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We have investigated diindenoperylene (DIP) thin films deposited on Au(110) single crystals, by using a
multi-technique approach based on X-ray photoemission spectroscopy (XPS), resonant photoemission
spectroscopy (RPES), near edge X-ray absorption fine structure (NEXAFS) spectroscopy, atomic force
microscopy (AFM) and photoemission electron microscopy (PEEM). DIP molecules are physisorbed on gold,
with image-charge screening playing the major role as an interface phenomenon. DIP thin films show
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Stranski—Krastanov growth mode and the structural herringbone arrangement mimics the arrangement
found in DIP single crystals. These results are common with the (100) and (111) gold substrate geometries.
On the contrary, the island aggregation is substrate geometry-dependent. This paves the way to exploit

the degree of anisotropy in different lattice geometries as a tool for molecular patterning of inorganic

www.rsc.org/pccp

Introduction

The family of perylenes is one of the most investigated groups
among organic semiconductors. Molecules with a perylene
core, such as 3,4,9,10-perylene-tetracarboxylic acid dianhydride
(PTCDA),"” are interesting model systems for understanding
growth and inorganic/organic interfaces. In addition, they
are promising materials for organic electronics; for example,
perylene diimide (PDI) derivatives have recently become popular in
view of their use in devices,°*° also because of their solution
processability.'*™” Diindenoperylene (DIP, Fig. 1) is a perylene
derivative known for forming well-organized and stable films,"*>*
having very good transport properties,®* and being a good candi-
date as a donor material in organic photovoltaic cells.*

In previous studies thin films of DIP deposited on polycrystal-
line gold, Au(111) and Au(100) single crystals have been investi-
gated elucidating the ongoing interface mechanisms and the
influence of the geometry of the substrate.”*>® Here we present
our results on thin films deposited on Au(110) single crystals, by
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surfaces, keeping the electronic structure preserved.

using a multi-technique approach based on X-ray photoemission
spectroscopy (XPS), resonant photoemission spectroscopy (RPES),
near edge X-ray absorption fine structure (NEXAFS) spectroscopy,
atomic force microscopy (AFM) and photoemission electron
microscopy (PEEM). The purpose of this work is to understand
the impact of the geometry of the substrate and its correlation
with morphology, electronic and structural properties in the
organic films.

Experimental section

A clean Au(110) single crystal was prepared by several cycles of Ar"
ion bombardment and annealing in UHV. The crystal surface was
investigated by dark-field low energy electron microscopy (LEEM)
and low energy electron diffraction (LEED) using a SPELEEM
system (Elmitec, GmbH) installed at the Elettra Synchrotron
Laboratory, which gave a pattern with the expected Au(110)
reconstruction®” (see the ESIT). NEXAFS, XPS and RPES measure-
ments were performed at the beamline UE52-PGM at BESSY 11,
Helmbholtz-Zentrum Berlin (Berlin). This beamline was charac-
terized by a plane grating monochromator. The photon energy
ranged from 100 to 1500 eV, with an energy resolving power of
E/AE = 10500 at 401 eV (¢ = 10, 20 pm exit slit). The main
chamber (base pressure 2 x 10~ '° mbar) was equipped with a
standard twin anode X-ray source, a SCIENTA R4000 electron
energy analyzer, and a home-made partial electron yield detector.
The thin films of DIP were grown by organic molecular beam
deposition (OMBD) (evaporation rate = 3 A min™") keeping the
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Fig. 1 Upper panel: (a) A typical 20 pm x 20 pm AFM image of DIP films deposited on Au(110) single crystals. (b and c) XPS by PEEM imaging (field of view
10 um x 10 um), evidencing (b) in white carbon agglomeration when the photoelectron energy corresponds to the C 1s core level binding energy
spectrum maximum and (c) in dark carbon-based islands when the photoelectron energy corresponds to the Au 4f core level binding energy spectrum
maximum. The arrow indicates the [1-10] in-plane direction. DIP molecular structure is also shown. Lower panel: Hard sphere schematic model of
the fcc (110) (left), surface plane. Right: A sketch of the island aggregation as inferred from AFM and PEEM along the in-plane directions on the Au(110)
surface is also shown. The islands are sketched as rectangles.

substrate at room temperature. The nominal thicknesses were
measured by using the attenuation of the XPS substrate signal
after DIP deposition. Details on NEXAFS normalization are given
elsewhere.”®*° No degradation of the samples was observed on
the time scale of all presented experiments. AFM was performed
ex situ using a Digital Instruments Nanoscope III Multimode
microscope in tapping mode.

Results and discussion

Fig. 1 shows the typical film morphology of DIP molecules
(DIPs) on Au(110) single crystals. The islands form elongated
agglomerates with their long axis along the [1—10] or the [001]
in-plane direction on Au(110).® The two low index surfaces in
fec lattice substrates, i.e., (100) and (110), are anisotropic. The
(110) faces show atomic troughs with strong anisotropy in the
atomic distances giving rise to different degrees of possible
interactions across or along the troughs.*® This anisotropy,
kept also after reconstruction, is the reason for the observed
agglomeration of DIP islands.?® This observation of the island
shape is also supported by core-level photoemission by PEEM
imaging (Fig. 1). The PEEM images show bright and dark
regions, evidencing in white carbon-based islands with their
typical elongated shape and aggregation, when the photon energy
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excites photoelectrons with binding energy corresponding to
the C 1s core level spectrum maximum (Fig. 1b), while the islands
turn dark when the binding energy corresponds to photo-
electrons emitted from the Au 4f core levels (Fig. 1c). The work
function of gold is 5.2 eV. The work function decreases to 4.4 eV
within the first three DIP layers'® allowing the photoelectrons to
escape and the consequent observation of a bright PEEM
image."***® With increasing film thickness, this contribution
is attenuated by elastic and inelastic scattering of the photo-
electrons that gives rise to dark regions.>***?*" Thus, the contrast
around the island indicates the presence of a layer, confirming
the Stranski-Krastanov growth mode (see Fig. 1c).

The in situ and ex situ comparison of the thin film morphology
is a relevant aspect, also in view of applications. The corre-
spondence between the results obtained in situ with PEEM and
ex situ with AFM indicates that DIP films have exceptional
stability against pressure gradients and that air exposure does
not modify the film morphology, supporting the use of DIPs as
building blocks for devices.

Note that in our previous work focused on the island shape in
thin films of DIP*** and substituted pentacenes,**** we could
prove that this specific elongated shape/aggregation depends
exclusively on the geometry of the substrates. In particular, we
could exclude that temperature, Ehrlich-Schwdbel barriers,
molecular orientation, intermolecular and molecule-substrate

This journal is © the Owner Societies 2016
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interactions, and film roughness play a role under these pre-
paration conditions.*® These results are also in good agreement with
investigations performed on PTCDA,****® on needles of para-
hexaphenyl and sexithiophene grown on muscovite and phlogopite
mica,?”*® and on nanorods of substituted pentacenes.***
Au(110) has different surface energies and different atom
densities than Au(100) and Au(111).*>**"*" A more open surface
may cause a stronger bonding.**> XPS is a suitable technique to
explore this aspect. In particular, DIP molecules are physisorbed
on Au(110), as can be deduced from the XPS thickness-dependent
investigations shown in Fig. 2 for different excitation energies
(6 A corresponds to the completion of the first DIP mono-
layer'®). The spectra do not show any change with thickness,
apart from a small rigid shift towards higher binding energies
(0.1 eV), going from the thinner to the thicker films, due to the
image-charge screening.”® This indicates that physisorption
is the mechanism of adsorption occurring when depositing
DIP on gold, independently from its lattice geometry.'®>*>°
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Fig. 2 (a—c) Thickness dependent C 1s core level spectra recorded at 330,
640, and 1000 eV photon energy, as indicated. 6 A corresponds to the
completion of the first DIP monolayer.?® (d) Spectra of the thicker film
obtained for different photon energies overlapped favouring comparison.
Intensities are normalized to the peak maximum.
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The main line sums contributions due to photoelectrons emitted
from two carbon groups: carbon atoms bonded to other carbon
atoms (bridging carbon atoms) and carbon atoms bonded also
to hydrogen atoms (peripheral carbon atoms). However, also
among the carbon atoms belonging to each group there are
further slight differences in the chemical environment. These
contributions are very similar in binding energy; therefore, a fit
procedure would be speculative and it will not be addressed in
this work. Note that the different main line width and statistics
obtained on changing the incident photon energy are due,
respectively, to the different beamline resolution and the differ-
ent photon flux at different photon energies.

What is important is the fact that the difference in the three
experiments is due to different surface (bulk) sensitivity: higher
(lower) in the case of 330 eV (1000 eV). We can estimate a change
of the inelastic mean free path from 4 to 15 A.**** varying the
surface sensitivity in an XPS experiment is a way to investigate
the surface core level shifts (SCLS), ie., the photoemission
binding energy difference of a core level of a surface with respect
to a bulk atom/molecule. We do not observe any change in the
main line shape or in the binding energy of the main line within
the resolution of our experiment apart from an increased shake
up intensity (Fig. 2d). This result is in line with our previous
experiments on PTCDA, coronene, and H,Pc.***> However, we
observed clear SCLS in nanorods of substituted pentacenes
contacting electronegative atoms.>** The SCLS observed in
the substituted pentacenes can be explained, as in classical
semiconductors, to be due to the redistribution of the charge
on the surface atoms in the ground state because of the effect of
electronegativity. In fact, this model has been successfully used,
for example, for SCLS in III-V semiconductors, where the levels
of the group III atoms at the surface show larger binding
energies while those of the group V atoms are shifted to smaller
binding energies because of the deviation of the charge dis-
tribution at the surface in comparison with the bulk.*®*” From
the comparison of the various assemblies, we could infer that
there is an inter-correlation among the structural, electronic
and morphological properties that leads to a different core-hole
screening depending on the combination of these properties.
Indeed, we observed SCLS in nanorods containing electro-
negative elements such as fluorine and oxygen atoms,*** but
not in layer-by-layer films of flat lying molecules, such as PTCDA
that also contains oxygen.***> The case of DIPs is a further tile of
the mosaic that supports our interpretation: although DIP islands
aggregate on Au(110) according to the discussed elongated
shape, and structurally they are characterised by the recumbent
orientation (see below), there are no observable SCLS. This
clearly indicates that SCLS in rods are related to the presence of
electronegative atoms, and, thus, to a morphology-enhanced
deviation of the charge distribution at the surface with respect
to the bulk.

NEXAFS spectra are useful not only to gain information on
the unoccupied states, stemming from transitions from the
1s states to excited bound states,*® in this case, transitions from
the C 1s core levels to the n* and o* molecular orbitals,*® but
also to investigate the structural properties of the films,>*3%49°

Phys. Chem. Chem. Phys., 2016, 18, 13693-13700 | 13695
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Fig. 3 C-K edges NEXAFS spectra obtained at the interface (a), compared to the multilayer (b). The spectra were taken for s-pol (red curve) and p-pol

(black curve) polarization.

The NEXAFS features and their intensities are sensitive to the
intermolecular interactions,?*?****° and NEXAFS dichroism
allows determining the orientation of the molecules with respect
to the substrate.”®>!

DIP NEXAFS spectra are characterized by two main groups of
resonances that dominate the spectra (Fig. 3): the n*-region up
to about 290 eV and the o*-region above 290 eV.*>* Looking at
the feature intensities, we see that they are clearly dependent on
the different polarization of the incident light. We have per-
formed calculations of the molecular orientation by using only
the n*-resonance intensity. In particular, the values given in this
work are calculated on the highest intensity n*-resonance.

The calculated value for the angle between the substrate and
the molecular plane is around 50°. This value could hint at two
general scenarios: (1) a scenario where roughly half of the
investigated domains present upright standing molecules and
the remaining half flat lying molecules. (2) 50° is the real molecular
orientation. In standard NEXAFS the signal is averaged over the
sample area spotted by the X-ray beam; thus, 50° is an averaged
value. Note that in the case of amorphous films or very small
randomly distributed domains the spectra for the two different
polarizations are expected to overlap, with no dichroism.>*>¢ we
have previously investigated DIP thin films deposited on Au(111)
single crystals by using highly laterally resolved nano-NEXAFS:**
we found that the molecules arranged themselves with a 50° angle
recumbent molecular orientation, according to the herringbone
fashion, as seen in the bulk.>® In this case the DIP herringbone
structure gives rise to contributions to both polarizations in the
NEXAFS experiment. This conclusion (that is not spatially averaged
because of the high lateral resolution®) is important for the
present experiment because, comparing the nano-NEXAFS spectra®
with the spectra that we have obtained for DIPs on Au(110) crystals
for the same thickness range, we note that their features are very
similar, and they show the same polarization dependence. Thus,
we may infer that also in this case DIPs adopt the herringbone
arrangement.”>>* This is also in agreement with the arrangement,
beyond the first layer, found for DIP molecules deposited
on Ag(111) single crystals.”® Indeed, this is a consequence of the
minimisation of the energy of the molecules in the solid state.
If we consider two isolated molecules, the way they would
structurally assemble is a compromise between the strength
of the C-H and the n-n interactions.’” In a film they are not

13696 | Phys. Chem. Chem. Phys., 2016, 18, 13693-13700

isolated: they interact with the surrounding molecules that also
aim at minimising their energy because of the same interactions.
In addition, the molecules feel the substrate potential. The con-
sequence is the tendency of the molecules to assemble following
the herringbone structure, with differences due to stronger/weaker
substrate influence, under the same preparation conditions,
that lead to a large variety of thin film polymorphisms reported
in the literature.””**

We also observe a change with thickness in the NEXAFS
intensity ratio for the two polarizations (compare Fig. 3a and b)
because the molecules experience a reorientation effect, induced
by their different distance from the substrate versus film thickness.
This effect is quite general and is observed for other systems, such
as perylene and several of its derivatives besides DIP,'®'"3%%2
pentacene and its derivatives,*"*>%%*%* and phthalocyanines.

Taking the geometry of the experiment into account, and
comparing the spectra obtained for different thicknesses, we
observe the same features for the same polarization, and that
the spectra are characterized by the same onset energy. This
means that the gold/DIP interaction at the interface is weak and
it does not perturb the molecular orbitals,*®*® confirming DIP
physisorption. Additionally, XPS and NEXAFS do not show any
fingerprint of fractional charge transfer from the substrate to the
molecule.®® Contrary to what we observe in the present case, the
fractional charge transfer in physisorption is characterized by
unperturbed occupied states and strongly perturbed unoccupied
states, accompanied by a non-rigid shift of the photoemission
lines.®® Therefore, we can conclude that DIP is physisorbed
on Au(110) single crystals with image-charge screening as the
mechanism playing the major role.

Finally, considering the same thickness regime, we note that the
NEXAFS features resemble very closely those found in the spectra
of DIP deposited on Au(100) and Au(111) single crystals,>>>*?°
indicating a similar molecular arrangement that is, therefore,
not influenced by the different lattice geometries.

To further support our findings and having the opportunity
to use synchrotron light as a photon source, we have performed
resonant photoemission. A photoemission event leaves a core-hole
behind that implies several possible relaxation effects, radiative
or non-radiative, such as the Auger process. If the photoelectron
is resonantly excited to a bound state like in NEXAFS, the system
is neutral from the point of view of the charge. Also in this case
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Fig. 4 Schematic view of the working principles of NEXAFS and the
possible decay processes, as discussed in the text.
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the de-excitation may occur via the Auger process.”® There are
two possibilities: (1) the excited electron takes part in the Auger
process (participator) and the system is left with one final
state hole. This is a situation energetically analogous to the
photoemission case. (2) The electron remains in the normally
unoccupied levels, and two valence electrons are removed
(spectator), corresponding to a 2hle (two holes one electron)
final state (Fig. 4). If these phenomena occur in an organic layer
close to an interface, as in this case on gold, the de-excitation is
influenced by the metal/organic interface, i.e., by the substrate/
molecule interaction. In the case of chemisorption, we expect
that the transfer of an electron to/from the substrate during the
core-hole lifetime can influence the decay process, reducing the
resonant peak intensity measured at the interface in compar-
ison to the features obtained far from the interface.”’”® We
have monitored the resonant peak intensities for several film
thicknesses. In particular, Fig. 5 shows the results at the inter-
face and far from the interface (see also Fig. S3 in the ESI{). We
observe that in both cases (1) the spectra are characterized by a
strong increase of the background at higher binding energies
due to normal Auger photoelectrons.”®® (2) The features have
constant binding energy, independent of the photon energy.
This behaviour indicates that their kinetic energy has a nearly
linear dispersion versus the excitation energy. Therefore, the
resonant enhancement of the features is due to the participator
decay (see Fig. 4). The spectra recorded at the photon energy of
285.4 eV, i.e., the energy that corresponds to the most intense
n* NEXAFS resonance (see Fig. 5 and compare with Fig. 3),
show the biggest effect. Although the lines are quite broad, it is
possible to observe that they are characterised by an increase in
the intensity of the peak at 3.4 eV. This means that the resonant
photoemission channel (participator) is enhanced at this
energy for the interface film and the thicker film as well, and
consequently no charge transfer occurs, in agreement with the
results that we have obtained with XPS and NEXAFS spectro-
scopy. Finally, we also observe a change in the RPES line shape
corresponding to the photon energy of the two highest n*
NEXAFS resonances: in the photon region characteristic of the
first resonance up to 284.9 eV the line is broad and the intensity
corresponding to the HOMO binding energy is enhanced, with
the spectra resembling the valence band photoemission.'®

This journal is © the Owner Societies 2016
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Fig. 5 Upper panel: RPES spectra measured at different photon energies,
as indicated, for the (a) interface layer and (b) thicker film. The intensity
is normalized to the intensity peak at 5.9 eV. The light cyan-shadowed
region indicates the C 1s line excited by the second order light. The HOMO
and HOMO-1 binding energy positions are also indicated (grey dashed
lines) according to ref. 18. Lower panel: Multilayer C-K edges NEXAFS
spectra, analogous to the spectra shown in Fig. 3b. The figure shows
the correspondence between the NEXAFS resonances and the RPES
excitation energies.

In the region around the n* NEXAFS resonance at 285.4 eV the
line presents a characteristic pointed shape that becomes again
broader above 285.7 €V. The RPES line shape is influenced by the
charge-vibration coupling,”®*'"®® and it reflects the dynamics of
the core states.®*®> The symmetry of the spectroscopic line at
285.4 eV indicates that the transitions involve vibrational levels
having the same quantum numbers, and thus, very close energy
giving rise to a narrow peak.”>** This behaviour is common for
the first layer and the multilayer, further confirming the weak
interaction with the gold interface.

Conclusions

We have investigated thin films of DIP deposited on Au(110)
single crystals focusing on the film morphology and electronic
structure. To elucidate the ongoing mechanisms, we have used
a multi-technique approach taking advantage of X-ray based
synchrotron techniques. We have found that DIP molecules are
physisorbed on gold, with image-charge screening playing the

Phys. Chem. Chem. Phys., 2016, 18, 13693-13700 | 13697
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major role as an interface phenomenon. DIP thin films follow the
Stranski-Krastanov growth mode and, structurally, they are char-
acterised by the herringbone arrangement of the molecules,
mimicking the arrangement of the molecules in the single crystal.>®

Generally speaking, our work emphasizes two main aspects: the
first one is related to the use of X-ray based techniques, and the
second one to the island aggregation. In our previous work, we
have demonstrated that the combination of thickness-dependent
ultraviolet and X-ray photoemission together with X-ray absorption
spectroscopy reveals the fingerprints to unambiguously describe
the adsorption mechanisms at the metal/organic interface. In this
work, we add RPES as a fingerprint technique. Investigating at the
same time occupied (core level and valence states) and unoccupied
states of a system avoids the risk that the description of the
electronic structure may be influenced by the use of a specific
technique, as, for example, for UPS measurements that are
influenced by band dispersion or band/orbital splitting due to
interaction, e.g. of two or more molecules per unit cell, or for
NEXAFS measurements that convey at the same time structural
and electronic information that must be decoupled to understand
the ongoing phenomena. This approach reveals to be a reliable
method to describe the interface phenomena, univocally identify-
ing the electronic structure of the systems forming the interface,
especially when some variations of forces leading to the interface
formation might impede a clear comprehension of the bonding
mechanisms, ie. chemisorption versus physisorption.

Finally, we have found using the same preparation condi-
tions to grow DIP films on three low index gold substrate
geometries that (1) DIP is physisorbed on gold; (2) structural
properties and growth mode are not influenced by the different
geometry; and (3) what is straightforwardly different is the way
in which islands aggregate.

If the electronic structure and the interface formation are
kept identical, together with the molecular arrangement, this
means that important parameters for devices such as the ioniza-
tion potential are also kept constant®® and independent of the
substrate geometry. This paves the way to exploit the degree of
anisotropy in different lattice geometries as a tool for molecular
patterning of inorganic surfaces, analogously to what is done, for
example, with gold and silver nanostructures for near-optics
applications,®® where the variation of geometric parameters is
combined with the morphological three-dimensional control of
the surface, size- and shape-tunable structures being a toolbox
for nano-optics.®® Our findings could lead to the investigation of,
for example, the behaviour of surface-state electrons and surface
plasmons in patterned organic surfaces, towards purely organic
plasmonic structures,” ™ or to the engineering of nanostruc-
tured organic-organic interfaces.
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