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Abstract

Heterostructures consisting of transition metal dichalcogenides (TMDCs) and organic
molecules are currently of enormous interest for a variety of applications. Comparably weakly
interacting molecules like phthalocyanines exhibit a high potential for the tuning of electronic
properties of TMDCs. Knowledge of the molecular orientation is a prerequisite for the
understanding of the nature and strength of the interfacial interaction. We study the molecular
orientation of cobalt phthalocyanine (CoPc) and perfluorinated (CoPcFis) on both large
molybdenum disulfide (MoS:) single crystals and small MoS: flakes using synchrotron-based
techniques: X-ray absorption spectroscopy (XAS) at the Co L3 edge and spectromicroscopy in
a photoemission electron microscope (PEEM). We show that the orientation can be radically
different on both substrates. Whereas on large crystals an almost flat-lying orientation is
observed, significant tilt angles were found on smaller flakes. The orientation depends crucially

on the number of MoS: layers and/or the size of flat terraces.
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Due to their remarkable physical and chemical properties, layered transition metal
dichalcogenides (TMDCs) have emerged as promising materials for applications in modern
semiconductor devices for electronics, lighting, solar energy and communication. In particular,
it is expected that these materials will enable the further miniaturization of electronic devices
according to Moore’s law,'*? and promote the establishment of flexible electronic devices.® The
layered structure allows the exfoliation down to two-dimensional layers with unique electronic
properties compared to their bulk counterparts; in the case of MoS,, the nature of the band gap
changes from direct to indirect.* Especially TMDC monolayers and heterostructures are of
interest for a broad variety of devices.> 7"

One approach for the tuning of electronic properties is the formation of TMDC/organic
semiconductor heterostructures. The recent research on conjugated carbon molecule/TMDC
interfaces has been mainly focused on strong molecular electron acceptors.'’!* However, also
weaker interacting, physiosorbed carbon molecules may also interact with TMDCs. Such
systems are expected to offer new opportunities for tuning both optical and electronic
characteristics.' For example, a quenching of the low-temperature defect photoluminescence
of MoS: was observed after adsorption of metal-phthalocyanines, depending strongly on the
central metal atom of the phthalocyanine.!> The nature of such interactions is currently
increasingly discussed,'® and one crucial parameter in this regard is the orientation of the
molecules with respect to the substrate surface. For example, the coupling between nickel
phthalocyanine (NiPc) and graphene is supported by the flat geometry of the NiPc complexes.!’
Especially for anisotropic organic semiconductor films, the orientation of the individual
molecules at the heterostructure is of particular significance since it influences the electronic
properties of the film and therefore the overall interaction at the interface.'® 1
We study the molecular orientation of cobalt phthalocyanine (CoPc) and perfluorinated cobalt

phthalocyanine (CoPcFi6) on MoS; bulk crystals and on exfoliated pieces, often called flakes,

which have fewer and even monolayer thickness — a system, where weak interactions at

https://doi.org/10.26434/chemrxiv-2023-tj7m0 ORCID: https://orcid.org/0000-0002-2704-3591 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-tj7m0
https://orcid.org/0000-0002-2704-3591
https://creativecommons.org/licenses/by/4.0/

interfaces (i.e. the absence of an integer charge transfer) can be expected. Representatives of
the family of transition metal phthalocyanines (TMPcs) were chosen due to their advantageous
chemical and physical properties, including stability, film growth and tunability of electronic
parameters due to variation of the central metal and selection of the peripheral substituents.?*-
23 Fluorination of the Pc moiety increases the ionization energy by more than 1 eV,**?” which
may affect electronic interactions at interfaces distinctly - even in the case of metal surfaces
passivated by graphene.?® Numerous studies on the growth of phthalocyanines were carried out
on a broad variety of substrates. On single crystalline substrates, the almost planar
phthalocyanine molecules typically prefer a flat-lying orientation (see, e.g.2%2°-3%); this includes
also van der Waals substrates like GeS or MoS and graphene covered metal substrates.*% 323
In contrast, on polycrystalline substrates, the molecular orientation can be radically different
depending crucially on the substrate roughness.? 3 The different growth modes observed on
various substrates can be understood in terms of different molecule-substrate and molecule-
molecule interactions at the interface.”® 3% In this manner, higher tilt-angles for
phthalocyanines on single crystals were in particular found, if the molecule-substrate interaction
is weaker, e.g. for van-der-Waals solids or passivated semiconductor surfaces.’* *

In this study, we demonstrate that the orientation of CoPc and CoPcFis on molybdenum
disulfide flakes can diverge from that on the bulk single crystal. Therefore, the prediction of the
molecular orientation on thin flakes from literature data obtained with bulk crystals only could
be misleading for differing structural situations.

Polarization-dependent X-ray absorption spectroscopy (XAS) offers an optimal method for
studying the adsorption geometry of molecular adsorbates.? ** For the planar TMPcs having
Dan symmetry, both Cls-n* or Nls-n* excitations are suitable for determining molecular
orientation.?’ If the electric field vector of the incoming light is oriented parallel to the atomic

p. wave functions forming the molecular n* orbital (i.e. out of the molecular plane), the

absorption is maximal, whereas the transition is forbidden in the case of a perpendicular

https://doi.org/10.26434/chemrxiv-2023-tj7m0 ORCID: https://orcid.org/0000-0002-2704-3591 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-tj7m0
https://orcid.org/0000-0002-2704-3591
https://creativecommons.org/licenses/by/4.0/

orientation.*>>*! However, in our case the analysis of both C K and N K edge absorption spectra
is hindered by the overlap with features from the MoS, substrate and common carbon
contaminations. An example for an N K edge spectrum in superposition with Mo M3 is shown
in Figure S1 (supporting information). However, also Co L edge XAS spectra show a
pronounced angular dependence (see, e.g. Refs.>**?). They are determined to a large extent by
multiplet effects due to the strong overlap between core level and valence wave functions.*
Nevertheless, in-plane and out-of-plane transitions can be distinguished (for details we refer to
the literature, e.g. Refs. ***). In the following, we will use the shape of the Co L3 XAS spectra
for the estimation of the molecular orientation. We note that the shape of these spectra is almost
independent on the fluorination of CoPc (cf., e.g. Refs 3% ),

In Figure 1, polarization dependent Co L3 edge spectra of (Fig 1a) CoPcFs and (Fig 1b)
CoPc on bulk MoS; are shown for two different film thicknesses, measured at two different
incidence angles of the p-polarized light. Transitions polarized perpendicular to the molecular
plane (z-polarized) are denoted A, whereas B features are polarized within the molecular plane
(xy-polarized). Consistent with the considerations above, the intensity of the out-of-plane
feature A is maximal at grazing incidence (20°), whereas the in-plane transitions B are most
intense at normal incidence (90°). This indicates a preferred orientation of the molecule parallel
to the substrate surface. The spectral shape of the Co L3 edge is almost identical for the coverage
in the monolayer range (0.34 nm) and the multilayer film, indicating that the orientation of the
first molecular layer is maintained in the thin film. This behavior on bulk MoS> substrates is
identical for CoPc and CoPcFis. A more detailed comparison of the spectral shapes in Figure 1
with literature data (e.g. Refs. ** *% 46) reveals that tilt angles between the molecules and the

substrate surface are rather small or even negligible. Thus, we can conclude that the face-on

orientation of CoPc and CoPcFis is favored on bulk MoS,.
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Figure 1 Angle-dependent measurements in the Co L3 region show intensity differences of
features A and the two B features depending on the orientation of the electric field with respect

to the sample for CoPcFi¢ shown in a) and CoPc shown in b).

While the molecular orientation on bulk MoS, provides critical insight, it's essential to
recognize that this orientation could be influenced by numerous factors on real MoS; samples
like, e.g. 2D layers or flakes. For instance, the substrate's surface roughness and the size of its
atomically flat terraces can significantly impact the direction of molecules.?® This leads to the
question if the determined molecular orientation of cobalt phthalocyanines on bulk MoS;
applies also to smaller flakes, which are of particular interest for applications. Due to the small
dimensions of the MoS, flakes, a microscopic technique is needed. A certain PEEM
measurement mode, spectromicroscopy, is particularly useful here. Spectromicroscopy
essentially means taking stacks of PEEM images while scanning the incoming photon energy

or the kinetic energy of the emitted electrons; by tracing a pixel (or lateral region) through the
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image stack the former yields laterally resolved (u-)XAS, the latter laterally resolved (u-)PES.
The resulting local spectra can be summed over regions of interest (Rol’s) with freely defined
shapes as applied on measurements discussed in the following. In particular, microscopic
measurements of the work function contrast have proven to be a very sensitive method for

distinguishing monolayer and few-layer regions of TMDC flakes.*”*

MoS, flake on Si MoS, flake on Ti MoS, flake on Ti
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Figure 2 Average intensity images of work function contrast measurements for flake 1, flake 2
and flake 3 are shown in a), b) and c) respectively. Below the respective mean spectra for

selected regions of interest are shown ( d) — 1) ).

First, we will discuss the work function contrast of selected MoS: flakes prepared on naturally
oxidized silicon and titanium substrates. In the following, we will refer to the flake on the
oxidized silicon substrate (Figure 2a, d and Fig. S3, Fig. S4c¢) as flake 1, while the two flakes
on the titanium substrates are referred to as flake 2 (Figure 2b, e and Fig. S2, Fig. S4a) and

flake 3 (Figure 2c, f and Fig. S1, Fig. S4b). Figure 2 shows PEEM images (the total diameter
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of the field of view is 126 pm for the measured circular images, the figures shown are cutouts
and the scales are adjusted accordingly) together with the normalized p-PES spectra of the
secondary electron cutoff. Regions of interest (denoted R1 - R4 in Figure 2) were selected
based on previously acquired optical microscope images and observable color variations
(Figure S4). Average spectra in Figure 2d-f were generated over all pixels in the chosen
regions marked in Figures 2a-c. For a better comparison of the work functions, we measured
the secondary electron cutoff from the pure substates with ultraviolet photoelectron
spectroscopy (UPS) at our laboratory spectrometer. We found a work function of 4.2 eV and
3.6 eV for the silicon and titanium substrates, respectively (Figure S3g). This difference is in
good agreement with literature data and the relative differences we found in our PEEM
measurements on the substrate. Therefore, we referenced the work functions of the substrates
to those value and adjusted the values for the MoS; flake regions based on the relative
differences.

We find almost the same work function for the pristine titanium substrate regions (R1) for
flake 2 and flake 3 and a higher work function for the silicon substrate of flake 1. A comparably
high work function @ is expected for MoS,, a value of 5.4 eV was recently reported for single
crystalline bulk substrates.’> However, for monolayer or few-layers on oxidized silicon,
significantly lower values were observed (® ~ 4.5 eV) by both PEEM and Kelvin probe force
microscopy (KPFM).*: %031 We note that KPFM measures relative work functions, which may
complicate a direct comparison of absolute values. Furthermore, a comparison to literature data
has to take into account difference in the preparation method, the influence of contaminations
in the case of measurements under ambient conditions,>® as well as the choice of the substrate,
which may alter the work function of MoS; flakes by several tenths of eV.>! However and most
importantly, all methods agree in that the work function increases from single to few-layer
MoS,.* 3152 Using PEEM under UHV conditions, for MoS; on oxidized silicon differences of

60 meV and 80 meV were observed for 122 and 2->3 monolayers, respectively. Thus, the
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lower work function of regions R3 and R4 in Figure 2b, ¢ clearly indicates a lower number of

MoS: layers.
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Figure 3 PEEM XAS measurements at an incident angle of 25° in the region of the Co L edge.
a) - ¢) show average intensity images and selected regions of interests in these images. d) - f)

show the normalized spectra of the respective ROI for the flakes 1 - 3 above.

In a next step, we deposited CoPc on flakes 1 and 2 and CoPcFi¢ on flake 3. The
corresponding PEEM images together with the averaged Co L3 edge spectra of the selected
regions are shown in Figure 3. The XAS spectra in Figure 3d-f were obtained by the analysis
of PEEM images taken at different excitation energies. Generally, the XAS features discussed
in Figure 1 are also visible in the u-XAS spectra of Figure 3. Due to the fixed measurement
geometry all spectra were taken at an incident angle of 25° with respect to the surface of the

sample. This is relatively close to the grazing incidence angle for the measurements of CoPc
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and CoPcFi¢ on bulk MoS> single crystals (20°). Thus, for preferred flat-lying molecules only
a slight increase of the relative intensity of the in-plane polarized features B1 and B2 might be
expected compared to bulk MoS; single crystals, discussed in Figure 1 (cf. e.g. Refs.* #* for
the angular dependence of Co L3 spectra). A further reason for a slightly increased intensity of
B1 and B2 could be a different degree of the polarization of the synchrotron light. Considering
these minor technical limitations, the u-XAS spectra of CoPc and CoPcFis on large MoS»
terraces (R2) in Figure 3 are very similar to the related spectra on bulk MoS; single crystals at
grazing incidence (20°) in Figure 1. In both cases, the out-of-plane polarized feature A clearly
dominates the spectrum. In contrast, on the oxidized silicon and titanium surfaces (regions R1
in Figure 3), the molecules grow obviously in a different manner: The dominating in-plane
features B1 and B2 indicate a preferred standing (edge-on) adsorption geometry, which can be
related to the weaker molecule-substrate interaction with increasing (micro-)roughness of the
substrates (i.e. the substrates are not atomically flat). Such effects were reported for different
molecules (see, e.g. Refs. 2% 3). Most importantly, the ratio of A/B intensities of the Co Ls
spectra for the regions R3 and R4 deviate distinctly from the regions R2 of the MoS; flakes on
oxidized titanium (Figure 3 e, f), indicating significant tilt angles of the molecules to the surface
plane or a disordered growth. This effect is observed to some weaker extent also on the region
R2 on oxidized silicon (Figure 3d), where Figure 3a suggests a more inhomogeneous MoS>
layer. The regions R3 and R4 are characterized by 1) a lower number of MoS: layers and ii) by
a smaller size compared to regions R2. Both could affect the molecular orientation of the
deposited CoPc or CoPcF16 molecules. The lower number of MoS: layers may affect the surface
energy of the substrate, and the flexibility of the thin-layer MoS> may cause a certain
corrugation due to the alignment at the substrate surface. The small lateral size of the thin MoS»
regions might limit the favorable flat-lying adsorption geometry to a certain number of
molecules and step-edge effects might become important. Further investigation is needed to

understand the different adsorption geometry of Co phthalocyanines on smaller MoS: terraces.
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In conclusion, we found that the orientation of cobalt phthalocyanines on technically relevant,
small-sized thin-layers of MoS; flakes is significantly different compared to bulk MoS». This
demonstrates that the molecular orientation on small sized (monolayer) TMDC flakes cannot
be simply deduced from the orientation of organic molecules on related bulk substrates. For the
understanding of electronic and optic interactions at such interfaces, different molecular
orientations should be considered. From our perspective, especially the situation between
electrodes with small distances seems to be critical, in particular if the evaporation of molecules

occurs after the deposition of electrode structures.

Experimental Section

Cobalt phthalocyanine (CoPc, Sigma-Aldrich Chemie GmbH) and perfluorinated cobalt
phthalocyanine (CoPcFs, Sigma-Aldrich Chemie GmbH) were deposited on bulk MoS; (2D
semiconductors Inc. USA) by thermal evaporation under ultra-high vacuum (UHV) conditions
(base pressure about 1-10° mbar). The evaporation chamber was directly attached to the
spectrometer chamber. The nominal film thickness was determined using a quartz crystal
microbalance, setting the mass density of CoPc and CoPcFis at 1.6 g/cm® and 1.8 g/cm?®,
respectively, and checked by the comparison of XPS peak areas for bulk samples.

For experiments on bulk 2H-phase MoS;, the crystals were cleaved by adhesive tape in UHV.
The cleanliness was checked by X-ray photoelectron spectroscopy (XPS). These experiments
were conducted at the PM4 beamline of the BESSY II electron storage ring operated by the
Helmholtz-Zentrum Berlin (HZB) using the LowDosePES endstation.> Polarization-dependent
X-ray absorption spectroscopy (XAS) measurements at the N K and Co L edges were carried
out in total electron yield mode measuring the sample drain current and orienting the sample at
different polar angles with respect to the incoming beam of fixed horizontal polarization. The

correction for beamline characteristics of the photon flux was carried out using the drain current
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from the last beamline mirror or XAS spectra of pristine gold substrates. The XAS spectra were
normalized to the same step height well above the absorption edge.

For determining the orientation of CoPc and CoPcFis on MoS; flakes, laterally resolved
spectromicroscopy experiments in a PEEM were conducted at IQMT’s soft x-ray beamline
WERA at the KIT Light Source, Karlsruhe, Germany. The degree of linear polarization was set
to nominal values between 72 and 93%, all giving sufficient orientational contrast of the Co L
edge with photon energies between 770 eV — 800 eV, the energy resolution was set to 490 meV.
The FOCUS-PEEM (FOCUS GmbH) operates in a fixed geometry; the angle between the p-
polarized incident photon beam and the normal of the sample was 65°. Since the fixed geometry
does not allow a direct determination of the molecular orientation, the adsorption geometry was
estimated from the known angular dependence of polarization dependent XAS spectra
(measured e.g. on bulk MoS,).

MoS2 flakes, containing regions with varying numbers of layers, were prepared for PEEM
measurements using the top-down scotch tape method, starting with bulk MoS».>* Exfoliated
flakes were transferred onto a polydimethylsiloxane stamp (PF Gel Film®, Teltec GmbH). The
stamp is pressed onto substrates, leaving thin-layers of TMDC on them. Mentioned substrates
were commercially available silicon wafers, either coated with a 50 nm layer of titanium or
used as purchased. To fit the dimensions of the PEEM sample holders, 7.5 x 7.5 mm substrates
were cut from these wafers. Native titanium oxide and silicon oxide layers were found on both
surfaces as evidenced by photoelectron emission measurements (Figure S1-3, Supporting
Information). The substrates were ultrasonically cleaned with a solvent cascade, starting with
acetone, followed by hexane, ethyl acetate, and isopropanol. As a final cleaning step, the
substrates were placed in a UV oven (Photo Surface Processor PL16-110B-1, Sen Lights Corp)
for 15 minutes. Successful transfers of the MoS, flakes were evaluated by optical microscope
images. As this preparation method yields a large number of flakes with different thicknesses

on the substrates, we selected the most promising ones based on contrast assessments. The
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images of the for later experiments selected flakes are shown in Figure S4. Prior to the
deposition of phthalocyanines, the samples were annealed under UHV conditions to 250 °C for
12 h to remove contamination from preparation and ensure a clean surface, as verified by PEEM
measurements (see Figure S1-3).
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Figure S1 Micro-XPS measurements on a MoS: flake on a titanium coated substrate. The
intensity maps show the summed intensity measured over the S2p region (a), the Ti3p region
(b) and the Mo3d region (c). The bright pixels have an overall high intensity while the intensity
in darker areas is low. Below each image the average spectra, integrated over the total detector

area is shown.

Figure S2 Micro-XPS measurements on a MoS: flake on a titanium coated substrate. The
intensity maps show the summed intensity measured over the S2p region (a), the Ti3p region

(b) and the Mo3d region (c). The bright pixels have an overall high intensity while the intensity

https://doi.org/10.26434/chemrxiv-2023-tj7m0 ORCID: https://orcid.org/0000-0002-2704-3591 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-tj7m0
https://orcid.org/0000-0002-2704-3591
https://creativecommons.org/licenses/by/4.0/

in darker areas is low. Below each image the average spectra, integrated over the total detector

area is shown.

Figure S3 Micro-XPS measurements on a MoS; flake on native oxide silicon substrate. The
intensity maps show the summed intensity measured over the S2p region (a), the Si2p region
(b) and the Mo3d region (c). The bright pixels have an overall high intensity while the intensity
in darker areas is low. Below each image the average spectra, integrated over the total detector

area is shown.

Figure S4 Optical microscope images (500x magnification) of MoS> flakes on Ti (a) and b))

and on Si substrates (c)).

Figure S5 Angle dependent XAS measurements of a) N K edge region of clean bulk MoS>
(red) and bulk MoS; with an overlayer of CoPcF s (black) b) N K edge region after the second

deposition of CoPcFis.

Figure S6 Measured BIAS voltages for flakes 1-3 (a) - ¢)) and the averaged spectra from the
marked region of interest (d) — f)). g) measured secondary electron cutoff for the clean

substrates
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