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ABSTRACT: The electronic structure of a hexa-cata-hexabenzocoronene (HBC)/
Cu(111) interface is investigated by two-photon photoemission over a range of coverage
from 0 to 2 ML monolayers. It is found that increasing the HBC coverage shifts the vacuum
level of the Cu substrate until this shift saturates at a coverage of ∼2 ML. Over this same
range of coverage, the Shockley and the bare-surface Cu(111) image-potential states are
shown to be quenched, while new unoccupied states appear and grow in strength with
coverage. The use of momentum- and polarization-resolved photoemission spectra reveals
that the new states are modiﬁed image states.

■

INTRODUCTION
Rational design of organic photovoltaic electronic (OPV)
devices requires a detailed and complete understanding of the
organic semiconductor (OS) interfaces throughout the device
structure. Thus, research to understand the fundamental
chemical physics of these interfaces has been extensive and
summarized in several recent thorough reviews.1−4 This prior
research has shown, for example, that the electronic structure of
the OS/metal interface plays an important role in electron
transport across the metal-contact interface and, hence, charge
collection in the photovoltaic cell. In addition, these studies
have determined that the interactions between the adsorbed
molecules and the metal/surface layer can cause the formation
of new energy states at the interface and a shift in interfacial
electron-barrier heights (due to changes in interfacial energy
levels) and transmission through the barriers (due to
broadening of the electronic levels); these phenomena can
lead to a reduction in charge transfer across the interface. In the
present paper, we use the model system of the OS, hexa-catahexabenzocoronene (HBC), on Cu(111) to develop a
fundamental atom-level understanding of the interfacial
electronic structure. Our experiments use two-photon photoemission (TPPE) in conjunction with ultrahigh-vacuum
(UHV) surface preparation to probe the interfacial electronic
structure of a pristine HBC/Cu(111) interface. TPPE provides
a versatile probe of model interfaces since it allows both the
occupied and unoccupied interfacial states to be examined over
a wide spectral range and with femtosecond-time resolution.4−10
Our choice of model system is based on recent interest in
and synthesis of HBC, a promising organic photovoltaic
material. In particular, HBC is known to be a nonplanar p-type
organic semiconductor, which is photoconductive with higheﬃciency of charge separation.11 It has recently also been
shown to have a high open-circuit potential when blended with
© 2014 American Chemical Society

C60. Speciﬁcally the value of Voc, which is set by the HOMO−
LUMO gap, is 1 eV.12 In addition, this PV material has
attractive material properties, which allow it to cocrystallize
with C60 to form a ball and socket molecular pair.12 The
material is also chemically air-stable when processed in organic
solution. It has also been characterized/tested via the
fabrication of HBC solar photovoltaic devices, as described in
ref 12. In particular, the OPV devices of HBC/C60 in a bilayer
architecture have open-circuit potentials, which are close to the
theoretical values, and promising overall eﬃciencies.12 The
devices are also chemically stable even in an air ambient and
can thus be used under ambient condition without any
encapsulation. HBC is a robust molecular species; thus
diﬀerential scanning calorimetry experiments have shown that
HBC is thermally stable up to 320 °C.
The molecular structure of HBC is sketched in Figure 1. The
“contorted” structure of HBC, shown in the side view of this
molecule, reported in ref 13, is reproduced via computations

Figure 1. Molecular structure of hexa-cata-hexabenzocoronene. The
molecule is ∼14 Å in width and has a bending angle for the
intersecting pentacene-like subunits of ∼20°.
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investigated. And in fact, with this instrumentation, we ﬁnd
that the work function and electronic structure of the Cu
substrate surface strongly depend on the coverage of HBC. In
particular, using our coverage-dependent photoemission
spectra, we have observed a disappearance and growth of
unoccupied states for 0−2 ML-covered HBC/Cu(111). In
addition, we have further identiﬁed the nature of these newly
developed unoccupied states by angle- and polarizationresolved photoemission experiments and attributed them to
adsorbate-shifted image states.

based on geometry optimization, using either force-ﬁeld or ab
initio simulation packages. The origin of distortion from
planarity is the steric clash of its proximal hydrogen atoms. The
molecule width is ∼14 Å, its height is 3.5 Å, and the bending
angle of each intersecting pentacene-like subunit is ∼20°. With
respect to the structure of HBC on metal surfaces, several STM
studies have been reported.14,15 These studies show that on
reactive-metal surfaces such as Ru(0001), individual HBCs are
strongly bound to the metal surface and, in fact, some
molecules are ﬂattened due to partial dehydrogenation.14 On
the other hand on Cu(111), with which the HBC does not
react and its binding energy has been shown via calculation to
be weaker, HBC has been shown to have diﬀerent properties.
Thus, for STM measurement on surfaces cooled to ≤77 K,
HBC molecules self-assemble into porous honeycomb-like
island structure.15 In these experiments, the self-assembly was
found to be due to anisotropic bonding with chiral properties.
These prior STM studies were carried out at submonolayer
coverage only, and thus the structure in its monolayer or bilayer
form is still not understood. Furthermore the structure of HBC
on Cu(111) has only been imaged at ≤77 K and thus its
structure at 300 K is not known; however HBC molecules were
found to be mobile at room temperature and not at 77 K.
Finally, there appear to have been no prior studies of the
interfacial electronic structure of HBC.
Due to the broken translational symmetry of a surface, along
with any adsorbate-induced eﬀects, a new surface electronic
structure is induced in an adsorbate-covered surface, which is
diﬀerent from that of the bare surface. One distinctive surface
feature, which appears both on a bare surface and in the
presence of adsorbate layers or islands, is that of a series of
image potential states.4,6,7,16−24
The sensitivity of these states to the conditions on a surface
have made the spectroscopy of these states an important probe
for examining a variety of surface-physics- and chemistry-related
eﬀects for organic/single-crystal-metal interfaces (see below),
including electron solvation, work-function shift and surface
polarization, electron quantum conﬁnement, and surfaceelectron dynamics.4,7,17,18 In fact, two-photon photoemission
(TPPE) has been used recently to examine not only image
states but, more generally, unoccupied surface states of organic
semiconductor interfaces. Organic ﬁlm-covered electrode
surfaces may modify image potential states and often develop
molecule-derived states such as HOMO/LUMO pairs and
charge-transfer states. The eﬀect of changing coverage on image
potential states25−29 and on surface morphology30−32 has been
investigated by TPPE.
In this paper, we employ TPPE to measure both initially
occupied and unoccupied states at a HBC/Cu interface as a
function of coverage. In particular, the paper describes the use
of TPPE on a 300 K sample to follow the formation of the
interface electronic structure. Our experimental system was not
suitable for use with STM; however, LEED and annealing
measurements were used to provide insight into long-range
surface order. Our femtosecond probe has a suﬃciently high
data rate to allow ready measurement of angle resolved
photoemission, which in turn allows examination of the issues
of localization.4,7,33,34 For our measurements, pristine surfaces
are prepared by careful sputtering and annealing in UHV. In
situ dosing and TPPE are used to track the change in interface
electronic structure as coverage is precisely varied. This later
capability also enables the nature and magnitude of the
interfacial polarization or work function to be carefully

■

EXPERIMENTAL SECTION
Our experiments used a high-purity (99.999% purity), singlecrystal Cu(111) sample of 1.2-cm diameter. The sample was
placed in a UHV chamber (<2 × 10−9 Torr) equipped with an
ion-sputtering gun, a low energy electron diﬀraction (LEED)
instrument, a quadrupole mass spectrometer (QMS), and a
spherical-sector electron-energy analyzer. The sample was
prepared by Ar+-sputtering at 1.5 keV for 20 min and
subsequent annealing to 700 °C. Each sample-preparation
cycle was repeated until sharp LEED spots were observed. Note
that LEED observations of the bare surface together with our
occupied-state photoemission capability, which can examine the
intensity and position of the Cu(111) sp surface state, enabled
us to fully characterize the quality of our UHV prepared Cu
surface. Similarly, measurement of the bare-surface work
function also served as a means of cross-checking the surface
quality. In addition, our chamber was equipped with a QMS to
fully characterize the nature of the background gas in the
chamber and hence the integrity of the vacuum system. A
custom organic evaporator was fabricated in-house and used to
form the molecule/Cu interface via dosing from the evaporator
crucible. The synthesis of the HBC charge for the doser was as
described in previous work.35
Our electronic structure and surface polarization experiments
made use of angle-resolved TPPE. Photoemitted electrons were
collected using a spherical-sector energy analyzer having a
momentum resolution of δk∥ = 0.03 Å−1 and the energy
resolution was set to ∼60 meV. The detector was rotated about
the ﬁxed sample so as to collect data along the M̅ - Γ̅ -M̅
direction of the Cu(111) surface Brillouin zone. Our sample
was biased at −4 V to reduce the eﬀects of stray electric ﬁelds in
the vicinity of sample. The photoemission data were corrected
for both the additional kinetic energy and change in the parallel
momentum k∥ of the electrons due to this accelerating voltage
using the method described in a literature.36 The sample
temperature was kept at room temperature during the
measurement. Note that throughout our measurements, it
was important to determine if the combination of surface work
function and photon energy was such that an unacceptably
large number of electrons were created by one photon
photoemission. Typically this was an issue if the photon energy
Ehν = hν > 4.6 eV and coverage Θ ≥ 0.3 ML; in this case, no
experiments were carried out at high coverage, since the work
function was then reduced to the point that one-photon
photoemission occurred. This limitation was important in
several cases; see for example data taken for state A mentioned
later in the paper.
In order to determine whether a particular spectral feature
originated from an occupied or unoccupied state required a
measurement of a series of TPPE data, each with diﬀerent
photon energy at normal emission angle and identical surface
properties. The peak positions in these spectra were
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Figure 2. Series of monochromatic (hν = 3.71 eV) TPPE spectra of HBC/Cu(111) vs ﬁnal-state energy (referred to the Fermi level) and as a
function of coverage from bare Cu (0 ML) to ∼2 ML HBC. The full two-photon EDCs are shown for a set of values of HBC coverage in panel a.
The dashed box indicates the spectral region shown in panel b. The Shockley surface state and new features (A and B) are indicated. (Inset) Surface
work function plotted as a function of HBC deposition time. The dosing times for 1 and 2 ML HBC coverage are indicated by the arrows. The blue
guide arrows in the inset indicate the location of a change of slope in the plot. The sharp black lines on the left side of the EDCs indicate the lowenergy cutoﬀ. The arrows in panel b are to guide the reader to important surface states discussed in this paper; please note the magniﬁcation of scale
for the EDC signals in the bottom two panels of b. The overlap of A and SS states seen in this excitation scheme motivated our use of bichromatic
TPPE discussed later in the paper.

determined by single/multiple-peak ﬁtting with either Gaussian
or Voigt functions.
A comparison of the ﬁnal-state-energy peak shift with photon
energy then allowed determination of the nature of state being
examined. Thus for an occupied state, the peak shift is known
to be twice the photon-energy diﬀerence, while for an
intermediate state, the peak shift is equal to the photon-energy
diﬀerence, and ﬁnally for a ﬁnal state, which is above the
vacuum level, there is no shift in ﬁnal-state energy peak with a
change in the photon energy.4,6,17,20,37 With regard to the
angle-resolved capability, the measured angle θ of the detector
and the measured kinetic energy Ek of the photoelectron are
related to the parallel momentum k∥ of the emitted electron via
the well-known expression:
k =

■

2meE k
ℏ

sin θ

quality of the surface and its method of preparation. In
addition, on the pristine surface (the lowest curve) the wellknown copper d-band is seen at E − EF = 5.2 eV. Figure 2a also
shows a series of monochromatic TPPE spectra of HBC/
Cu(111) as a function of coverage, from bare Cu (0 ML) to ∼2
ML of HBC. In addition, the expanded spectra at diﬀerent
values of coverage of HBC (from 0 to 2 ML) are also shown in
the ﬁgure. These expanded traces in panel b show the coverage
values indicated in the traces in panel a.
In order to estimate the coverage, a measurement was made
of the shift in work function as the dosing time was varied. One
such measurement is shown in the inset of Figure 2a, which
plots work function versus HBC-deposition time. Based on the
temperature-dependence of desorption, we are able to estimate
the dosing time for depositing 1 ML and 2 ML HBC coverage;
these times are indicted by arrows in the ﬁgure. More details of
these measurements are found in our discussion below and in
the Supporting Information (SI). In addition, LEED measurements were made of the dosed surface. In these measurements,
although diﬀerent coverage and LEED voltage were carefully
examined, no indication of surface ordering in the molecular
layer was observed.
This data allows us to make several observations. First, we
measure the change in the low-energy cutoﬀ in electron kinetic
energy and the vacuum level versus dosing time; see Figure 2a.
This plot then allows us to examine the surface polarization or
work function (Φ) versus coverage. Note that the work
function is calculated using the relation Φ = 2hν − (EF − ELC),

(1)

RESULTS
Following careful preparation, illumination of the bare Cu(111)
surface with our pulsed UV laser source yielded the well-known
electron distribution curves (EDC) of Cu(111). In particular,
the lowest curve in Figure 2a shows the photoemission
spectrum, using illumination with monochromatic light at 3.71
eV; this spectrum contains the Shockley surface state of
Cu(111) at E − EF = 7.04 eV. This surface state is only seen on
a pristine well-ordered surface and is thus indicative of the
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where EF and ELC are the Fermi edge and the low-energy cutoﬀ
in the TPPE spectra, respectively. Such a plot of work function
versus coverage is given in the inset of Figure 2a. The data in
this plot show that the work function decreases monotonically
with an increase in coverage and thus does not exhibit the more
complex change in polarization seen in other systems, including
those with a permanent dipole.32,38 However, a slight change in
slope with coverage is seen at two speciﬁc values of coverage.
Speciﬁcally, these changes in slope are seen for dosing times of
∼90 and ∼180 min. Each of these regions of the plot
corresponds to the formation of a speciﬁc coverage in terms of
layers: thus the initial slope corresponds to forming a
monolayer (ΔΦ = −0.8 eV), while the second corresponds
to forming a bilayer (ΔΦ = −1.1 eV). However, after the
bilayer is completed, no measurable further change in the slope
of work function versus coverage is seen. A similar behavior for
work function versus coverage has been found in other organic
semiconductors on metal surfaces.28,29 In addition to this
interpretation, we note that it is possible to attribute the
changes in work function slope to phase changes within the
molecular layer. We comment further on this possible
interpretation below.
In addition, dosing-dependent changes are also apparent in
the intensity of the Shockley surface state. In particular, the
intensity of photoemission signal from this state, SS, decreases
and the peak energy of its signal upshifts as the coverage
increases. A more detailed plot is obtained by expanding the
EDCs in the region of 7−7.5 eV ﬁnal-state energy. This
expanded data, plotted in Figure 2b, shows that the Shockleysurface-state shift is 0.09 eV at 1 ML and then, with additional
coverage, continues to shift toward higher energy but also
undergoes a sharp decrease in intensity. This sharp decrease in
the surface state signal with coverage is known to occur due to
site ﬁlling when organics or other adsorbates are deposited on
an otherwise clean Cu surface.25,29 Also note that it is possible
to use the intensity of the bare-surface-state photoemission
signal as an approximate indicator of the overall HBC coverage.
In fact the results of plot of the SS signal vs coverage show that
the signal is nearly extinguished at what our work function plot
shows to be one 1 ML coverage; this point will be discussed in
conjunction with later data (Figure 6) below. Finally as the
coverage increases, it is also found that two molecular-induced
states (A and B) appear and grow in intensity. Note also that in
the case of the A state, the intensity of the peak then decreases
as the coverage increases above 1 ML. In the case of the B state,
the feature grows dramatically as the coverage exceeds 1 ML
and then peaks and declines as the average coverage exceeds 2
ML.
The broad feature (state A), which appeared at low coverage,
was also examined using angle-resolved monochromatic TPPE.
An example of one such set of results, for the speciﬁc case of a
surface of 0.5 ML HBC/Cu(111), is plotted in Figure 3. These
measured angular-dependent photoemission spectra show the
dispersive surface state, as well as a new feature A. The absolute
energy of the surface state is −350 meV from EF; this value is
shifted by ∼0.05 eV from its peak energy on a clean surface.
Thus the surface and the A states are separated by only ∼180
meV, making it diﬃcult to extract precise information on their
energy separation, given our instrumental resolution of 60 meV.
In addition, the fact that the state A is relatively broad and cut
oﬀ by the Fermi edge made the deconvolution of the surface
and A state spectra diﬃcult. Since the surface state is seen with
high S/N, its eﬀective mass, i.e., m* = ℏ2(d2E/d2k)−1, can be

Figure 3. (a) Angle-resolved TPPE spectra of a surface of 0.5 ML
HBC/Cu(111) and Ehν = 3.87 eV. The green line indicates the
Shockley surface state (SS); the blue arrow indicates state A. (b) The
polarization dependence, i.e., s and p, of the TPPE spectra of 0.8 ML
HBC/Cu(111) with Ehν = 3.73 eV at θ = 0°.

readily extracted. Based on a parabolic curve ﬁtting, the eﬀective
mass of the Shockley state is mss* ≈ 0.4 me. On the other hand,
the dispersion of the A state is not easily obtained in the plot in
Figure 3a since the weak A state merges with and is thus not
resolvable from the surface state, except at higher values of k∥.
In fact this merging causes the dispersion curves at high k∥ to
appear as though there is bandfolding, i.e., the overlapping
presence of the two states (A and SS) causes the SS band to
appear as if it is folding back. However as we show below data
taken with bichromatic 2PPE show that this is not the case.
In order to further characterize the A state, the polarization
dependence of A was investigated; one set of results are shown
in Figure 3b. This measurement showed that the intensity of
the A state when pumping with p-polarized light was >100×
times that when pumping with s-polarized light; see the caption
for Figure 3b. This strong polarization dependence is similar to
that typically observed for image or surface states. Since the
unoccupied orbitals of HBC, which are located below vacuum
level, are π*-type and can be excited by s-polarized light; our
results indicate that state A is not a HBC molecular state.
In an eﬀort to acquire higher S/N for higher-resolution
spectra, in part to separate closely lying peaks, we performed
bichromatic studies of surface photoemission at low coverage,
i.e., Θ ≤ 0.3 ML HBC on Cu, as shown in Figure 4 (additional
data is shown in Figure 5 below). Because of the lower energy
of the second photon in this process, the photoemission
process from the excited state has a higher cross section and, in
addition, there are typically less secondary electrons created in
the bichromatic process. Note, however, that despite the use of
bichromatic photoemission, our measurements were still
limited to coverage data (see comment in the Experimental
Section) below 0.3 ML by the fact that higher coverage resulted
in space-charge broadening and peak shifting due to the lower
work functions. These factors allow us to obtain higher S/N,
thus enabling acquisition of the coverage-dependent scan
shown in Figure 4. These data show clearly an evolution of the
electronic structure with coverage. Consider ﬁrst, for example,
the spectral feature A; when coverage increases to 0.1 ML, this
feature rises above the signal-to-noise ratio and then grows with
increasing coverage. In fact, a plot of the intensity of this feature
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dx.doi.org/10.1021/jp4112102 | J. Phys. Chem. C 2014, 118, 6214−6225

The Journal of Physical Chemistry C

Article

Figure 4. (a) Normal incidence bichromatic TPPE spectra of 0.0 (bare Cu), 0.1, 0.2, and 0.3 ML HBC/Cu(111) with Ehν,pump = 4.72 eV and Ehν,probe
= 1.55 eV. The arrow indicates a new state “A”, which grows in intensity with coverage. IS and SS are the image state (n = 1) and Shockley surface
state, respectively. The data is normalized with respect to the intensity of IS. (Inset) Area of IS (red) and A (blue) as a function of coverage. (b)
Normal incidence monochromatic (Ehν = 3.10 eV) and bichromatic TPPE spectra of 0.3 ML HBC/Cu(111). Intermediate states such as A and IS
appear in the bichromatic spectrum only, as is discussed in the text. (Inset) Schematic position-dependent energy diagram of an HBC island on
Cu(111). (c) The excitation pathways of resonance states for the monochromatic and bichromatic TPPE data shown in panel b; the pathways are
determined using the known photon energies and the energies of the surface states. The local work function for the A state is indicated by the
horizontal dashed line.

Figure 5. (a) Angle-resolved TPPE spectra of 0.3 ML HBC on Cu(111) in the vicinity of peak A with Ehν,pump = 4.68 eV and Ehν,probe = 1.55 eV. (A: a
new state, IS: image state (n = 1), SS: Shockley surface state, SP: bulk Cu intermediate state39). (b) Data taken in a selected electron energy range
with Ehν,pump = 4.62 eV and Ehν,probe = 1.55 eV to improve the signal-to-noise ratio. (c) The dispersion curves of the state A, image state, and surface
state derived from panel a. The uncertainty in ﬁtting each data point is also shown.
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Figure 6. (a) Series of monochromatic TPPE spectra of HBC/Cu(111) vs HBC-coverage for a region of electron kinetic energy near state B using
Ehν = 3.10 eV. The coverage increases by approximately 0.16 ML for each curve in going from the lower to the upper curve of state B. The black
arrows indicate an intensity decrease for the SS and an intensity increase for B as the coverage increases in going from Θ = 0 to 2 ML (0, 0.16, 0.33,
0.49, 0.66, 0.82, 0.99, 1.15, 1.32, 1.48, 1.65, and 1.81 ML). Fermi edge is indicated by a black dash-dotted line. The plot in the inset shows the
decrease in the peak SS signal with coverage (using our work function coverage calibration). (b) Monochromatic TPPE spectra of 2 ML HBC/
Cu(111) with diﬀerent photon energies (Ehν = 3.64−3.81 eV). The amount of peak shift is, to within error, ΔEhν, as shown in the inset.

of peak A using Ehν,pump = 4.68 eV and Ehν,probe = 1.55 eV for a
surface with 0.3 ML coverage; this set of data is shown in
Figure 5a. This set of data shows plots of the data of the angleresolved measurements, i.e., electron distribution curves at a set
of angles and the binding energy vs parallel momentum. Note
that the dotted lines are guides to the eye lines only and not
numerical ﬁts to the data. Figure 5b shows clearly that state A is
dispersive. In addition, observe that despite the limit to our
energy resolution, the data in Figure 5 have been measured
using bichromatic and angle-resolved measurements to separate
their dispersion curves for the states shown in Figure 5c. In
addition, notice that the data at higher negative angles are
gathered from very low intensity EDC curves, see Figure 5a,
and thus have large error bars. Using this data in this ﬁgure and
eq 2, the dispersion curves of the state A are plotted for
electron kinetic energy vs parallel momentum as is shown in
Figure 5c. Our data show that the eﬀective mass of state A
(mA*) is 1.1 ± 0.1me. In addition, the image state, IS, appears
possibly less dispersive, i.e., m* = 1.5 ± 0.5 me, than for typical
image states, m* = 1.0me, on clean surfaces. Note that the
apparent roll oﬀ of the data at high negative angles is not
certain due to the large error bars in this region of the curve.
This roll-oﬀ is not seen in either SS dispersion curves or in any
other measurements image state dispersion. In addition, the
data also show that there is no change in the Shockley surfacestate dispersion with low HBC coverage. Finally, note that the
linearly dispersive bulk copper sp state is apparent as a weak
spectral feature adjacent to the image state at high k∥, in accord
with earlier measurements.39
After increasing the HBC coverage to higher values (1−2
ML), it was found that an additional spectral feature, state ‘B’,
was present at 6.1-eV ﬁnal-state energy above the Fermi level,
i.e., E − EF, as shown in Figure 6a. This ﬁgure also shows a
series of TPPE spectra of HBC/Cu(111) as a function of HBCcoverage in the spectral region near state B at Ehν = 3.10 eV. In

normalized to that of the image state (IS; see the discussion in
the following paragraph) versus coverage, shows clearly that the
spectral intensity of this peak versus coverage is anticorrelated
to that of the image-state intensity. Note that the n = 1 image
state (IS) is found in the bichromatic TPPE spectra, while this
state is not observed in other monochromatic spectra in Figures
2 and 3. The reason that this state is observed in bichromatic
TPPE is because the energy of the pump photon in bichromatic
TPPE Ehν,pump = 4.72 eV (with Ehν,probe = 1.55 eV) is high
enough to access the image state in the ﬁrst step of the twophoton photoemission scheme, whereas in the monochromatic
pumping scheme used here the pump photon energy is Ehν < 4
eV and is energetically unable to access the image-state.
Second, the coverage-dependent measurements also show
that the energy of the A state, as measured by its peak location,
is independent of the sample work function even for a workfunction change (decrease) of ∼0.3 eV. This absence of a shift
with work function change is also seen, for example, in the case
of the bare-surface Cu(111) image state, which is denoted by
the label IS. In this connection, extensive prior measurements
of image states on metal crystals have shown that such states,
which are intermediate states for TPPE, are “pinned” to the
Cu(111) local vacuum level. The present results suggest that
the A state is an unoccupied state located at ∼3.7 eV above the
Fermi level (or 1.15 eV below vacuum level at 0.3 ML); thus
for our excitation scheme, it is an intermediate state. In order to
conﬁrm that this state was an intermediate state, experiments
were carried out to measure the photon-energy dependence of
monochromatic TPPE at large detection angles or k∥ > 0.20
Å−1. These experiments (not shown in the ﬁgures) showed that
the peak of the A state shifted linearly with photon energy, thus
positively identifying it as an intermediate state.
In order to examine the extent, to which the states were
localized, as well as to assist in their identiﬁcation, bichromatic
angle-resolved TPPE measurements were made in the vicinity
6219
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Figure 7. (a) Angle-resolved TPPE spectra for peak B, with Ehν = 3.68 eV and Θ = 2 ML HBC coverage, at diﬀerent emission angles. (b) The
measured dispersion curves of peak B, which yields an eﬀective mass m*= 0.96 ± 0.08me. The error bar is set by the uncertainty of ﬁtting and photon
energy.

this ﬁgure, the coverage increases by approximately 0.16 ML for
each data curve in going from the lower to the upper curve of
state B. The black arrows indicate an intensity decrease of the
SS and an intensity increase in B as coverage increases. The
growth in this state with increasing coverage is in contrast to
the intensities of the surface state (also shown in Figure 6a) and
state A, which decrease with coverage over this same range of
coverage, i.e., 1−2 ML. Finally note that the inset in Figure 6a
shows a plot of the SS signal vs coverage. As mentioned earlier
in the paper this plot provides a useful method to further check
the surface coverage since, as coverage increases to 1 ML, the
SS signal should be nearly extinguished due to scattering of the
photoelectrons from this state. This data is particularly useful
for this experiment since monochromatic data using a 3.10 eV
source provides well separated SS and B states and an absence
of an A-state signal (see Figure 4b) in contrast to the near
overlap for a 3.71 eV source as seen in Figure 2b. As can be
seen in the inset the SS peak is nearly extinguished at what we
have termed on 1 ML.
Figure 6b shows a measurement of the peak shift in TPPE vs
photon energy for 2 ML HBC/Cu(111) over the photonenergy range (Ehν = 3.64−3.81 eV). The amount of peak shift
is, to within error, ΔEhν, as shown in the inset, thus indicating
that state B is an intermediate state. In particular at 2 ML HBC
coverage, the peak is located at 0.8 eV below the vacuum level
(that is its binding energy is 0.8 eV), under conditions, for
which the surface-averaged work function is ∼3.8 eV, i.e., that
for a 2 ML ﬁlm. In addition, in order to identify the nature of
the symmetry of state B, TPPE spectra were collected using two
diﬀerent polarizations of incident beams: p- and s-polarizations.
It was found that state B possesses σ-symmetry, such as is seen
typically for an image potential state of copper surfaces (see
data on state B in the SI section).
The nature of state B can be further clariﬁed by examining its
dispersive character; see the data in Figure 7a,b. The ﬁgure
shows that this state is strongly dispersive and its eﬀective mass
is m* = 0.96 ± 0.08me, which is close to the free-electron mass

measured for image states. The measured polarization dependence of this state (not shown here) showed that it had σ
symmetry, as is also seen in our surface and image states. Based
on our observations, we conclude that state B is the modiﬁed
image state (n = 1) characteristic of 2 ML HBC/Cu(111). Note
incidentally that in our measurements, the presence of other
higher-lying image states, for example the n = 2 state, could not
be detected due to their low intensity and presence of other
nearby states. Note that in addition there is clearly a peak that
falls very close to the Fermi-edge cutoﬀ and this makes its
precise identiﬁcation diﬃcult. However, its spectral dependence, shown in Figure 6b, suggests that the state is an
unoccupied state as is state B. The energy diﬀerence between
this peak and state B is about 0.6 eV. Based on these
observations, we attribute this peak to the n = 2 image state of 2
ML surface. Note that this feature is also seen clearly at low
angle in Figure 5a. Figure 6a also shows that the energy of state
B is independent of coverage over the range from 0 to 2 ML.
One possibility for this lack of coverage dependence is that the
state is pinned to local vacuum level, as is the case for image
states. This behavior would be consistent with a surface with a
growth mode that is island-type and where the image state is on
an island.

■

DISCUSSION
Work Function. Work Function of HBC/Cu(111) and Its
Coverage Dependence. The work function of a surface is a
measure of the surface potential barrier plus the chemical
potential of substrate materials.3 The presence of adsorbates
can modify this surface potential and result in major
modiﬁcation of the interfacial dipole. As discussed in several
recent reviews, experimental investigations in the last two
decades have shown that there are several possible mechanisms
for alteration of the polarization at a molecule/metal interface
by adsorbates, including “push-back” of the “spilled out”
electron distribution, charge transfer, induced states, formation
of chemical bonds, and adsorbate permanent molecular
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dipoles.40 However, in our case, HBC does not possess a
permanent dipole and thus this channel for work function
change is not applicable. In addition, HBC is known to be
mobile on Cu(111)15 and to have a relatively low desorption
temperature; both observations indicate that interfacial
chemical reactions do not occur and thus this chemical source
of work function change is also not present in our case.
Finally, push-back (or the cushion or pillow eﬀect41) is
known to be a major mechanism for the reduction of the
adsorbate/interfacial work function. It is clearly delineated in
the case of physisorbed species on a metal surface. In fact, work
function changes due to push back can dominate changes due
to other mechanisms for the adsorbate/metal system. For
example, Terentjevs et al. showed that vanadyl naphthalocyanine (VONC) shifts the work function of Au(111) by 0.7 eV
through push-back and this shift actually reduces the moleculardipolar contribution to the work function.42 On the other hand
for an HOPG substrate with this same molecular adsorbate,
push back is known to be small or nonexistent and, in that case,
the interfacial dipole is determined by the molecular adsorbate
dipole.26 Another, perhaps more speciﬁcally relevant, example
of push-back is for corannulene (C20H10) on Cu(111).43 This
bowl-shape-aromatic hydrocarbon reduces the work function of
Cu(111) by −1.3 to −1.5 eV via the push-back mechanism
alone. Thus it is reasonable that the same phenomena should
be present for the HBC/Cu(111) system, in which HBC also
has a partial bowl-like conﬁguration, and would also then be
expected to reduce the work function by approximately the
same magnitude; our measurements show in fact a 0.8−1.1 eV
work function reduction (see inset of Figure 2a).
In addition, it is also known from prior studies of large
organics such as perylene-3,4,9,10-tetracarboxyilic dianhydride
(PTCDA) and copper phthalocyanine (CuPc), that the
induced density of interface states (IDIS) mechanism may
contribute signiﬁcantly to the work function shift of an
adsorbate surface.44,45 For example, 60% of the work function
shift for PTCDA/Au (ΔΦtotal ≈ 0.25 eV) and 80% for CuPc/
Au (ΔΦtotal ≈ 1.2 eV) were attributed to charge transfer.45 In
this mechanism, which has been studied extensively by the
Kahn Group, if the chemical interaction of an organic
semiconductor with a metal substrate signiﬁcantly broadens
the molecular levels, the density of states (DOS) in the band
gap of the molecule may then signiﬁcantly increase.2,44,46 This
induced DOS then “ﬁlls up” the gap region to the charge
neutrality level (CNL), which typically occurs in the energy
range between midgap and the LUMO level for many organic
semiconductors. The oﬀset between the CNL and the Fermi
level can then act as a driving force for partial charge transfer
through the interface. Based on the typical CNL position of
organic semiconductors and the electronic structure of HBC
crystals (ionization energy ∼5.5 eV and band gap ∼3.1 eV),12
the CNL position of HBC can be roughly estimated to be
between the midgap (−4 eV) and the LUMO (−2.4 eV) of
HBC with regard to the vacuum level. In this case, electron
transfer from HBC to Cu can occur and thus contribute to
surface polarization. Since both push-back and charge transfer
polarize the interface in the same direction, both eﬀects may
well be important for our experimental data. In order to
quantify the degree of charge transfer, the induced DOS of
HBC need to be obtained by other methods, including DFT
calculations.
Although Figure 2 shows that the average surface work
function decreases monotonically with increasing coverage, Θ,

there is a signiﬁcant diﬀerence between the slope of this
decrease for Θ < 1 ML in comparison to that for Θ > 1 ML, i.e.,
the work function change is 0.8 ± 0.1 eV from 0 to 1 ML and
0.3 ± 0.1 eV from 1 to 2 ML. This same change, i.e., a decrease,
in the slope in Φ vs coverage has been also observed for other
aromatic molecules on metal substrates.28,29 Consider ﬁrst the
decrease when Θ < 1 ML. This gradual change is due to the fact
that as the concentration of adsorbates rises, the total eﬀect of
push-back/charge transfer (see above) across the surface of the
metal also increases and the work function then decreases. This
deviation of work function change from linearity is likely caused
by the depolarization of HBC due to local electrostatic ﬁeld.
This eﬀect can be investigated by applying a basic Topping
model47,48 to ﬁt the data from 0 to 1 ML; this ﬁt is provided in
the SI section. Our ﬁt yields a dipole moment of 6.44 D and a
polarizability of 54.5 Å3. Note that the surface density of HBC
at 1 ML is assumed to be approximately the same as that of the
honeycomb structure described in the ref 15 (0.44 nm2) and
any structural eﬀect on depolarization was not considered. Our
ﬁtted dipole moment and polarizability are of comparable size
to those of another similar carbonaceous molecule on this same
copper surface corannulene/Cu(111),43 i.e., 8.8 D and 12 Å3,
respectively. Finally, the change in slope in going to Θ > 1 ML
is much smaller and can be attributed to screening by the
completed ﬁrst layer.28,29 The determination of the coverage
results are in good agreement with our work function
measurements during annealing-cooling cycles (see SI) as
well as the coverage-dependent extinction of surface state (see
details below). In summary, the polarization changes seen in
our measurements are in accord in magnitude and layer
dependence with changes seen in other organic/metal
systems6,28,29,37 and are consistent with the mechanisms
discussed here.
Interfacial Electronic Structure of HBC/Cu (111):
Discussion. Bare Metal Image State (IS, n = 1) at
Submonolayer HBC Coverage. As reviewed above, image
states are two-dimensional states conﬁned by Bragg scattering
from the substrate surface lattice and by the image-potential
Coulombic attraction on the vacuum side of the electron
motion. Depending on their principal quantum number n, these
states have their greatest probability density from a few to few
tens of Å’s above a metal or dielectric surface. Their spatial
distribution and physical origin allow image states to be used as
a surface probe. In fact, changes in surface structure or the
presence of dielectric overlayers can be detected by changes in
the binding energy or dispersion of image electrons.19,49,50
From our results, we can conclude that our state IS, as
indicated in Figures 4 and 5, is the n = 1 “bare-surface” image
state on the copper-exposed areas of a submonolayer HBCcovered copper surface. This identiﬁcation is apparent because,
ﬁrst, there is only a small (∼20 meV) diﬀerence shift in binding
energy of the image state from that on clean Cu(111). Second
the intensity of the IS was found to decrease with an increase in
the HBC coverage. Image states are known to have their
energies pinned to the local vacuum level of copper surface;
thus the absence of any signiﬁcant binding energy shift in the IS
state energy level as the HBC coverage increases is entirely
consistent with such “pinning”. This behavior has been
observed for other molecular-adsorbate-covered metal surfaces
when the adsorbates exhibit island growth.6,28,29,51
Our measurements also show that the IS dispersive
properties are slightly if, at all, aﬀected by the presence of
HBC. In particular, our angle-resolved TPPE measurements for
6221

dx.doi.org/10.1021/jp4112102 | J. Phys. Chem. C 2014, 118, 6214−6225

The Journal of Physical Chemistry C

Article

the dielectric continuum model to calculating binding energies
of image states at dielectric/metal interfaces.18,33,50,52 In
addition, while the DCM model has been used successfully
for noble gases and alkane molecules, its applicability for
organic semiconductors may be more limited because the
DCM model does not include either the electronic or atomic
structure of the adsorbates.
Consider next the degree of localization of the image state on
the Cu surface. As indicated in Figure 5, our dispersion data
suggest that the adsorbate-modiﬁed image states has dispersion
characteristics, which are similar to that of an n = 1 image state
on a clean Cu surface. In this connection, many prior studies
have found that image states of organic semiconductors/metal
systems are normally dispersive, as in the present case.5,27,29,53
However, in other cases, organic semiconductor layers,
including presumably islands, cause the formation of localized
image states due to either to polaron formation,7 or to
structural or electrical corrugation,25 or to hybridization with
molecular states.26 In other cases periodic potentials within the
molecular islands are known to lead to backfolding. In our case,
prior STM observations15 have shown that HBC exhibits
island-type growth of HBC, even at low coverage (0.3 ML), but
at much lower temperatures than examined here, i.e., ≤77 vs
300 K in the present measurements. Our free-electron-like
dispersive data shows that these localization and backfolding
mechanisms do not appear to play an important role for the
modiﬁed image state on the HBC islands. Note that the
apparent lateral variation in potential on a submonolayer HBCcovered surface, seen in the low-temperature STM study,15
seems at odds with our TPPE observations but is consistent
with the lack of order determined in our LEED measurements.
Thus, a study30 investigating the degree of backfolding as a
function of temperature would provide useful insight into how
this periodic potential eﬀects localization of our image
electrons.
To summarize this subsection, based on our observations
discussed above, the A state is due to local modiﬁcation of the
work function by adsorption of the image electron on
monolayer-thick islands of HBC. Short wavelength periodic
lateral conﬁnement of the electron by the molecule does not
appear to be present in this case of state A.
Origin of State B. Our measurements of dispersion, binding
energies, polarization- and their coverage-dependence suggest
that state B also arises from image electrons trapped on islands,
i.e., for this surface, image electrons aﬃxed to the 2 ML HBC
regions on an otherwise 1 ML-covered surface of Cu(111). Our
TPPE measurements reveal that the HBC-covered-copper
surface state B is 3.8 eV above the Fermi level. As shown in
Figure 6a, state B is observed only when additional HBC
absorbs on a 1-ML-covered surface. Speciﬁcally, the B-state
peak appears at ∼1 ML, and then grows in intensity until the
coverage increases to 2 ML. The binding energy is independent
of changes in the average work function of the surface, say
between 1 and 2 ML. If we compare the binding energy of state
A for a 1 ML surface with B on a 2 ML surface, the two states
diﬀer by 0.4 ± 0.2 eV. This diﬀerence is consistent with the
known fact that image-state binding energies are modiﬁed by
the number of adsorbed layers on metal surfaces, which support
the image electron.4,7
The above coverage behavior is due to the fact that the
energetic position of state B is coupled to any local work
function change for HBC-covered Cu(111); although it is
independent of the average work function as mentioned in the

0.3 ML HBC/Cu(111) show that the eﬀective mass of the IS is,
within experimental error, the same as that of clean copper, i.e.,
its eﬀective mass is the expected value of m* = 1.0 me. Our
dispersion measurements showed that no signiﬁcant change in
the eﬀective mass of the IS state as coverage increased from 0
to 0.3 ML. While bare surface dispersion is seen for some cases
of organics on single-crystal metals, in other cases bandfolding
has been measured and attributed to periodic potential
variation from adsorbed molecules on the surface (see the
next section for a more extensive discussion).
Origin of State A. As discussed below, both our
monochromatic and bichromatic TPPE measurements reveal
that the HBC-covered-copper surface state A is 3.7 eV above
the Fermi level at the typical coverage of 0.3 ML used in many
of the experiments for the present paper. Our polarizationdependent studies suggest that this state does not originate
from π-conjugated molecular orbitals. Since the spectral peak
intensity of the bare-Cu(111) image state is anticorrelated with
the intensity of state A at submonolayer coverage, it is
reasonable to consider whether state A is also derived from the
n = 1 image state; that is, whether the addition of adsorbates
gives rise to this state by simply shifting the energy and
dispersion of the bare Cu(111) image state. Recent experiments
by others using a variety of organic adsorbates have shown
clearly that image states can form on surfaces fully covered, i.e.,
1−3 ML, with alkanes, aromatics, or even C 60 -type
adsorbates.4,5,7 In these cases, the image-state binding energies
were found to be modiﬁed by the presence of molecular
overlayers as a results of several phenomena including dielectric
screening or the formation of a vertical “quantum well”.4,6,7,27
Consider ﬁrst the shift of the work function. The inset in
Figure 2a shows that the work function of Cu(111) is shifted
down from 4.9 to ∼4.1 eV when it is covered with a full
monolayer of HBC. Now consider state A for a surface covered
with Θ < 1 ML of HBC, that is, a condition, for which the
surface is covered only with monolayer-thick islands. During
photoemission any electrons emitting from these islands
experience a local work function, ΦL,6 a phenomena originally
discussed in terms of metal heteroislands on ﬂat surfaces. A
schematic showing the energetics in such a local work function
are shown in Figure 4b inset. As is shown in ref 6, this local
work function is very close to the measured work function,
Φ(Θ = 1) for 1 ML fully covered adsorbate surface, i.e., for our
experiment, a 1-ML HBC-covered surface. An important aspect
of the existence of the local work function is that it leads to a
laterally deﬁned potential-well barrier on the boundaries of the
islands, which has the approximate magnitude of the local work
function of Cu(111) minus that of the 1-ML-covered HBC
surface, which is ∼0.8 eV. This lateral barrier can then conﬁne
the image electron on the lower-work-function surface if they
are trapped prior to their recapture by the metal surface.
If this value of ΦL and the measured energy of state A is used,
the measured binding energy, as referred to the local vacuum
level, would be ∼0.4 ± 0.2 eV, where the estimated error bars
are obtained by consideration of the uncertainties both in
energy and coverage. Note this value seems somewhat smaller
than that expected from a value of the adsorbate-induced
downward shifted n = 1 image state within the projected band
gap in Cu(111) based on the phase-analysis consideration of
refs 47 or 52. In fact, the binding energies of the n = 1 image
state of other adsorbed-molecule-covered Cu surfaces have
varied widely from 0.4 to 1.1 eV.19,52 Finally note that our
coverage is generally much smaller than that used in applying
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A, which has the σ symmetry of a typical image state. At the
same time, the Cu sp surface state is quenched with coverage.
For Θ = 1−2 ML, an additional state, B, begins to grow and
becomes the most predominant feature among the unoccupied
surface states. As for the case of state A, state B is dispersive,
with a binding energy comparable to the n = 1 image state of
Cu. The energetic position of both of these intermediate states
is indicative of the image electrons being trapped by the local
work function discontinuity at the HBC island edge in each of
the coverage regimes. The value of the local work function for
each state is compatible with prior observations of work
functions of organic species on Cu(111).

previous section. Image states are pinned to the local vacuum
level so that a shift of the vacuum level, with regard to a ﬁxed
spectrometer surface, is directly proportional to the shift in the
local work function.6,17,28,29 Such a shift would occur if 2 ML
regions were present on the full 1-ML-covered metal substrate.
As described in the previous section, the local work function of
the adsorbate island can be closely approximated by the value
of the work function for a large-area surface with the same
coverage on the island. In the case of state B, the local work
function in this approximation would thus be equivalent to that
measured for a full 2 ML ﬁlm of HBC on Cu (111). The
measured local work function for 2 ML HBC/Cu(111), 3.8 eV,
is considerably lower than 4.9 eV of bare Cu(111) [see Figure
2a, inset]. Furthermore, the fact that the photoelectron spectra
of B remain constant as the coverage is varied between 1 and 2
ML [Figure 6a] argues that the ﬁlm structure does not depend
on surface coverage. In order to quantify the eﬀect of work
function on state B, we can compare the binding energy of state
B with that of the well-deﬁned n = 1 image state of bare
Cu(111). Using the Fermi level as the energy reference, we ﬁnd
that the energetic diﬀerence between the image state (n = 1) on
bare Cu(111) and state B is 1.05 eV, which is, within
experimental error, equal to the diﬀerence in work function of
the two surfaces of 1.10 eV.
The shift in binding energies of the state B image state is
consistent with other prior observations of image states
modiﬁed by the presence of molecular layers on a metal
substrate. Based on the local work function, 3.8 eV, the binding
energy of state B is 0.80 ± 0.2 eV; note that the uncertainty in
the local work function assumption is signiﬁcant for the 2 ML
case as the position of the 2 ML break is not clearly deﬁned by
the reduced slope of the work function/exposure curve in the
inset in Figure 2. While this value is larger than that for the A
state, it is within the combined error of the binding energies of
the two states. In addition, this value is, as mentioned above,
clearly comparable to that on other organic/metal interfaces.
Despite this signiﬁcant uncertainty in the measured binding
energies, state B still appears to have a larger binding energy
than does state A, implying that the image electron of state B is
more tightly coupled to the surface than that for B − the
opposite of the usual progression for image states on one and
two monolayer ﬁlms, including corrections due to the shift of
the vacuum level on the Cu(111) bandgap at k∥ = 0. At present
we do not understand the origin of this behavior, and clearly
additional study is needed to resolve this one interesting
question.
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(38) Bröker, B.; Hofmann, O. T.; Rangger, G. M.; Frank, P.; Blum, R.
P.; Rieger, R.; Venema, L.; Vollmer, A.; Müllen, K.; Rabe, J. P.;
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