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ABSTRACT

While it is becoming apparent that organic semiconductor / metal interfaces may exhibit
a variety of different structural phases, it is at present unclear to what extent these different thin
film structures determine the interfacial electronic structure. Here, we observe large changes in
the interfacial electronic structure for the case of copper(Il) phthalocyanine (CuPc) on Cu(110)-
O(2x1). This striking evolution of the interfacial electronic structure occurs beyond the first
monolayer of CuPc and is particularly evident in the frontier orbital region. Using scanning
tunneling microscopy in conjunction with photoemission spectroscopy, we characterize ultrathin
films of CuPc grown on oxygen reconstructed Cu(110). We propose that the observed unique
changes to the electronic structure result from an abrupt transition in film structure between the
first and second layers: An interface layer of ordered, face-on molecules templates a largely
vertical, edge-on orientation of molecules in the subsequent layer. The quadrupole moment of
the molecule accounts for the sizeable and unusual change in ionization energy between
molecules in the two layers. Our results demonstrate that the precise structure of the organic
semiconductor film exerts an important role in determining the interfacial electronic structure
that must be considered and may be harnessed for tailoring energy level alignment at such

interfaces.



I. INTRODUCTION

A central motivation for studying organic semiconductors and their interfaces is the
desire to discover new materials and materials combinations that improve on functionality,
power, and efficiency of modern electronic devices.' > The field has advanced rapidly in recent
years and, as a result, molecular-based devices are starting to be competitive with traditional
semiconductor devices in commercial optoelectronic applications such as e.g., photovoltaic and
visual display technologies.® Organic semiconductors also hold additional value as promising
components in next-generation device applications where shrinking device scale,

biocompatibility, and mechanical flexibility are primary objectives.

Central to efforts for tailoring device properties has been the recognition that the
interfaces between the organic semiconductor and e.g. the metal contacts may determine to a
large measure overall device function and efficiency. As the result of advances made both in
experiment and theory, there are by now a range of models that offer a certain level of
explanatory power of the electronic structure of specific types of interfaces.” '’ Molecular self-
assembly and the structure of the organic semiconductor film is implicitly and sometimes
explicitly a key ingredient in all of these models. This is important, since organic thin films may
exhibit a plethora of different phases and structures over often a small temperature and coverage
range, and one may expect as a result different interfacial electronic structures associated with
each thin film phase.'"" The scientific challenge derives then from a need to understand how
these different thin film structures influence the interfacial electronic structure, and in turn to
what extent thin film structure may be ultimately tailored to enhance desirable device properties.
Clearly, a combination of methods that provide structure and energy levels is necessary to

achieve this goal.



Some insight into this question may be gained from varying the nature of the organic
semiconductor,'* the substrate crystal face on which the film is grown," or from introducing
interlayers.'®'” These methods draw strength from the rich diversity of available molecular
platforms and the specific interactions with distinct surfaces, but require a comparison across
inherently different interfaces. In contrast, structural transitions and associated control of the
interfacial electronic structure for a single organic / metal interface are much rarer,"'">'* but
offer an important and internally consistent step towards a deeper understanding of the forces
that control interfacial electronic structure and energy level alignment. This has the advantage of
observing molecular-level structural changes while preserving both the bulk metallic electronic

structure and the chemical nature of the molecular film.

Here, we study the CuPc / Cu(110)-(2x1)O interface as an example of a system where a
surprisingly large change in the interfacial electronic structure is observed near a coverage of 1
monolayer. Based on a combination of scanning tunneling microscopy (STM) and angle-
resolved photoemission spectroscopy (ARPES), we attribute this change to a structural transition
from flat-lying, face-on CuPc molecules to a standing, edge-on molecular orientation at
coverages beyond the first monolayer. This structural richness is in contrast to CuPc on Cu(110)
and most organic / metal interfaces, where face-on growth over some monolayers with eventual

adoption of the bulk organic crystal structure is the norm.'®'"!

It is enabled by diminishing
surface-molecule interactions mediated by oxygen chemisorption on Cu(110). The fact that such
a structural transition is observed within a single organic / metal interfacial system permits us to
interpret the large changes in the interfacial electronic structure based on simple electrostatic

arguments and provides an avenue for realizing large energy level offsets at organic

semiconductor interfaces.



II. METHODS

Copper Phthalocyanine (CuPc, Sigma-Aldrich / 95%) was purified by triple sublimation
in a custom-built vacuum furnace (5x107 torr). The Cu(110) crystal (Princeton Scientific) was
cleaned by repeated cycles of Ar’ sputtering (1-2 keV, 5-10 pA/cm?) and annealing (850 K).
Cleanliness was verified directly in STM images or by the work function (® = 4.6(1) eV) in
ultraviolet photoemission spectroscopy (UPS). The Cu(110)-(2x1)O surface was prepared by
backfilling the vacuum chamber with O, at low pressure (p~3.0x10™ torr) to ensure growth of
the (2x1) reconstruction. Exposures are expressed in Langmuirs (1L = 10~ %torr - s). Thin-films
of CuPc were evaporated onto room temperature Cu(110)-(2x1)O using a home-built, water-
cooled Knudsen source in a sample preparation chamber (base pressure of < 1x10™ torr). Films
were grown at a typical rate of 0.1 monolayer/min, as monitored by quartz crystal microbalance.
Film thickness is reported as a fraction of a hypothetical closed monolayer (ML) of face-on

molecules (1 ML =~ 4.44x10"* molecules/cm?) and referred to as nominal thickness.

For STM, the sample was transferred to the imaging chamber (pressure < 107! torr)
immediately following sample preparation, where it remained at room temperature for 2 min
before rapid quenching to 77 K and continued cooling to 5 K. All STM images were acquired at
5 K with the instrument in constant current mode. The Ptlr tip was formed by electrochemical
etching and further shaped with a focused ion beam. Microscope control and image processing
were performed using the GXSM software package.”> All photoemission experiments (analysis
chamber pressure < 107'° torr) were performed at room temperature with an unpolarized
Scientific Instruments UVS 200 He lamp. The energy resolution of the analyzer is approximately
70 meV as determined by Fermi level broadening of the clean surface. Work functions were

determined from spectra taken with a -5 V bias to facilitate analysis of the secondary cutoff edge.



For angle-resolved experiments (ARPES), the bias was reduced to -3 V and the electron
acceptance angle narrowed to +1.5°. Crystal azimuthal orientation with respect to the surface
Brillioun zone was determined using low energy electron diffraction (LEED) with an estimated

angle accuracy of +5°.

ITI. RESULTS

A. Interfacial electronic structure

Normal emission UPS data for nominal coverages of CuPc on oxidized Cu(110) are
shown in Figure 1. Prior to molecular deposition, the surface was prepared by exposure of clean
Cu(110) to ~24 L O, at 100 °C. This procedure results in a surface fully saturated with the

2324 Molecular contributions to the

oxygen-induced p(2x1) reconstruction (Cu(110)-(2x1)0).
electronic density of states (DOS) are evident with increasing nominal CuPc coverage in the
spectral sequence of Figure la: Data for thicker films show very clearly the emergence of
molecular features in several regions below the intense Cu(110) d-bands and near the Fermi level
(Er) at binding energies (Er — E) of around -1 eV. The system does not exhibit any distinct
molecular feature at Ep, which would have indicated interfacial charge-transfer, and is
commonly encountered in strongly hybridized interfaces.'”*>*’ The accompanying work
function changes, A®, are also shown in Figure la (inset), plotted relative to pristine Cu(110)-
(2x1)O (@ = 4.9(1) eV). The work function decreases monotonically with increasing coverage
to give A® = —0.54 eV at a nominal film thickness of 4 ML. For the first monolayer of CuPc,

A® of ~-0.32 eV is comparable to titanyl phthalocyanine on bare Cu(110),%® indicating that

pushback of the surface electronic wave function is significant even for the oxidized surface.
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FIG. 1. (a) Normal emission UPS spectral sequence for thin-film growth of CuPc on Cu(110)-(2x1)O. Spectra
offset for clarity. Inset: Plot of work function change (A®) as a function of nominal film thickness. (b) Frontier
orbital region evolution as a function of nominal CuPc coverage. The legend indicates nominal coverage in both

panels (a) and (b).

Focusing our attention on the frontier orbital region near Er, a molecular feature at -1.4
eV binding energy develops at low coverages (see e.g. 0.5 ML spectrum in Figure 1b). This is
the HOMO of molecules forming the interfacial layer, i.e., in direct contact with the surface. We
refer to this layer henceforth as the interface layer (IL). STM data supporting this assignment are
discussed in detail below (see Figure 3). The HOMOy, intensity increases with coverage until a
maximum is reached between 1 and 1.5 ML, whereafter its intensity decreases. Meanwhile, an
additional molecular feature at -1 eV appears at coverages near a nominally full monolayer and
continues to grow with increasing coverage. Due to the behavior of this feature as a function of
molecular coverage, we attribute it to the HOMO of molecules in the second layer and beyond,

and label it HOMOg;jim.

The relative binding energies of these two HOMOs are somewhat unusual for three
salient reasons: First, the fact that the HOMOy binding energy is larger than that of the

HOMO¥;, 1s not consistent with simple considerations of the work function change (A®) and



interface dipole; if both features had a common electronic origin, HOMOy would be expected to
appear at a lower binding energy as the work function drops with coverage (Figure 1a inset),”**
contrary to our findings. This indicates both that the two spectroscopic features report on
electronically different CuPc species in the first few layers and that interactions beyond simple
interface dipoles are significantly shaping the interfacial electronic structure. Second, when
accounting for A®, the ionization energy of first layer molecules is much greater than that of
second layer molecules (6 eV vs. 5.4 eV), at odds with a simple polarization energy picture.’*’
Third, the dramatic change in ionization energy occurs abruptly with the growth of the second
layer of molecules, instead of evolving gradually as the film grows."” Importantly, these

2 .
3257 and instances

observations contrast with the electronic structure of CuPc on other surfaces,
where multiple HOMOs have been observed in phthalocyanine films.*®* Together and as

discussed below, they point to an abrupt structural transition as the second layer is forms.

To understand the underlying causes for the interface evolution, we consider each of
these points in more detail in what follows, aided by a closer analysis of the region near Ep.
Figure 2a shows a fit with a single Gaussian (linear background) for each of the two HOMO
features in the nominally 1.5 ML film. The HOMO;, HWHM (191(8) meV) is significantly
wider than the HOMOF¥j,, HWHM (98(5) meV), an indication of some degree of coupling with
the surface. The possible role of inhomogeneous broadening and substantial structural disorder in
the interface layer is minor, as is evident from the STM data (see below). The HOMOy. and
HOMOFj, are centered at -1.469(3) and -1.096(3) eV binding energy, respectively, a difference
of 373 meV. A HOMOy_ ionization energy much greater than that of the HOMO¥, excludes
30,40,41

electronic polarization effects at the interface as the source of the two molecular features.

Additionally, not only is the order of HOMO energies in contradiction to expectations for
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FIG. 2. (a) Fit of the HOMOy; and HOMOg, in a 1.5 ML thick film. (b) Fit of HOMOy_
and HOMO¥;,, in a 4 ML thick film.

polarization effects (e.g. photohole screening), but the magnitude of the energy difference is also
significantly larger than typically observed between interface layer and the next few molecular
layers, as seen e.g. in 1-2 ML CuPc on HOPG,® and other organic semiconductors on various
surfaces.’®*™*" The magnitude is greater even than suggested “band bending” effects in tens of
layers of CuPc on HOPG,™*® Si(111),**" Au(100),>* and Au(110).*® Thus both the orbital
ordering and separation show clearly that the difference between the HOMO;. and HOMO¥ii,

stems from factors beyond mere polarization effects.

Figure 2b shows a fit to the HOMO region of the nominally 4 ML film, again with two
Gaussian functions. We do not constrain the peak positions to coincide with those at lower
coverages because of changes to the polarization energy for the thicker films,” and potential
interactions between the two layers. With this model, we find that the HOMOy is located at -
1.321 (5) eV and the HOMOFj,, is located at -1.090(2) eV. The ionization energy of the
HOMOy, has decreased, presumably due to photohole screening by the molecular overlayer, and
the binding energy difference between the two HOMOs has decreased to 230 meV. Surprisingly,
HOMOy, is still clearly discernible, and rather intense even, in a film of nominally 4 ML

thickness despite the limited escape depth for photoelectrons at this kinetic energy. This is a clear
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indication that the growth of CuPc on Cu(110)-O(2x1) is not simply layer-by-layer but might be

attributed to island growth or instead involve a more complex structural transition.

To analyze the growth and to understand the unique behavior of the two HOMO features
better, we used STM to study the structural properties of the film. Figure 3a shows an STM
image for a nominal coverage of 0.9 ML CuPc (~80% of terrace area covered) grown on a
surface nearly saturated with the Cu(110)-(2x1)O reconstruction (prepared by exposure of
Cu(110) at 100 °C to ~6 L O,; complete saturation occurs at = 7 L 0,).** Individually, CuPc
molecules lie with the molecular plane nearly parallel to the surface as indicated by four fully
resolved and almost symmetric ligand lobes. A slight molecular tilt or distortion is evident in that
some lobes appear brighter than others (Figure 3a inset). Further, molecules display a single
unique adsorption configuration relative to the atomic lattice with one mirrored azimuth that

results in two possible orientations, rotated by £15° relative to [001] (black and white molecules

FIG. 3. (a) Overview constant current STM image of 0.9 ML CuPc grown on a nearly saturated

Cu(110)-(2x1)0O surface (sample bias Vg = 100 mV; tunneling current = 10 pA). Inset:
Molecular detail in islands. (b) Atomically-resolved image showing structure of local
molecular ordering and the underlying Cu(110)-(2x1)O lattice. The two orientations of CuPc
molecules are indicated with light and dark molecular models, and white dash lines demarkate

larger inter-row spacing between double-row domains.
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overlaid in Figure 3b). Molecules assemble into rows of homogeneous molecular orientation
directed along [001], and aggregation of parallel rows leads to the formation of monolayer CuPc
islands. From the detailed view of such an island in Figure 3b, we observe that adjacent rows
display two types of coupling depending on the spacing between rows: When the inter-row
spacing is small, phenyl rings of the Pc ligand intercalate along the [001] direction; conversely,
when inter-row spacing is larger, phenyl rings of adjacent molecules couple edge-to-edge along
[001] (white dashed lines, Figure 3b). We infer from the staggered molecular arrangement
between closely spaced rows (Figure 3a inset) that intermolecular interactions include hydrogen-

bond-like long-range interactions involving the aza-N atom and peripheral hydrogen atoms.*

While long range order is not present in the film, perhaps due to a symmetry mismatch
between the rectangular Cu(110)-(2x1)O surface and the four-fold symmetry of CuPc, the
molecules order locally. We observe n-row domains of differing sizes (n = 1,2,3) coexisting
within islands; 2-row domains of homogeneous molecular orientation are the most prevalent,
similar to F;¢CuPc on Ag(111).>'. Within such domains, molecules form an almost square
network with lattice parameters b, = 14.1(3) A, b, = 14.7(4) A, and B = 91(2)° with an

azimuthal rotation of 8 = 1(1)° between b, and [001] (Figure 3a inset).>

The observation of locally-ordered monolayer islands contrasts with CuPc and TiOPc
films on pristine Cu(110). On Cu(110), strong interactions with the surface® and native
adatoms®® influence both the structure and dynamics of film formation and lead to amorphous
films.>* The oxidized surface, however, weakens these interactions and captures Cu adatoms by
assimilating them into the reconstructed lattice.”>® By removing free adatoms and mixing O-
character into the surface electronic wavefunction, oxygen chemisorption passivates the reactive

Cu(110) surface, thereby allowing for local ordering of molecules in the film. The weakened
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surface-molecule interaction is evident also in the STM experiments, manifesting as the few
noisy regions in Figure 3a from adsorbate instability in the presence of the tip. Note that STM
images of films with coverages exceeding nominal thicknesses of 1 ML could not be observed
even at 5 K, likely due to the rather weak intermolecular interactions between different

molecular layers.

Taken together and in light of the photoemission results, the STM data are rather
surprising: CuPc grows in locally ordered domains, displaying a unique face-on adsorption
configuration in the first layer. Even near completion of the first layer, we observe no evidence
of second layer island growth. CuPc instead forms a true interfacial wetting layer on Cu(110)-
(2x1)0. Consequently, the origin of the unusual spectroscopic transition between HOMOy; and
HOMOF¥j, cannot be the result of island growth, but must rather lie in a profound structural
transition that occurs at film thicknesses beyond 1 ML. We next investigate the nature of this

film structure transition in more detail.

B. Structural transition

A molecular level understanding of the film structure is essential when interpreting the
interfacial electronic structure. STM alone is however not enough to understand the structure of
the film beyond 1 ML, particularly given the weak interaction between molecules in the second
layer and the interfacial layer even when imaging at 5 K. The STM data prove a first layer of
face-on CuPc, while the direction and magnitude of the HOMO shift suggests an abrupt
structural transition in the second layer. Here, we propose that a face-on to edge-on transition
occurring between the interfacial layer and subsequent layers is the source of the striking
electronic structure evolution in this system, similar to observations in sexithiophene derivatives

on Ag(111)." We emphasize that a face-on seed layer with locally ordered domains is necessary
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to template edge-on growth in the second layer, which can only be achieved on the oxidized
surface. This is consistent with the fact that CuPc has been shown to exhibit various molecular
adsorption geometries in thin-films depending on the strength and type of surface-molecule

interaction.>”"8

The existence of a structural transition is supported by the spectroscopic observations of
the evolution of the HOMO ionization energy. While the ionization energy is partly determined
by the far field effect of the interface dipole, it also depends on near field effects of the local
electronic environment, i.e. the charge distribution within the molecule.”® This has been shown

clearly for the case of strongly polar intramolecular bonds,**’

and can be expected to play an
important role also when changing molecular orientation. m-conjugated molecules have
significant quadrupole moments, the associated charge distribution give rise to intrinsic electric
fields across a molecule that alters the photoelectron kinetic energy and hence the observed
ionization energy:'® Photoelectrons originating from face-on molecules interact with an electron-
rich m-system charge distribution (increasing ionization energy), while photoelectrons emitted
from edge-on molecules sense primarily the electron deficient hydrogen terminated periphery of
the molecule (decreasing ionization energy). Therefore, the lower ionization energy of molecules

in the second layer indicates a change at the film surface in the local charge distribution towards

lower electron density, consistent with edge-on CuPc molecules.

More evidence for a lying-to-standing transition comes from the very different angle-
dependence of the photoemission intensity for the two HOMO features. The angle-dependence
of the photoemission intensity reports directly on the vectorial molecular photoemission matrix
element and provides thus insight into the molecular geometry relative to the surface.”® In the

case of CuPc on Cu(110)-O(2x1), HOMOy. and HOMOFg, have rather different angle-
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FIG. 4. (a) Photoemission intensity obtained along T’ — Y for both HOMO,; and HOMO¥;y,,.. (b) and (d) Azimuth and
polar angle-dependent photoemission intensity calculated in the plane-wave final state approximation for face-on
and edge-on adsorption geometries of CuPc, at binding energies of HOMOy;, and HOMOpg;,, respectively. The solid
white lines indicate the T' — ¥ direction given a molecular rotation by 15° with respect to [001]. (c) and (e)

Comparison of experimental and calculated photoemission intensities.

dependence, indicating different molecular geometries. Indeed, this is seen clearly despite the
presence of a strongly dispersive surface band feature in the angle-resolved data along [ — Y
(Figure 4a). Though this O 2p” surface band interferes somewhat with a quantitative assessment
of molecular orientation particularly for HOMOy., we are still able to compare the polar angle-
dependent photoemission intensity with simulations for both face- and edge-on adsorption
geometries. To this end we make use of the plane-wave final state formalism developed for

photoemission tomography.63’64

In this framework, the photoemission intensity at a certain
energy is proportional to the Fourier Transform of the initial state wavefunction. We calculate
these for the CuPc HOMO in both a face-on and a fully edge-on geometry and obtain polar- and

azimuthal angle-dependent photoemission intensities as shown in the maps in Figures 4b and 4d.

For simplicity’s sake, we ignore the contributions of disorder and mirror domains (see Figure 3)
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and calculate lineouts along the appropriate directions given molecular orientation on the surface
with respect to the underlying Cu(110)-O(2x1) surface. For the face-on HOMOy and the
experimental photoemission intensity in Figure 4a obtained along I — Y, the relevant lineout is
taken along a ray rotated by 15° in order to represent the molecular orientation with respect to
the surface. A comparison of the calculated intensity with the experimental values is shown in
Figure 4c. In light of the influence of the 2p" surface band, both experiment and simulation
exhibit reasonable agreement, with maxima near 1 A" and a shoulder near 0.4 A™. Overall this is
not surprising, since a face-on orientation for an interfacial layer is expected on this and other
metallic surfaces. More interestingly, the simulation of the edge-on geometry is fully consistent
with the experimental polar angle-dependent photoemission intensity of HOMOFg;m (Figure 4e).
For this simulation, we assume a pure rotation to the edge-on orientation, with the vector normal
to the molecular plane directed 15° relative to I' — Y. We note however that the azimuthal
orientation of the molecules in the second layer and beyond is unknown from our STM studies,

as discussed earlier.

From the comparison of experimental and simulated data, we find that the angle-
dependence of photoemission intensity for the HOMO;. and HOMOpg, are conclusively
different, and can be explained by different molecular geometries in the first and second layer.
Along T —X (not shown), interference from a strong Cu(110) sp-band direct transition®
completely obscures the HOMO features, prohibiting further assessment of the specific
azimuthal orientation of edge-on molecules in the second layer. Nevertheless, both angle-
dependence and relative ionization energies suggest that molecules in the second layer orient

differently in general, and with the molecular plane more normal to the surface.
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The proposed structural transition affects our interpretation of electronic structure
measurements when considering the reported film thickness: with the molecular plane
preferentially oriented toward the surface normal, the molecular packing density changes
dramatically in the second layer. This means that reported (nominal) coverages above 1 ML,
based on a hypothetical ML of face-on molecules, are in reality much lower: Estimating from
crystal structures the separation between edge-on molecules to be ~3.5 A,°*%” approximately four
times the number of molecules are required to form a full layer of edge-on molecules. Our
nominal 4 ML coverage in Figure 1, established on the assumption of face-on layer-by-layer
growth, corresponds thus rather to actual 1.75 ML, consisting of a full first layer of face-on
molecules and an incomplete second layer of edge-on molecules. This readily explains the
originally puzzling observation of a HOMOy at nominal coverages of 4 ML of face-on
molecules, a film thickness that would be expected to exceed the photoelectron escape depth at
these kinetic energies. Instead, partial closure only of the second, edge-on layer (true coverage of
1.75 ML) leaves 25% of the IL CuPc exposed and explains the observable HOMOy. at this
coverage. Moreover, this is also consistent with the facts that A® i) is not yet converged at a
nominal coverage of 4 ML (actual 1.75 ML) and ii) increases smoothly rather than abruptly
owing to the gradual growth of the second ML. Note however that the difference in work
function, AA®D, for true coverages of 1 ML and 1.75 ML, is -0.225 eV, quite large and consistent

with a molecular reorientation in the second layer.

C. Surface-molecule coupling
It is important to test our explanation of the interfacial electronic structure against
alternative explanations. A likely alternate hypothesis for the abrupt change in HOMO ionization

energy might be strong coupling of the first molecular layer to the surface, which would give rise
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FIG. 5. Background-subtracted ARPES data for pristine Cu(110)-(2x1)O along T — Y.
Bands with oxygen 2p character are indicated by white dashed lines: short dash -
antibonding 2p, and 2p., dash dot - bonding 2p, and 2p., long dash - bonding 2p,. Intense
features between -2 and -5 eV are Cu(110) d-bands. Also shown is a cartoon of the

Cu(110)-(2x1)0 lattice and the respective Brillouin zone.

to new and different molecular features at the interface. Fortunately, the electronic structure of
the oxidized surface contains ideal markers for assessing the nature of electronic coupling
between the surface and the molecular film. Because oxygen atoms exist only in the surface
reconstruction, electrons in bands with oxygen character are localized at the crystal surface,”®
and thus extremely sensitive to molecular adsorption, similar to Shockley surface states on
coinage metal (111) surfaces.®*’® Along T — ¥, these bands disperse well beyond the bandwidth

277 allowing us to test molecular adsorption effects

of the molecular DOS at similar energies,
on band dispersion as an indicator of the extent of interfacial hybridization in the first molecular
layer. Figure 5 gives the experimental band diagram for Cu(110)-(2x1)O along T —Y, with
bands derived from oxygen 2p orbitals indicated by white dashed lines. We note that neither the

Cu(110) surface state nor the antibonding oxygen 2p, band are observed: The former shifts
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above Er on the reconstructed surface, and the latter mixes strongly with bulk Cu states and

cannot be distinguished any longer.*®
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FIG. 6. The effect of CuPc growth on the band structure of Cu(110)-(2x1)O. Bands with oxygen 2p character are

indicated as in Figure 5: short dash - antibonding 2p, and 2p., dash dot - bonding 2p, and 2p., long dash - bonding 2p,.
The Y point of the surface Brillouin zone is indicated with a yellow dashed line. (a) 0.25 ML CuPc. (b) 0.5 ML CuPc.
(¢) 0.75 ML CuPc. (d) 1.1 ML CuPc.

Figure 6 shows how thin film growth of the first ML modifies these bands. From the
0.25 ML CuPc data (Figure 6a), we see that the presence of molecules barely affects the
dispersion of the surface bands. Because CuPc forms ordered islands, the majority of the surface
sampled by photoemission is still pristine Cu(110)-(2x1)O. At 0.5 ML CuPc, however,
photoemission from the molecular film is significant enough to show a localization of the oxygen
2p,-derived band (long dash line in Figure 6b). This may be caused by photoelectron scattering
at the molecular layer, which would obscure the electron momentum during the photoemission
process.” Remarkably however, neither the bonding nor the antibonding O 2p, and 2p. bands
undergo large changes to their dispersion. It is thus likely that the observed decrease in
dispersion in the O 2p, band is in fact due to hybridization with a nondispersive molecular

feature at ~-6 eV to -7 eV binding energy (see also Figure 1a). We propose that this selective
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hybridization is a result of the near-degeneracy between the O 2p, band and a number of lower

lying molecular orbitals, together with a symmetry match only with the O 2p, band towards Y.

By 0.75 ML, the oxygen 2p, band is completely localized and indistinguishable from the
broad molecular feature, while the antibonding oxygen 2p,- and 2p.-derived bands are still
clearly visible (Figure 6¢) without exhibiting major changes to their dispersion. The angle-
resolved data for 1.1 ML CuPc overwhelmingly project the non-dispersive molecular DOS
(Figure 6d), but as can be seen more clearly in Figure 4, the antibonding oxygen 2p,- and 2p.-
derived bands can still be observed upon close inspection, and they still disperse significantly. In
contrast and at all coverages, the HOMOy remains entirely localized. Together with weak direct
intermolecular copuling, the low degree of surface-molecule coupling does not enhance
intermolecular coupling sufficiently to delocalize molecular features, in contrast to observations

in ordered and strongly coupled interfaces of pentacene on Cu(110).”°

The conclusion from the angle-resolved data must therefore be that while some
hybridization is occurring between the surface and the molecules, especially in lower-lying
orbitals, electronic coupling of CuPc frontier orbitals to the surface and creation of new
interfacial states is quite minimal. Furthermore, the survival and dispersion of the antibonding
surface bands also demonstrates that significant distortion of the surface lattice does not occur
upon adsorption of the molecule. These observations, together with the mobility of first layer
molecules even at 5 K (evident from STM image noise in Figure 3a), allow us to conclude that
the two different HOMO levels are not due to strong coupling of the molecules in the first layer

followed by layer decoupling, and are instead the result of a structural transition in the film.
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D. Summary of interfacial energetics

To summarize our findings, an energy-level diagram is presented in Figure 7. We
calculate ionization energies only from mostly complete layers to avoid complications due to
local vacuum level variations in the presence of distributed island growth. Molecules in the first
full layer of CuPc on Cu(110)-(2x1)O adsorb face-on to the surface with the HOMOy centered
at ~ -1.5 eV below Er (Figure 7a) to give an ionization energy of 6.05(7) eV, which is in line
with reports of CuPc on other surfaces.”’ Initial growth of the second layer shows a HOMO¥gj,
binding energy ~370 meV lower than that of the HOMOy, (Figure 7b). The ionization energy for
a molecule in a nearly full second layer is 5.43(7) eV (Figure 7a and 7c¢), a drop of over 0.6 eV
from the interfacial layer. Such a dramatic change in ionization energy, which includes
contributions from the work function change AA® of -0.225 eV between films, is best
understood by an abrupt transition to edge-on CuPc growth in the second layer. The magnitude
of the change in ionization energy is comparable to that for the case of reorientation of
sexithiophenes on Ag(111)."® The observation of such electronic and structural effects, supported
by both ARPES and STM, enables us to offer a straightforward interpretation of the influence of
different thin film phases on the interfacial electronic structure for the case of CuPc on Cu(110)-
(2x1)0. More generally, it indicates clearly that the thin film structure can be of overriding
importance in considerations of energy level alignment at organic / metal interfaces.
Furthermore, we have demonstrated that surface modification by oxygen chemisorption is
critical for ordered first layer growth, suppressing cooperative nanoribbon formation on the
reactive Cu(110) surface. The interface layer templates edge-on second layer growth and

ultimately leads to the striking changes in electronic structure observed in the bilayer film.
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FIG. 7. Energy-level diagram for the growth of CuPc on Cu(110)-(2x1)0O. (a) 1 ML CuPc: Molecules
adsorb face-on to the surface in the interface (first) layer (IL) . (b) ~1.25 ML CuPc: Upon saturation of the

IL, the next layer of molecules grows in an edge-on orientation. Due to the changing packing density, these

coverages do not correspond to those in previous figures. (c) ~1.75 ML CuPc: The nearly full second layer

of edge-on molecules.

IV. CONCLUSIONS

In conclusion, we observe a unique evolution of interfacial electronic structure for CuPc

films on Cu(110)-(2x1)0, and show that this behavior is the result of an abrupt transition in film

structure between the first and second layers. The presence of two different coverage-dependent

thin film phases for a single organic / metal interface enables us to interpret changes to the

interfacial electronic structure directly based on simple electrostatic arguments. Specifically, we

show that oxygen chemisorption on the Cu(110) surface enables growth of an interface layer of

locally-ordered, face-on molecules which template an edge-on orientation for CuPc in the

subsequent layer. The anisotropic charge distribution in CuPc drastically decreases the HOMO

ionization energy for edge-on molecules, and the effect of this structural transition on interfacial
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energetics is a 600 meV ionization energy drop between the interfacial layer and subsequent
layers. The results of our findings have important implications for organic electronics:'® Large
energy-level offsets can be realized between two adjacent thin-film layers and with only one
molecular species, two properties that are important for the miniaturization and functionality of
electronic devices. In summary, we have shown that influencing interfacial interactions through a
precisely controlled modification of the surface atomic structure is a simple and effective way to

tailor the structural and electronic properties of organic semiconductor interfaces.
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