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The electronic properties of a single layer (SL) of pentacene molecules are investigated by high-resolution
UV photoemission and near-edge X-ray absorption spectroscopy in different configurations of the SL, either
standing up on an aromatic self-assembled monolayer or planar on a bare Cu(001) substrate. The weakly
interacting pentacene molecules in the standing-up SL present a semiconducting character, and the empty
states distribution reflects that of gas-phase pentacene, while the planar pentacene-Cu system shows a metallic
interface with redistribution of the empty molecular states. The highest-occupied molecular orbital lineshape
in the weakly interacting SL shows a double structure, attributed to two nonequivalent molecules in the
ordered configuration.

Introduction

In the rapidly expanding field of the electronics based on
hybrid organic-inorganic systems, the design of new architec-
tures of π-conjugated materials has stimulated an enormous
interest in realizing prototype hybrid organic devices,1-6 where
the performance and success depend mainly on the molecular
orientation and packing.2,3,7-9 Recently, a high-mobility and low-
voltage organic thin-film transistor (TFT) has been designed
with a heterostructure constituted of standing-up pentacene
molecules deposited on a buffer self-assembled monolayer
(SAM), where the SAM has been used successfully as a
dielectric layer instead of a thin oxide for reducing the operating
voltages.10-14 Pentacene (C22H14) presents electron charge
delocalized on the fused benzene rings supported by a highest-
occupied molecular orbital (HOMO) and a lowest-unoccupied
molecular orbital (LUMO). Taking into account the pentacene
polymorphs15,16or other nanostructured architectures or single-
layer (SL) phases17 due to the different packing of pentacene
molecules, the carrier mobility is basically governed by the
strength of the electronic coupling between the HOMO levels
(for hole transport) and the LUMO states (for electron transport)
of adjacent molecules in a band-transport mechanism,18,19where
the transfer integral (electronic coupling) has generally been
invoked to quantify the mechanism.19,20

The pentacene orientation and the molecule-substrate inter-
action are crucial to understand the related electronic and
transport properties of the organic devices. With the aim of
studying those mechanisms that tune the transport properties
of organic/inorganic interfaces, we have separately prepared
ordered single layers of standing-up and flat-lying pentacene
arrays, respectively, and measured and compared the molecular
electronic states supporting the mobile charge carriers in the

two structural configurations. The main objective is to clarify
to what extent the HOMO and LUMO states are involved in
the molecule-molecule and molecule-substrate interactions.
Pentacene can be adsorbed as a single layer of standing-up
molecules on a buffer SAM of benzenethiolate (C6H5S-, Bt)
or a SL of flat-lying molecules directly on a bare Cu surface,
as deduced by near-edge X-ray absorption fine structure
(NEXAFS) at the C K-edge. While a SL of standing-up
molecules weakly interacts with the underlying SAM, the strong
redistribution of the LUMO-related final states for flat-lying
pentacene on Cu is a sign of an electronic mixing between the
molecular orbitals and the metal electronic states. The latter
phenomenon can be accounted for by considering a partial
LUMO occupation induced by the metal charge, enhancing the
metallic character at the interface. This process can largely
influence the charge injection barrier and the device perfor-
mance. On the other side, the electronic-transport properties of
the pentacene SL deposited on the SAM buffer are not affected
by the substrate and preserve the semiconducting properties due
to the π-π interaction of the pentacene standing-up floating
layer.

Experimental Section

The HR-ARUPS experiments were performed at the LOTUS
laboratory in Rome, in an ultrahigh-vacuum (UHV, base
pressure 10-8 Pa) environment. Details of the experimental
approach have been given elsewhere.13 HR-ARUPS data were
acquired using a high-intensity He discharge lamp (He IR
photons,hν ) 21.218 eV) with a 45° incidence angle, and the
photoemitted electrons were analyzed in the plane of incidence
with a hemispherical SCIENTA SES-200 analyzer, used with
an energy resolution of 15 meV and an angular resolution of
0.18° and by keeping the integration angle of( 8° with respect
to the direction of normal emission for the angle-integrated
measurements. The Cu(001) and Cu(119) single crystals were
cleaned by repeated sputtering-annealing cycles,13,21 and the
Cu(001) was exposed to benzenethiol (C6H5SH) vapors in UHV
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to prepare the saturated Bt-SAM.13 Pentacene was evaporated
in situ at 300 K with a constant evaporation rate of about 1
nm/min.

Another set of samples was prepared with the same proce-
dures and measured at the ALOISA beamline22 of the Elettra
Synchrotron Radiation Laboratory (Trieste, Italy). Photon energy
scans from 275 to 320 eV with a photon energy resolution of
100 meV were carried out during NEXAFS measurements at
the C K-edge. The NEXAFS signal was measured by means of
an electron multiplier facing the sample, operated with a-200
V biased grid.23,24 These configurations were achieved in the
specific experimental setup of the ALOISA beamline by rotating
the sample around the axis coincident with the X-ray beam,
keeping the X-ray incidence angle fixed at 83°.

Results and Discussion

A SL of standing-up pentacene is formed by depositing 20
Å (nominal thickness) of pentacene on Bt-SAM/Cu(001), while
a SL of flat-lying molecules is formed by adsorbing 3 Å of
pentacene on the Cu(119) surface, as previously deduced by
atomic force microscopy (AFM)13 and scanning tunneling
microscopy (STM).21,25,26A schematic drawing of the pentacene
SL standing up on the Bt-SAM and lying flat on the Cu(119)
vicinal surface is reported in Figure 1. The step edges of the
Cu(119) vicinal surface, with 1.17 nm wide terraces, provide
ideal adsorption sites for producing long-range ordered penta-
cene arrays lying flat along the step edges, as observed by
STM.21,25 On the other hand, the Bt-SAM induces a standing-
up configuration of the pentacene SL, as deduced by the average
layer thickness recently measured by AFM.13

The molecular geometry and the evolution of the molecular
states for pentacene SLs deposited on both substrates have been
investigated by NEXAFS at the C K-edge. The polarization-
dependent C K-shell spectra for the SL-pentacene/Bt-SAM/Cu-
(001) and SL-pentacene/Cu(001) systems are shown in Figure
2. NEXAFS spectra were collected as a function of the polar
angle between the X-ray scattering plane and the photon electric
field vector (E), ranging between s and p polarization, respec-
tively: E perpendicular to the scattering plane and parallel to
the substrate (s polarization), orE parallel to the scattering plane
and perpendicular to the substrate (p polarization). The absorp-
tion peaks can be assigned to the transitions from the C 1s core
level to theπ* molecular states (280-290 eV energy range)
and to theσ* resonances (at higher energy). In particular, there
is a strong dichroism for s- and p-polarized radiation, though it
is reversed for the two systems. For pentacene on the bare Cu-
(001) surface (Figure 2, top panel), the signal in theπ* region
is enhanced for p-polarized radiation as compared to that with
the s-polarized one, with reversed behavior for theσ* resonance.
In the pentacene/Bt-SAM/Cu(001) system (Figure 2, bottom
panel), theπ* resonances are more intense for s-polarized
radiation as compared with that for p polarization. Due to the

observed C K-shell dichroism and to the orbital symmetry of
the π* states, we can unambiguously confirm that pentacene
molecules adsorbed on the organic Bt-SAM adopt the standing-
up configuration, in agreement with a previous AFM study,13

while pentacene is lying flat when adsorbed on the bare Cu-
(001) substrate, as it does on its vicinal (119) surface27 (in
agreement with STM results25).

More details on the nature of molecule-substrate and
molecule-molecule interactions can be deduced by comparing
the C K-edge line shapes. The C K-edge absorption line shape
for a SL of standing-up pentacene molecules deposited on the
SAM is very close to that obtained for gas-phase pentacene,28

and this similarity is maintained at lower nominal pentacene
thickness, signifying a weak molecule-substrate interaction at
any pentacene coverage on the Bt-SAM. In particular, there are
two main manifolds in theπ* energy region (282-284.5 and
284.5-287 eV, respectively) due to the absorption from the C
1s core levels to the LUMO and LUMO+1 states. The fine
structure within each manifold reflects the slightly different
initial state energy of the six nonequivalent C atoms involved
in the transitions, as detailed by a previous gas-phase data
analysis.28 Further fine structure in theπ* + σ* region (287.5-
291.5 eV) is absent in the gas-phase data,28 and it can be
attributed to mixed orbitals due to the molecule-molecule
interaction within the SL. On the other hand, a closer inspection
of the line shape for the NEXAFS data at the pentacene/Cu-
(001) system reveals a definitely modified line shape in theπ*-
transition region, with respect to the pentacene/Bt spectra and
to the free-molecule data.28 The two manifolds in theπ* energy
region are not any more clearly resolved, and the dichroism in
the signal is apparently reduced. These effects are due to
molecule-substrate interaction at the Cu(001) substrate, produc-
ing a modification of the empty final states accessed by the
core electrons, as invoked previously for the pentacene/Cu(119)
interface,27 with hybridization between the molecular orbitals
and the metal electronic states. In fact, recent theoretical
predictions29 and experimental photoemission results29,30reveal
hybridization of theπ* molecular orbitals with the underlying

Figure 1. Left: schematic side-view of the arrangement of standing-
up pentacene molecules in the SL phase on the Bt-SAM/Cu(001)
substrate.13 Right: schematic side view of the flat-lying pentacene
molecules on the Cu(119) surface, where the SL pentacene molecules
are lying flat along the step edges.21

Figure 2. Top panel: C K-edge NEXAFS absorption spectra of 6 Å
of pentacene deposited on the Cu(001) surface for both s-polarized
(black solid line) and p-polarized (gray solid line) radiation. Bottom
panel: C K-edge NEXAFS absorption spectra of a 20 Å pentacene/
Bt-SAM/Cu(001) system for both s-polarized (black solid line) and
p-polarized (gray solid line) radiation.
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metallic states, inducing partial occupation of the former LUMO
molecular states. This scenario is consistent with a decreasing
of the LUMO component and a redistribution of the LUMO+1
states in the C K-edge for the flat-lying pentacene molecules
(Figure 2, top panel). In conclusion, the molecule-metal inter-
action strongly influences the energy distribution of the LUMO
molecular states in the interaction with the Cu surface, while
the standing-up pentacene layer is floating on the SAM buffer
layer and the LUMO states are preserved, reflecting the energy
distribution similar to the one as reported for the gas phase.28

A study for obtaining the exact angle in the molecular
orientation can be obtained only after a very accurate theoretical
prediction of the different spectral contributions upon molecule
adsorption/interaction on the substrate, which cannot be directly
related to the gas-phase molecular peaks.

Further insights on the electronic properties of these single
arrays of standing-up and flat-lying pentacene molecules can
be deduced by comparing the HOMO-derived states. High-
resolution UPS data in the HOMO energy region for a 20 Å
thick pentacene layer deposited on the Bt-SAM/Cu(001) system
and on a 3 Åthick pentacene layer deposited on the bare Cu-
(119) surface are shown in Figure 3. The pentacene SL grown
on the Bt-SAM (Figure 3, left panel) is semiconducting, as
documented by the absence of electronic spectral density at the
Fermi energy (EF), and the hole-injection barrier (φh) is
estimated to be 1.00( 0.05 eV. On the other hand, the SL
pentacene/Cu(119) system (Figure 1, right panel) presents a
finite density of states atEF due to partial occupation of the
LUMO, confirming the metallic character at the interface, as
predicted by theoretical calculations.29

The metallic pentacene/Cu(119) interface presents a narrow
(0.3 eV) and symmetric HOMO structure centered at a 1.57 eV
binding energy (BE), while the pentacene/Bt-SAM presents an
asymmetric HOMO band (0.6 eV wide) centered at a 1.44 eV
BE. The symmetric line shape at the metallic interface is due
to the complete screening of hole-vibrational coupling, which
is present for the pentacene HOMO in the gas phase.25,31 The
HOMO asymmetry in the standing-up pentacene SL is due to
the presence of a double structure, reported in Figure 4 (top
spectrum) along with the results of a fitting procedure, using
Voigt functions. A fit with a single excitation mode followed
by hole-vibration couplings (C-C stretching mode at 170
meV25,31-33 and higher-order loss peak, as reported for gas-
phase pentacene25,31) was not successful. Thus, we introduced
two electronic components (A and B), each accompanied by a

series of hole-vibration couplings, as shown in Figure 4 (lower
spectrum), with full-width at half-maximum (fwhm) values of
the Gaussian (WG) and Lorentzian (WL) components of 340 and
40 meV, respectively.34 The two main electronic excitations (A
and B) centered at the 1.37 and 1.70 eV BEs, respectively, are
always present at different pentacene thicknesses on the Bt-
SAM buffer layer.

In recent works on pentacene thin films adsorbed on weakly
interacting substrates, the appearance of asymmetric HOMO
peaks12,15,25,32,33,35,36has been attributed either to the contribution
of bulk and surface components25,33,37and/or to the energy band
dispersion,32,35,38,39 with a bandwidth of 0.19 eV at room
temperature.35 Thus, we performed an angular-resolved photo-
emission study of the SL pentacene deposited on the Bt-SAM/
Cu(001) and on the Cu(119) vicinal surface, along theΓhXh
direction of the (1× 1) surface brillouin zone (SBZ) of the
metal substrate. The HR-ARUPS spectra present a HOMO
double peak well localized over the SBZ spanning alongΓhXh
for the pentacene SL on the Bt-SAM. In particular, its double-
peaked shape does not change in any point of that symmetry
direction, discarding the possibility to justify the double-peaked
HOMO structure as purely due to energy band dispersion. We
cannot exclude the possibility that some dispersion may be
present in another symmetry direction or thin-film configura-
tion;40 however, the negligible bandwidth for the floating
pentacene SL confirms that the molecular states are weakly
effected by the environment. On the other side, preliminary
observation of a tiny dispersion (about 0.1 eV) is obtained for
the SL deposited on the Cu(119) surface, where the molecular
levels do interact with the underlying metallic electronic states;
electronic mixing between the pentacene molecular orbitals and
the electronic states at the Cu(001) surface has been recently
demonstrated by a joint theoretical and experimental approach,
observing a redistribution of states close to the Fermi energy.29

Thus, the metallic substrate mediates the molecule-molecule
interaction, as recently discussed for otherπ-conjugated mol-
ecules interacting on a silver surface,41 producing a non-
negligible bandwidth for the pentacene SL on Cu(119), which
can influence the charge mobility at the interface.

The asymmetry of the HOMO structure for the floating
pentacene layer observed for a SL and for a lower nominal

Figure 3. Left panel: HR-UPS spectrum of 20 Å pentacene/Bt-SAM/
Cu(001) taken at normal emission. Right panel: HR-UPS spectrum of
3 Å pentacene/Cu(119) taken at 60° out of normal emission (to enhance
surface sensitivity). In the insets are schematic views of the two
molecular configurations.

Figure 4. HR-UPS data for the 20 Å pentacene/Bt-SAM/Cu(001)
system in the HOMO binding energy region (filled circles, top
spectrum). Data are after background subtraction (open circles, middle
spectrum), and fitting curves (black solid line) with the residual signal
(open square, at the bottom). The individual fitting curves due to the
hole-vibration coupling for bands A (dashed lines) and B (dotted lines)
are superimposed on the background-subtracted experimental data, and
their positions are marked by schematic combs associated to the
excitations A and B.
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thickness cannot be ascribed to the coexistence of surface and
bulk components. A SL of standing-up molecules deposited on
Bt-SAM/Cu(001) provides a well-ordered two-domainc(2 ×
6) phase at low coverage,42 though a loss of azimuthal ordering
is observed at increasing molecular density.13 Considering
almost vertical alignment of the pentacene molecules on the
Bt-SAM/Cu(001), we can suppose that each molecule is
adsorbed standing up on each underlying Bt molecule in the
c(2 × 6) sites of the Cu(001) surface, giving rise to a structure
with two molecules per surface unit cell. Hence, we may
attribute the double-HOMO structure to the presence of two
nonequivalent molecules in the surface unit cell, as proposed
in theoretical predictions.19,20,43-45 Generally, absorption of
radiation in such a low-symmetry situation produces two
different absorption bands, as originally predicted by Davydov46

and observed in optical47,48 and absorption49 measurements.
Despite the weak interaction of pentacene with the Bt-SAM
substrate, the presence of two nonequivalent molecules and their
mutual interaction may lead to a kind of Davydov/crystal-field
splitting of the initial state, giving rise to the observed 0.33 eV
energy splitting of the corresponding HOMO bands.

Conclusions

In conclusion, we presented a comparison of the electronic
properties of a single layer of pentacene molecules arranged
on an organic SAM and on a bare Cu metal substrate by means
of combined high-resolution ARUPS and NEXAFS measure-
ments. Pentacene adsorbs in a standing-up orientation on the
weakly interacting SAM, while the molecules are lying flat on
the bare Cu(001) substrate. The floating 2D pentacene layer on
the SAM has a semiconducting character with a double-HOMO
structure, justified by thec(2 × 6) adsorption geometry. The
flat-lying 2D pentacene layer on Cu interacts with the underlying
metal, giving rise to a metallic interface with a redistribution
of the empty molecular states.
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