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Abstract

Layered transition metal dichalcogenides (TMDCs), such as molybdenum disulfide (MoS;), are
currently in the focus of interest due to their novel electronic properties. The adsorption of
molecules is a promising way to tune the electronic structure of TMDCs. We study interface
properties between MoS; and differently fluorinated iron phthalocyanines (FePcFy,
x=0,4,16) using X-ray photoelectron spectroscopy (XPS), Ultraviolet photoelectron
spectroscopy (UPS), angle-resolved photoelectron spectroscopy (ARPES) and X-ray absorption
spectroscopy (XAS). A key parameter for the charge transfer is the ionization potential of
FePcFyx. A distinct electron transfer from the molecule to the substrate is observed for FePc
and FePcF4. From energy-momentum ARPES maps we suppose that substrate and FePc related
states hybridize at the interface. This study demonstrates that a controlled tuning of the
electronic structure of MoS; by electron donors is possible, driven by the ionization potential

difference between substrate and adsorbate.



1. Introduction

The recently increasing research efforts devoted to layered transition metal dichalcogenides
(TMDCs) derives from their novel electronic and magnetic properties. As an example, for
MoS,, the size of the bandgap and its nature (indirect or direct) depends on the number of
trilayers.! Moreover, even the electronic structure of MoS; bulk crystals can show regions of
high spin-polarization.? Electronic properties of TMDC surfaces might be tuned by the
adsorption of molecules. In particular, this was shown for strong electron acceptors like
(fluorinated) tetracyanoquinodimethane (TCNQ) or fluorinated fullerenes.?”’” The formation
of covalent bonds is observed most notably for metallic TMDCs or for TMDC monolayers,

where, caused by the preparation conditions, defect sites exist.®

Transition metal phthalocyanines (TMPcs) might be especially suited for systematic studies of
charge transfer processes because of their chemical tunability of electronic and magnetic
properties. Therefore, TMDC/TMPc heterostructures may exhibit novel electronic properties,
which could be of high interest for efficient and flexible electronics, photonics and
spintronics.® 8 Recently, the interface between (transition metal) phthalocyanines and TMDCs
has been attracting a lot of attention and charge transfer processes have been studied by
various methods, especially with a focus on its use in photodetection.>!* For applications, the
charge transfer dynamics of excited states at MoS; interfaces is of enormous importance.
Ultrafast (hot) electron transfer was recently reported for several MoS; interfaces.’>1®
Furthermore, it is worth to mention that MoS,/FePc hybrid nanostructures exhibit excellent
catalytic activity for both the hydrogen evolution reaction and the oxygen reduction
reaction.” Even if the charge transfer at TMPc interfaces is expected to be bidirectional in

many cases,'®20 the charge transfer via the transition metal is a peculiar channel that may

change the electronic configuration at the interface. In most cases, the fluorination of TMPcs



changes basic electronic properties like the ionization potential but leaves the electronic
structure of the central metal atom unchanged. We expect that this may be different for FePc
and FePcFis based on our recent studies of perfluorinated FePc films on Cu and Ag single
crystals.?122 In order to shed more light on the interplay between the degree of fluorination,
molecular arrangement and electronic configuration, we studied the electronic structure of

FePc, FePcF4 and FePcFis on MoS; as a function of the film thickness.

2. Experimental

Synthetically grown 2H-phase MoS; was purchased from 2DSemiconductors Inc., USA and
glued to the sample holder by UHV-rated conductive epoxy. To obtain a clean (0001) surface,
the crystal was cleaved by adhesive tape in ultrahigh vacuum (UHV). The cleanliness and the
azimuthal orientation of the surface were checked by X-ray photoelectron spectroscopy (XPS),
ultraviolet photoelectron spectroscopy (UPS) and angle-resolved photoelectron spectroscopy
(ARPES). We note that, generally, the preparation of MoS; might result in inhomogeneous
surface regions, visible, e.g., in a broadening of photoemission features and a splitting of the
high binding energy cutoff in UPS. In such cases, a new preparation was performed. The
laterally resolved distribution of S 2ps;; binding energies in Figure S1 (supplementary

information) demonstrates that large homogeneous regions can be prepared.

For calibration purposes, we used Au and Cu foils (of 99.95% and 99.9% purity, respectively)
purchased from Goodfellow Cambridge Ltd, England. The foils were cleaned by repeated

cycles of argon ion sputtering.

FePc was purchased from Sigma Aldrich Chemie GmbH, Germany and FePcFis from Synthon
Chemicals & Co KG, Germany. The powders were resublimed for further purification. FePcF4

was synthesized by heating of a 4:1 mixture of 4-fluorophthalonitrile (Sigma Aldrich Chemie



GmbH) and iron(ll) oxalate in a glass tube at 190 °C for 4 hours. The resulting product was
purified by gradient sublimation in vacuum (1.33 - 10> mbar) at 440 °C. FePcF4 was obtained
as a statistical mixture of four regioisomers due to various possible positions of fluorine
substituents. No attempt was made to separate them because of the proximity of the

sublimation parameters.

The FePcFypowders were placed in a home-built Knudsen cell and the deposition on the MoS;
crystal was accomplished by resistively heating the cell to 390 °C. The deposition rates of 0.2-
0.3 nm/min were monitored by a quartz microbalance. The nominal layer thickness was
estimated from the XPS intensity ratios of substrate and overlayer core level spectra assuming
layer by layer growth. Sensitivity factors from Yeh and Lindau were used.?®> The mean free

paths were calculated according to Seah and Dench.?*

X-Ray absorption spectroscopy (XAS) and ARPES measurements using synchrotron radiation
were performed at the LowDosePES endstation of the PM4 beamline (BESSY II, Helmholtz-
Zentrum Berlin, Germany).2>2¢ This endstation is equipped with an angle-resolved time-of-
flight (ArTOF) analyzer used for both ARPES and XAS measurements. An improved detection
efficiency by a factor of roughly two to three orders of magnitude with respect to more
conventional hemispherical analyzers allows measurements with very limited photon flux
avoiding radiation damage of sensitive organic molecules.?® Polarization-dependent XAS
measurements at the N K and Fe L edges were carried out in total electron yield. Different
angles of the incident polarized light with respect to the sample surface plane were chosen.

The energy resolution for ARPES measurements was 55 meV.

XPS and UPS measurements in the home lab were performed using a multi-chamber UHV

system with a base pressure of 2 - 1019 mbar, equipped with a monochromated Al-Kq



radiation source (XR 50 M, Specs), an Ultraviolet source (UVS 300 SPECS) and a Phoibos 150
hemispherical photoelectron analyzer. Core level spectra of Au and Cu foils were measured
for a calibration of the binding energy scale with respect to the Au 4f7/; (84.0 eV) and the Cu
2p3/2 (932.6 eV) peak positions. The energy resolution was 400 meV and 150 meV for XPS and

UPS, respectively.

3. Results and Discussion

3.1. Molecular Orientation and Electronic Structure in Thin Films

The detailed arrangement of molecules at interfaces is crucial for interactions between
molecule and substrate-related orbitals and thus interface properties can be distinctly
affected by the molecular orientation. Therefore, we will first discuss the molecular

orientation of FePcFx molecules in thin films on MoS..

XAS (also called near edge X-ray absorption fine structure, NEXAFS) is a valuable tool for the
determination of orientation of planar molecules in ultrathin films.?”-?8 For phthalocyanines,
besides the commonly used C 1s-n* also N 1s-7* excitations are available, which can be used
for the analysis of the molecular orientation in a similar manner.?® Intensity arising from
N 1s = ©t* transitions becomes maximal if the electric field vector E of the incoming
synchrotron light is parallel to the p; orbitals, i.e. perpendicular to the molecular plane. Vice

versa, transitions to o* states will dominate if E is parallel to the molecular plane.

In the upper panels of Figure 1 a), b) and c), we compare N K XAS spectra of FePc, FePcF4, and
FePcFis on MoS; for two prominent angles of incidence. The measurement geometry is
depicted in the inset of Figure 1: 20° corresponds to grazing incidence and 90° to normal
incidence of the p-polarized synchrotron light with respect to the substrate surface. The shape

of the N K XAS spectra is typical for phthalocyanines; features at photon energies lower than



about 402 eV are mainly attributed to N 1s = 1t* transitions.?>33 For FePc and FePcFis an
additional feature below 399 eV is recognizable, which is attributed to a Mo M edge

absorption. Due to the larger film thickness, this feature is strongly attenuated for FePcFa.

Clearly visible in Figure 1, all three investigated FePcFx molecules show a strong dichroism in
thin films with thicknesses larger than 4.5 nm. The strongest intensity of N 1s - nt* orbitals
at grazing incidence implies that the molecules are predominantly flat lying with respect to
the substrate surfaces. The fact that the remaining intensity in the range of nt* transitions is
almost negligible at normal incidence indicates small tilt angles and a high degree of ordering
in films thicker than 4 nm. We note that indications for the possibility of a preferred flat lying
orientation are also observed for lower coverages, however, the analysis of the corresponding
XAS spectra is more complicated due to a dominant intensity of the substrate-related Mo M

edge in these spectra (see supplementary information, Figure S2).
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Figure 1. N K edge (top) Fe Lz 3 edge (bottom) XAS spectra of FePcFx films on MoSz: a) FePc
(thickness 4.5 nm), b) FePcF4 (thickness 7.8 nm) and c) FePcFis (thickness 5.3 nm). Although

N K edge spectra indicate almost flat lying molecules in all cases, the overall shape of the



Fe L, 3 edge is rather similar for FePc and FePcFs, but exhibits few striking differences for

FePcFis.

A clear angular dependence is also visible for the Fe L, 3 spectra shown in the lower panels of
Figure 1. This dichroism is also caused by the orientation of the molecules: For the almost flat
lying adsorption geometry, as determined from N K XAS spectra, transitions into orbitals
parallel to the molecular plane (e. g. dxz_yz and dyy states) are preferentially probed at normal
incidence, whereas orbitals with out-of-plane components (e. g. dx;, dy,, d,2 states) exhibit
distinct intensity at grazing incidence. At the chosen film thicknesses larger than 4 nm,
contributions from the first monolayer and thus possible effects caused by interactions with

the substrate are negligible, i.e. bulk-like film properties are probed.

The Fe L3 spectra in Figure 1 remind strongly of FePc films on single crystalline metal
substrates (see, e.g., Refs. 30 3336) \we will discuss briefly the shape of the Ls; edge
(705-715 eV). The spectra recorded at grazing incidence are dominated by an intense peak at
707.1 eV, denoted A1, whereas the spectra at normal incidence exhibit contributions from a
low photon energy feature B1 at 706.3 eV and a broad feature B, centred at about 709 eV.
From the angular dependence, considering the almost flat molecular orientation, we
conclude that A features arise from transitions into orbitals with out-of-plane contributions
(e.g. d,2), whereas B features are dominated by transitions in the molecular plane (e.g. into
dxz_yz). Since multiplet effects determine the shape of XAS spectra of transition metal L edges
to a large extent, the different peaks cannot be assigned to a particular transition without
extensive theoretical analysis, possibly also accounting for mixed valences. For a more
detailed, partially controversial discussion of the ground state of Fe in FePc and the shape of

Fe L edge XAS spectra, we refer to the literature (e.g. Refs. 21 37-42),



Despite the overall similarity of the Fe L edge XAS spectra of the three phthalocyanines in
Figure 1, differences can be identified. Whereas the spectra for FePc and FePcF4 are almost
identical, the relative intensities of A and B features for FePcFis exhibit several striking
differences to the former ones. This is most visible in the spectrum measured at grazing
incidence, where the A1/B; ratio is distinctly decreased compared to FePc. Since the molecular
orientation is similar for all three phthalocyanines, such changes of the peak shape must be
ascribed to a different electronic structure of the central Fe atom in FePcF1s compared to FePc
and FePcFs. We note that an even more pronounced intensity increase of B, in Fe L3 XAS
spectra was recently observed for FePcFis on Ag(111) and Cu(111).2* Most likely, the detailed
electronic structure depends sensitively on the molecular arrangement in thin films and,
possibly, on intermolecular interactions.?! Therefore, the different shape of the Fe L edge XAS

2122 may point to

spectra for FePcFis on MoS; compared to the Ag(111) and Cu(111) surfaces
a slightly different arrangement of the molecules in the thin films, most likely caused by a

weaker interaction at the interface to the van-der-Waals surface of MoS, and/or different

preparation conditions.

3.2. Interface Properties

Generally, on van-der-Waals surfaces such as MoS,(0001), a weak physisorption of organic
molecules might be expected, accompanied with the absence or a moderate redistribution of
electrons at the interface. In contrast, for chemisorbed molecules on more reactive surfaces,
a local interaction and the formation of bonds might be observed, visible as interface
components in XPS and XAS spectra. We note that we do not observe such interface

components for all three investigated phthalocyanines in Fe L edge XAS spectra, C 1s XPS



spectra and Fe 2p XPS spectra (cf. Figures S2 and S3, supplementary information), indicating

the absence of local charge transfer (which affects a specific atom only).

On the other hand, in particular for strong electron acceptors, a significant charge transfer
was recently reported on bulk or single-layer van-der-Waals surfaces.3> 7 If the energy levels
of the substrate and the overlayer differ distinctly, the prediction of a possible charge transfer
is comparatively straightforward. According to the Integer Charge Transfer (ICT) model, a
charge transfer at such weakly interacting interfaces becomes possible if the work function
of the substrate is larger than the positive polaron (close to the highest occupied molecular
orbital, HOMO) or smaller than the negative polaron (close to the lowest unoccupied
molecular orbital, LUMO) of the organic semiconductor.**%* Thus, for systematic studies,
variation of either the substrate work function or of the electronic properties of the organic
semiconductor is needed. The fluorination of phthalocyanines provides the opportunity to
vary the ionization potential IP of the molecule while leaving other electronic properties such

as the composition of HOMO and LUMO or the optical gap almost unaffected.*>-48
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Figure 2. Comparison of the position of important energy levels of FePcFy with respect to the MoS;
substrate as obtained from UPS. Energy gaps (E;) were determined by UV-VIS (FePcF,) or taken from

the literature (MoS,, Ref.*). All individual diagrams are aligned at the respective vacuum energies.

In Figure 2, we compare the positions of important electronic levels of FePcFx in thin films
with respect to the MoS; substrate as obtained from UPS. The corresponding spectra are
shown in Figure S4 (supplementary information). The work function ® and the HOMO onset
(valence band maximum, VBM) were determined by linear extrapolation of the secondary
electron cutoff and the raising edge of the HOMO peak, respectively. IE corresponds to the
sum of @ and E(HOMO). The reference in Figure 2 is the vacuum level (Ey) for all materials. As
energy gap (Eg) of FePcFx we used the optical gap, determined by UV-VIS (see Figure S5,

supplementary information), Eg of MoS; was taken from the literature.*®

The valence band spectrum of the clean MoS; substrate is in excellent agreement with the
literature®->! and can be reproduced very well for different samples. The measured @ (5.4 eV)
and VBM (0.8 eV) of MoS; implies that the substrate is slightly n-doped, considering the band

gap of 1.23 eV.%

As can be seen from Figure 2, the HOMO position of the three phthalocyanines is distinctly
different with respect to the substrate-related energy levels VBM and CBM (conduction band
minimum). Only for FePc and FePcFs the HOMO is located above the VBM of MoS;, and even
at or above the Fermi level position, which might enable an electron transfer from the
molecule into substrate related gap states. Assuming an exciton binding energy of 0.5-0.6 eV
as observed for many organic semiconductors,”?>3 the positive polaron is expected distinctly
above the CBM of MoS; for FePc and close to CBM for FePcF4, enabling an integer charge
transfer from the molecule to the conduction band of the substrate. In contrast, due to the

higher ionization potential, FePcFis could rather act as an electron acceptor. However, the

11



LUMO position and the negative polaron energy (assuming an exciton binding energy of 0.6
eV) does not exceed the high ionization potential of MoS; and, therefore absence of a charge

transfer is expected at the FePcFi16/MoS; interface.

A distinct charge transfer between the molecules and the substrate would be accompanied
by formation of an interface dipole. We note, however, that also other reasons might
contribute to dipoles, as was intensely discussed in the literature (e.g Refs.>*>’). The
formation of interface dipoles can be monitored by a shift of the work function upon

deposition of the molecule.
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Figure 3. Enlarged section of the secondary electron cutoff region of He-I UPS spectra for different
FePcF,/MoS; interfaces as a function of the film thickness: a) FePc/MoS; b) FePcFi,/MoS: c)

FePcF16/MoS,.

An enlarged section of the secondary electron cutoff (SECO) region of the UPS valence band
spectra (Hel, hv = 21.22 eV) is shown in Figure 3 for different coverages of FePcFx on MoS..

Complete energy level alignment diagrams are shown in Figure 4. The work function @ of the
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sample was calculated according to @ = 21.22 eV — E(SECO). A change of the cutoff-position
indicates directly the formation of an interface dipole. Significant changes in the cutoff
positions in Figure 3 are noticeable for increasing film thicknesses of FePc and FePcF4 on MoS;,
whereas for FePcFis on MoS; @ is hardly influenced by the thickness. In this manner, the Fermi
level of the substrate aligns with a midgap position of the FePcF16 HOMO-LUMO gap. Notably,

this position is almost the same for all the three Pc molecules considered here.

There are many possible reasons for small ® changes as observed for FePcF16/Mo0S; (0.2 eV).
For instance, thickness-dependent changes of the ionization potential (e.g. due to a change
of the molecular arrangement), a change of the work function of the substrate upon
adsorption or a weak redistribution of electrons at the interface may occur (see, e.g. Refs. >%
60), Thus, small interface dipoles do not necessarily imply the occurrence of a charge transfer
across the interface. On the other hand, stronger shifts of E(SECO) in Figure 3 are observed
upon adsorption of FePc and FePcF4, corresponding to a decrease of the work function by
1.0 eV and 0.6 eV, respectively. We note that an initial reduction of ® can be ascribed to the
push back or pillow effect (where surface electron density is pushed back into the substrate
by Pauli repulsion of the adsorbate’s electron density), whose size on organic/metal
interfaces is often in the order of 0.3 eV.>> 6183 However, for interfaces controlled by van-der-
Waals forces, we expect that this effect contributes less to the interface dipole. Therefore,
the appearance of interface dipoles as high as -0.6 and -1.0 eV might be a first indication for
a charge transfer from the FePc and FePcFs molecules to the MoS; substrate and rather likely

related to the midgap Fermi level positions in the molecular semiconductor films.
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Figure 4. Energy level diagrams of Fe phthalocyanines with a different degree of fluorination:

a) FePc/MoS;, b) FePcF,/MoS; and c) FePcF1s/MoSs.

The occurrence of different dipoles at the three investigated interfaces is summarized in the
diagrams of Figure 4, depicting the energy level alignment for FePcFxthe thickest films with a
film thickness between 6 and 12 nm. The situation for 2-3 nm thick films would be comparable
to the film thicknesses used here (cf. Figure 3). Note that the Ey position in Figure 4 for the
uncovered substrate may change because of band bending at the interface, discussed below

in detail.

Also visible in Figure 4, the relative positions of the HOMO with respect to the Fermi level E¢
or VBM of the substrate are surprisingly similar for all investigated phthalocyanines (0.6-
0.7 eV below Eg). In the frame of the ICT model this would mean that the positive polaron
level of FePc and FePcF, is located 0.6-0.7 eV above the HOMO, a value which is not unlikely
(see above). In the case of FePcFis, almost no interaction is expected, and vacuum level
alignment occurs, resulting coincidentally in an E--HOMO separation of 0.7 eV. We note that
different models may explain the observed energy level alignment. A HOMO position

distinctly below Er is observed in models, where the density of gap states of the organic
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semiconductor controls the energy level alignment (see, e.g. Refs. °7 %), Thus, if this is similar
for all three phthalocyanines, a similar HOMO position with respect to the energy levels of
the substrate might be expected. On the other hand, interface states might be formed or

modified as a result of the adsorption of molecules (see below).

FePc / MoS, b) FePcF, / MoS, FePcF,, / MoS,
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Figure 5. Mo 3d core level spectra as a function of the overlayer thickness: a) FePc/MoS, b)
FePcF,/MoS, and c) FePcF1s/MoS,.

An interfacial charge transfer to a semiconductor such as MoS; would result in an interfacial
doping, which might be visible as a shift of the (surface) Fermi level. Since the reference level
in photoemission is Ef, this would induce rigid shifts of all valence and core levels. Because
core level spectra are usually narrower and not overlapped by adsorbate related features,

they are well suited to monitor such surface band bending effects.

In Figure 5, we show substrate-related Mo 3d core level spectra as a function of the FePcFy
overlayer thickness. Only for FePc and FePcFs, energetic shifts to higher binding energy are
visible upon adsorption of the molecules, indicating a band bending at the substrate surface

by adsorption-induced n-doping at the interface. The substrate-related S 2p core level spectra



show the same trend (cf. Figure S6, supplementary information). This is a further hint for an
electron transfer from the FePc and FePcF4 molecules to the MoS; substrate. On the other
hand, the absence of shifts of the binding energy of Mo 3d for FePcFis/Mo0S; hints at the
absence of an interfacial charge transfer and a rather inert interface. We note that band
bending was observed for other heterojunctions between inorganic and organic
semiconductors, depending on the relative electron affinities and ionization energies of the
so0lids.®® The trend in the size of band bending for FePc/MoS; (0.4 eV), FePcF4/MoS; (0.3 eV)
FePcFi6/Mo0S; (0.0 eV) follows the differences of the ionization energies between the
substrate and the organic semiconductors as extracted from Figure 2 (-1.2,-0.8 and 0.1 eV for

FePc/MoS,, FePcF4/MoS; and FePcFis/MoS,, respectively).

More information about charge transfer might be extracted from a closer inspection of the
lowest energy features in valence band spectra. In Figure 6, we discuss valence band spectra
taken at 75 eV excitation energy, integrated over angles of +15° with respect to the surface
normal. These experimental parameters correspond to an integration in the k-space region
of kj = £1.2 AL, which includes the K and M points of the MoS; substrate, in particular if the
I point is not exactly centered (see Figure S7, supplementary information). The mapping of
different k-space regions compared to measurements using He | excitation (cf. Figure 3 and
S4) causes a different spectral weight of valence band features including features close VBM
(only features close to the I point are mapped in experiments using He | excitation). The error

of absolute binding energies in Figures 6 and 7 is estimated to be about £0.1 eV.

The top spectra in the upper panels show typical valence band spectra of the three
phthalocyanines, the bottom spectra are related to the clean substrate. The slightly different
relative intensity of valence band features is most likely due to minor differences in the

sampled angular ranges. The intermediate film thickness of 0.3-0.8 nm corresponds to a
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coverage in the range of 1-2 monolayers of flat lying molecules, containing contributions from
the interface. The 1-2 monolayer spectra for both FePc and FePcFs0n MoS;, exhibit a peak at
about 1 eV binding energy which has a distinctly different shape than the HOMO in the thin
film, whereas for FePcFis only a small shoulder located close to the MoS; valence band
maximum is noticeable. This is best visible in the lower panels of Figure 6, where we zoom
into the low binding energy region and compare these spectra to the clean substrate. The low
binding energy peaks of FePc and FePcF4 are composed of several components; the shape is
clearly different to the HOMO in thicker films. Many reasons may explain a different peak
shape depending on the film thickness, including interactions with the substrate or

intermolecular interactions.%-%7
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Figure 6. Integrated UPS valence band spectra taken at 75 eV (kj; = + 1.2 Ao'l). a) FePc/MoS,, b)

FePcF4/MoS; and c) FePcF1/Mo0S,. In the figures in the bottom, the spectra region close to the Fermi

energy is enlarged.

In addition, for FePc/MoS; and FePcFs/MoS; weak additional intensity in the gap is recognized
in Figure 6 (around 0.5 eV), pointing to the formation of interface states. These interface
states might be ascribed to localized states arising from local Mo d-orbital electrons
accumulated near a defect site, as theoretically predicted for related phthalocyanines (CuPc
and TiOPc) on monolayer MoS;.2 For related Fe-porphyrin / MoS2 interfaces, the appearance
Fe-Mo hybrid states was reported.®® We note that also for other molecules surface-confined
electronic interactions between adsorbed molecules and localized TMDC (SnS;) gap states

were observed.®?70

In order to analyze the nature of the feature at around 1 eV binding energy in more detail, we
discuss energy-momentum ARPES intensity maps using the example of FePc in Figure 7
(excitation energy 75 eV). The x-axis was calibrated using kx-ky momentum maps, as described
in Figure S7 (supplementary information). The ARPES band map of the clean MoS; substrate
in Figure 7 a) is in good agreement with the literature.”* The band with the lowest binding
energy is mostly derived from a hybridization of Mo 4d and S 3p orbitals and has maxima at
the I" and K points.”*73 In the ARPES band map of MoS; covered with 0.6 nm FePc (Figure 7
b), substrate-related bands are significantly attenuated. Additional intensity after adsorption
of FePc is clearly visible at higher binding energies (> 3 eV), but also around 1 eV. Remarkably,
the intensity around 1 eV binding energy is inhomogeneously distributed with intensity
maxima at emission angles apparently close to the I" and M points. We note that for highly
ordered, periodic structures like acenes, strong intensity variations in the k-space might

appear, caused by the orbital distribution in real space.”*”> Indeed, an intensity variation with
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the angle of emitted electrons is also observed for phthalocyanines, a maximal intensity is
observed around 1.5-1.7 A'1.14 66,76 However, mainly due to the different distribution and
symmetry of molecular orbitals, the intensity variation is much less pronounced compared to
acenes. Indeed, in contrast to the monolayer coverage, we do not observe strong intensity
variations in range k|| = 1.4 A'* for the highly oriented, almost flat lying FePc molecules in
the 2 nm thick film on MoS; — a film thickness, where substrate and interface related features

are almost vanished (Figure S8, supplementary information).

Also, a slight dispersion of the lowest binding energy feature at around 1 eV is noticeable in
Figure 7 b), which is not visible in the energy-momentum map for the 2 nm thick FePc film in
Figure 7 c). Since an intermolecular band dispersion, usually only observed in the w-stacking
direction of aromatic molecules (cf., e.g., Ref. ), can be excluded for the low coverage of flat
lying FePc molecules on MoS; in k)| direction, a possible origin might be a substrate mediated
band dispersion as observed for other n-conjugated molecules on Ag(110).”” It was reported
that hybridization between molecular and substrate states can substantially increase the

delocalization of the molecular states in selective directions along the surface.”’

Therefore, we suppose that in Figure 7 b) not only molecule related states (i.e. the HOMO)
contribute to the feature at lowest binding energy. Rather, we suggest that MoS; and FePc-

related states hybridize at the interface.
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4. Figure 7. Energy-momentum ARPES intensity maps (hv =75 eV) of a) clean MoS,, b) 0.6 nm FePcon
MoS; and c) 2.0 nm FePcon MoS,. The intensity of the lowest binding energy feature for FePcon
MoS; is inhomogeneously distributed with intensity maxima close to K and M, pointing to the
formation of an hybrid state involving substrate and adsorbate states.Summary

The molecular orientation of differently fluorinated iron phthalocyanines (FePcFy, x =0, 4, 16)

on MoS; in thin films is very similar. In principle, the almost flat lying adsorption geometry in

all three cases allows a comparable interaction between substrate and molecule related
orbitals. However, despite the similar orientation, the interaction at the interface is different,
depending on the ionization potential difference between substrate and adsorbate. A charge
transfer from the molecule to the MoS; substrate is observed for the molecules with the
lowest ionization potential (FePc and FePcF4), whereas the FePcFi6/MoS; interface is relatively
inert. The charge transfer causes a large interface dipole, the formation of interface (gap)
states and a band bending in the MoS; substrate. From energy-momentum ARPES maps we

suppose that MoS; and FePc related states hybridize at the interface.

Supporting Information

XY-map of S 2ps/2 core level binding energy on MoS2 sample, N K and Fe L XAS of lower

coverage FePcFyx layers on MoS;, C 1s core level spectra of FePcFxon MoS;, valence band
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spectra of FePcFxon MoS; taken with He-I radiation (hv = 21.2 eV), optical spectra band gap
FePc and FePcFis, S 2p core level spectra of FePcFx on MoS2 as a function of the overlayer
thickness, ky vs kx map (hv = 75 eV) of the clean MoS; substrate, energy-momentum ARPES

intensity maps (hv = 75 eV) of 2.0 nm FePc on MoS;
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