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The recently increasing research efforts devoted to layered transition metal dichalcogenides (TMDCs)
derive from their novel electronic properties, which might be further tuned by the adsorption of molecules.
However, the nature of interactions is often not fully understood, especially for comparably weakly interact-
ing molecules, such as transition metal phthalocyanines (TMPcs). We studied interface properties between
cobalt phthalocyanine (CoPc) or perfluorinated CoPcF;¢ and molybdenum diselenide (MoSe;) using photo-
electron spectroscopy (PES), angle resolved photoelectron spectroscopy (ARPES), X-ray absorption spec-
troscopy (XAS) and photoluminescence spectroscopy. The interaction between MoSe, and cobalt phthalo-
cyanines crucially depends on both the ionization potential of the molecule and the doping level of the sub-
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strate. Only for CoPcFy¢ interfaces, a redistribution of electrons of the Co ion is observed, which can be
associated with interfacial charge transfer. These effects are significantly more pronounced, if the MoSe;
substrate is nominally n-doped. The results are discussed in the context of integer and fractional charge
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1. Introduction

Layered transition metal dichalcogenides (TMDCs), such as
molybdenum disulfide and diselenide (MoS, and MoSe,), as
well as their alloys are currently the focus of interest due to
their novel electronic properties including tunable band gaps
in the optical or near infrared regime, large charge carrier
mobilities and high exciton binding energies.’ ™ These aspects
make the materials well-suited for application in opto-
electronic devices such as photodetectors or field-effect tran-
sistors (FETs).*® While many earlier studies focused on MoS,,
related TMDCs, including MoSe,, appear to be even better
suited for applications due to their physical properties such as
conductivity or interlayer spacing.® Although MoSe, is a struc-
tural analogue of MoS,, the ionization potential of MoSe, is up
to 0.8 eV smaller and the band gap is reduced compared to
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transfer, the latter associated with the formation of states within the band gap.

MosS, (ref. 7, 8 and Fig. 1), which will affect also interface
properties.

The adsorption of molecules results in TMDC/organic semi-
conductor hybrid interfaces which can lead to hybrid localized
Frenkel- and delocalized Wannier-type excitons, enabling ultra-
fast interfacial charge transfer.’ The choice of the TMDC/mole-
cule combination affects crucially the interfacial electronic
coupling and charge-transfer dynamics.'®'* In the case of the
adsorption of strong molecular electron acceptor molecules,
such as 1,3,4,5,7,8-hexafluorotetracyanonaphthoquinodi-
methane (FsTCNNQ), the difference in the ionization poten-
tials can result in a (integer) charge transfer from the substrate
to the LUMO of the molecule.”? The interaction mechanism
for weakly interacting, physiosorbed carbon molecules are still
under investigation. Besides charge transfer, possible mecha-
nisms also include dielectric screening and electronic hybrid-
ization at the interfaces under investigation."*'* It was demon-
strated that optical properties can be distinctly affected by the
adsorption of “weakly interacting” molecules (e.g. ref. 11 and
15-18). For example, a quenching of the low-temperature
defect photoluminescence of MoS, was observed for hetero-
structures with transition metal phthalocyanines (TMPcs),
depending strongly on the central metal atom of the phthalo-
cyanine."” It is expected that these relatively overlooked mole-
cular properties offer unique opportunities for tuning optical
and electronic characteristics.'® Recently, it was demonstrated
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Fig. 1 Position of important energy levels of the MoSe, substrate and the molecules CoPc and CoPcF;¢ with respect to the vacuum level E, as
obtained from ultraviolet photoemission spectroscopy (UPS). The CoPc or CoPcFi¢ film thickness on MoSe, was >1.8 nm. The indirect band gap
(Evem — Ecam) for MoSe, and the optical gaps of the molecules (E(HOMO) — E(LUMO)) were taken from the literature (rounded to a half tenth of an

eV).26_28

that the electrical characteristics of MoS, based FETSs is dis-
tinctly affected by organic molecule adsorption.”> Especially
TMDC/TMPc heterostructures may exhibit novel electronic pro-
perties, which could be of high interest for efficient and flex-
ible electronics, photonics and spintronics.™**™*

Moreover, due to the chemical tunability of their electronic
properties, TMPcs might be especially suited for systematic
studies of the interfacial electronic structure. Generally, two
different interaction paths are possible, via the central metal
atom or the macrocycle. CoPcFx (X = 0, 16) often behaves
differently, when compared to phthalocyanines with other
transition metals, since the interaction might be governed by a
local interaction between the Co 3d,. orbital and electronic
states of the substrate.”>** The fluorination causes a distinct
increase of the ionization potential by about 0.7-1.0 eV
depending on the specific interface.>*®® As a consequence,
electronic interface properties like dipoles or charge transfer
may change drastically.

Interfacial charge transfer can be described on a micro-
scopic scale by integer charge transfer (ICT) or fractional
charge transfer (FCT) models.**™*° The mechanisms depend
strongly on the strength of the interaction at the interface.
Weakly interacting systems like physiosorbed molecules can
be well described by the ICT model.*'® Within this model an
integer interfacial charge transfer is expected if positive or
negative charge transfer levels (ICT', ICT") are located above
or below the work function of the substrate, respectively. In
the case of a semiconductor as a substrate, the relative posi-
tion to the valence band maximum (VBM) or conduction band
minimum (CBM) becomes crucial if no charge carriers are
present in the gap. Especially in the case of inequivalent
adsorption sites, only some molecules can be integer charged,
while others remain neutral.®® The positive and negative
integer charge transfer levels ICT' and ICT~ are associated
with geometrically fully relaxed positive and negative polaron
levels, often located 0.4-0.7 €V above the HOMO and below the
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LUMO (lowest unoccupied molecular orbital), respectively.*?
Fractional charge transfer is characterized by complex, bidirec-
tional charge rearrangements accompanied with hybridization
of orbitals at the interface.>****** For an interface between
an inorganic semiconductor and a strong electron acceptor
molecule, it was reported that both ICT and FCT can occur
simultaneously, depending on the charge-carrier concen-
tration (i.e. doping) of the inorganic semiconductor.*’

In the present study, we investigate interfaces between CoPc
or CoPcF;¢ and MoSe, bulk crystals. The position of the energy
levels of these materials with respect to the vacuum level E, is
compared in Fig. 1. Since the lowest unoccupied orbital
(LUMO) is higher in energy than the valence band maximum
(Evem) and the highest occupied molecular orbital (HOMO) is
lower than the conduction band minimum (Ecgm) of MoSe,,
no integer charge transfer might be expected according to the
integer charge transfer model.>" However, we note that optical
gaps were used for the determination of the E(HOMO) —
E(LUMO) distance in Fig. 1, which solely consider the elec-
tronic relaxation and exhibit on the other hand an excitonic
character (which lowers the energy gap). Therefore, especially
for CoPcFy¢, the fully relaxed ICT™ level might be close in
energy to Ecgm Of MoSe,. In the present study we show that
despite the relative positions of the important energy levels
interfacial charge transfer can be observed and/or gap states
can be formed, crucially depending on both the ionization
potential of the molecule and the doping of MoSe,.

2.

MoSe, and nominally n-doped MoSe, (Re dopant, ¢ = 10"®-
10" em™) single crystals (2DSemiconductors Inc. (USA),
grown by chemical vapor transport) were cleaved by adhesive
tape in ultrahigh vacuum (UHV). The cleanliness and the azi-
muthal orientation of the surface were checked by X-ray photo-

Experimental section
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electron spectroscopy (XPS) and angle resolved photoelectron
spectroscopy (ARPES).

CoPc (Sigma Aldrich) and CoPcF;¢ (BLD Pharmatech) were
evaporated at rates of 0.05-0.2 nm min~" and a temperature of
700-760 K from a home-built Knudsen cell. The evaporation
rates were estimated from a quartz microbalance and the
nominal film thicknesses was calculated from XPS intensity
ratios using sensitivity factors from Yeh and Lindau®' and the
inelastic mean free path for organic molecules from Seah and
Dench assuming layer-by-layer growth for each deposition
step.*> The monolayer thickness is assumed to be 0.35 nm, a
typical intermolecular distance in phthalocyanine crystals.*® In
the case of layer-plus-island growth the average thickness
might be somewhat higher than the nominal thickness.

Synchrotron based photoelectron spectroscopy (PES), angle
resolved photoelectron spectroscopy (ARPES) and X-ray absorp-
tion spectroscopy (XAS) measurements have been performed at
the WERA beamline at the KIT Light Source, Karlsruhe
Research Accelerator (KARA, Karlsruhe, Germany). The base
pressure was 2 x 107" mbar. For ARPES experiments the
chosen photon energies were 135 eV (for the MoSe,/CoPc
interface) and 142.5 eV (for the (n-)MoSe,/CoPcF;, interfaces).
The energy resolution for XAS was set to about 210 and
420 meV for the N K and Co L edge, respectively. For PES the
energy resolution was 130 meV (ARPES), 200 meV (hv = 550
eV), or better than 100 meV at other photon energies. The
absorption was monitored indirectly by measuring the total
electron yield (sample current). The X-ray absorption spectra
have been normalized to the same step height well above the
ionization threshold. For photon energy calibration the energy
of the Ni-L; absorption edge of NiO at 853.0 eV was taken as a
reference. For the evaluation of ARPES data we used the soft-
ware Image]/Fiji.***

The PES measurements in the home lab (XPS and UPS)
were performed using a multi-chamber UHV system (base
pressure of 9 x 107'° mbar) equipped with a Phoibos 150
Hemispherical Energy Analyzer (SPECS), an X-ray source with
monochromator (XR 50 M, SPECS) and a UVS300 helium dis-
charge lamp (SPECS). The energy resolution for XPS (excitation
energy hv = 1486.6 eV) and UPS (hv = 21.22 eV), were 400 meV
and 150 meV, respectively. The energy scale of PES was cali-
brated to reproduce the binding energies (BE) of Au 4f;,, and
Ag 3d5/, (84.0 and 368.2 eV) and the Fermi level of the gold foil
Ep=0.0 V.

The peak fitting of XPS spectra was performed using the
program Unifit.*® A Voigt profile peak shape (convolution of
Gaussian and Lorentzian peaks) and a Shirley model back-
ground were used.

Luminescence measurements were performed on a home-
built confocal optical microscope. The samples were excited
with a 532 nm continuous wave laser (Nano-250, QIOPTIQ).
The excitation beam was focused onto the sample using a
parabolic mirror with a numerical aperture of 0.998, which
also collected the emitted signal. The luminescence spectra
were detected using a Teledyne Princeton Instruments
HRS-500 spectrometer with a Teledyne Pixis 100 CCD camera
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using a 150 line per mm grating. All spectra were recorded
with an excitation power of 150 pW in front of the parabolic
mirror and an acquisition time of 30 s. For each sample a spec-
tral map of 64 spectra was recorded using automatic position-
ing of the sample with an RHK Technologies SPM 100 control-
ler. Optical images were recorded with a PerkinElmer
SPCM-AQR-14 avalanche photodiode.

3. Results and discussion

3.1. Interfacial electronic structure from ARPES

ARPES is an ideal tool for the momentum-dependent analysis
of the electronic structure at surfaces and interfaces. The for-
mation of interface states with lower concentration can be
monitored depending on the thickness of the deposited
material.

In Fig. 2, band structures (ARPES M-I'-K maps) of pristine
MoSe, substrates and CoPc(F;¢) covered MoSe, are shown. A
more extended k-space range and the corresponding angle
integrated 2D valence band spectra are depicted in Fig. S1 and
S2 (SI). We note that the visible features in the band structure
of MoSe, depend distinctly on k,, which was considered in the
selection of excitation energies (Fig. S3). Although G is already
well visible for an excitation energy of 135.0 eV, we optimized
the energy for the CoPcFy¢ experiments further such that a
sharp band is visible at the Gamma point, while bands orig-
inating predominantly from Mo and Se remain visible with
adequate intensity (¢f. Fig. S3). As an ancillary effect, cross sec-
tions change between 135.0 eV and 142.5 eV. According to Yeh
and Lindau,”” we can expect a decrease for C 2p of 17% and
an increase for Mo 4d of about 5%. Also, the thickness is not
exactly the same for each experiment, but always in the mono-
layer range. Together with lower thickness compared to the
other experiments, this may explain the weaker molecule
related features for CoPc/MoSe, (Fig. 2a/d).

As visible in Fig. 2, the initial position of the Fermi level for
the nominally undoped substrates deviates distinctly from the
mid-gap position (Fig. 2a and b) considering the indirect band
gap of 1.10 eV for bulk MoSe,.>”***® Also, the maximum of
the I' point of the pristine substrates is not exactly at the same
position when comparing the two pristine cleaves in Fig. 2a
and b. We may ascribe this behavior to step edges and/or non-
detectable traces of adsorbates which could already induce
n-doping of the substrate. For the doped MoSe, (Fig. 2c), the
position of the I' point is in agreement to n-doping, but we
can assume that the carrier concentration is significantly
higher compared to the nominally undoped substrates. Even
occupied states close to the Fermi level can be detected (see
inset of Fig. 2c).

After deposition of CoPc (Fig. 2d), additional non-dispersive
features can be detected. The origin of these features can be
ascribed to the molecule, intensity close to the I' point arises
from the highest molecular orbital (HOMO). For CoPc and
CoPcF,6, the HOMO is essentially formed from orbitals of the
macrocycle while features arising from the Co central atom
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Fig. 2 Comparison of ARPES band structures before and after deposition of CoPc or CoPcF;¢: (a—c) pristine substrates, (d—f) coverages in the
monolayer range. The same crystal was used for (a) and (b), the slight energy shift is ascribed to inhomogeneities of the crystal. For the nominally
n-doped crystal (c), intensity at the doping level can be seen in vicinity to the K point.

appear at about 0.85 eV higher binding energy (see, e.g. ref. 23
and 49). Also, for CoPcF;5 on MoSe, (Fig. 2e), the non-disper-
sive HOMO close to T" is clearly visible. Most importantly,
additional intensity within the gap of MoSe, is detectable,
which can be interpreted as molecule-induced gap states. The
formation of additional states in the gap is even more evident
for CoPcF;¢ on n-MoSe, (Fig. 2f), where a non-dispersive line
is clearly visible at a distance <0.5 eV to the Fermi level.

The possible formation of gap states can be also traced in
the integrated 2D valence band spectra (Fig. S2). The HOMO-
onset for monolayer coverages is hardly visible due to the sup-
position with the valence band maximum of MoSe, in all three
cases. Only for the MoSe,/CoPcF,¢ interfaces (Fig. S2b and c)
interface states are clearly visible, more pronounced for
n-MoSe,/CoPcF;¢ interface (Fig. S2c), indicating a strong inter-
facial interaction.

3.2. Involvement of the Co atom of the TMPcs in the
interface interaction

An interaction via the central cobalt atom of phthalocyanines
can be detected by the analysis of Co L edge XAS spectra or Co
2p XPS spectra as a function of film thickness. Especially Co L
edge XAS spectra are very sensitive to the electronic structure
of the Co atom. The shape of the spectra is determined to a
large extent by multiplet effects; the reason is the strong
overlap of the core wave function with the valence wave func-
tions.”® Depending on the orientation of the electric field
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vector of the incoming synchrotron light/beam and the orien-
tation of the molecules, transitions into orbitals with mostly
out-of-plane (d,, dy,, and d,.) or mostly in-plane components
(dyey and d,,) are possible, which explains their strong
angular dependency (e.g. ref. 23). For flat lying, planar TMPcs
with Dy, symmetry and p-polarized synchrotron radiation, we
probe transitions at normal incidence (6 = 90°) into orbitals
lying in the molecular plane and at grazing incidence (6 = 20°)
preferentially into orbitals with out-of-plane character. In the
case of CoPc, due to multiplet effects we expect 16 possible
2p°3d’ — 2p°3d® transitions.’® The orbital with the highest
energy is d,._y. (byg); transitions into this orbital exhibit in-
plane character. The third hole in the ground state is expected
in the d (a;g), an orbital with distinct out-of-plane character;
likely also mixed valences have to be considered.>*'*?

From the angular dependence of both Co L and N K spectra
of thicker films with a shape typical for bulk-like films where
influences of the substrate are almost negligible (cf. ref. 23),
we conclude that CoPc and CoPcF, are oriented preferentially
flat-lying on MoSe, bulk substrates (SI, Fig. S4). Unfortunately,
N K spectra for monolayer coverages are dominated by the sub-
strate related absorption at the Mo M edge, which makes a
detailed analysis difficult.

In Fig. 3, we show angle dependent Co L,; edge XAS
spectra for CoPc or CoPcF;¢ coverages in the monolayer range
on (n-) MoSe,. The L; edge transitions between 770 and 785 eV
that are polarized perpendicular to the molecular plane are

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Angle dependent Co L, 3 edge XAS spectra for coverages in the monolayer range (a) CoPc/MoSe;, (b) CoPcF;6/MoSe;,, (c) CoPcFig/n-type
MoSe,. Only for CoPc/MoSe; the spectral shape is very similar to the bulk indicating the absence of charge transfer across the interface involving

the Co atom of CoPc.

denoted “A”, and features that are polarized within the mole-
cular plane are denoted “B” (Fig. 3a). The measurement geo-
metry is shown as an inset in Fig. 3b. The shape and the
angular dependence for CoPc on MoSe, is in very good agree-
ment to preferentially flat lying molecules in bulk-like films
(e.g. ref. 23), indicating the absence of interactions involving
the Co atom of CoPc at the MoSe, interface. In contrast, the
shape of the XAS spectra for CoPcF; on (n-)MoSe, (Fig. 3b and
c) is distinctly different. First, the relative intensity of A at
about 777.5 eV is clearly suppressed at grazing incidence, an
observation which seems to be even more pronounced for

CoPcFy¢ on n-MoSe, (Fig. 3c). Second, feature B2 (780.8 eV)
almost disappeared, only B1 (779.6 eV) remains. Such behav-
iour was observed for cobalt phthalocyanines on other sub-
strates (e.g. ref. 23), indicating a redistribution of the d-elec-
trons at the central metal atom of the phthalocyanine at the
interface to MoSe,, which might be accompanied with inter-
facial charge transfer.

The XAS results are supported by complementary XPS
measurements in the home lab. In Fig. 4, we show Co 2pz,
core level spectra for the three interfaces as a function of the
film thickness ranging from (sub-)monolayer to several multi-

a) MoSe,+CoPc b) MoSe,+CoPcF,, C) n-MoSe,+CoPcF,
0 2ps)| Co 2p |interface | [Co2pgy) I terface
peak I peak

4.8 nm

1.6 nm

0.8 nm

0.3 nm

0.0 nm

Intensity (arb. units)
Intensity (arb. units)

2.1 nm
2.3 nm

Intensity (arb. units)

R Y it

785 780 775
Binding energy (eV)

I I 0.0 nm
785 780 775 785 780 775
Binding energy (eV) Binding energy (eV)

Fig. 4 Co 2ps/, core level spectra (hv = 1486.6 eV) of (a) CoPc/MoSe,, (b) CoPcFi¢/MoSe;, and (c) CoPcFi¢/n-MoSe; for thicknesses ranging from
(sub-)monolayer to several multilayers. The additional interface peak for CoPcF;6/n-MoSe; indicates a charge transfer to the Co ion of CoPcFye.
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layers. The peak shape is almost independent of the thickness
for CoPc/MoSe, (Fig. 4a). For the CoPcF;s/MoSe, interface
(Fig. 4b) a secondary peak at a lower binding energy of 778 eV
is detectable at low coverages. This strongly suggests an elec-
tron transfer from the substrate to the Co ion of the CoPcFy,
molecule. Such an interface peak is also visible for the
CoPcF,¢/n-MoSe, interface but with distinctly higher intensity.
Based on the relative intensity of the interface peak compared
to the other peak part, it can be roughly estimated that at least
50% of the molecules interact strongly at the interface. This
supports the results in Fig. 3, from which a stronger inter-
action for the n-MoSe, substrate was supposed, and confirms
occurrence of an interfacial charge transfer involving the Co
ion, at least for a part of the molecules directly at the interface.

We note that final state screening effects cannot be neg-
lected in the interpretation of photoemission data.
Polarization screening would shift the binding energies to
lower values by some tenths of eV in the vicinity to substrates
with high dielectric constants like metals (e.g. ref. 53). The
most efficient screening mechanism is charge transfer screen-
ing, where a distinct charge transfer to the photohole occurs
in the time scale of photoemission. For more reactive inter-
faces, it was proposed that additional lines in photoemission
at distinctly lower binding energy (>1 eV) could be not only
attributed to ground state charge transfer, but also to charge
transfer screening. Examples are Co 2p spectra of cobalt por-
phyrins and C 1s spectra of NTCDA (1,4,5,8-naphthalene-tetra-
carboxylic acid dianhydride) on Ag(111).>** Since the reactiv-
ity is similar for all three substrates in our case, the occurrence
of final state screening effects for CoPcF;s/n-MoSe, in Co 2p
spectra seems to be rather unlikely. We therefore interpret the
interface peak at low binding energy in the Co 2p spectra of
Fig. 2b and c as ground-state charge transfer, in agreement
with numerous other studies of cobalt phthalocyanines or por-
phyrins on many substrates including metals, oxides, gra-
phene and WSe,.?*?>°% In the case of CoPcF;s/WSe,, the
occurrence of the interface peak in Co 2p spectra was
accompanied by a distinct band bending in the substrate (0.5
eV).>® For many CoPc and/or CoPcF, interfaces, the open shell
character of the Co>" ion (3d”), associated with a half-filled
3d,. orbital, leads to enhanced reactivity, such that the inter-
facial interaction is governed by a local interaction between
the Co 3d,. orbital and states of the metal substrate.?%23>%:58

At the substrate site, no interface peaks could be detected,
even in the most surface sensitive Se 3d spectra (Fig. S6). This
may indicate that no localized bonds between Co and the
topmost Se atoms are formed. Alternatively, the intensity of
possible interface peaks is below the detection limit due to
very few (interacting) Co atoms in CoPcFe.

3.3. Involvement of the macrocycle of the TMPcs in the
interface interaction and interface energetics

While interactions of the macrocycle can involve carbon or
nitrogen atoms, here we exemplarily discuss only molecule-
related C 1s core level spectra (Fig. 5). Corresponding N 1s
spectra can be found in the SI (Fig. S5). C 1s spectra of phtha-
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Fig. 5 Molecule related C 1s core level spectra. (a) CoPc/MoSe,, (b)
CoPcFi¢/(n-)MoSe,. Since the spectral shape is very similar for all thick-
nesses, the spectra do not hint to strong interactions due to chemisorp-
tion involving the carbon atoms of the macrocycle of the molecules.

locyanines can be well described by one component for
carbons bound to carbon and hydrogen atoms (CC, blue
curves in Fig. 5) and one component for pyrrolic carbon (CN,
magenta). In the case of fluorinated components, an
additional component at higher binding energy must be intro-
duced for carbon bound to fluorine atoms (CF, green). All com-
ponents are accompanied by shake-up satellite features; a
single satellite peak, arising from m — =* transitions, is
sufficient to describe the spectra.”®®%%!

The C 1s spectra in Fig. 5 can be essentially described by
the same fitting model, independent of the film thickness.
The detailed fitting parameters are summarized in Table S1
(SD), the fitting parameters for the N 1s spectra are depicted in
Table S2 (SI). We note that the aromatic carbon component CC
is in superposition with carbon from minor traces of contami-
nation, resulting in an apparently higher intensity of this com-
ponent for the lowest coverages. In addition, the binding
energy separation between the CC and CN component is
smaller at the interface compared to the thicker films. Such an
effect was visible for phthalocyanine/metal interfaces, but also
for CoPc and CoPcF;, on MoS, and can be ascribed to site-
dependent screening effects at the interface and/or a possible
redistribution of electrons within the molecule at the
2652 Most important, no additional interface com-
ponent has to be introduced in the spectra for low coverages,
the spectra deliver no evidence for strong interactions due to
bond formation/chemisorption and localized charge transfer
to specific carbon atoms.

Since the interface formation is not yet complete at cov-
erages in the monolayer range, we extract the energy level
alignment (ELA) from UPS spectra of thicknesses > 2 nm
measured in the home lab (Fig. S9); the results are depicted in
Fig. 6. It is clearly evident that pronounced dipoles are
observed, particularly at CoPcFe;s/MoSe, interfaces, while the

interface.
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Fig. 6 Energy level alignment for coverages >2 nm: (a) CoPc/MoSe,, (b) CoPcF;5/MoSe,, (c) CoPcF6/n-type MoSe,.

additional n-doping of the MoSe2 leads to a further increase
in the dipole. The slight shift of the top of the I" point from 1.0
to 0.9 eV upon deposition of CoPcF;s on nominally undoped
MoSe, (Fig. 2b and e) is faintly indicated in Fig. 6b. Shifts to
lower binding energies were reproduced several times in the
home-lab for this interface; they are even more pronounced in
the substrate-related core levels (Fig. S7 and S8). In contrast,
small energetic shifts for MoSe,/CoPc and n-MoSe,/CoPcF;,
are not significant. Shifts to lower binding energies can be
understood by an interfacial relative p-doping of the substrate,
which supports the contribution of charge transfer to the
interface dipoles in Fig. 6. In the case of n-MoSe,, the high
concentration of charge carriers at the doping level (Fig. 2c)
may suppress a possible doping at this interface.

Besides charge transfer, several other effects contribute to the
work function modification at interfaces (e.g. ref. 29 and 63),
which makes a general discussion of the ELA difficult. For hepta-
cene on Cu(110), for example, it has been shown that the push-
back effect can significantly overcompensate for the dipole result-
ing from electron transfer.** It is worthwhile to compare the
experimental dipoles with CoPc(F,¢)/MoS, from ref. 26, since the
ionization potential of MoS, is significantly higher (~6.0 eV) than
that of MoSe, (5.4 eV; cf. Fig. 1), whereas the reactivity of the van
der Waals surfaces should not change significantly.

Clearly visible in Fig. 7, the interface dipoles A correlate
with the differences of ionization potentials of the molecules
and the TMDC substrate IP(org) — IP(TMDC). Such a behavior
is typical for a Fermi level pinning regime for the respective
substrate-organic combination. It is striking that the HOMO
aligns with the valence band of the substrate in each case
(Fig. 6, 7 and ref. 26). On the other hand, this is not the case
for nominally n-doped MoSe,, where the HOMO is found at a
lower binding energy and consequently also the dipole is
increased, the corresponding data point seems to be an outlier
in Fig. 7. It seems that the HOMO in this case is pinned at the
interface state observed in Fig. 2, which is filled due to the
doping of the substrate. The behavior reminds to the interface
between the wide gap semiconductor ZnO and the strong elec-
tron acceptor molecule FATCNQ, an example for simultaneous
ICT and FCT, where hybrid states are filled only if the ZnO sub-
strate is doped.*®
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Fig. 7 Comparison of interface dipoles A for CoPc/MoS,, CoPcF;e/
MoS,, CoPc/MoSe, and CoPcFi¢/MoSe; as a function of differences of
ionization potentials of the molecule and the substrates IP(org) — IP
(TMDC). A clear correlation is visible except for the nominally n-doped
MoSe,.

As already briefly discussed (Fig. 2) interface states extend-
ing to the vicinity of the Fermi level were detected in the gap
of MoSe, upon deposition of CoPcFy¢. Since the corresponding
integrated ARPES spectrum (Fig. S2) shows even a well-defined
peak close to the Fermi level in the case of n-MoSe,, one
interpretation of this peak is the representation of the mole-
cular HOMO. However, we rule out this hypothesis, since its
distance to the C 1s core level peak (C-F component) is about
1 eV larger than C-F to HOMO (286.2 eV), as determined for
bulk-like films in the home-lab. An alternative explanation is
the occupation of formerly unoccupied molecular states
(LUMO and even LUMO+1) at the interface, observed for
several molecule/metal interfaces (e.g. ref. 65 and 66). We note,
however, that in the case of highly ordered films the intensity
maximum in ARPES energy-momentum maps (¢f. Fig. 2f)
would not be expected at I' but around 1.5-1.7 A™'.2%6776°
Further, an assignment to the (former) LUMO only seems to
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be unlikely considering the strong involvement of the Co ion
in the interaction at the interface. Thus, the most likely scen-
ario in our opinion is the formation of new hybrid states at the
CoPcF,¢/MoSe, and CoPcF,¢/n-MoSe, interfaces. Their inten-
sity might be more pronounced for CoPcF,;¢/n-MoSe, due to
the large number of available electrons in the gap of n-doped
MosSe,.

The interfacial charge transfer also affects the optical pro-
perties of the adsorbed CoPcF; molecules. In Fig. 8a we show
the photoluminescence (PL) spectra taken from CoPcF;¢/
MoSe, and CoPcF;¢/n-MoSe, using a home-built optical micro-
scope (Fig. S10). To ensure comparability, all measurements
are performed with identical laser excitation power and spectra

a) PL of CoPcF,, on different substrates
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integration time. To obtain an overview of the sample, 64
spectra are taken at different sample positions. The reproduci-
bility of the spectral intensity is calculated from the deviations
of the 64 spectra taken for each sample and is shown in Fig. 8a
as grey (CoPcF;4/Si), red (CoPcF;6/MoSe,), and blue (CoPcF;¢/
n-MoSe,) shadows.

Three phenomena are observed in Fig. 8a: (1) The spectral
profile is mostly identical for all three substrates. This indi-
cates that the luminescence observed stems from the adsorbed
CoPcFy6. (2) The spectral spreading for CoPcF,s/MoSe,, and
CoPcF;¢/n-MoSe, is larger compared to CoPcF,¢/Si, which may
indicate heterogeneous interactions between the molecules
and n-MoSe, and MoSe,. (3) The PL spectral profiles of

n-MoSe,/CoPcF ¢
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Fig. 8 Photoluminescence spectra and fitted peaks (Gaussian function) for CoPcF;¢ on various substrates: (a) comparison of doped and nominally
undoped MoSe; and Si substrates. (b) Representative peak fitting for a CoPcF;¢/MoSe; PL spectrum. (c—f) Comparison of the four subpeaks. The red
and grey solid lines represent the averaged spectra obtained from 64 measurements acquired on CoPcF;s/n-MoSe, and CoPcF;¢/MoSe,, respect-
ively. The shaded areas indicate the corresponding deviations calculated from spectra collected at different sample positions.
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CoPcF,4/MoSe,, and CoPcF;¢/n-MoSe, show slight differences
not only in the overall intensity, but also in the spectral shape.

To get insight into these observations, all collected spectra
were spectrally fitted as exemplified for CoPcF,s/n-MoSe, in
Fig. 8b. Four subpeaks (red dash lines) are used to fit the orig-
inal spectra (black solid line), and the cumulative fit is shown
in grey. We note that this four-component fitting procedure is
empirical and a clear assignment of individual subpeaks to
specific transitions is not possible without comprehensive
quantum mechanical calculations. Using TDDFT methods, a
large variety of possible, mostly n-n* transitions were identi-
fied for CoPc,”® which consequently lead to large number of
possible emission pathways. The fluorination is reported to
lead to a uniform shift of the orbital energies, which both
keep the mentioned transitions available, while complicating
the assignment further.”" Additional challenges in the assign-
ment arise when a molecule is deposited onto a substrate, ie.
the geometry of CoPcF;¢ may be influenced by the adsorption
onto a substrate, which in turn may influence the emission
peaks.”” Therefore, we are limited to a qualitative discussion
of spectral changes at the related interfaces CoPcF;s/MoSe,
and CoPcF;¢ on nominally doped MoSe,.

We first compare the maxima of the four subpeaks for
CoPcF;¢/MoSe,, and CoPcF,¢/n-MoSe, samples and the results are
shown in Fig. 8c and d. The deviations derived from the 64
spectra taken from CoPcF,;¢/n-MoSe, are shown as red shadow,
and the one for CoPcF,s/MoSe, is shown as grey shadow. For both
types of samples, subpeak one appears at 552 nm, and subpeak
three appears at 632 nm. Subpeak two appears at 579 nm for
CoPcF,¢/MoSe,, which slightly shifts to 582 nm for CoPcF;¢/
n-MoSe,. Subpeak 4 shows the largest change, appearing at
650 nm for CoPcF;¢/MoSe, and at 676 nm for CoPcF;¢/n-MoSe,.
These changes may be the result of a change of the energy levels
through the interaction of the CoPcF;¢ with the different sub-
strates. Alternatively, the primary emission pathway may differ for
the two differently doped MoSe, substrates. However, comprehen-
sive quantum mechanical calculations are required to get more
insight into this. Furthermore, as shown in Table S7, the intensity
ratio of subpeak 4 (calculated using the integrated peak area) to
the total peak intensity is about 47% for CoPcF,s/n-MoSe,, while
it is 69% for CoPcF,¢/MoSe,. These changes indicate a complex
interaction at molecule/substrate interface, depending on the
strength of the interaction and/or the amount of charge transfer.

The changes in the PL peak position and intensity agree
well with the results shown in Fig. 6. With the doping of the
MoSe, substrate, the energy level alignment of the molecule
with the substrate varies as compared to the one without
doping. Energetic shifts of particular peaks may point to a
partial occupation and/or the formation of new hybrid states
at the interface accompanied by charge transfer.

4. Conclusion

In conclusion, we have shown that the formation of interface
states at interfaces between MoSe, and cobalt phthalocyanines
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crucially depends on both the ionization potential (IP) of the
molecule and the doping level of the substrate. Large interface
dipoles are observed for interfaces between CoPcF;¢ and MoSe,,
where the IP of the molecule is significantly larger than the IP
of MoSe,. A comparison to CoPc(F;s)/MoS, interfaces suggests
that the HOMO is pinned close to the valence band maximum,
i.e. the highest filled state of the substrate. In the case of
nominal doping, the interface dipole is further increased, which
may be attributed to a pinning at newly formed hybrid states
visible in the ARPES band structures. Such behavior is typical
for fractional charge transfer accompanied with hybridization at
interfaces. XAS and PES indicate that the central cobalt atom of
CoPcFy¢ is involved in this interaction, suggesting that the
strength of the interaction might be tuned by the choice of the
TMPc. A possible scenario is that integer and fractional charge
transfer (ICT and FCT) can occur simultaneously at such inter-
faces, depending on the charge-carrier concentration (i.e.
doping) of MoSe,, as recently proposed for FATCNQ/ZnO/.*
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