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O
rganic-materials-based electronics
are of increasing interest because
this materials system can be light-

weight, thin, flexible and can exhibit new
functionalities.1 In most cases understanding
interfacial electronic structure is a key factor
in solving many of the chemical and elec-
tronic issues1,2 in these devices; it also gives
rise to a series of important fundamental
questions,1�6 including the nature of inter-
face polarization, the height and thickness
of interfacial energy barriers and level align-
ment, interfacial molecular control and its
chemical state, interfacial abruptness, and
local charge density. These experiments have
used samples prepared under either ambient
or ultrahigh vacuum (UHV) conditions. UHV
conditions enable the use of high resolu-
tion proximal and electron spectroscopies,

as well as highly characterized initial sub-
strate surfaces.
Thus, thiols, in particular, have been of

interest to the organic electronics community

both as a model molecular class as well as

being useful for a series of practical applica-

tions including tunable nanoscale contacts

and controllable thin film morphologies and

interfaces.3,7 In somecases, thiols interactwith

the surface and other adsorbates, either with

or without the loss of hydrogen at the head-

group, to form a self-assembled monolayer

(SAM) of the intact thiol or as thiolates, re-

spectively, on a variety of surfaces.7�13 In

addition, the selection of thiol functional

groups is useful for work function tuning.3

Thiol films or layers have a coverage-
dependent phase transition.14 Thus at low
coverage, the film structure is loosely packed
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ABSTRACT Model systems of organic self-assembled mono-

layers are important in achieving full atomic-scale understanding

of molecular-electronic interfaces as well as the details of their

charge transfer physics. Here we use two-photon photoemission to

measure the evolving unoccupied and occupied interfacial electronic

structure of two thiolate species, thiophenol and p-fluorothiophenol,

adsorbed on Cu(111) as a function of molecular coverage. Our

measurements focus on the role of adsorbates in shifting surface

polarization and effecting surface electron confinement. As the

coverage of each molecule increases, their photoemission-measured

work functions exhibit nearly identical behavior up to 0.4�0.5 ML, at which point their behavior diverges; this behavior can be fit to an interfacial bond

model for the surface dipole. In addition, our results show the emergence of an interfacial electronic state 0.1�0.2 eV below the Fermi level. This electronic

state is attributed to quantum-mechanical-confinement shifting of the Cu(111) surface state by the molecular adsorbates.

KEYWORDS: self-assembled monolayer . interfacial dipole . electron confinement . thiophenol . two-photon photoemission .
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and in a supine or “lying-down” geometry, while at
high coverage, a phase transition occurs and the film
structure becomes densely packed with the molecules
adopting a “standing-up” geometry. This structural
difference has, in fact, been shown to change the work
function and electronic structure of thin films structure,
on which the thiol has adsorbed.15�18

One class of thiols, which has received much atten-
tion, is that of aromatic thiols. These materials can be
organic semiconductors, which allow close chemical
contact with a substrate. Their high conductivities have
been verified by single-molecule transport measure-
ments and density functional theory (DFT) studies.19

These results are consistent with reports demonstrat-
ing that organic field effect transistors, whose electro-
des are treated by aromatic thiols, have better per-
formance than the ones treated by alkanethiols.20 In
addition, recent scanning tunneling microscopy (STM)
studies showed that selection of chemical moiety and
control of surface density can lead to the formation of
patterned islands or layers on metal surfaces.21�23 This
surface patterning has potential applications in molec-
ular electronics and gas sensing.
In this paper, we use two-photon photoemission

(TPPE) to make a comparative examination of thiophe-
nol and p-fluorothiophenol (see Figure 1) adsorbed on
a Cu(111) surface as a function of coverage, that is,
0�1 ML, with emphasis on values less than ∼0.5 ML.
Characterization of the adsorbed layers of each of
these molecules on Cu(111) dosed under UHV condi-
tions has been reported in the literature for STM and
X-ray photoemission spectroscopy (XPS) probes.23,24

The central difference between the two molecules is
that in the latter, the para-positioned hydrogen is
replaced by fluorine. This replacement leads to nearly
opposite dipole orientations but with comparable
magnitudes, that is, |μ0| = 1.24 D for thiophenol (TP)
and |μ0| = 1.11 D for 4-fluorothiophenol (p-FTP), based
on MP2 calculations.25 Thus the dipole of thiophenol
points away from the thiol group but that of 4-fluoro-
thiophenol points toward it. In our paper, we use gas
dosing within a UHV system to deposit thiol films of
controllable coverage on a Cu(111) surface at room
temperature. Our TPPE experimentsmeasure amarked
difference in the interfacial dipoles of the two mol-
ecules and show how the interaction of the adsorbed
molecule with the surface electron leads to a new
electronic-state structure due to confinement of the
surface electron and, in addition, we are able to observe

the consequences of this change in the molecular
orientation, hence, surface polarization, as a function
of coverage.

RESULTS

TPPE Spectroscopy at low coverage of TP and p-FTP. Our
experiment consisted of exposing a bare surface to a
calibrated dose of either of the two molecular species.
The TPPE electron energy distribution curve (EDC) was
then recorded at different photon energies. Each mea-
surement consisted of ∼1 s of exposure at a specific
angle setting. Care was taken to ensure that the adsor-
bate surface was not photochemically altered during
the irradiation period by the UV laser.

A representative set of data, taken at normal emis-
sion angle and Ehν = 3.76 eV (TP) and 3.88 eV (p-FTP) for
a series of doses, where Ehν is the photon energy, is
shown in Figure 2. Prior to any exposure, measure-
ments were made on the pristine Cu(111) surface,
which in each case exhibited a sharp low-energy
electron diffraction (LEED) pattern. As seen in Feature
A, on the clean surface, an EDC from a clearly resolved
Shockley surface state was obtained at the well-known
binding energy of ∼0.4 eV.26 When the surface was
exposed to TP, the signal from the Shockley surface
state decreased with each increasing exposure and a
new state, labeled B, grewwith the coverage. This peak
was located at an energy �0.16 eV with respect to the
Fermi level. In addition, as the exposure increased, the
low-kinetic-energy cutoff decreased in energy mono-
tonically; this decrease originates from a decrease in
the surface work function, as will be discussed below.
Also note that as the exposure increased to beyond

Figure 1. Thiophenol (TP) and p-fluorothiophoenol (p-FTP).

Figure 2. TPPE spectra of (a) TP/Cu(111) and (b) p-FTP/
Cu(111) at low coverage. These series of spectra were
collected at different exposure times shown in the right
side of each figure. The photon energies used are 3.76 and
3.88 eV for TP and p-FTP, respectively. At the bottomof each
panel, the TPPE spectrum of clean Cu(111) is shown. Each
thick solid line indicates the low-energy cutoff for each
photoemission spectrum. The Fermi edge is also indicated
as a dashed line. Features A (surface state), B and B0 (new
features) have binding energies of ∼0.4, 0.16, and 0.14 eV,
respectively. The details of the data are explained in the
text.
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50 s, state B decreased in amplitude. Finally low-cover-
age data were also taken for p-FTP and a similar new
state located at �0.14 eV appeared and grew as the
coverage increased. However, note that for the p-FTP
data shown in Figure 2, the decrease in the low energy
cutoff and the increase in the corresponding second-
ary (low energy threshold) electron counts ceased for
an exposure above ∼90 s; after that exposure, the
cutoff then increased and the corresponding second-
ary electron signal decreased as the exposure was
further increased.

As described in the Experimental Section, our use of
TPPE permits the identification of the origin of a
spectral feature as being either in the initial, intermedi-
ate, or final state of the TPPE process by means of a
measurement of the electron energy given by E = Ekþ
Φ þ EF versus the photon energy Ehν where Ek is the
photoelectron kinetic energy, EF is the Fermi level, and
Φ is the work function. In particular, the slope of the
shift in the peak of a spectral feature versus photon
energy, that is, dE/dEhν, is used to determine the nature
of the feature. For example, prior measurements have
shown dE/dEhν = 2 from the clean Cu(111) surface state
because this state lies below the Fermi level. Figure 3
shows such ameasurement for the case of the�0.16 eV
peak using TPPE with Ehν = 3.66, 3.76, 3.88, and 3.99 eV.
Thus in this case the measurement also showed a slope
of 2 indicating that the peak is associated with an
occupied state.

Angle-Resolved Measurements of Spectra. The angle-re-
solved capability of the TPPE system was also used to
determine the dispersion, that is, E versus k ) of the
features B (TP) and B0 (p-FTP). The results from this
measurement for TP are shown in the data of Figure 4a.
This measurement was done at an exposure time of
140 s to minimize the contribution of the bare Cu sur-
face state, that is, at a coverage for which the bare surface
state is fully extinguished. Angle-resolved photoemission
spectra were also measured for p-FTP (not shown here,

see Supporting Information) at lower exposure time
(60 s). Also shown in Figure 4b are basic fits to the
data based on the assumption that it has a parabolic
dependence of E versus k ); the fits showed an effec-
tive mass of m* ≈ 3.5 ( 0.5 me for TP and 3.9 (
1.4me for p-FTP, whereme is the electron mass. Clearly
this effective mass is much greater than that of the
surface state (m* = 0.5 ( 0.1 me) of bare Cu(111) as
shown in Figure 4. Note however, that this parabolic fit
is less satisfactory for the data at larger values of k ). In
fact a better fit is obtained if a simple harmonic
dependence is assumed for the dispersion as shown
in the inset of Figure 4b. This fit suggests that there is
backfolding of this occupied state at k ) > 0.2 Å�1. This
important point will be discussed below. Recently,
similar backfolding behavior was also seen for a peri-
odic coupled quantumwell structure or superlattice for
Cu(111) covered by a periodic adsorbate-molecule
structure.27 In that prior work, it was concluded that the
adsorbate molecules localized the surface electrons.

TPPE Spectroscopy of TP at High Coverage. The goal of this
paper is to examine the low-coverage comparative
behavior of our two benzene thiols, which have oppo-
site dipole orientation. However, since there has been
one previous report28 of the TPPE spectra of TP on a
Cu(111) surface at high coverage, we made an initial
measurement of this spectra of this system at high
exposure so as to provide useful cross check on the
consistency of our system with that of ref 28. Our
measurement was made at a photon energy of 3.76 eV,
since it was relatively close to that used in the reference,
and employed a series of exposures equal to or longer
than 150 s (see Figure 5). Note also this high-coverage
data shows no traces of the features (discussed above)

Figure 3. TPPE spectra of TP/Cu(111) with different photon
energies (Ehν= 3.66�3.99 eV). Dashed lines indicate shifts of
peak B (left) and the Fermi level (right). The amount of peak
shift is, to within error, 2ΔEhν, as shown in the inset.

Figure 4. (a) Angle-resolved TPPE spectra around peak B
with Ehν = 3.65 eV. The detector angle is shown on the right
side. The dashed blue and black guide lines indicate peak B
and the Fermi edge, respectively. (b) The dispersion curves
of peak B for TP and p-FTP. Also the dispersion of surface
state (A) on the bare surface is also shown for comparison.
The photoelectron parallel momenta in the x-axis are
obtained from the measured detector angle using eq 3.
The inset shows a periodic potential fit for peaks B and B0.
The data were collected at an exposure time of 150 s for TP
and 60 s for p-FTP, respectively.
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observed at low-coverage. The most prominent and
best defined feature in the data is a peak at 6.75 eV
above the Fermi level, although a smaller feature is also
noticeable at 6.91 eV (see the inset of Figure 5). The
absolute energy and separation of the 6.75 and 6.91 eV
peaks are very close to those in ref 28. Finally, based on
the measurements of kinetic energy vs photon energy
by us and ref 28, these two observed states are
assigned to a final state at 6.75 eV and an intermediate
state at 3.16 eV, respectively.

Note that while these states are of interest here as
an important consistency check with earlier measure-
ments in ref 28, their assignments are of interest in their
own right. Thus, ref 28 revealed that both states appear
to exhibit σ symmetry and their energetic locations are
nearly independent of the length of hydrocarbon
chain. The origins of both states were initially attrib-
uted to σCuS

* and a combination of σCS
* and πCuS

* based
on ab initio simulations;28 however, this assignment
has apparently come into question as a result of other
photoemission studies, which found another unoccu-
pied state at 1.2�1.6 eV that was attributed to an
atomic S or thiol/metal interface bond.16,29�31 Those
studies also suggest that there may well be a similar
unoccupied state at the TP/Cu(111) interface even
though we cannot discern it because the state is
imbedded in an energy range filled with secondary
electrons. Careful spectroscopic measurements are
desirable to clarify the existence of an unoccupied
state at a lower-energy level. Also we want to point
out another possible origin of the 3.16 eV feature rather
than that of a molecular state. Recent TPPE studies
on alkanethiol/Au(111) found an image-like interface
state below the vacuum level.32 This state was also
found to be independent of the hydrocarbon group
as well. Its effective mass was found to be close to
the free-electron mass, and ref 28 also reported that
3.16 eV is dispersive even though the data are not
shown in the paper. Thus, further experimental and
theoretical studies are necessary to fully understand
the origin of this state.

Note that in addition to these unoccupied states,
we observed another final state at∼6.13 eV above the
Fermi level. Using the measurements of kinetic energy
versus photon energy data, we confirmed that this
state is an occupied state with a binding energy of
1.4 eV. This state is known to arise from an antibonding
orbital of the Cu�S bond; see, for example, the case of
S/Cu(100)31 and the case of methanethiol/Cu(100)33

both at similar energies.

DISCUSSION

Prior Work on Thiols on Cu(111) or Related Cu Surfaces.
Because of the importance of thiols in forming proto-
typical self-assembled monolayers, there have been
extensive experimental and theoretical studies probing

the detailed interfacial chemistry of these molecules,
adsorbed on Cu surfaces.11,13,18,22�25,28,31,33�37 For ex-
ample, in the case of TP and p-FTP, near-edge X-ray
absorption fine structure (NEXAFS) studies of those
molecules on Cu(100) surface revealed that the tilt
angles of TP and p-FTP were 21� and 25� from the
surface normal for 1 ML coverage, respectively.25 For
TP/Cu(111), earlier angle-resolved ultraviolet photo-
emission spectroscopy (UPS) studies showed that the
orientation of TP was perpendicular or nearly perpendi-
cular at full coverage.24 By comparison, more recent
detailed studies of the surface structure of TP and p-FTP
were conducted by Wong, et al.23 They used low-
temperature STM and DFT to reveal the lattice structure
and orientation of TP, p-FTP, and other halogenated TPs
on Cu (111). In particular, they found that when the
coverage was sufficiently low, for example, at 0.25 ML,
TPwas found to lie in a flat geometry, whereas at∼1ML
it was aligned vertically. In particular, the tilt angle of TP
was 65� from the surface normal at low coverage. This
same group also showed that the lateral interaction of
halogenated TPs led to a different self-assembled struc-
ture at low coverage. In addition, other DFT studies for
TP monolayers on Cu(111) showed that the tilt angle
was along the surface normal.36

In contrast to the more numerous chemical and
surface-structure studies of intact TP and other thiols
on Cu(111), there are fewer studies of the electronic
structure at <1 ML and the coverage dependence and
electronic-state assignment appears not to have been
examined. Thus, Vondrak et al. used TPPE to examine
the unoccupied-state structure of a full monolayer of

Figure 5. TPPE spectra on TP/Cu(111) at a series of high
coverage values of adsorbate molecules taken at a photon
energy of 3.76 eV. This series of spectra were collected for
the different exposure times shown on the right side of the
panel. The dashed line indicates the Fermi edge. The inset
shows a two-peak fitting of the spectrum taken at an
exposure time of 230 s.
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TP plus other alkanethiols on Cu(111).28 Their measure-
ments of the TP surface were carried out under full-
coverage conditions and are discussed in more detail
below. While electronic-structure studies with benze-
nethiols have not been extensive, there have been
several measurements, which have observed the elec-
tronic structure and coverage-dependent shifts of
benzene38�40 and other organic species includ-
ing strongly periodic systems on Cu(111)27 and other
metals.41�43 Of particular interest have been observa-
tion of low-coverage shifts of the Cu(111) surface
state39 and image states38 upon adsorption of these
species. In addition, as mentioned above, strong back-
foldingwas observed for an adsorbate system having a
periodic surface arrangement.27 These observations
are commented on in more detail below.

Work Function Variation with Coverage. One of our most
striking observations is the strong change in the low-
energy cutoff with coverage that is observed for both
TP and p-FTP at low coverage as shown in Figure 2, as
well as the fact that this behavior occurs with opposite
polarity for each of the twomolecules. This shift in low-
energy cutoff can be related to a more fundamental
quantity, the change in work function, by using the fact
that for TPPE, the work function is given byΦ = 2hν�
(EF� ELC), where EF and ELC are the Fermi edge and the
low-energy cutoff in the TPPE spectra, respectively.17,44

Using the above relation, we plot the coverage-
dependence of the work function for surfaces covered
with one of the two differentmolecules as a function of
exposure in Figure 6a. The horizontal axis is the
exposure time of themolecules. In addition to this axis,
we have provided an auxiliary scale showing the
approximate coverage obtained with this exposure.
Use of the data in ref 23 allows us to calibrate the curve
of work function versus exposure. In particular this and
other studies by the same group showed that upon
adsorption at low-coverage, p-FTP initially forms a
loosely packed honeycomb structure of face-down
molecules. However a further increase in coverage
leads to a denser structure with higher coverage of
the face-down phase. The observations for the second
or denser “lying-down” phase and our measurements
of the coverage dependence of the work function
allow us to estimate the coverage using a plot based
on the first-order adsorption kinetics. Our estimation
of coverage relies on the assumption that the work
function is proportional to coverage. This assumption
is valid only for low coverage because depolariza-
tion effects, which result in a sublinear dependence
with coverage, are then much less pronounced as
has recently been shown, for example, by the Monti
Group.6 (Calculations are presented in the Support-
ing Information.) For both molecules, the change of
work function with coverage is nearly identical at
up to 0.4�0.5 ML. At this point, both systems exhibit
an inflection point in their coverage-vs-work-function

plot and then diverge with slopes of opposite polar-
ity as the coverage further increases. Note that
near the inflection point (50�110 s) for the TP and
the p-FTP curves, the slope of the graph is close to
zero.

These observations regarding work function change
can be understood by considering a simplemodel used
in a recent study of benzenethiols on a Cu(100) surface,
which examined how these and other loosely related
molecules alter the work function of the Cu surface.25 A
similar approach has also been applied in other studies
using alkanethiol and fluoroalkanethiols.45,46 In this
approach, the molecular component of the overall sur-
face work function is approximated as having a con-
tribution from the projected molecular dipole onto the
surface normal plus a dipole polarization due to the
molecular bond. This molecular bond dipole includes
charge redistribution, a “push-back” effect due to Pauli
repulsion, and other possible effects upon formation of
a chemisorbed bond by the adsorbate. As with other
groups who have employed this simple description, we
do not take into account the electrostatic interaction

Figure 6. (a) Measured work function as a function of the
total exposure time of TP (red circle) and p-FTP (blue square)
on Cu(111). Auxiliary scales at the top of the figure show the
approximate coverage for a given exposure. The inflec-
tion point of both curves appears at ∼100 s. The plateau
at ∼270 s indicates the saturation of the coverage of the
adsorbedmolecules on the substrate. TP and p-FTP are drawn
as an inset with arrows indicating the dipole projected along
the 1�4 molecular axis. (b,c) The peak areas of the surface
state (A, red circle), the new feature (B or B0, blue triangle), and
the final state at 6.75 eV (green square) as a function of total
exposure time of TP (b) and p-FTP (c) on Cu(111). The data
points for each statewere connectedbyaguide to the eyes for
better visibility. The dashed lines were drawn to indicate the
alignment of similar features between graphs.
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between the dipoles, which may reduce (depolarize)
the effective dipole moment per molecule at higher
coverage.47 In the case of TP and other thiols, STM
studies have shown that at low coverage, these mole-
cules are known to have a supine or lying-down
geometry and thus their dipole projection normal to
the surface is then very small and at low coverage the
bond-dipole contribution is then dominant. However,
as the coverage increases, the adsorbate begins to
assume its standing-up phase; thus at high coverage
the molecular dipole contribution becomes important.

Hence, the behavior in Figure 6 is related to the
phase transition from a supine to a standing-up ori-
entation. If the orientation of the two molecules was
not fully supine, the two curves would not be coin-
cidental in the first part of the curve, since for a supine
molecule there is no molecular component perpendi-
cular to the surface and thus the work function de-
pends chiefly on the bond dipole. Since the work
function change in this region is proportional to the
product of the molecular density and the bond dipole
moment, the work function change slows as the cover-
age saturates for near full coverage of molecules,
which are oriented in the supine position. At this point
in coverage, molecules then change their orientation
to the vertical orientation and the surface concentra-
tion can then increase further. Note that as pointed out
by others, this process is known to involve surface
domains rather than individual molecules.23 Subse-
quently, domains with standing-up conformation in-
crease as the surface concentration of molecules also
increases. In fact, prior STM studies showed the mixed-
domain structure of standing-up and supine benze-
nethiols. After the inflection point, both curves begin to
diverge, although the slope of the TP curve is a factor of
∼1.6 times that of p-FTP. In this region of the curve, the
slope is sensitive to the change in the total surface
dipole as well as the increase in surface concentration.
Since the bond dipole of p-FTP is antiparallel to the
normal component of intrinsic molecular dipole,
whereas that of TP is parallel, the total interface dipole
consisting of these dipoles is smaller for p-FTP, thus
making the slope for TP larger than that for p-FTP.

This simple model can be tested for quantitative
internal consistency by using the known relationships
between work function change and the two contribu-
tions to the surface dipole for each adsorbedmolecule.
In effect we obtain the total surface dipole/adsorbed
molecule at 1 ML coverage and then extract out the
dipolar contribution from the bond dipole/molecule,
which to first order is not coverage dependent. This
can then be used to predict the work function at the
inflection point, that is, 0.4�0.5 ML, for which coverage
the molecules are still dominantly in the supine posi-
tion and thus the molecule contribution to the adsor-
bate dipole will be negligible. Thus based on the
Helmholtz equation, the change in the work function

at 1 ML can be related to the adsorbate surface cover-
age and the normal component of the total adsorbate
dipole,

ΔΦ ¼ �neμads,^=ε0 (1)

where n is the surface density of the adsorbate dipoles
and ε0 is the vacuum permittivity; n can be derived
from thiol studies on Cu(100). We use the value of
n from known value for Cu(100) because the surface
packing density of the erect thiols is governed by the
thiol molecular size (see Supporting Information). Then
using eq 1, the effective adsorbate polarization/adsor-
bate molecule is estimated to∼0.68 D and∼0 D for TP
and p-FTP, respectively.

μads,^ ¼ μ0,^=εeff þ μBD (2)

This equation has been used successfully for the case
of benzenethiols on a Cu(100) surface.25 Themolecular
dipoles, that is, μ0,^ = 0.97 D and μ0,^ = �0.78 D for TP
and p-FTP, respectfully, are estimated from simulation
data in ref 25 and orientation angles given in ref 37.
We set εeff = 2.94 for the two molecules, a reasonable
assumption given that the molecules considered by us
have the same polarizability as those in ref 25. Inserting
μads,^ and μ0,^ into eq 2 for the two molecular species,
we obtain a value of μBD for both molecular species of
0.31 D. Recalling that due to the supinemolecule orienta-
tion at low coveragewe can neglect themolecular dipole
contribution, the work function change at the inflection
point, with n ≈ 2 � 1014 cm�2, is then estimated using
eq 1 to be ca. �0.23 to �0.28 eV; this value can be
compared to our experimental value of ∼ �0.4 eV.

The difference between the model calculation and
experimental data can be attributed to the simplicity of
the model used here, including the multiple assump-
tions for the model calculation, such as surface density
of molecule, dielectric constant, tilt angle of benzene
group, etc. One particularly important assumption in
themodel is that the bonding dipole is independent of
coverage. This assumption may not be rigorously true.
For example a recent theoretical study showed that the
bond dipole of thiolate SAM is significantly affected by
packing density even without taking into account a
change in orientation.47 In addition, since the benzene
group is proximate to the surface at low coverage it will
also to some extent influence the surface polariza-
tion.38,40 This effect together with the electrostatic
dipole�dipole interactions are obviously not accounted
for in our model. However while the model used here is

approximate, it is clear that it does describe at least the

dominant physics involved.

Identification and Nature of the New State near�0.15 eV. The
state located at a binding energy of 0.16( 0.08 eV is the
mostprominent low-binding-energy spectral featureof TP
on Cu(111). Our measurement of the variation of kinetic
energywithwavelength shows that it is anoccupied initial
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state. The same feature with the slightly different bind-
ing energy of 0.14 ( 0.04 eV was also measured in our
experiments for adsorbed p-FTP. These two states appear
not to have been commented on or even observed in any
prior theoretical or experimental work: in fact, recent
photon photoemission studies on thiol/Cu (or the closely
related Au system) have found the highest occupied
molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO) levels located at less than �1 eV
and greater than 1 eV from the Fermi level, respec-
tively.18,31,33,48�51 The additional distinctive characteristics
of the�0.15 eV state are, first, that it is a spatially localized
or very weakly dispersive state, as is shown via our
angular-resolved measurements; this behavior is in con-
trast with the strongly dispersive nature of the usual clean
Cu(111) surface state. Second its photoemission intensity
is found to rise and then decrease with coverage over the
rangeof 0�0.5ML, that is, at lowcoverage. Examinationof
the data shows the appearance of this state is clearly
associated with the deposition of TP on the surface, while
its disappearance occurs after ∼0.4�0.5 ML, that is, the
same coverage at which the TP begins to shift out of
its supine position. The binding energy of this TP state
(as well as, mutatis mutandis, its p-FTP analogue) is con-
stant within experimental error at 0.1�0.3 ML coverage
where this state is particularly prominent.

To identify this state, we consider two possible
origins of the feature, including (1) a chemisorbed
bond, which changes with surface phase or, more parti-
cularly, surface orientation or (2) a quantum-confined
Cu surface state.

The first possible origin is that the state for either TP
or p-FTP is a chemisorbed state that is quite apparent at
low coverage, that is, at less than 0.4�0.5 ML. This low
binding-energy state is not seen at coverage close to
1 ML (see Figure 2); a coverage which has been shown
via STM studies23 to be above that for which the
molecule assumes a vertical geometry. Thus, this
chemisorbed state would have to be identified with
the supine orientation of the benzene thiols. Further
note that no evidence of the state is seen at high, that
is,∼1ML, coverage since the only states measured are,
for TP, an unoccupied-state energy of 6.75 eV, and for
p-FTP, an unoccupied state at 8.65 eV (not shown, see
Supporting Information) for our data and data in ref 28,
as well as an occupied state at �1.4 eV. Of course one
must also consider if a change in surface phase, that
is, molecular orientation in our case, could shift the
binding energy of the 1.4 eV state to 0.16 eV
between low and high coverage. However, there
appears to have been no earlier examples of the
change in S-metal surface bond energy with ligand
orientation for thiols although there has been at
least tentative observation for thiophene.17 Moreover,
our experiments show clear evidence that the�0.15 eV
state originates from the Cu surface state rather than
chemisorbed states between the Cu and adsorbate

while the rise of the �0.15 eV state signal occurs
simultaneously with a reduction in the surface state
signal, whereas the three chemisorbed states just men-
tioned begin to show up after the �0.15 eV state
becomes undetectable. This observation is consistent
with the fact that �0.15 eV state was not observed in
UPS studies of TP/Cu(100) system, for which the
Shockley surface state is not present.18 We thus con-
clude that it is unlikely that the �0.15 eV states would
originate from any distinct, low-coverage, chemi-
sorbed bond.

A more likely and experimentally consistent origin
of the behavior of the�0.15 eV state and its behavior in
Figures 2, 4, and 6 lies in the effect of new adsorbate
molecules on the otherwise delocalized electron in the
Cu(111) sp surface state. Such surface impurities can
place lateral potential barriers throughout the surface,
which can lead to confinement of the normally delo-
calized surface-state electron, and thus alter its binding
energy. Such confinement shifts have been seen pre-
viously on surfaces having simple surface-structure-
confined Cu(111) surface electrons.52 For example, it is
well-known that on regularly stepped Cu(111), pre-
pared from a vicinal surface, binding-energy shifts in
surface electrons are seen due to confinement of the
electron by ∼10s of Angstrom-wide steps. Thus in
ref 52, Wang et al. showed that with a simple 1-dimen-
sional Kronig�Penneymodel, the surface-state energy
shifts upward (decreasing binding energy) by about
200 meV as the terrace length decreased from infinite
(flat surface) to∼7.4 Å due to electron confinement. In
addition, confinement effects have also been observed
in a striped phase of O/Cu(110).53

In addition, and perhaps more to the point, there
have been several prior studies of the confinement of
the Cu(111) surface-state electron in the presence of
adsorbate atoms or molecules. These studies include
early theoretical work by Hormandinger and Pendry,54

which developed a theoretical framework for adsorbate-
induced surface-state-electron localization. This theore-
tical treatment related the confinement shift to the
adsorbed-molecule-induced potential barriers. A more-
recent experimental study used angle-resolved photo-
emission spectroscopy (ARPES) to show that a small,
that is, 0.1 ML, addition of CO on the Cu(111) surface
caused a decrease in the binding energy by 0.15 eV.55 A
second study, using benzene on Cu(111) along with a
TPPE measurement, has shown a shift of the same
magnitude.39 Thus the shifts in these cases are typically
within 100s of meV of the original bare-surface binding
energy below the Fermi level, a magnitude close to the
values measured in our coverage-dependent photo-
emission data shown in Figure 2. Finally, a third very
relevant and elegant study used a 2Dmolecular surface
lattice formed by adsorption of dehydrogenated 4,9-
diaminoperylene-quinone-3,10-diimine onto a Cu(111)
surface to demonstrate that a lateral surface superlattice
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of the Cu surface electron could be formed.27 The
coupling within the superlattice was found to be weak
thus yielding well-defined quantum wells. ARPES mea-
surements showed a small electron dispersion and
backfolding by the Brillouin zone of the surface lattice.
The dispersion was fit by a near sinusoidal dispersion as
would be expectedby a periodic confinementpotential.

In our TP- and p-FTP-dosed surface, the most sub-
stantial surface-molecule interaction would be via the
S-metal bonding in adsorbate islands; in fact, some
experiments have suggested that the benzene ring
moieties are not in contact with the Cu surface23 and
thus would not present any substantial surface poten-
tial modulation. The S surface bond would be suffi-
ciently disruptive that it is likely to form a surface
barrier. In addition, these prior STM studies have shown
that regular arrays of p-FTP are imaged on low cover-
age surfaces at 80 K.23 In the case of TP-dosed surfaces,
the molecular surface ordering is not as regular; none-
theless, STM imaging does show persistent patterns of
centered hexagonal structures under closely related
conditions. Our TPPE measurements are consistent
with surface confinement by a regular array. Thus for
both molecules, clear evidence for backfolding is seen
in the angle-resolved measurement of the dispersion.
Given the more pronounced surface ordering seen in
p-FTP, it is not surprising that the adsorbate structure
causes a larger energetic shift and stronger localization
than does TP, as shown in Figure 4. Further note that
the unit cell of 0.18 Å�1 reported for p-FTP17 agrees well
with the backfolding wavenumber of 0.21 ( 0.03 Å�1

seen in our data in Figure 4.
Thus our observed TPPE data are supportive of con-

finement being the source of the�0.15 eV state for TP
and p-FTP. In particular, the fact that this spectral fea-
ture has the same spectral density as the unconfined

electron state is consistent with a simple fixed confine-
ment being the origin of this spectral feature. In addi-
tion, the fact that the new states showweak dispersion
with a folded zone, which for the case of p-FTP is
consistent with the known period, is also consistent
with state being strongly confined.

Finally we note that it appears surprising that there
is no signature of the final states, that is, those with
energies of 6.75 and 6.91 eV at low coverage, which are
only detected at exposures close to saturation; see
Figure 6. While we do not have a definitive explanation
of this observation, we note photoemission from mol-
ecules in a supine position or in a state of disorder
might be expected to have a different, including much
reduced, photoemission signature than those in an
upright position. Clearly this phenomenon will require
additional studies for a definitive answer.

CONCLUSIONS

The goal of our work has been to develop an under-
standing of how a low coverage of benzenethiols on
Cu(111) affects electronic structure of the molecule�
metal interface. Our first observation is that adsorption
alters the surface polarization of the interfacial layer.
Our results show that at low coverage the formation
of an adsorbate metal bond provides the dominant
source of polarization and as the coverage increases
the change in adsorbate geometry to an upright
geometry further shifts the surface dipole layer and
hence the surface polarization. In addition, our results
also show the importance of molecule-based surface
confinement of the Cu surface electrons in altering
their energetic location and dispersion of this surface
band. The Umklapp features measured are in accord
with earlier STM measurements of surface structure of
these two adsorbates.

EXPERIMENTAL SECTION
Our experiments use a high-purity (99.999% purity) single-

crystal Cu(111) sample of 1.2-cm diameter. The sample is placed
in a UHV chamber (<2 � 10�9 Torr) equipped with an ion-
sputtering gun, a low energy electron diffraction (LEED) instru-
ment, a quadrupole mass spectrometer, and a spherical-sector
electron-energy analyzer. The sample is prepared by Arþ-sput-
tering at 1.5 keV for 20min and subsequent annealing to 500 �C.
Each sample preparation cycle is repeated until sharp LEED
spots are observed. A UHV dosing system is used to prepare the
molecule/Cu interface with its nozzle located 5 cm from the
sample surface. A calibrated exposure of the surface is carried
out by filling a known volume in the doserwith a predetermined
pressure of the thiol species; this calibrated reservoir is then
opened to expose the sample. Thus all surface dosing is carried
out on a clean surface in UHV and at room temperature. Further,
surface exposure is carried out via additional dosing of the
previously dosed surface. After each experimental run of ∼10
doses the surface is again cleaned and prepared by sputter
annealing.
Our electronic structure and surface polarization experiments

make use of angle-resolved TPPE. To obtain high signal-to-noise
ratio while minimizing space-charge effects, our TPPE system

uses a tunable ultrafast optical parametric amplifier driven by
regeneratively amplified Ti:Sapphire laser pulses. The visible
output pulses are then frequency-doubled in a nonlinear crystal,
producing a train of wavelength-tunable UV, 90 fs pulses at
250 kHz repetition rate. The photon energies used ranged
from ∼3.6 to 4 eV. The laser was focused on the sample at a
typical maximum fluence of ∼10 μJ/cm2 and at a fixed inci-
dence angle of 70�.
Photoemitted electrons are collected using a spherical-sector

energy analyzer having a momentum resolution of δk|| =
0.03 Å�1 and the energy resolution set to ∼60 meV. The
detector was rotated about the fixed sample so as to collect
data along the MΓh Mdirection 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 resulting 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 themethoddescribed in a literature.26

To discriminate between occupied and unoccupied states
requires the measurement of a series of TPPE data, each with
different photon energy at normal emission angle and the same
surface properties. A comparison of the peak shift with photon
energy allows determination of the nature of state being
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examined. Thus for an occupied state, the peak shift is twice the
photon-energy difference. For an intermediate state, the peak
shift is equal to the photon-energy difference. For a final state,
which is above vacuum level, there is no shift with a change in
the photon energy. With regard to the angle-resolved capabil-
ity, the measured angle θ of the detector and the measured
kinetic energy Ek are related to the parallel momentum k ) of the
emitted electron via the well-known expression:

k ) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

2meEk
p

p
sinθ (3)

Note that a measurement of the dispersion curve of a specific
spectral feature is well-known to allow determination of the
degree of the localization of the state.
Finally we emphasize that our LEED observations of the bare

surface together with our occupied-state photoemission cap-
ability enable us to fully characterize our UHV prepared Cu
surface. In addition, our quadruple mass spectrometer (QMS)
capability also enables full characterization of the adsorbate
molecule prior to adsorption.
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