical
study is now in progress.

D. Energy level alignment at pentacene/Cu(110) interface

Finally, we discuss the possible origin and the character-
istics of the interface dipole for the pentacene/Cu�110� inter-
face. We summarize the energy diagram for the pentacene/
Cu�110� interface in Fig. 8. From the UPS spectra in Fig. 3,
the work function of the clean Cu�110� surface is 4.6 eV and
its change ��� by the adsorption of pentacene is about

−0.9 eV �negative ��, which does not so much depend on the
lateral film structure and the energy-band formation. This
value corresponds to the magnitude of the dipole layer, with
the molecular side positively charged.

On the other hand, judging from the previous XPS
experiments,15 electron transfer from the Cu�110� substrate
to the pentacene layer can be expected. If this is the main
cause of the dipole layer, a positive � should be observed.
Thus, the experimental observation of the negative � indi-
cates that the presently observed interface dipole cannot be
explained by the simple charge-transfer scenario only. More-
over, a similar negative value of � has been observed for
various pentacene/metal interfaces as summarized in Fig.
9.3,6,14,15

This apparent discrepancy indicates that other important
origins of the interface dipole operate besides charge transfer
for the present case of the pentacene/Cu�110� interface. As
candidates of such mechanisms, we can list, for example, the
image effect and the push-back effect. The image effect is
discussed as a possible explanation for the Xe/metal
system.52 When an electron in the adsorbate comes close to
the metal surface, it induces an image charge in the metal,
and the electron and the image attract each other, leaving the
vacuum side positive. In the push-back mechanism, the elec-
tron cloud of metal spilled out into the vacuum is pushed
back by the adsorption of a molecule due to the repulsion
with the electrons in the adsorbate. In this case, the net
change between the clean and the adsorbed surface corre-
sponds to the formation of an additional dipole layer, with
the vacuum side positive.1 Thus, both of these factors lower
the work function.

It was reported for the interface of weakly physisorbed
benzene/Al�111� that the observed negative � of −0.2 eV
upon the monolayer adsorption can be explained by the Pauli
repulsion �i.e., push-back effect� even though the molecule is
relatively far from the surface.25 In the present case of the
pentacene/Cu�110� interface with strong molecule-substrate
interaction, the factors of the image effect and the push-back
effect may have overwhelmed the effect of electron transfer,
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which raises the work function. In particular, the key param-
eter in the push-back effect is the molecule-substrate distance
as discussed by Morikawa et al.26 As seen in Fig. 9, the
magnitude of � for the pentacene thin films prepared on the
Au polycrystalline substrate is smaller than that for films on
the Au single crystal substrate. In the case of the polycrys-
talline substrate with possibly rough surface, the molecular
orientation and the molecule-substrate distance may vary de-
pending on the substrate surface, producing smaller � than in
the case of the single crystal substrate. For further discussion
on the origin of � at organic/metal interfaces, we need more
detailed information on the interfacial electronic structure
and molecule-substrate distance, which can be obtained, e.g.,
from the x-ray standing wave experiments.53–55

IV. SUMMARY

In this work, we performed precise angle-resolved photo-
emission study on the electronic structure of the highly or-
dered pentacene/Cu�110� interface. We have observed the
distinctive electronic structure at the interface with the fol-
lowing findings: �i� formation of the interface states with
possible modification of the orbital symmetry and the energy
position, and �ii� two-dimensional intermolecular energy-
band dispersion of these interface states with the bandwidth
for the upper branch being 0.25 eV. From the observed
energy-band dispersion, the effective mass of the photohole
is estimated to be 0.24m0 at 300 K. These interface states can
be deduced to originate from the hybridization between the
MOs and the wave function of the substrate, which may also
lead to the observed energy-band dispersion by the intermo-
lecular interaction through the substrate. From the
secondary-electron cutoff, we also obtained the magnitude
and the direction of the interface dipole to be about −0.9 eV,
which cannot be explained by the simple charge transfer sce-
nario. We proposed the image effect and the push-back effect
as possible and important origins for the presently observed
interface dipole as well as the charge transfer.

V. CONCLUDING REMARKS

Finally, we will examine the implication of the presently
observed results for the study of organic/metal interfaces,
which are important not only in themselves but also for the
rapidly growing organic and molecular electronics. The
present study clearly showed that the interaction of the first
molecular layer with the metal can be fairly strong and com-

plex, including various factors. Thus, the systematic accumu-
lation of the reliable and precise data for various well-
defined interfaces as obtained here will be necessary to
clarify the general picture of organic/metal interfaces.

Also, we note that the factors introduced in real interfaces
should be also taken into account to discuss the interfaces in
relation to various devices. For example, the reported fair
agreement between the simple charge-transfer scenario of the
interfacial dipole layer in terms of the concept of IDIS and
CNL is based on the comparison with the experiments in
ultrahigh vacuum, but using polycrystalline evaporated metal
substrates with possibly rough surfaces. Also, the evaporated
organic films are mostly amorphous or polycrystalline. Such
interfaces may be different from those for atomically flat
metal surfaces as studied here in various ways, and there
may be some possibility that such nonideal factors may can-
cel some effects for ideal interfaces, leading to the apparent
validity of the simple charge-transfer scenario. For the com-
parison with the real devices, we should further take account
of additional factors such as the effect of atmospheric gases
and various contaminants, or the interdiffusion of the species
at the interface.

Thus, the relation of the studies of well-defined systems
as carried out here with the real device performance may not
be so straightforward, but the full clarification of such well-
defined systems is still important, as pure science and also as
the basis of the studies oriented to real devices. Parallel stud-
ies of well-defined systems and realistic factors altogether
will lead to fruitful perspective both in pure science and the
real applications.
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