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ABSTRACT: Heteromolecular bilayers of π-conjugated organic molecules on metals, considered as model systems for more
complex thin film heterostructures, are investigated with respect to their structural and electronic properties. By exploring the
influence of the organic−metal interaction strength in bilayer systems, we determine the molecular arrangement in the physisorptive
regime for copper−hexadecafluorophthalocyanine (F16CuPc) on Au(111) with intermediate layers of 5,7,12,14-pentacenetetrone
and perylene-3,4,9,10-tetracarboxylic diimide. Using the X-ray standing wave technique to distinguish the different molecular layers,
we show that these two bilayers are ordered following their deposition sequence. Surprisingly, F16CuPc as the second layer within
the heterostructures exhibits an inverted intramolecular distortion compared to its monolayer structure.
KEYWORDS: bilayer structure, adsorption behavior, physisorption, molecular dipole moment, photoelectron spectroscopy,
X-ray standing wave measurements

1. INTRODUCTION

In recent years, heteromolecular structures have attracted a
significant amount of attention,1−4 especially because of their
widespread potential for and use in organic (opto)electronic
devices. In this context, both the electronic and structural
properties of the organic layers are highly relevant as they have
a strong impact on the charge carrier transport and thus overall
device performance.5,6 The energy-level alignment at the
organic−organic and organic−inorganic interface,7,8 which is a
key issue also for molecular heterostructures, has been the
subject of intense research.9−12 For a better understanding of
more elaborate thin film architectures, different bicomponent
model systems on single-crystal surfaces have been inves-
tigated. Deposited either as molecular mixtures13−17 or bilayer
structures,18−20 these systems show that the interplay of
molecule−molecule and molecule−substrate interactions is
rather complex and may even induce unexpected rearrange-
ment processes such as the exchange of the first and the second
layer. Importantly, one might also observe significant

molecular distortions in those heterostructures,18,19 which
reflect the impact of the different interaction mechanisms on
the adsorbed molecules.
To address the fundamental questions raised by these

observations, one has to employ different molecule−substrate
combinations. Detailed investigations of those systems using
complementary experimental techniques allow for a controlled
preparation of bilayer structures. It has been observed for
heterostructures on Ag(111) that deposition of a second
molecular species may induce a complete replacement of
weakly interacting molecules in the first layer.18,19 Generally,
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chemisorption at organic−metal interfaces can lead to
adsorption-induced molecular distortions in the contact
layer21,22 and, consequently, to additional intramolecular
dipole moments.23,24 In contrast, the interaction of molecular
monolayers with inert surfaces is dominated by weak
dispersion forces.25−28 To minimize the organic−metal
interaction strength, we chose the Au(111) surface. This will
allow us to investigate whether such distortions occur in
molecular bilayers on weakly interacting substrates as well and
whether they are induced by the substrate or rather by
intermolecular interactions. Because fluorination of organic
semiconductors is expected to further weaken this inter-
action,29,30 we employed the electron acceptor copper−
hexadecafluorophthalocyanine (F16CuPc)

31,32 as the top
layer. The fluorination also leads, furthermore, to large
chemical shifts in the C 1s core levels,33,34 which is beneficial
for analyzing X-ray photoelectron spectra of the hetero-
structures.
For reduction of the charge carrier barriers between the

organic active layer and the metal electrode, different
intermediate layers may be employed between F16CuPc and
gold. Accordingly, we use 5,7,12,14-pentacenetetrone (P4O)
and perylene-3,4,9,10-tetracarboxylic diimide (PTCDI)
(chemical structures inserted in Figure 1) as the insertion
layer. Both molecules form well-defined monolayers on clean
metal surfaces35−39 and are chosen because of their rather
different surface unit cells,25,40,41 which allows us to study the
possible impact of (in)commensurability on the bilayer
growth. For comparison, F16CuPc has also been grown on
Au(111) directly and with a P4O or PTCDI layer below. In
our present work, the core-level signals and the molecular
surface structures, including vertical and planar information, of
the mono- and bilayer systems have been studied by high-
resolution X-ray photoelectron spectroscopy (HR-XPS),

normal-incidence X-ray standing wave (NIXSW) measure-
ments, and low-energy electron diffraction (LEED). In
addition, a possible impact of molecular distortions on
interface energetics has been measured by ultraviolet photo-
electron spectroscopy (UPS).

2. EXPERIMENTAL METHODS
The HR-XPS and NIXSW experiments were performed at beamline
I09 at Diamond Light Source (DLS, UK) using the available soft
(110−1100 eV) and hard (2.1−18 keV) X-ray beams.42−44 Sample
preparation and measurements were performed in situ under ultra-
high-vacuum conditions. The analysis chamber (base pressure: 3 ×
10−10 mbar) contains a VG Scienta EW4000 HAXPES hemispherical
photoelectron analyzer, which is mounted at 90° relative to the
incident X-ray beam. The reflectivity and photoelectron core-level
spectra of all elements were recorded at different photon energies E
(42 data sets) within a ±4.5 eV interval around the Bragg energy
EBragg (∼2.63 keV) of Au(111). The photoelectron yield YP (E −
EBragg) and the reflectivity were modeled, taking into account the
experimental geometry and the nondipole corrections associated with
it.29 The gold substrate was cleaned by several cycles of Ar+ ion
bombardment and annealing (400−500 °C). The π-conjugated
organic molecules (COMs) were sublimated onto the single-crystal
surface (held at room temperature) by physical vapor deposition from
home-built, resistively heated cells with deposition rates of about ∼0.2
Å/min. The nominal film mass thickness was monitored by a quartz-
crystal microbalance positioned near the sample.

Low-energy electron diffraction (LEED) was performed using a
Micro-Channel-Plate LEED (OCI BDL800IR-MCP), which is
installed in the analysis chamber at I09. The LEED patterns were
recorded using typical energies Ekin < 20 eV. LEED pattern
simulations were done using the LEEDpat45 software.

Thickness-dependent ultraviolet photoelectron spectroscopy
(UPS) and XPS measurements were carried out at Soochow
University in an ultra-high-vacuum system consisting of three
interconnected chambers: an evaporation chamber (base pressure: 3
× 10−10 mbar), an annealing and sputtering chamber (3 × 10−10

Figure 1. LEED patterns (electron energies included) for 1 monolayer (∼4 Å): (a) P4O, (b) PTCDI, and (c) F16CuPc on Au(111), respectively.
The unit cell is superimposed in each LEED pattern, whereas the one with red arrows separates two different unit cells in one pattern. HR-XPS
measurements of C 1s core-level spectra of (sub)monolayer P4O (d), PTCDI (e), and F16CuPc (f).
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mbar), and an analysis chamber (base pressure: 2 × 10−10 mbar).28

UPS experiments were performed using monochromatized He I
radiation (21.22 eV) and a Specs PHOIBOS 150 analyzer. The energy
resolution was set to 80 meV. The angle between the incident beam
and the sample was fixed to 40°. The spectra were collected at
photoelectron takeoff angles (θ) of 45° with an acceptance angle of
±12° along the Γ−M direction of Au(111). A sketch of the
measurement geometry can be found in ref 28. The secondary
electron cutoff (to determine the vacuum level) was measured in
normal emission with a bias potential of −3 V. XPS was performed
using a monochromatized Al Kα source (1486.6 eV). The data
analysis was carried out by a nonlinear least-squares fitting routine,
using Gaussian/Lorentzian peak shapes and a Shirley background.
The error bar for the binding energies (BE) in UPS is estimated to be
±0.05 eV. All measurements have been performed at room
temperature (295 K).

3. EXPERIMENTAL RESULTS

3.1. Homomolecular Systems.We start discussing the in-
plane structure of P4O, PTCDI, and F16CuPc monolayers on
Au(111), as determined by LEED (Figure 1a−c). The
measurements show pronounced diffraction patterns stemming
from the adsorbates. The three surface unit cells (parameters in
Table S1, Supporting Information) are hexagonal and in good
agreement with previous studies.18,46,47 From these, we can
conclude that molecules are essentially lying down on the
surface. Additional simulation results of LEED patterns can be
found in Figure S1.
The chemical analysis by HR-XPS is shown in Figure 1d.

The two peaks in the C core-level spectrum of P4O on
Au(111) are labeled as C−C (284.34 eV) and CO (287.05
eV), as in previously reported results.35 Similarly, the C 1s
spectrum of the PTCDI (Figure 1e) monolayer allows one to
distinguish two peaks, defined as C−C (perylene core) located
at the BE of 284.24 eV and CO (functional group) at a BE
of 287.35 eV, with a small shake-up satellite located at higher
BE. In the case of F16CuPc, the C 1s core-level shows three
distinct peaks, which appear at binding energies of 284.50,
285.62, and 286.66 eV and are assigned to carbon atoms
bound to carbon (C−C), nitrogen (C−N), and fluorine (C−
F) atoms, respectively.29,48,49 The peak located at the lowest
BE (283.89 eV) is attributed to a small portion of carbon
atoms bound to the substrate (C−Au) because of broken C−F
bonds,34,44 whereas the shoulder (two gray peaks) at higher BE
corresponds to shake-up satellites.18,50 The relative chemical
shifts of all three peaks correspond to F16CuPc in multilayers
on polycrystalline Au,49 which indicates physisorption of
F16CuPc on the Au(111) surface. The assignment is done
following the molecular stoichiometry and is in line with
previous studies.51,52 Importantly, the relative BE positions of
the three carbon species can be used as criteria to fit the bilayer
core-level spectra.
Having established the spectroscopic features of the core

levels and the in-plane structure of the three different
monomolecular systems, we now turn to the vertical
adsorption geometry and present the corresponding XSW
results, which provide precise adsorption distances (typical
precision <0.05 Å54). The analysis of the photoelectron yield
YP (see Supporting Information) in the standing wave field,
which is generated by the interference of incident and Bragg-
diffracted X-ray standing waves, gives the coherent position
(PH) and coherent fraction ( f H). PH can be used to determine
the average vertical adsorption distance (dH) of the different
adsorbate atoms by dH = (PH + n)d0,

55 with d0 = 2.35 Å being

the lattice plane spacing of gold along the [111] direction and
n being an integer number55 that arises from the periodicity of
the standing wave field, which is important to distinguish
between the molecules adsorbing in the first layer and those in
the second. fH is a parameter describing the degree of vertical
order of the respective adsorbate atoms.18 Because of the
surface relaxation of Au and to obtain ideal adsorption
distances, we corrected the values as stated in ref 53.
The complete XSW data analysis of the homomolecular

systems P4O, PTCDI, and F16CuPc on Au(111), which is
based on the HR-XPS fitting model discussed in Figure 1, is
displayed in Figure S2, Figure S3, and Figure S4. As shown in
Figure S2, also the adsorption distance of the oxygen atoms in
P4O have been measured using the (222) Bragg reflection of
gold (photon-energy range 5266 ± 4.5 eV) to avoid the
overlapping gold Auger peak,25 which is encountered for the
(111) reflection. The downside of using the higher order
reflections is that fewer photoelectrons are generated, thus
leading to weaker and noisier signals. To account for this, we
associated a larger error of ∼0.1 Å with the adsorption
distances. By applying the equation for PH, we determine the
adsorption distance as dH = 3.17 Å.55 When using the (111)
Bragg reflection of Au (2.63 keV), it is only possible to
measure the adsorption distance of carbon atoms in P4O, for
which we distinguish two carbon species, one bound to
another carbon atom (3.34 Å) and the one bound to an oxygen
atom (3.38 Å). In Figure 2, the adsorption geometry, including

dH, of the three molecules on Au(111) is shown. Because of
the high-quality XSW data and the core-level fitting model
employed, the adsorption distance of different inequivalent
species within the same core-level signal is accessible (full list
of adsorption distances in Table 1). Monolayers of P4O and
PTCDI on the surface remain in a flat-lying configuration with
dH of 3.35 and 3.33 Å, that is, in line with previous studies with
only minor differences in PTCDI.25,35 A similar agreement
with the literature is found for F16CuPc, which absorbs flat on
the surface with an average adsorption distance of 3.35 Å,
similar to the results reported by de Oteyza et al.33 Thanks to

Figure 2. Sketch of the vertical adsorption geometries of P4O,
PTCDI, and F16CuPc on Au(111) (in Å) as inferred from the XSW
measurements (Figure S2, Figure S3, Figure S4, and Table 1). Note
that for P4O/Au(111) the black numbers correspond to EBragg =
2.635 keV and the red numbers to EBragg = 5.266 keV. Elements with
dashed lines are drawn according to their van der Waals radii. The
displayed adsorption distances were calculated by taking into account
the surface reconstruction observed on the gold surfaces.53

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.9b22812
ACS Appl. Mater. Interfaces 2020, 12, 14542−14551

14544

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22812/suppl_file/am9b22812_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22812/suppl_file/am9b22812_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22812/suppl_file/am9b22812_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22812/suppl_file/am9b22812_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22812/suppl_file/am9b22812_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22812/suppl_file/am9b22812_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22812/suppl_file/am9b22812_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.9b22812?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b22812?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b22812?fig=fig2&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22812/suppl_file/am9b22812_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22812/suppl_file/am9b22812_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b22812/suppl_file/am9b22812_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.9b22812?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b22812?ref=pdf


the improved setup at I09 and the state-of-the-art photo-
electron spectrometer, we have been able to resolve, in contrast
to the previous report, different inequivalent carbon species
and nitrogen. Thus, as shown in Figure 2, the central copper
ion takes the lowest height (3.01 Å) compared to the other
elements,29 that is, similar to other metal−phthalocyanine
molecules.24,56−58 Influenced by the copper atom, the nitrogen
atoms that are bound to it show an intermediate height (3.12
Å) with respect to the Cu and F atoms. Moreover, carbon
atoms in different chemical environments show a similar trend;
that is, the carbon atoms in C−F bonds have the largest
adsorption distance (3.34 Å), whereas carbon in C−N bonds
are closer to nitrogen itself. Comparing all elements in
F16CuPc, we conclude that F16CuPc, which is planar in the
gas phase,59,60 shows a significant distortion on Au(111) as the
central Cu atom is located below and F atoms above the
average adsorption distance, which was observed for the same
molecules on Ag(111) and Cu(111).29

3.2. Heteromolecular Systems. Having a detailed picture
of the three monomolecular systems on Au(111), including
their in-plane and vertical geometry as well as their electronic
properties, we now proceed to the heteromolecular bilayer
structures. For the heterostructures, F16CuPc was vacuum-
sublimed on monolayers of P4O and PTCDI. For the UPS and
XPS measurements, the nominal thickness of the template
layer has been as close to monolayer coverage as possible while
making sure that it does not exceed one monolayer; for LEED,

HR-XPS, and XSW measurements these monolayers have been
prepared by thermal desorption of multilayers.
Prior to discussing the coverage-dependent evolution of the

valence-electron region spectra of the bilayers, we show the
UPS spectra of F16CuPc in Figure 3a. With the deposition of
F16CuPc, the intensity of the substrate-derived Fermi edge is
attenuated and characteristic peaks of F16CuPc appear: the
highest occupied molecular orbital (HOMO)-derived peak
centered at 0.90 eV (for submonolayer and monolayer
thickness). The intensity of this peak becomes strongest at
the nominal monolayer coverage (4 Å), and increasing the
coverage leads to an attenuation of this feature because of the
limited probing depth of UPS. For an F16CuPc monolayer
thickness, a new feature appears at higher BE (∼1.31 eV) close
to the monolayer HOMO peak, which apparently splits into
two peaks. The fine structure of the splitting, which can be
observed only for a thickness corresponding to a monolayer (4
Å) and bilayer (8 Å), could be explained by considering the
formation of dimers, a phenomenon that has been observed for
PbPc on HOPG as well.58 Further experiments will be required
to verify this hypothesis in general.
Figure 3b,c shows the coverage-dependent evolution of UPS

spectra of F16CuPc deposited on Au(111) precovered by the
two adlayers (P4O and PTCDI). For the F16CuPc/P4O
bilayer (Figure 3b), that is, with a P4O monolayer on Au,
because of the gold d-band at a low binding energy (∼2 eV),
the HOMO peak of P4O is disturbed by the Au features. The

Table 1. Adsorption Distance of P4O, PTCDI, and F16CuPc on Au(111) in Å as Derived from XSW Measurements According
to the Relation dH = (PH + n)d0

a

Å

C−C C−N C−F CO Cav F N Cu O

P4O (2.63 keV) 3.34 * * 3.38 3.35 * * * −
P4O (5.26 keV) 3.26 * * − 3.25 * * * 3.17
PTCDI 3.33 * * 3.33 3.33 * 3.34 * −
F16CuPc 3.16 3.05 3.34 * 3.20 3.30 3.12 3.01 *

a* means that the element is not present in the molecule and (−) that the results could not be obtained or decoupled in the analysis. The final
adsorption distances were calculated by taking into account the surface reconstruction occurring for this substrate.53 The different carbon species
are labeled “C−C”, “C−N”, “C−F”, and “CO”, whereas “Cav” gives the averaged adsorption distance of all carbon atoms within one molecule.

Figure 3. UPS spectra taken at 45° for the stepwise-deposited COMs on Au(111). (a) Pure F16CuPc grown on Au(111) with the mono- and
multilayer spectra highlighted by darker lines. UPS spectra of F16CuPc deposited on a monolayer of P4O/Au(111) (b) and PTCDI/Au(111) (c).
For the heterostructures the nominal monolayer (4 Å) and multilayer (96 Å) thickness of F16CuPc spectra are indicated. Vertical lines refer to the
position of the HOMO. Survey spectra (up to 14 eV BE) of these systems can be found in Figure S5.
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HOMO-derived peak of F16CuPc, located at a BE of 1.40 eV at
one monolayer thickness (4 Å), gradually emerges with
increasing coverage. It shifts by 0.37 eV toward higher BE
with further F16CuPc deposition as expected because of the
reduced photo hole screening by the substrate.35 This is in line
with F16CuPc and P4O forming a bilayer system on Au(111)
as the valence band (VB) features of F16CuPc are different
from those in Figure 3a, indicating that the molecules are not
in contact with the substrate. The HOMO peak shift of
F16CuPc is found to be similar for deposition on the PTCDI
monolayer. Here, the F16CuPc HOMO peak features become

visible, whereas the PTCDI HOMO signal (1.52 eV in green
curve) vanishes. Notably, in this bilayer the HOMO position
of F16CuPc also shifts by 0.37 eV with further deposition of
F16CuPc, that is, by the same amount as that for the P4O
interlayer on Au(111).
Adapting the fitting model from Figure 1, we analyze the C

1s core levels of (sub)monolayer F16CuPc on Au(111)
precovered by a monolayer of P4O (Figure 4a) and PTCDI
(Figure 4b). In Figure 4a, the C−C and CO peaks of P4O
(red areas) are visible with a BE difference of 2.54 eV, which is
identical to the monolayer spectra of P4O on Au(111) (Figure

Figure 4. HR-XPS measurements of C 1s core-level spectra for bilayer systems of F16CuPc/P4O (a) and F16CuPc/PTCDI (b) on Au(111).
Spectra are taken with hυ = 800 eV. The monolayers of the template molecule were prepared by desorption, and then the monolayer F16CuPc was
deposited on top. The color code is adapted from Figure 1. Red areas belong to P4O, green areas belong to PTCDI, and blue areas indicate the
F16CuPc contribution.

Figure 5. XSW measurements for an F16CuPc (sub)monolayer directly adsorbed on Au(111) (a), on top of a P4O (b), and PTCDI (c) monolayer,
both on the same substrate. The inset describes the color code of different components in F16CuPc.
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1a). Meanwhile, the C signals attributed to F16CuPc (blue
areas) prevail with similar BE shifts for each species compared
to those shown in Figure 1f; that is, the C−N (C−F)
component is found at 0.91 eV (2.12 eV) higher BE than C−
C. The residual area at ∼288 eV most likely corresponds to a
shake-up peak. The results in Figure 4b demonstrate that all
components related to PTCDI (green areas) and F16CuPc
(blue areas) occur at BE positions, which agree with the
monolayer fitting results. Specifically, the two carbon species of
PTCDI exhibit a BE difference of 3.11 eV, and the carbon
peaks of F16CuPc are distributed as they are in Figure 1f and
Figure 4a. For comparison, the XPS core-level spectra of
F16CuPc monolayer (∼4 Å) and multilayers (∼96 Å) on the
precovered Au(111) are shown in Figure S6.
After the investigation of the chemical properties by XPS,

the adsorption distances were measured using the XSW
technique. The photoelectron yield YP (E − EBragg) and
corresponding fits for F16CuPc in mono- and bilayers together
with the corresponding least-squares fits are displayed in
Figure 5. Details for all F16CuPc signals have been measured
and the corresponding element-specific results are summarized
in Table 2. After F16CuPc deposition on the P4O−adlayer, the
P4O molecules remain within the error bar at the same height
as that before the addition of the second layer, that is, at 3.38 Å
(vs 3.34 Å). The Cu and N atoms of F16CuPc are found to be
about 3.3 Å above P4O, that is, at similar intermolecular
distances as CuPc/P4O18 on Ag(111). The F and C atoms are
found to be slightly closer to the P4O molecules with a
difference of 0.11 Å, which indicates a soft bending of the
molecule in the second layer.
For the PTCDI-bilayer system, we find that the adsorption

geometry of the PTCDI interlayer changes upon deposition of
F16CuPc. Initially, PTCDI monolayers on Au(111) are
essentially planar, that is, with its two carbon species and
nitrogen atom at identical adsorption distances. According to
the XSW data analysis, we find that the C atoms in PTCDI
remain at the adsorption distance of the monolayer system. In
contrast, the N atoms are located at an adsorption distance of
3.43 Å, which is 0.10 Å higher than the C atoms. This
significant difference between C and N in PTCDI means that
the initially flat molecule is bent because of the interaction with
F16CuPc molecules in the second layer (see Figure S4 and
Table 2). The Cu atoms are found 3.41 Å above the C atoms
of PTCDI, whereas the F atoms are only 3.28 Å above, which
is similar to the adsorption distance differences of CuPc and
PTCDA61 on Ag(111). Thus, the adsorption geometry of
F16CuPc is qualitatively similar to that of the P4O bilayer with
a spread of 0.13 Å within the molecule.
As discussed above, F16CuPc shows a slightly distorted

structure when adsorbed on Au(111) with the Cu atom
located at the lowest and F atoms at the highest position.
According to the XSW measurements, it adsorbs with an
inverted intramolecular distortion (∼0.1 Å) on top of both
intermediate layers, compared to the F16CuPc monolayer on
Au (ΔdH = 0.29 Å). Considering the carbon backbones of both

bilayer systems, the distance ΔdH between F16CuPc and the
adlayers are 3.13 Å (P4O-bilayer) and 3.36 Å (PTCDI-
bilayer). There are differences between the coherent fractions
of both systems as well. F16CuPc on PTCDI shows values very
similar to the monolayer case, whereas on P4O, the f H for the
different elements is reduced. This could be explained by the
different packing of PTCDI and P4O on Au(111), which
induces a different degree of disorder in the second layer.
Overall, the adsorption geometry of F16CuPc in the bilayers is
found to be significantly different compared to the distorted
structure of the monolayer on Au(111); that is, in the bilayer
F16CuPc molecules show an inverted intramolecular distortion
because of the insertion of the first layer.

4. DISCUSSION AND CONCLUSION

F16CuPc Monolayer. The results of the present paper are
schematically summarized in Figure 6, including the adsorption
geometry, that is, with the element-specific bonding distances
of the F16CuPc monolayer and bilayers as they were
determined by XSW measurements. In addition, the energy
level diagram derived by UPS is displayed at the bottom. By
combining these results, we can draw a picture of the F16CuPc
monolayer system as it has been discussed. The vacuum level
(VL) (for details, see Figure S7 and Figure S8) position with
increasing film coverage (Figure 6) provides further insight
into the interaction strength for the mono- and hetero-
molecular interfaces.26,28,62 Figure 6a illustrates the distorted
adsorption geometry of F16CuPc with the copper atom at the
lowest distance and fluorine atoms being 0.29 Å higher. Upon
initial deposition of F16CuPc, the vacuum level shows a steep
decrease (ΔVL = 0.45 eV), which nearly saturates at the
monolayer coverage (Figure S7 and Figure S8). This behavior
confirms flat-lying molecules in the monolayer and also a
multilayer growth regime. The observed VL shifts can be
explained to a large extent by Pauli repulsion. However, the
distortion of this molecule according to XSW results and the
corresponding dipole moment (μ⃗) needs to be taken into
account for a complete picture of the adsorption behavior and
energy levels. In general, vacuum-level shifts ΔVL at organic−
metal interfaces can have two contributions:24,63

Δ = ΔΦ + ΔΦVL dip bond

In this equation, ΔΦbond contains the effect of the molecule−
metal interaction, which is mainly caused by Pauli repulsion for
the weakly interacting F16CuPc/Au(111). The other contri-
bution ΔΦdip is proportional to the distortion-induced dipole
moment (μ⃗)64 shown in Figure 6a. It is because fluorine atoms
with negative partial charge take an adsorption distance, which
is 0.29 Å higher than that of copper atoms with their positive
partial charge. For F16CuPc monolayers on Au(111), the
observed ΔVL can be ascribed to the combination of the
molecular dipole moment24,63 and the pushback effect (with
ΔVL increasing for decreasing adsorption distance65,66).67,68

Table 2. Adsorption Distance dH of F16CuPc/P4O and F16CuPc/PTCDI Bilayers on Au(111) Determined by XSW
Measurements According to the Relation dH = (PH + n)d0

F16CuPc/P4O/Au(111) (Å) F16CuPc/PTCDI/Au(111) (Å)

Cav F N Cu Cav F N Cu

F16CuPc 6.51 6.56 6.71 6.67 F16CuPc 6.69 6.61 6.67 6.74
P4O 3.38 * * * PTCDI 3.33 * 3.43 *
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F16CuPc Bilayers. Within the P4O-derived bilayer (Figure
6b), the P4O molecules remain virtually at the same
adsorption distance as those in the monolayer system (3.35
Å vs 3.38 Å). More importantly, F16CuPc on P4O adsorbs in
the geometry with Cu and N atoms repelled by ∼0.11 Å
relative to the C and F atoms. This is in contrast to the strong
upward bending of F atoms in F16CuPc monolayers on
Au(111). It can be speculated that the repulsive interaction of
the F atoms with the Au(111) substrate is weakened by the
template layer. The lack of interaction between P4O and
F16CuPc is further supported by the absence of a notable
vacuum-level shift, whereas the slight vacuum-level shift
(∼0.10 eV) at this interface can be ascribed to the distortion
of F16CuPc itself. A similar behavior is found for the PTCDI/
F16CuPc bilayer, where the VL is lowered by a monolayer of
PTCDI on Au(111) and deposition of F16CuPc on top causes
no further VL change at low coverages (only 0.10 eV for
thicker films). The XSW results give evidence of the weak
coupling between F16CuPc and PTCDI. With F16CuPc
deposited to form the bilayer, the planar PTCDI molecule is
slightly bent with its nitrogen atoms closer to the F16CuPc
molecule, whereas F16CuPc shows more of the inverse bending
(0.13 Å), as was found for the P4O-derived bilayer. Apart from
that, in both bilayers, differences between the highest adsorbed
element in the first layer and the lowest adsorbed element in
the second layer (F16CuPc) are similar, that is, 3.13 and 3.18 Å,
demonstrating again that P4O and PTCDI have a comparable
template function for F16CuPc.
In summary, we have studied the geometric and electronic

structure, specifically, the adsorption distances and vacuum-

level shifts, at the organic−organic and organic−metal
interfaces of F16CuPc, F16CuPc/P4O, and F16CuPc/PTCDI
bilayer systems on Au(111). Our measurements have shown
that the three molecules are physisorbed on this substrate and
that, as expected for weak interactions, the HOMO positions
of F16CuPc in the two different bilayer systems are nearly
identical. Moreover, the fluorine-upward distorted structure of
the F16CuPc monolayer on Au(111) is confirmed by XPS and
XSW, together with the support of UPS and LEED. Notably,
the advantages of the XSW technique have been used to
resolve the adsorption distance of two different layers with an
error bar of <0.1 Å, demonstrating the potential of further
investigations on such heterostructures. Therefore, the growth
of F16CuPc as the second layer is confirmed by XSW and UPS
measurements. For the P4O-derived bilayer, the P4O
molecules as the bottom layer representing the contact with
the substrate remain essentially at the same bonding distances
as P4O in monolayers on Au. Deviations, however, occur for
the F16CuPc molecules in the second layer with an intra-
molecular downward distortion. The XSW results reveal that,
in the F16CuPc/PTCDI bilayer, both molecules show different
adsorption behaviors compared to those in the monolayers. In
this bilayer system, there is the upward bending of nitrogen in
PTCDI and downward bending of fluorine in F16CuPc, which
indicates an attraction between these two materials. An
intramolecular distortion of F16CuPc is found for these
bilayers, yet with inverted direction compared to the
adsorption on metal substrates. Overall, we have shown that
also in the physisorptive regime the substrate plays a crucial
role in the conformation of adsorbates.

Figure 6. Adsorption geometries F16CuPc (a), F16CuPc/P4O (b), and F16CuPc/PTCDI (c) on Au(111). In Figure 6b,c, black values indicate
bilayer systems and red values (bottom) are from the monolayer systems for comparison. Real adsorption distances were calculated considering the
surface reconstruction of Au(111).53 Energy-level diagram of the three interfaces are determined by UPS measurements.
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Reinisch, E. M.; Ules, T.; Soubatch, S.; Ramsey, M. G.; Tautz, F. S.;
Kumpf, C. Modification of the Ptcda-Ag Bond by Forming a
Heteromolecular Bilayer Film. Phys. Rev. B: Condens. Matter Mater.
Phys. 2015, 91, 155433.
(62) Wang, Q.; Xin, Q.; Wang, R.-B.; Oehzelt, M.; Ueno, N.; Kera,
S.; Duhm, S. Picene Thin Films on Metal Surfaces: Impact of
Molecular Shape on Interfacial Coupling. Phys. Status Solidi RRL
2017, 11, 1700012.
(63) Zojer, E.; Taucher, T. C.; Hofmann, O. T. The Impact of
Dipolar Layers on the Electronic Properties of Organic/Inorganic
Hybrid Interfaces. Adv. Mater. Interfaces 2019, 6, 1900581.
(64) Koch, N.; Gerlach, A.; Duhm, S.; Glowatzki, H.; Heimel, G.;
Vollmer, A.; Sakamoto, Y.; Suzuki, T.; Zegenhagen, J.; Rabe, J. P.;
Schreiber, F. Adsorption-Induced Intramolecular Dipole: Correlating
Molecular Conformation and Interface Electronic Structure. J. Am.
Chem. Soc. 2008, 130, 7300−7304.
(65) Toyoda, K.; Hamada, I.; Lee, K.; Yanagisawa, S.; Morikawa, Y.
Density Functional Theoretical Study of Pentacene/Noble Metal
Interfaces with van der Waals Corrections: Vacuum Level Shifts and
Electronic Structures. J. Chem. Phys. 2010, 132, 134703.
(66) Ferri, N.; Ambrosetti, A.; Tkatchenko, A. Electronic Charge
Rearrangement at Metal/Organic Interfaces Induced by Weak van der
Waals Interactions. Phys. Rev. Mater. 2017, 1, 026003.

(67) Bagus, P. S.; Staemmler, V.; Woll, C. Exchangelike Effects for
Closed-Shell Adsorbates: Interface Dipole and Work Function. Phys.
Rev. Lett. 2002, 89, 096104.
(68) Koch, N. Organic Electronic Devices and Their Functional
Interfaces. ChemPhysChem 2007, 8, 1438−1455.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.9b22812
ACS Appl. Mater. Interfaces 2020, 12, 14542−14551

14551

https://dx.doi.org/10.1063/1.2712435
https://dx.doi.org/10.1063/1.2712435
https://dx.doi.org/10.1021/jp211749g
https://dx.doi.org/10.1021/jp211749g
https://dx.doi.org/10.1002/adfm.200901374
https://dx.doi.org/10.1002/adfm.200901374
https://dx.doi.org/10.1016/j.susc.2007.01.020
https://dx.doi.org/10.1016/j.susc.2007.01.020
https://dx.doi.org/10.1016/0167-5729(93)90025-K
https://dx.doi.org/10.1016/0167-5729(93)90025-K
https://dx.doi.org/10.1103/PhysRevLett.105.046103
https://dx.doi.org/10.1103/PhysRevLett.105.046103
https://dx.doi.org/10.1103/PhysRevLett.105.046103
https://dx.doi.org/10.1021/acs.jpcc.8b07530
https://dx.doi.org/10.1021/acs.jpcc.8b07530
https://dx.doi.org/10.1103/PhysRevB.75.121305
https://dx.doi.org/10.1103/PhysRevB.75.121305
https://dx.doi.org/10.1103/PhysRevB.75.121305
https://dx.doi.org/10.1021/ct050105y
https://dx.doi.org/10.1021/ct050105y
https://dx.doi.org/10.1021/ct050105y
https://dx.doi.org/10.1063/1.4773456
https://dx.doi.org/10.1063/1.4773456
https://dx.doi.org/10.1063/1.4773456
https://dx.doi.org/10.1103/PhysRevB.91.155433
https://dx.doi.org/10.1103/PhysRevB.91.155433
https://dx.doi.org/10.1002/pssr.201700012
https://dx.doi.org/10.1002/pssr.201700012
https://dx.doi.org/10.1002/admi.201900581
https://dx.doi.org/10.1002/admi.201900581
https://dx.doi.org/10.1002/admi.201900581
https://dx.doi.org/10.1021/ja800286k
https://dx.doi.org/10.1021/ja800286k
https://dx.doi.org/10.1063/1.3373389
https://dx.doi.org/10.1063/1.3373389
https://dx.doi.org/10.1063/1.3373389
https://dx.doi.org/10.1103/PhysRevMaterials.1.026003
https://dx.doi.org/10.1103/PhysRevMaterials.1.026003
https://dx.doi.org/10.1103/PhysRevMaterials.1.026003
https://dx.doi.org/10.1103/PhysRevLett.89.096104
https://dx.doi.org/10.1103/PhysRevLett.89.096104
https://dx.doi.org/10.1002/cphc.200700177
https://dx.doi.org/10.1002/cphc.200700177
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b22812?ref=pdf

