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Abstract

Organic bilayer systems and heterostructures are of enormous importance for optoelectronic
devices. We study interface properties and the structural ordering of cobalt phthalocyanine
(CoPc) on a highly ordered monolayer (ML) hexa-peri-hexabenzocoronene (HBC), grown on
Au(111), using photoemission, X-ray absorption (XAS), scanning tunneling microscopy (STM) and
low-energy electron diffraction (LEED). A charge transfer between CoPc and the gold substrate is
almost completely prevented by the HBC intermediate layer. We show that HBC acts as a
template for the initial growth of CoPc molecules. After annealing to 630 K, a molecular exchange

takes place, resulting in a coexistence of domains of both CoPc and HBC molecules at the surface.

Keywords hexa-peri-hexabenzocoronene, cobalt phthalocyanine, transition metal

phthalocyanines, bilayers, intermediate layer, valence band, n-conjugated systems, orientation,
interaction, photoemission, x-ray absorption spectroscopy, near edge x-ray absorption fine

structure, scanning tunneling microscopy, low-energy electron diffraction



1. Introduction

The tuning of electronic interface properties between organic molecules and metallic substrates
is of enormous importance for a broad variety of applications.!”’” Strong interactions including
chemical reactions may alter the molecular electronic structure of the frontier orbitals, which are
important for charge carrier transport and injection. Routes to avoid chemical interactions at
interfaces include, among others, the optimization of the surface preparation or the introduction
of intermediate layers.8'3 Such intermediate layers can be of different nature, a well-known
representative is the 2D material graphene. However, the number of substrates enabling growth
of well-defined graphene layers is limited. Best growth conditions are achieved for perfect (111)
single crystal surfaces with reasonable lattice matching.}**> Although even on Au(111) a direct
growth of graphene can only be reached at comparably high temperatures, the formation of

graphene islands cannot be excluded.6-%7

An alternative route to establish an intermediate carbon layer on Au(111) under gentle
preparation conditions could be the preparation of a well-ordered monolayer of nanographene
molecules. The possibly best-known representative of nanographene molecules is hexa-peri-
hexabenzocoronene (HBC), a planar polycyclic aromatic hydrocarbon (PAH) with noble electronic
properties.'®1° Well-ordered HBC monolayers with large domains can be easily prepared by
deposition of several layers and subsequent annealing.?>?* The stability of molecular
intermediate layers will essentially depend on the strength of the molecule-substrate interaction.
If the molecule-substrate interaction for molecules deposited subsequently on the intermediate

layer is significantly stronger than for molecules of the first (intermediate) layer, a molecular



exchange can take place.?*?° For the PTCDA/CuPc/Ag(111) such effects were already observed at
very low temperatures (1.1 K).%8 In contrast, pentacene/para-sexiphenyl/Cu(111) is stable against
molecular exchange at 15 K and only after annealing to 300 K an irreversible reversed bilayer is
formed.?® Thus, molecular exchange depends crucially on the combination of the materials,

which has been investigated for several bilayer model systems, 2% 26-28,30-33

In the present study we address the question if an HBC intermediate layer on Au(111) is stable
against molecular exchange with phthalocyanine molecules. Cobalt phthalocyanine (CoPc) was
chosen as a representative for the family of phthalocyanines, because of its well-known
interaction with the gold substrate (interfacial charge transfer).3*3> The stability was monitored
up to temperatures of 630 K, which may simulate a long-term stability. The experimental

procedure is illustrated in Figure 1.

clean Au(111) 1-2 ML HBC 1 ML HBC 1 ML CoPc thin film CoPc annealed sample
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Figure 1. Experimental procedure. First, 2-3 monolayers of HBC were deposited on a well-defined
Au(111) surface and subsequently annealed to 610 K to form a homogeneous monolayer. On top,

CoPc was deposited in a stepwise manner. Finally, the sample was annealed to 630 K.



2. Experimental Section

The Au(111) single crystal was cleaned by repeated cycles of each 30 min Ar*-ion sputtering at a
voltage of 0.8 kV and a partial pressure of 5 - 10> mbar and subsequent annealing to 770 K. The
purity and orientation of the crystal was checked by x-ray photoelectron spectroscopy (XPS),
ultraviolet photoelectron spectroscopy (UPS), scanning tunneling microscopy (STM) and low-
energy electron diffraction (LEED). HBC was synthesized as described previously.3® CoPc was
purchased from Sigma-Aldrich. The molecules were evaporated from a Knudsen cell at rates of
0.2 - 0.5 nm/min, controlled by a quartz crystal microbalance (QCM). The nominal layer thickness
was estimated from substrate and adsorbate related XPS intensity ratios using photoemission
cross sections from Yeh and Lindau;?’ the mean free path of photoelectrons was estimated
according to Seah and Dench.?® To produce a closed, highly ordered monolayer, 2-3 layers of HBC
were evaporated on the Au(111) single crystal, followed by an annealing of the sample to 610 K
for about 15 min. During all deposition steps the crystal was held at room temperature at a

pressure of < 3 - 10°® mbar.

All experiments were performed in UHV systems with a base pressure of 2 - 10" mbar. The STM
and LEED measurements were carried out in a two-chamber system equipped with a variable
temperature (VT)-STM from Omicron GmbH and a LEED optics from OCI Vacuum
Microengineering Inc. For the STM measurements, mechanically cut Pt/Ir tips were used. Tip and
sample were held at room temperature. Tunneling voltages refer to the tip with respect to the

sample. The program WSxM was used to improve the contrast of the shown STM images.*®



The photoelectron spectroscopy (PES) measurements of the core-levels were performed using a
multi-chamber UHV system equipped with a Phoibos 150 hemispherical energy analyzer (SPECS),
and an X-ray source (Al-Kq radiation, hv = 1486.7 eV) with monochromator (XR 50 M, SPECS). The
energy scale was calibrated reproducing the binding energies (BE) of Cu 2ps/2 and Au 4f;/; at
932.56 eV and 84.00 eV, respectively. The peak fitting of core level spectra was performed using
Unifit version 2018.4° A Voigt profile (convolution of Lorentzian and Gaussian profiles) and a
Shirley model background was used. The error of absolute binding energies is estimated to be

less than + 0.05 eV.

The X-ray absorption spectroscopy (XAS) and PES measurements of the valence band have been
performed using synchrotron radiation at the LowDose-PES endstation of the PM4 beamline at
BESSY Il (Helmholtz-Zentrum, Berlin, Germany).**2 The endstation is equipped with an angle-
resolved time-of-flight (ArTOF) analyzer, which was used for PES measurements by integrating
over an angle range of +15°. The improved detection efficiency by a factor of 2-3 orders of
magnitude with respect to conventional hemispherical analyzers,* allows the study of sensitive
organic molecules with limited photon flux. For valence band spectra the energy resolution was
about 40 meV (hv = 40.8 eV), 55 meV (hv =75 eV) and 120 meV (hv = 110 eV). The energy
resolution of XAS was about 100 meV and 250 meV at a photon energy (hv) of 400 and 780 eV,
respectively. The absorption was monitored indirectly in total electron yield (TEY) mode by

measuring the sample current.



3. Results and Discussion

3.1. CoPc Growth on HBC/Au(111) from Monolayer to Thin Films

The structural ordering of the first monolayer may affect the structure and ordering of
subsequent layers in many cases (e.g. refs. 434°), Therefore, we will first discuss the arrangement

of HBC molecules forming the intermediate (mono-)layer on Au(111).

HBC: a; =a, =1.45nm

24.5 eV 50.5eV

Figure 2. a) STM image of the intermediate HBC ML (U =1.3 V, | =800 pA), b) LEED pattern of the
intermediate HBC ML at 24.5 eV, c) LEED pattern of the Au(111) substrate at 50.5 eV for

comparison.

In Figure 2 STM and LEED images of the HBC monolayer (ML) are shown, prepared by deposition
of a multilayer and subsequent annealing to 610 K for 15 minutes. In the STM image of Figure 2a,
the HBC molecules and the long-range herringbone reconstruction of the underlying Au(111)
substrate are clearly visible. The molecules are aligned along the herringbone structure ((112)-
directions) of the substrate, forming a highly ordered layer. The corresponding LEED pattern at

24.5 eV shows very bright spots in the Au-(112) directions (Figure 2b). The comparison to



reference pattern from the bare Au(111) substrate taken at 50.5 eV (Figure 2c) allows the
construction of the HBC unit cell. Since substrate related spots are visible in the (110) direction,
we can deduce that the HBC lattice is rotated by 30° with respect to the unreconstructed Au(111)
surface, as reported in other studies.??21 46 The determined lattice parameters obtained from
STM and LEED (ai=a;=1.45 nm, angle between the lattice vectors of '=60°) are in good

agreement to the literature.?® %6 From their more detailed studies, those authors conclude a

commensurate (V27xVv27)R30°-superstructure for the HBC monolayer on Au(111).

In order to evaluate the stability of the highly ordered HBC monolayer on Au(111), about 0.8 -
0.9 ML of CoPc were subsequently deposited on top. New structures are clearly visible in the
STM images of Figure 3. Large scale STM images are shown as supporting information (Figure
S1). Some CoPc molecules agglomerate in islands, visible as bright areas in Figure 3a, resulting in
an apparently lower quality of the image. But nevertheless, three different directions of CoPc
rows, which are rotated by 60° to each other can be identified, indicated by blue arrows in
Figure 3a. A zoom into one of the domains (Figure 3b) reveals more details: In broader rows
mostly three CoPc molecules are arranged side by side. These rows are aligned at the herringbone
of the Au(111) substrate, similar to the HBC molecules of the annealed monolayer (Figure 2). In
between these broader rows, rows of single molecules can be identified. A line profile was
generated along the blue line in Figure 3b, depicted in Figure 3d. The average apparent height of
the rows is about 0.2 nm, indicating the presence of single, flat lying CoPc molecules. Apparent
heights in this range were reported for single CoPc molecules on various substrate surfaces (e.g.

Ref.*’; cf. also Figure 3e).
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Figure 3. STM images of 0.8 - 0.9 ML of CoPc deposited on HBC/Au(111) and directly on Au(111)
and the respective line profiles: a) About a ML of CoPc on HBC/Au(111) on the domain boundaries
(U=1.6V, =700 pA), b) Zoom in a CoPc domain on HBC/Au(111) (U = 1.3 V, | = 500 pA), c¢)
annealed ML of CoPc on Au(111) (U = 1.2 V, | = 500 pA), d) respective line profile of CoPc on

HBC/Au(111), e) respective line profile of CoPc on Au(111).

We note that similar rows were also observed for sub-monolayer coverages of CoPc on Au(111),%®
and other metal-phthalocyanines on HOPG and Ag(111).#>° However, the CoPc rows on
HBC/Au(111) appear more uniform compared to the rows formed on other substrates. The
threefold symmetry suggests a templating effect of the substrate and/or the well-ordered HBC
monolayer. Thus, a reason for the ordered growth might be an optimization of the CoPc-

substrate and CoPc-CoPc interaction strength, i.e. the mobility of the CoPc molecules is high
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enough for the diffusion to energetically favored adsorption places (due to comparably weak
CoPc-substate interactions), whereas at the same time the templating effect by the substrate is
still present. Further, at a coverage of exactly one monolayer, as prepared in this experiment, the
formation of highly ordered molecular structures might be stabilized.*® Further, it is known that
the substrate roughness and cleanliness may affect distinctly the arrangement order of organic
films on gold.>® We note that data of electronic interface properties indicate that there is no
noticeable molecular exchange between HBC molecules of the first monolayer and CoPc (see

below). Thus, the presence of HBC molecules in the top layer appears unlikely.

For comparison, 1-2 monolayers of CoPc were deposited directly on Au(111) and heated
subsequently to 610 K to form a ML without defects. In contrast to CoPc on HBC/Au(111), the
STM image of Figure 3c reveals a long-range square ordering of the CoPc molecules. A square
adsorption geometry of CoPc and other TMPcs was reported on various substrate surfaces
including Au(111).5%>® From Figure 3c a line profile (blue line) was generated, shown in Figure
3e. The line profile illustrates the high regularity of the formed CoPc ML and allows an accurate
determination of the lattice parameters: a1 =a>=1.45 + 0.02 nm. This value is in good agreement
with recently published lattice parameters of quadratic ordered monolayers of CoPc and other
transition metal phthalocyanines (TMPcs).>% 5> 5960 Three different domains aligned to the
direction of the herringbone reconstruction of the Au(111) substrate can be observed (see
below). The presence of such different domains of CoPc and CuPc on Au(111) was investigated

in detail in previous studies.*8 6062

In order to average over larger sample areas, we show in Figure 4 LEED patterns corresponding

to Figure 3. In the LEED image of the 0.8 - 0.9 ML CoPc layer on HBC/Au(111) taken at 18.5 eV
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(Figure 4a), patterns of both the CoPc overlayer and the HBC/Au(111) substrate can be identified,
marked by red and green arrows, respectively. The CoPc spots form a hexagonal pattern inside
the hexagonal pattern of the HBC molecules and thus the lattice parameters obtained from LEED
are larger, we obtain a1=a = 1.78 £ 0.02 nm. The angle between the lattice vectors is the same

as for the annealed HBC monolayer (' = 60°).

0.8-0.9 ML CoPc/HBC/Au(111) Annealed ML CoPc/Au(111)
)

HBC:a; =a,=1.45nm

Figure 4. LEED pattern of CoPc monolayers: a) about a ML CoPc on HBC/Au(111) at 18.5 eV, b)

an annealed ML CoPc on Au(111) at 20.5 eV.

The determination of the lattice parameters for CoPc deposited directly on Au(111) by LEED
(Figure 4b) is less precise than a determination by STM due to the missing substrate-related spots
at this energy. However, the LEED pattern in Figure 4b confirms the presence of three different
domains, observed already in several STM images. The pattern of the “inner ring” can be

interpreted as a superposition of three square patterns rotated by 120° (green, orange and yellow

11



squares in Figure 4b) and outer pattern consists of 12x3 spots, as previously reported and
discussed in detail for CuPc on Au(111) and MoS,.5%%3 LEED spots corresponding to different
domains do not exhibit the same intensity in Figure 4b, which indicates that the three domains

are not equally distributed in the probed area.

Remarkably, the lattice parameters of the hexagonal unit cell for CoPc/HBC/Au(111) are distinctly
larger compared to the square unit cell (CoPc/Au(111)), i.e. the CoPc molecules are more densely
packed on Au(111). The area per molecule is 4.75 nm? and 4.2 nm? for CoPc on HBC/Au(111) and
Au(111), respectively. The different geometry of the unit cell and the different packing density
illustrates nicely the templating effect of the Au(111) substrate, which can be tuned by the

introduction of intermediate layers.

To gain further information about the molecular orientation of CoPc on HBC/Au(111) as a
function of the film thickness, polarization dependent X-ray absorption spectra at the N-K edge
were taken for CoPc/HBC/Au(111). N1s t*-excitations can be used in a similar manner as C1s rt*-
excitations for the analysis of the molecular orientation of TMPcs.%* 6467 For CoPc on HBC, Cls
T*-excitations are in superposition with HBC related transitions and cannot be used for the
determination of the orientation. In Figure 5, polarization dependent N-K edge spectra for a 0.3
nm CoPc layer (about 1 ML) and a thin film of 1.5 nm thickness are shown for the two prominent
angles corresponding to grazing (6 = 10°) and normal (6 = 90°) incidence of the incoming p-
polarized synchrotron light. The measurement geometry is shown as an inset in Figure 5. We can
essentially distinguish between two regions: Features at photon energies <402 eV arise
predominantly from transitions into m*-orbitals, while feature at higher energies are attributed

to transitions into o*-orbitals. Both XAS for the 0.3 and the 1.5 nm thick layers show essentially
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the same dichroism: The maximal intensity for m*-transitions is visible at grazing incidence, while
for normal incidence maximal intensity is obtained from o*-transitions. This indicates a flat lying
adsorption geometry in both cases. Remaining intensity in the mt*-region of normal incidence
spectra is hardly detectable, indicating very small tilt angles (< 10°). The result is in good
agreement to CoPc multilayer films on related substrates, such as graphene/Au/Ni(111) and

CoPc/Au(111).858

CoPc/HBC/Au(111)

0.3 nm CoPc/HBC

Normalized TEY (arb. units)

s

400 410 420 430
Photon energy (eV)
Figure 5. N-K X-ray absorption spectra of CoPc on a ML of HBC on Au(111) for two different CoPc
thicknesses. The red curves correspond to an angle of incidence of 90° (normal incidence) and the

black curves to 10° (grazing incidence). The measurement geometry is shown as an inset. The

preferred flat lying adsorption geometry is maintained essentially in thicker films of 1.5 nm.
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3.2. Electronic Interface Properties of CoPc on HBC/Au(111)

For CoPc on Au clear interactions between the molecules and the metal substrate were observed,
including a charge transfer to the central Co ion (e.g. Refs.343>98) Charge transfer cannot always
be completely prevented by an intermediate layer, as reported for CoPc on graphene/Ni(111).3*
Therefore the question arises whether the HBC intermediate layer on Au(111) provokes an

electronic decoupling of CoPc molecules from the Au(111) substrate.
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Figure 6. Thickness-dependent N-K and Co-L3z XAS of CoPc on a ML of HBC on Au(111): a) N-K at

grazing incidence (10°), b) Co-L3 at grazing incidence (10°), c) Co-Ls at normal incidence (90°).

In addition to the information about the molecular orientation in thin films, X-ray absorprtion
spectra provide also valuable information about the electronic structure, in particular at
interfaces. We will discuss changes of XAS peak shapes qualitatively, for a detailed discussion of

the origin of features, we refer to the literature (e.g. Refs. 6°72). In Figure 6 we compare N-K edge
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and Co-L3 edge spectra for two different CoPc thicknesses on HBC/Au(111). Since the 0.3 nm layer
corresponds to a coverage of about 1 ML, it represents information from the interface, whereas
bulk-like spectra are obtained for the 1.5 nm thin film. The N-K edge spectra in Figure 6a are
shown for grazing incidence of the incoming synchrotron light, exhibiting the maximal intensity
of m* resonances. Four different features denoted A-D can be distinguished, discussed in more
detail in Refs. 3* 73, Most important, there are only minuscule changes of the peak shape with
film thickness, indicating that the nitrogen atoms are not involved to a significant amount to an

interaction at the interface.

The Co-Ls XA spectra in Figures 6b and 6¢c show a complex fine structure, resulting from multiplet
effects due to the strong overlap of the core wave function with the valence wave functions.”*
As a consequence, 16 transitions are possible for the absorption process 3d” = 2p°3d8.7* The
different shape of Co-L3 XAS at grazing and normal incidence in Figures 6b and 6c arises from
transitions into different d-orbitals (A: transitions into orbitals with out-of-plane components, B:
transitions into orbitals with in-plane components). For both measurement geometries, changes
of the shape of Co-Ls3 XA spectra as a function of the film thickness are minor, indicating the
absence of charge transfer to the central Co ion, as observed, e.g. for CoPc on gold-intercalated
graphene/Ni(111).8 In contrast, for CoPc deposited directly on different gold surfaces, distinct
thickness dependent changes of both photoemission and XA spectra were observed, revealing
an interfacial charge transfer.3% 7% 7576 The direct comparison to CoPc on Au(100) and Au foil
suggests that the geometric structure of the considered Au surface has minor influence on
electronic interface properties.”” Thus, we conclude that the HBC intermediate layer can

effectively prevent charge transfer from gold to CoPc.
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This conclusion is confirmed by the corresponding Co2ps/2, N1s and C1s XPS core level spectra,
shown in Figure 7 for two different thicknesses. Peak fit parameters for N1s and Cls spectra are
summarized in Tables $1-S4 (supporting information). All spectra of the bulk-like 2.7 nm CoPc
thin film show the typical shape known from the literature.® 677 The N1s signal is described by
two components with same intensity ascribed to pyrrole (N1) and bridging nitrogen (N2) atoms.
Because of their small energy separation (typically 0.3 - 0.5 eV for phthalocyanines’® 7°83), they
cannot be clearly resolved by XPS. Two main components contribute to the Cls spectrum of the
2.7 nm thin film: Carbon bonded to nitrogen (C2) and carbon bonded to other carbon and
hydrogen (C1). According to the fitting model described in Ref. 8, the main peaks are
accompanied by their respective shake-up satellites, denoted Sci, and Sc; in Figure 7c. The
intensity ratio estimated from the peak areas C1+Sc1:C2+Sc; of 3:1 matches perfectly to the

stoichiometric composition (3:1).

Comparing the two film thicknesses, all core-level spectra for the lower coverages (0.3 nm) in
Figure 7 are shifted to 0.05 - 0.2 eV lower binding energies, which can be explained by screening
effects of the photohole close to substrates with higher dielectric constants.®* 778487 However,
most important, the shape of Co2ps;»» and N1s core-level spectra in Figure 7 is almost
independent of the film thickness. In contrast, the Co2ps/2 spectrum for a monolayer CoPc
deposited directly on Au(111) exhibit a distinct interface component at 778.1 eV (the
corresponding Co2ps/2, N1s and Cls core level spectra are shown in Figure S3, supporting
information). The small shoulder at the low binding energy side of the Co2ps,2 spectrum of the
0.3 nm CoPc film on HBC covered Au(111) in Figure 7a at the energy of the interface component

might arise from molecules at defect sites of the HBC layer, which may also explain the small
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changes in the shape of the corresponding XAS. Furthermore, the peak fit analysis reveals that
the apparent change of the shape of the Cls core-level spectra in Figure 7c is caused by a
superposition of HBC and CoPc related features. Thus, the analysis of the thickness-dependent
core level spectra confirms the absence of strong interactions like charge transfer at the interface

to HBC/Au(111).

a) b)[2z7mmcopcmec, T [N1s|| C)z7mmcopchBe  Cip [Coie

0.3 nm CoPc/HBC

Intensity {arb. units)

788 786 784 782 780 778 776 402 400 308 396 200 288 286 284 282
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 7. Thickness-dependent core level spectra of CoPc on a ML of HBC on Au(111) with

hv=1486.7 eV: a) Co2p, b) N1s, c) Cls.

Finally, the development of valence structures at the interface between CoPc and HBC/Au(111)
was monitored as a function of CoPc film thickness. In Figure 8, we show the region of the highest
occupied molecular orbital (HOMO) for HBC/Au(111) and two different CoPc thicknesses on
HBC/Au(111). The spectrum of the clean Au (111) substrate is shown as a reference. The spectra
were taken at an emission angle of 18.5° with respect to normal emission, which was chosen to

achieve higher intensity from the molecular orbitals compared to normal emission. No features
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within the first 2 eV relative to the Fermi-edge are visible in the reference spectrum of the
Au(111) substrate in Figure 8. After the preparation of the HBC ML two features at 1.4 eV and
1.8 eV appear; the structure at 1.4 eV can be assigned to the HOMO of HBC.2° After depositing
0.3 nm of CoPc on top, the intensity of the HBC-related feature at 1.4 eV becomes attenuated by
the overlayer and a new peak at 1.0 eV appears. The binding energy of 1 eV is typical for the
HOMO of CoPc for monolayer coverages on less reactive substrates.”> 8 The HOMO of the 1.5
nm thin film shifts slightly by about 0.2 eV to 1.2 eV and thus, about the same amount as the
core-levels, explained by screening effects of the photohole (see above). Interestingly, the HOMO
of the bulk-like 1.5 nm film in Figure 8 is clearly split into two features with maxima at 1.1 and
1.3 eV, which might arise from the electronic structure of CoPc.””# However, contributions from

HBC cannot be fully excluded.
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Figure 8. HOMO-region measured after each deposition step and the clean Au(111) substrate at

40.8 eV and an emission angle of 18.5° with respect to normal emission.
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3.3. Temperature-induced Molecular Exchange

So far, we have demonstrated that the HBC intermediate layer can prevent interactions between
CoPcand gold. In order to study whether this bilayer structure is stable against thermally induced
rearrangement, we annealed CoPc/HBC/Au(111) samples to 630 K and performed PES, XAS and

STM measurements.

CoPc/HBC/Au(111): Annealed

HOMO

Emission
angle:
30°

Intensity (arb. units)

00

> 1 0 A
Binding energy (eV)

Figure 9. Valence band spectra with zoom into the HOMO-region after annealing: as a function

of emission angle (excitation energy 40.8 eV) with respect to normal emission.

20



First, we will discuss photoemission valence band spectra (Figure 9) of an
CoPc(1.5 nm)/HBC/Au(111) sample, annealed to 630 K. In contrast to the sample before
annealing (cf. Figure 8), two new well-defined and intense states at 0.62 and 0.40 eV appear in
the HOMO-region, while the former features at 1.3 and 1.1 eV are almost missing. Generally, the
intensity of valence band features depends crucially on both the emission angle and the
excitation energy (see, e.g. Refs. 7% 96101) Unfortunately, for both HBC-derivatives and
phthalocyanines, the maximal intensity of the lowest lying valence band features is expected
around 1.5-1.7 A'1,78 98101 3nd thus it is difficult to distinguish between both molecules from

angular dependent intensity variations.

The intensity of features at binding energies of 0.40 and 0.62 eV in Figures 9a increases with
higher polar angle; they are most intense at 30°, which corresponds to ki~ 1.5 A Since such a
behavior is expected for valence band features of CoPc and HBC, we conclude that the interface
states can be assigned to molecular orbitals, most likely to the HOMO of CoPc and/or HBC. The
fact that they are observed at distinctly lower binding energy compared to the HOMO before

annealing (cf. Figure 8) may point to a strong coupling to the substrate.

We would like to emphasize, that these states do not simply originate from a rigid shift of
photoemission features due to screening or a variation of the energy level alignment, since no
related shift were observed in the corresponding Cls core levels (0.1-0.25 eV to lower binding
energy in various experiments). We note that the shape of the valence band spectrum is very
similar to CoPc on Au(111) (cf. Figure S4, supporting information), suggesting that the HOMO of

CoPc contributes significantly.
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CoPc/HBC/Au(111): Annealed

0=190°
6=10°

Normallzed TEY (arb. units)

C?J—L2 2nd order
400 410 420 430
Photon energy (eV)

Figure 10. Angle-dependent N-K XA spectra of CoPc/HBC/Au(111) after annealing to 630 K.

As already mentioned, distinct changes of the XAS peak shape are expected for CoPc molecules
in direct contact to reactive substrates. In Figure 10, we show angle dependent N-K edge XA
spectra of the CoPc/HBC/Au(111) sample after annealing. The angular dependence indicates that
CoPc molecules remain flat lying after annealing. The almost vanished intensity in the n*-region
at grazing incidence points to an almost perfect orientation parallel to the substrate surface.
However, the N-K peak shape is very similar to the sample before annealing (cf. Figure 5). This
indicates that nitrogen atoms of CoPc are not involved in a possible strong interaction at the

interface to Au(111), as might be expected even for CoPc molecules in direct contact to Au.”?
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Figure 11. Angle-dependent Co-L3 XA spectra of CoPc(1.5 nm)/HBC/Au(111) after annealing to

630 K (green curves) compared to the same sample before annealing (blue curves) taken at

grazing (10°) and normal incidence (90°) of the incoming p-polarized synchrotron light.

In contrast, the shape of Co-Ls XA spectra in Figure 11 is clearly different comparing the 1.5 nm
CoPc layer on HBC/Au(111) before and after annealing to 630 K. Most visible, the prominent
feature B2 substantially drops in intensity after annealing in the spectra taken at grazing and
normal incidence. Also, the shape of feature A changes slightly and additional intensity is
observed at higher photon energies (red arrow in Figure 11a). The changes of the peak shape
indicate a charge transfer from the substrate to the Co ion of CoPc, accompanied by a

redistribution of the d-electrons. Such a behavior is typical for CoPc in direct contact to Au.”% 7>
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Thus, we conclude from Co-L3 XA spectra that the interaction between CoPc and Au is no longer
prevented by an HBC intermediate layer, the CoPc molecules are most likely diffused to the

Au(111) interface upon annealing.

1 coPc CoPc
HBC HBC

Figure 12. STM images of CoPc/HBC/Au(111), annealed to 630 K. a) 25 - 28 nm? image (U= 1.5V,
| = 950 pA). The inset shows a close-up measured with the same parameters, used for the line
profile shown in b). ¢) 45 - 35 nm? image (U = 1.0 V and | = 800 pA). CoPc molecules are visible as

bright spots.

The question may arise as to whether CoPc molecules replace the HBC molecules at the interface
after annealing completely. Therefore, we performed STM measurements of the annealed
CoPc/HBC/Au(111) sample. Two different molecular structures can be identified in the STM
images of Figure 12. The four-leaved pattern, typical for phthalocyanines, is best visible for some

molecules in Figure 12a, for other molecules a hexagonal structure typical for HBC might be
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supposed. The CoPc molecules appear somewhat brighter than the HBC molecules in Figure 12a
(bias voltage of + 1.5 V). This effect is more pronounced in Figure 12c, at a bias voltage of + 1.0
V. This effect is might be caused by the increased brightness of the central Co-atom due to
enhanced tunneling via the half-filled d;> orbitals at this tunneling voltage.°® Due to the local
density of molecular states of the d-orbitals, the central metal atoms of TMPcs have higher
apparent heights than the macrocycle.193-1%4 Therefore, depending on the tunneling voltage, we
can distinguish between CoPc and HBC molecules by their apparent height. A line profile is
generated from the close-up of Figure 12a (inset), illustrated in Figure 12b. The line profile
reveals a height difference between the CoPc and HBC molecules of about 30 pm. From the slight
differences in the apparent height, we conclude that the CoPc and HBC molecules are almost at

the same level on Au(111), i.e. they form a mixed monolayer on Au(111).

Often bimolecular layers form ordered structures due to molecule — molecule interaction by H-
bonds, dipole-dipole interaction or metal coordination.’%>1% |n Figure 12, it seems that
molecules of the same type (CoPc or HBC) tend to form domains, but also a large number of
single molecules and irregular spaces between the molecules (dark areas) are visible.
Consequently, we could not identify a preferred ordering as discussed for CoPc and HBC
monolayers on Au(111) (cf. Figure 2-4). This is supported by the absence of a LEED pattern, shown

in Figure S2.

Thus, our results verify that a molecular rearrangement and exchange takes place in the
monolayer after annealing of CoPc(1.5 nm)/HBC/Au(111). However, not all of the CoPc molecules
are able to replace HBC molecules at the interface to Au(111) at the selected experimental

conditions. Obviously, the interactions between CoPc molecules are weak enough to enable the
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desorption of CoPc at the chosen temperature of 630 K. Possibly, a temperature-induced
intermixing at the HBC/CoPc interface likely driven by entropy might occur in parallel to the

thermal desorption from the top layers until a mixed monolayer film remains on the surface.

Alternatively, the progressive CoPc desorption from the top layers of the film may leave some
HBC molecules directly exposed to vacuum. In this case, also HBC desorption might happen in
parallel to desorption but also diffusion and sticking of CoPc at former HBC adsorption sites,
which again will lead to an intermixed layer. We note that the detailed composition of the
remaining, mixed HBC-CoPc monolayer may strongly depend on both the desorption kinetics of
CoPc and the kinetics of the diffusion/exchange. Therefore, we suggest that especially the
variation of the temperature regime enables the tuning of the arrangement of molecules and

their composition in the mixed layer.

4. Conclusion

We studied interface properties and the structural ordering of cobalt phthalocyanine (CoPc) on
a highly ordered monolayer (ML) hexa-peri-hexabenzocoronene (HBC), grown on Au(111). LEED
and STM measurements reveal that well-ordered CoPc layers are formed on HBC/Au(111). The
HBC layer acts as a template for the initial growth of CoPc molecules. An hexagonal arrangement
is observed for CoPc on HBC/Au(111); the angle between the lattice vectors is the same as for
the annealed HBC monolayer (I = 60°). A charge transfer between CoPc and the gold substrate is
almost completely prevented by the HBC intermediate layer. After annealing to 630 K, a

molecular exchange takes place and a mixed monolayer of CoPc and HBC is formed on the
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Au(111) substrate. We conclude that the interaction strength between CoPc and Au(111) is not

significantly stronger compared to HBC/Au(111).
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