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Configuration-specific electronic structure of strongly interacting interfaces: TiOPc on Cu(110)
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We use low-temperature scanning tunneling microscopy in combination with angle-resolved ultraviolet and

two-photon photoemission spectroscopy to investigate the interfacial electronic structure of titanyl phthalocyanine
(TiOPc) on Cu(110). We show that the presence of two unique molecular adsorption configurations is crucial for
a molecular-level analysis of the hybridized interfacial electronic structure. Specifically, thermally induced self-
assembly exposes marked adsorbate-configuration-specific contributions to the interfacial electronic structure.
The results of this work demonstrate an avenue towards understanding and controlling interfacial electronic
structure in chemisorbed films even for the case of complex film structure.
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I. INTRODUCTION

Organic semiconductors have already found mainstream
use in modern optoelectronic devices such as organic pho-
tovoltaics [1], and stand poised to play a pivotal role in
next-generation nanoelectronic devices [2]. Molecules are well
suited for this role because their electronic eigenstates, and
thus functional properties, can be readily tailored by structural
modification via targeted synthesis. Molecular building blocks
also promise new bottom-up avenues for device engineering at
unprecedented length scales [3,4]. In devices, molecular ma-
terials serve, e.g., as the active layers in transducing elements
of photovoltaic cells and light-emitting diodes [5]. Given the
limited charge carrier mobility in molecular condensates [6],
the active layer must at some point be coupled to a good
electrical conductor. Interfacial energetics of these junctions
must then be tailored to facilitate charge flow into and out
of the device. A molecular-level understanding of interface
formation is key to tailoring the electronic properties at such
junctions. Hence, to harness the full potential of molecular
materials in electronic devices, nanoscale studies of organic
heterojunctions formed with metallic electrodes are of critical
importance.

Great strides in our understanding of metal-organic hetero-
junctions have given rise to working models describing energy-
level alignment regimes and interfacial electronic structure
[7-10]. Many of the proposed mechanisms underpinning
energy-level alignment have been corroborated by both exper-
iment and theory, at least in specific instances. In this context,
the modification of the metal surface dipole is particularly
relevant: [11,12]. This dipole, and therefore the work function,
typically decrease as a result of molecular adsorption. This
is due to a reduction in electron density “spill-out” from the
metal surface, known as the pushback or pillow effect [13]. The
result is a change in the electrostatic potential at the surface,
i.e., the interface dipole, which also shifts the energies of the
molecular levels. This simple picture describes the dominant
interaction in physisorbed systems, and typically increases the
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hole-injection barrier if not counteracted by additional surface
modifications [14]. For weakly chemisorbed interfaces, higher-
order effects influencing energy-level alignment may be
captured, e.g., by the induced density of interface states model
[15-17], or a general electrostatic density of states model [18].
Despite these advances for weakly bound heterojunctions,
the case of strongly interacting and chemisorbed interfacial
electronic structure remains a challenge both experimentally
and theoretically.

For this work, we define chemisorption as describing
systems where the electronic wave function of the adsorbed
molecule substantially hybridizes with that of the surface. This
strong hybridization dramatically alters interface energetics
and can lead to a wide range of phenomena including
significantly broadened molecular levels, charge transfer, new
interface states, new intermolecular interactions, and even
metallic molecular monolayers [19-23]. One consequence of
chemisorption is that such hybridized interfaces are frequently
especially difficult to characterize. For example, renormaliza-
tion and broadening of molecular levels complicates inter-
pretation of electronic structure measurements made in the
laboratory [24]; at the same time, correctly treating dispersive
interactions, fractional charge transfer, and disordered systems
are formidable obstacles in computation and theory [25,26].
Electronic structure measurements must be combined with
real-space structural information on atomic length scales, since
a precise understanding of the microscopic interfacial structure
is an essential ingredient if the principles at work in strongly
coupled systems are to be understood.

To this end, scanning probe microscopies have become im-
perative for investigating molecular interfaces. The scanning
tunneling microscope (STM) is especially well suited for prob-
ing the electronic effects of interface formation by combining
sub-angstrom spatial resolution with electronic structure in-
formation in the form of image contrast and tunneling spectra
[scanning tunneling spectroscopy (STS)], which has been used
to great effect in the case of a number of strongly interacting
organic semiconductor interfaces [27,28]. In conjunction with
photoemission, the complementary techniques can provide
even deeper and crucial insight into the forces driving the
electronic structure of interfacial systems [29].

©2017 American Physical Society
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FIG. 1. (a) Surface-normal UPS spectra for clean Cu(110) (black) and 0.5-ML TiOPc (blue). Blue windows indicate spectral regions with
molecular DOS, and the brown window indicates the spectral region for emission from Cu d bands. The energy scale is referenced to the Fermi
level (binding energy E-Ef). See Fig. 5(c) for a close-up of the frontier orbital region. (b) STM image of 0.5-ML TiOPc on Cu(110) (Sample

bias Vg = 5mV; tunneling current /7 = 0.20nA).

To further our understanding of strongly coupled and
complex systems, we present here the study of a prototypical
chemisorbed interface where unique interactions of two
unique adsorbate configurations are used to disentangle the
interfacial electronic structure in configuration-specific detail.
We investigate room temperature grown thin films of TiOPc
on Cu(110) by low-temperature STM and angle-resolved
photoemission spectroscopy. We then initiate self-assembly to
alter the adsorption environment primarily for one adsorbate
configuration. This allows us to elucidate changes in the
interfacial density of states (DOS), and to identify differences
in surface-molecule coupling for different molecular config-
urations. Our work demonstrates how such an approach is
useful to develop a tractable framework for understanding and
controlling chemisorbed interfacial electronic structure even
for complex adsorbate systems.

II. METHODS

Cu(110) was cleaned by repeated cycles of Art sputtering
(1-2keV,5—-10 nA/ cm?) and annealing (850 K). Cleanliness
of the bare surface was verified directly in STM images or by
the work function in ultraviolet photoemission spectroscopy
(UPS). TiOPc (Sigma-Aldrich, 95%) was triply resublimated
in a custom-built vacuum furnace (5 x 10~ Torr). Thin
films of TiOPc were evaporated onto room temperature
Cu(110) using a home-built, water-cooled Knudsen source
in a sample preparation chamber (base pressure <1 x 107°
Torr). Film growth, at a typical rate of 0.1 monolayer/min,
was monitored by a quartz crystal microbalance and calibrated
with STM. Film thickness is reported as a fraction of a
hypothetical closed monolayer (ML) and corresponds to the
percentage of substrate surface area covered (1 ML =~ 4.44 x
10"3 molecules/cm?).

In STM experiments, the sample was transferred to the
imaging chamber (pressure <10~!'' Torr) immediately fol-

lowing surface preparation, and held at room temperature
for 2 min before rapid quenching to 77 K and continued
cooling to 5 K. All STM images shown were acquired at
5 K using an electrochemically etched tungsten tip in constant
current mode. Microscope control and image processing were
performed using the GXSM software package [30]. In photoe-
mission experiments (analysis chamber pressure <10~1° Torr),
all spectra shown were collected at room temperature with the
emission angle normal to the surface. Photon sources include
an unpolarized Scientific Instruments UVS 200 He lamp,
and a Spectra-Physics Tsunami 80 MHz Ti:sapphire laser,
frequency doubled to output 80-fs pulses centered at 373 nm.
Analyzer resolution is approximately 70 meV as determined by
Fermi-level broadening of the clean Cu(110) surface. Sample
temperature during film annealing was monitored proximally
via a thermocouple attached to the button heater or directly
on the crystal surface via an infrared pyrometer for STM and
photoemission experiments, respectively. Gas phase density
functional theory (DFT) calculations were performed in GAUS-
S1AN09 with the B3LYP hybrid functional and a 6-31G basis set.

III. RESULTS

The surface-normal UPS spectrum for clean Cu(110) is
given in Fig. 1(a) (black line). Two sets of sharp emission
features between —2 and —5 eV binding energy (BE) mark
direct transitions from the d-band DOS with ¥ symmetry
[31-34]. The intensity ratio of the highest peaks in each set
(~5 : 1) along with a work function of ¢ = 4.5(1) eV demon-
strates the surface cleanliness prior to molecular adsorption
[35]. Two more features near Ey are satellite He I8 emission
from the intense Cu d bands. Overlaid is the spectrum of 0.5
ML TiOPc grown on room temperature Cu(110) [blue line; see
Fig. 5(c) for a close-up of the frontier orbital region]. Relative
to bare Cu(110), the molecular interface shows a work function
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TABLE 1. DFT molecular orbital character.

Region Orbital symmetry Titanium character Oxygen character

M1 o Low None
M2 o Moderate Low-moderate
M3 b4 High-low mix High-low mix

drop of ~0.3 eV, consistent with pushback. The ratio of the
d-band features decreases and the widths of the peaks broaden
due to scattering by the adsorbates. Already at this coverage,
small contributions to the photoemission intensity from the
molecular DOS develop below the Cu features in the regions
labeled M1-M3. A very slight increase in intensity is also ob-
served in the region near Er (labeled FO, frontier orbitals) but
is somewhat obscured by the He 18 satellite emission peaks.

We include calculated gas phase density functional theory
(DFT) molecular orbitals below the spectrum to provide an
approximate broad indication of the predominant identity of
the molecular DOS regions discussed throughout the text.
Table I provides a summary of the typical orbital character
in each region: Region M1 contains deeper-lying molecular
orbitals with mainly o symmetry (electron density in the
heterocycle plane), mostly without Ti character, and no density
on the O atom. Region M2 is composed of the orbitals lying
just below the Cu d bands with again mainly o symmetry
and moderate Ti-O character. We associate region M3 with
molecular orbitals that have predominantly m symmetry
(electron density out of the heterocycle plane), some with
high and some with low Ti-O character. The simple gas
phase calculations are intended to serve as a coarse guide
to the spectrum. A full treatment of the molecular character in
regions M1-M3 would require proper inclusion of interfacial
exchange-correlation effects and of the quasiparticle levels
truly probed in the experiment, which is beyond the scope of
the present work.

A constant current STM image of the 0.5-ML film is shown
in Fig. 1(b). The STM image captures two unique molecular
adsorption configurations and their predominant adsorption
environments. Because TiOPc lacks inversion symmetry, two
general adsorption configurations are realized, depending on
the orientation of the titanyl moiety (Fig. 2). As detailed
in prior work, the species with a central feature of bright
contrast is assigned to the configuration with the oxygen atom
directed toward the surface (“O-down”) [36]. This assignment
is supported by asymmetry in the molecule, in terms of both
interlobe distances and apparent lobe heights, which reflect
a tilted molecular geometry on the surface. Conversely, the
fourfold symmetric species with no central feature reflects a
flat adsorption geometry on the surface and is assigned to
the “O-up” configuration [36]. The two configurations have
different dipole orientations and orbital overlap with the sur-
face, and are thus subject to unique configuration-dependent
interfacial interactions. For example, dispersive interactions
with the ligand favor adsorption coplanar with the surface and
at terrace sites for “O-up” adsorbates [Fig. 1(b)]. Meanwhile,
electrostatic interactions between the charge distributions of
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FIG. 2. TiOPc adsorption configurations. Molecules with the
oxygen atom directed toward the surface are labeled “O-down” while
those with the oxygen atom directed away from the surface are labeled
“O-up.” STM image taken from Fig. 1. Molecular structure models
visualized in Avogadro [58].

the molecule and the step edge play a more prominent role
in “O-down” adsorbates and lead to preferential adsorption at
these sites [36].

Figure 3(a) gives the UPS spectrum for a 1-ML film as
grown on the room temperature substrate [see Fig. 5(c) for
a close-up of the frontier orbital region]. The adsorption of
additional molecules enhances pushback to further decrease
the work function to ¢y, &~ 4.1 eV for a total change of
A@ugs &~ —400 meV compared to bare Cu(110). As bare
surface features give way to molecular features, clusters in
the molecular DOS become readily distinguishable, separating
near binding energies of —5.2 and —7.8 eV. At this coverage,
two peaks are resolved in the frontier orbital region at approx-
imately —1.5 and —0.15 eV binding energy, respectively [see
Fig. 5(c) below for a close-up of this spectral region]. We assign
these two features to the highest occupied molecular orbital
(HOMO) and the partially filled lowest unoccupied molecular
orbital (LUMO) of TiOPc. This assignment is consistent with
the observation of a partially filled former LUMO ( f-LUMO)
of TiOPc on Ag(100) and Ag(111). An f-LUMO is expected
on Cu(110) as well since this surface is both more reactive and
has a lower work function (~200 meV) relative to Ag(111).
Each of these factors shifts the LUMO further below E g, thus
supporting our assignment [24,37-39]. The accompanying
STM image [Fig. 3(b)] shows amorphous film growth for
a surface coverage near 1 ML, which is corroborated in
angle-resolved UPS by the fact that all molecular features
are nondispersive [40]. Interspersed in the amorphous film are
small aggregates of primarily “O-down” molecules (regions
of bright contrast on the terrace) which are decorating small
islands of Cu adatoms [36].

The heterogeneous nature of the as-grown film seemingly
complicates a detailed interpretation of interfacial energetics,
because each molecular configuration contributes to the
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FIG. 3. (a) Surface-normal UPS spectra for clean Cu(110) (black) and 1-ML TiOPc (blue). See Fig. 5(c) for a close-up of the frontier
orbital region. (b) STM image of near 1-ML TiOPc on Cu(110) (Vs = 10 mV, Iy = 0.10 nA).

measured DOS in potentially nontrivial ways. We show here,
however, that the existence of two adsorption configurations
provides instead a handle for tuning the physical and electronic
structure of the system, from which a deeper understanding of
interfacial energetics is obtained. A dramatic thermally driven
surface coarsening was demonstrated for several members of
the Pc family on Cu(110) [41], and we showed previously that
for TiOPc, this involves a configuration-selective process of
cooperative self-assembly between Cu adatoms and “O-down”
molecules (Fig. 4) [36]. Insight from this configuration-
specific process is key to understanding the electronic structure
transformation that accompanies surface texturing.

(@)

Figure 5(a) gives comparison photoemission spectra for
1-ML TiOPc thin films before and after self-assembly. The
work function change, relative to bare Cu(110), for the
surface textured by self-assembly is Agpss ~ —260 meV,
indicating that the work function rises by ~140 meV from
the as-deposited film. Furthermore, self-assembly causes a
significant decrease in photoemission intensity in regions M1
and M2. A decrease is observed also in region M3; however,
the spectral profile remains largely intact. Figures 5(b) and
5(c) are photoemission spectra taken with a restricted analyzer
acceptance angle (+1.5°) to improve resolution and to remove
Cu contributions away from T'. The spectrum in Fig. 5(b)

(b)

N -
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FIG. 4. (a) Room temperature grown film of near 1-ML TiOPc (Vg = 50 mV, Iy = 0.10 nA). (b) The same film after UHV annealing to
190 °C (Vs = 10 mV, Iy = 0.10 nA). The surface is coarsened by cooperative self-assembly of TiOPc with Cu adatoms.
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FIG. 5. (a) Survey ultraviolet photoemission spectra for 1-ML TiOPc on Cu(110) before (blue) and after (red) self-assembly (Vs = —5 V).
(b) High-resolution spectra for the M1-M3 molecular regions. Features in M1 and M2 change significantly upon self-assembly, while those
in region M3 largely retain their original profile. (c) High-resolution spectra for the frontier orbital region near Er. In (b,c), the spectra were
taken with a restricted analyzer acceptance angle of +1.5° and Vs = -3 V.

makes the intensity changes in region M1, and especially M2,
particularly clear, and shows that the dip in intensity between
the two regions is significantly weaker.

Changes to the frontier orbitals are also visible in the UPS
data. Figure 5(c) shows an intensity decrease in both the
HOMO and f-LUMO following self-assembly. We studied this
region in more detail by supplementing UPS with two-photon
photoemission (2PPE) to take advantage of larger apparent
cross sections for hybrid interface states in 2PPE [42,43].
Furthermore, the linearly polarized excitation source in 2PPE
reduces background contributions by decreasing the number of
symmetry-allowed transitions for photoemission from the Cu
surface [31]. While scanning tunneling spectroscopy (STS)
is well established for locally probing frontier orbitals and
interface states in adsorbate systems, we showed previously
that molecular features in STS of TiOPc on Cu(110) are
obscured by broadening from hybridization with the surface
[44]. Thus we concentrate on the photoemission results to
understand the chemisorptive environment in more detail.
Figure 6 shows 2PPE spectra for a 0.87-ML film before
and after thermal annealing (E in the 'K LU plane and p
polarized to the sample surface). We use a photon energy of
3.3 eV to probe just deep enough into the occupied manifold
to investigate the frontier orbital features, while avoiding
one-photon induced photoemission. At this photon energy, the
number and energies of the observed features are consistent
with UPS, demonstrating that no intermediate states were
probed. Since we are therefore only considering occupied

states, we are thus able to continue to use the binding energy
scale also used in UPS [45]. The enhancement in hybrid
interface states relative to the unstructured photoemission
background from Cu(110) is indeed marked in 2PPE and,
importantly, facilitates a quantitative analysis of the observed
changes (Fig. 6).

From STM it is known that the two molecular configura-
tions couple differently to the surface and have unique dipole
orientations [36,44]. Each configuration is therefore expected
to present a different electronic structure. The f-LUMO region
thus consists at least of two contributions, each associated with
one specific molecular configuration, and clearly visible in
the strongly asymmetric spectroscopic f-LUMO feature. This
yields a minimal model where we neglect a potential lifting
of the LUMO degeneracy [44], which would lead to further
fine structure in the f-LUMO region that is not resolved
in the data (Fig. 6) [46]. We thus fit the f-LUMO region
using two Gaussian functions, each modified by a Fermi-Dirac
distribution f(E), to capture the f-LUMO for each adsorption
configuration located near Ef:

1E) = Ao ™ £(E), (1)

The spectral background is derived from a bare Cu(110)
spectrum and can be treated as a nearly constant contribution,
e.g., from the non-k-conserving Cu s,p-band transitions
below Er [35]. Multiplication by the Fermi-Dirac distribution
adequately captures the spectral envelope of partially occupied
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FIG. 6. (a) 2PPE spectra for 0.87-ML TiOPc on Cu(110) before (blue) and after (red) thermal annealing and self-assembly. Analyzer
acceptance angle = £1.5° and Vg = —1.2 V. (b) Fit of the f-LUMO region before self-assembly with two Gaussians modified by Fermi-Dirac
functions (thick lines). The full Gaussian DOS extending into the unoccupied region is also shown (thin lines). The background is derived
from clean Cu(110) data (gray) and the model sum is shown by the shaded area. (c) Fit of the f-LUMO region after self-assembly, as

in (b).

molecular states, as observed also at other metal/organic inter-
faces [22,24,47]. Both the background and f(E) parameters
were determined on bare Cu(110) and constrained perma-
nently, leaving six adjustable parameters to fit the data (ampli-
tude, width, and center for each Gaussian). Our configuration
assignments of each feature are described in the next section.

In this minimal model, the f-LUMO contributions from
both configurations are strongly overlapping and extend
potentially beyond Er. The latter point is supported by the
fact that the spectral shape at Ef is effectively captured by
Eq. (1). An unconstrained fit with two Gaussians establishes
the important fact that both features shift toward lower
binding energy upon SA. The unconstrained fit is, however,
unsatisfactory for two reasons: (i) strong correlation between
parameters, and (ii) unphysical peak amplitudes and widths,
corresponding to drastically different number densities for the
two molecular configurations on the surface. This is at variance
with the STM results (Fig. 4, and discussed in more detail
below) which demonstrate clearly that “O-up” and “O-down”
are present in close to a 1:1 ratio, and might instead imply that
photoemission yields differ by more than a factor of 5 between
the two configurations. This is, however, unlikely, because the
STM data show that prior to SA “O-down” molecules adsorbed
on terraces are tilted only by a rather small amount. Selection
rules and photoemission cross section are thus expected to be
similar for both configurations prior to SA [48].

These findings enable us to constrain the spectral de-
composition in a global fitting routine involving both the
spectra before and after SA to enable a robust analysis of
the f-LUMO feature. Since neither adsorption geometry nor
surface density of “O-up” molecules changes during SA, we
fix all parameters except the peak center for this configuration.
Furthermore, for the as-grown film we constrain the integrated
intensity from the full Gaussian band profile for both “O-up”
and “O-down” features to be comparable (within a factor of
1.65), reflecting their similar photoemission cross section and
orientation relative to the surface normal.

This procedure reveals that before annealing, the lower-
binding-energy f-LUMO peak [colored light blue in Fig. 6(b)
and assigned to “O-up” TiOPc as discussed below] is centered
at a binding energy E, = —90(10) meV, i.e., below Er, with
a full width at half maximum (FWHM) of 595(22) meV. The
higher-binding-energy f-LUMO [colored green in Fig. 6(b)
and assigned to “O-down” TiOPc] is centered at E, =
—149(4) meV with a FWHM of 337(8) meV. Following
the annealing step, the “O-up” f-LUMO shifts to E, =
—34(5) meV [FWHM 595(22) meV], and the “O-down”
f-LUMO shifts to E, = +60(20) meV (above Er) with
FWHM = 380(32) meV. We emphasize that under the chosen
assumptions these results are robust and only minimally
correlated. The strong similarity between the photoemission
spectra in Figs. 5(c) and 6(a) (different photon energies and
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coverages) also demonstrate that our findings are robust with
respect to film coverage within the range that cooperative
self-assembly is observed. We discuss the implications of these
findings in the next section.

IV. DISCUSSION

To better understand the forces that shape the interfacial
electronic structure, we apply insight from the nanoscale
imaging to help interpret the photoemission data. We begin
by summarizing the key observations from both experimental
approaches, each of which confirms a strong chemisorption
regime for this system: (i) In STM, we observe just a
few molecular registries with the Cu(110) lattice for each
configuration, one registry for “O-up” and two equivalent
registries for “O-down,” indicating a small set of dominant
interactions with the surface, likely between a small group
of atoms in the molecule and on the surface [Figs. 1(b) and
3(b)] [36]. (ii) In photoemission, molecular orbital energies
do not simply track the change in work function [Figs. 1(a),
3(a), and 6)]. Together these observations point to significant
surface-molecule coupling and a strongly hybridized inter-
facial electronic structure. We show that despite the strong
hybridization the electronic structure can be parsed because
of the existence of the two distinct molecular adsorption
configurations.

Before we discuss specific spectral features, we start with
collective contributions to the surface work function at higher
surface coverages. The molecular-level structural detail of the
TiOPc/Cu(110) interface shown in Fig. 3(b) reveals that the
global work function, measured by the secondary cutoff in
UPS, stems in part from a complex mixture of electrostatic
contributions [49]. From the STM data we know that step
edges are fully saturated, predominantly by “O-down” TiOPc
molecules, with appreciable populations of both molecular
configurations and individual Cu adatoms distributed across
the terraces [Figs. 3(b) and 4(a)]. Each molecular configuration
possesses an intrinsic dipole moment, contributes a certain
degree of pushback, hybridizes with the surface to a different
extent, and induces image charges within the metal [9].
Furthermore, electron density smoothing near Cu adatoms
and step edges also alters the local charge distribution, and
all of these local environments contribute to the electrostatic
potential at the surface, V(x,y,z) [S0]. The cartoon in Fig. 7(a)
portrays a sample of adsorbate and defect components that
contribute locally to the electrostatic potential, indicated at
some specific height z above the surface [9,51]. Taken together,
these local factors determine the globally averaged barrier
to electron escape from the surface, i.e., the work function
measured in UPS. The net result of molecular adsorption is a
decrease of the work function through a balance of pushback
and step-edge saturation.

The established interface dipole and HOMO-LUMO gap
renormalization results in LUMO DOS tailing below Ep
[Figs. 6(a) and 8(b)], and enables partial electron transfer to
the molecule [Figs. 5(c) and 6(b)]. Again, a partially filled
f-LUMO for TiOPc on Cu(110) is expected given reports
of an f-LUMO for TiOPc and CuPc on Ag(111) [37], and
other phthalocyanines on Cu(110) [52]. Charge flow out of the
surface and into the molecule counteracts pushback effects,
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FIG. 7. Cartoon of local contributions to the electrostatic poten-
tial above the surface, V(x,y,z), in a simplified point dipole picture.
A cut through V(x,y,z) at constant coordinate y and constant height
z is shown above each cartoon, and associated image dipoles are
shown beneath the surface. (a) Before self-assembly, free “O-down”
molecules show an apparent height of ~0.9 Ain STM images. (b) In
self-assembly, adatoms coordinate with “O-down” molecules to form
nanoribbons and reorient the “O-down” dipole moment. “O-down”
molecules in these nanoribbons show an apparent height of ~2.0 A.

and equilibrium is reached at Ag,gs = —400 meV for 1-ML
coverage. The resulting f-LUMO feature of the as-deposited
film is centered just below Ep (Figs. 6 and 8). We note that
with the HOMO located at E, =~ 1.5 eV, the HOMO-LUMO
gap has renormalized to ~1.4 eV.

Upon annealing, cooperative self-assembly gives rise to
arrays of elongated Cu islands decorated almost entirely
with adsorbed “O-down” TiOPc (Fig. 4). The ~140-meV
increase [A Ag, Fig. 8(c)] of the global work function ensuing
self-assembly (Ags4) cannot be explained by patterning of
the surface with Cu islands: An increase in steps edges
should decrease the work function, contrary to our observation.
Instead, Aggsy likely results primarily from the reorientation
of free “O-down” TiOPc dipoles once adsorbed at step edges
as part of the nanoribbon. Changes in apparent height and
image contrast of “O-down” molecules show that these dipoles
are directed further from surface normal after self-assembly
(Figs. 4 and 7). Both the considerable dipole moment for
TiOPc (3.7 D calculated in the gas phase), which persists in
large measure following adsorption [53], and the efficiency of
self-assembly in reorienting nearly all “O-down” molecules
[Fig. 4(b)] support molecular orientation as a key factor in the
observed work function increase.

Self-assembly predominantly alters the local electronic
environments of “O-down” TiOPc molecules, which have
moved from terrace sites to the step edges of Cu adatom
islands [Fig. 7(b)]. The fits in Fig. 6 capture the local electronic
environment by resolving the f-LUMO feature into two peaks,
one for each molecular configuration. The binding energy of
each peak indicates transfer of at least one full electron into the
f-LUMO for both configurations. This is corroborated by a
recent study of the Kondo effect in this system that proves
the existence of an unpaired spin in TiOPc adsorbates on
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FIG. 8. (a) Energy-level diagram for Cu(110) and free TiOPc. (b) Upon adsorption, the work function change and energy renormalization
bring the LUMO DOS below Ef (f-LUMO). (c) After configuration-selective self-assembly, the f-LUMO DOS for “O-down” TiOPc shifts

above E while the f-LUMO DOS for “O-up” changes only slightly.

Cu(110) [44]. Since STM shows that the molecular structure
remains intact regardless of adsorption site, we may assign the
two f-LUMO peaks to the individual configurations in the as-
grown film as follows: The smaller binding energy and broader
f-LUMO is assigned to the “O-up” configuration due to
stronger coupling of the “O-up” TiOPc 7 system to the surface.
This increases screening of the photohole and broadens the
DOS, despite a dipole orientation that would otherwise favor
a shift to larger binding energies [54]. The frontier orbitals
are dominated by the conjugated 7 system of the heterocycle,
and the overlap with the surface electronic wave function is
thus more extensive in “O-up” adsorbates [38]. The narrower,
higher-binding-energy f-LUMO is assigned to “O-down”
TiOPc, consistent with this interpretation: Less surface wave-
function overlap reduces broadening of the f-LUMO DOS
and decreases photohole screening in “O-down” adsorbates,
resulting in a larger ionization energy. We will show below
that this interpretation is supported by all our findings.

Upon self-assembly, the combined f-LUMO DOS shifts
to lower binding energy, following the direction of Aggq;
remarkably, though, the individual f-LUMO components do
not track the global work function change quantitatively.
Together with an apparent change in the combined peak shape,
this is indicative of two distinct molecular populations whose
ionization energies respond differently to the film transfor-
mation during self-assembly. The “O-down” f-LUMO peak
shifts by ~ 4 205 meV into the unoccupied manifold above
Ep, while the “O-up” f-LUMO shifts toward Er by only
~ + 50 meV [Fig. 8(c)]. The observed energy shifts clearly
indicate that self-assembly alters the electronic structure of
each molecular configuration to very different degrees. The
local environment of “O-up” TiOPc is affected only by the
proximity of nanoribbons (Figs. 4 and 7), changing the “O-up”
electronic structure only minimally, as borne out by the robust
fit. In contrast, the larger energy shift for the “O-down”
f-LUMO reflects the new local electronic environment for

molecules in the nanoribbons [Fig. 7(b)]: Interface dipole
effects and altered surface-molecule coupling decrease the
f-LUMO ionization energy and broaden the f-LUMO DOS.
In summary, different local electronic environments account
for the observed changes in f-LUMO binding energies for
both configurations before and after self-assembly.

The spectra in Figs. 5 and 6 show that the HOMO (1.5-eV
binding energy) exhibits similar changes during self-assembly
by shifting toward Er and losing intensity. Due to a low
spectral density and the substantial tail of the Cu d band,
the HOMO feature becomes nearly indistinguishable from the
background in Fig. 5(a), precluding a configuration-specific
analysis. The qualitative observation of how self-assembly
alters the collective HOMO hybridization with the surface
is, however, in agreement with the findings for the f-LUMO
region. In all, our central finding is that the two adsorption con-
figurations lead to unique surface-molecule coupling regimes
that give controllable energy-level alignment in the frontier
orbitals by thermally induced self-assembly.

Interpreting the chemisorbed electronic structure in detail
is not limited to the frontier orbitals. Figure 5(b) shows that
deeper levels also evolve to reflect the change in electrostatic
potential and interfacial electronic interactions that accompany
self-assembly, with an especially pronounced modification to
the DOS in regions M1 and M2. As demonstrated above,
self-assembly drastically alters the adsorption environment
and surface coupling primarily for “O-down” TiOPc, and
we can therefore attribute changes in regions M1 and M2
specifically and primarily to this adsorption configuration.
Moving to a step edge upon nanoribbon formation redis-
tributes the photoemission intensity in these energy regions
by changing the interaction with the surface, distorting the
molecule, or altering the photoemission cross section. For
these same reasons, transitions leading to the features in region
M3 are dominated by “O-up” TiOPc, since these molecules
remain essentially unaltered following self-assembly. This
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is again supported by the gas phase electronic structure
calculations: If originating from “O-down” molecules, the
Ti and O character of many orbitals in M3 would render
these features extremely sensitive to the changing adsorption
environments, which is not observed. Changing interfacial
electronic structure well below the frontier orbitals introduces
one final point: Hybridization with the surface occurs not only
near Ep, but also for lower-energy states. These lower-lying
orbitals are often overlooked, but may provide a pathway for
charge backdonation to offset the extent of charge transfer
accompanying f-LUMO formation [55,56].

V. CONCLUSIONS

While configuration-specific aspects of photoemission have
been inferred in studies of weakly interacting surfaces [57],
this work demonstrates a remarkable instance where the
chemisorbed interfacial electronic structure can be uncovered
at a fundamental level on the basis of two simultaneous yet
chemically different adsorbate configurations. In analyzing
the TiOPc/Cu(110) interface, we have shown that these
two distinct molecular adsorption configurations contribute
independently to the interfacial electronic structure. Dissecting
these contributions is achieved by considering the local ad-
sorption environments, coupling regimes, and interactions of
individual molecules while thermally restructuring the surface.
Furthermore, our emphasis on characterizing the nature of the
surface-molecule interactions highlights an important mode of
control over interfacial energetics, i.e., finding structural motifs
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that can drive energy-level alignment in strongly chemisorbed
systems.

To summarize our overall findings, we show that a strongly
interacting interface with complex film structure can be
readily understood through the presence of two discrete
molecular adsorption configurations. Interfacial interactions
unique to each configuration offer control over configuration-
selective surface processes that tune the electronic structure
in molecular subsets, and their contrast illuminates the origin
and importance of various competing interactions. We have
thus developed an improved understanding of the interfacial
electronic structure at a complex chemisorption interface over
an extended energy scale. This comprehensive interpretation
of chemisorbed interfacial electronic structure provides more
ground on which to compare the results of theory with
experiment to ultimately improve our understanding of such
strongly interacting systems.
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