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semi-metallic electronic properties,[14] 2D 
transition metal dichalcogenides (TMDCs) 
with chemical composition MX2 (e.g., 
with M = Mo, W and X = S, Se) can fea-
ture a finite bandgap, rendering them 
semiconductors with unique structural,[15] 
(opto-)electronic,[16–18] and magnetic 
properties.[19,20] Remarkable features of 
TMDCs associated with their decreased 
dimensionality include, amongst others, 
valley polarization,[21] phase-stability of a 
monolayer (ML), emergence of a direct 
bandgap,[22,23] and large exciton binding 
energies.[24] Furthermore, TMDCs are 
comparably chemically inert and exhibit 
no dangling bonds, particularly in ML 
form.[25,26] This provides the opportunity 
for the fabrication of van der Waals het-
erostructures with molecular and organic 
semiconductors, which predominantly fea-
ture closed electronic shells. Such hybrid 
structures could combine the advantages 
of the two individual material classes, for 
example, the high charge carrier mobility 
of the TMDC ML and strong light-matter 
coupling across a wide energy range of the 
molecular compound.[25,27,28] Such mole-

cular semiconductor/ML-TMDC heterostructures can feature 
advanced optoelectronic properties,[29,30] and these naturally 
depend strongly on the electronic properties of the interface. 
It is, therefore, crucially important to understand how the 
energy levels at such interfaces align, and how they can eventu-
ally be controlled. In this context, the reduced dimensionality 
of an ML-TMDC, being only three atoms thick, introduces an 

Combining a transition metal dichalcogenide monolayer (ML) and mole-
cular semiconductors is an attractive route for forming nanoscale hybrid 
van der Waals heterostructures with potentially novel (opto-)electronic 
properties. The energy level alignment at the hybrid interface governs these 
properties, but precise determination of the interfacial electronic structure 
is challenging due to the pronounced excitonic nature of both components 
and the non-trivial band structure of the inorganic ML. For instance, dielec-
tric screening by the supporting substrate of such a heterostructure may 
impact the energy levels, but very few experiments have attended to this 
important issue to date. Here, it is shown how photoelectron spectroscopy 
can be used to unravel the energy level line-up at the C60/ML-WS2 inter-
face supported on an insulating (sapphire) and a semi-metallic (graphite) 
substrates. On both substrates, an almost identical staggered type-II level 
alignment is determined. However, C60/ML-WS2 exhibits stronger n-type 
characteristics on sapphire, which is suggested to be due to native donor-
type defects of ML-WS2. While these remain occupied and active on the 
insulating substrate, they are emptied into the charge reservoir of the con-
ductive substrate. These insights should be considered in the future design 
of functional heterostructures of inorganic ML and molecular semicon-
ductor materials.
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1. Introduction

2D materials are a steadily growing subject of research, 
involving multiple disciplines and spanning from funda-
mental investigations to novel device applications,[1–4] for 
example, thin-film transistors,[5–7] chemical sensors,[8] photo-
detectors,[9,10] and photovoltaic cells.[11–13] Unlike graphene with 
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aspect in material properties that is not relevant when dealing 
with interfaces of 3D bulk materials. The electronic structure of 
ML-TMDCs depends on the dielectric environment, such as a 
supporting substrate,[31] leading to band gap and exciton energy 
renormalization.[32–34] Therefore, the dielectric constant (ε) of 
the substrate used for a molecule/ML-TMDC heterostructure 
is expected to impact its electronic properties and energy level 
alignment. Depending on the targeted functionality or device-
implementation of a molecule/ML-TMDC structure, very dif-
ferent substrates can be relevant, ranging from the often low ε 
of insulators to the highest possible one of metals. Knowledge 
of the molecule/ML-TMDC interface electronic properties is 
needed for guiding device design, but only very few systems 
have been studied to date, particularly on insulating sub-
strates. A major challenge in this framework is that the primary 
method to directly access electronic energy levels, that is, photo-
electron spectroscopy, requires sufficient sample conductivity 
to avoid detrimental charging due to photoelectron emission. A 
metal or semi-metal substrate usually averts this problem, but 
a single layer TMDC on an insulating substrate calls for par-
ticular attention in experiments. The individual crystal flakes 

forming a typical ML-TMDC sample must form sufficient per-
colation paths for lateral current flow across the entire sample 
to enable reliable determination of the electronic levels, as 
demonstrated only rather recently.[35,36] The same approach was 
adopted in the present study, by optimizing the chemical vapor 
deposition (CVD) growth conditions so that a quasi-continuous 
ML-WS2 layer of coalesced crystal flakes formed on a macro-
scopic scale (see Figure 1). This warrants sufficient lateral con-
ductivity within the ML-WS2 layer for reliable photoelectron 
spectroscopy measurements.

Here, we investigate the electronic properties of a prototyp-
ical molecule/ML-TMDC combination, that is, C60 deposited 
on ML-WS2, and compare the energy level alignment for two 
different supporting substrates, that is, semi-metallic highly 
oriented pyrolytic graphite (HOPG) and insulating c-sapphire. 
To that end, we employ X-ray and angle-resolved ultraviolet 
photoelectron spectroscopy (XPS and ARUPS), the latter to 
access the global valence band maximum (VBM) of ML-WS2 at 
the K-point of its Brillouin zone (BZ). The two substrates were 
chosen because the electronic properties of HOPG resemble 
those of graphene,[37] a promising electrode for nano-electronic 

Figure 1. a,d) Optical microscope images of high-coverage WS2 MLs on sapphire and HOPG. b,c) SECO and ARUPS spectra of ML WS2 on sapphire. 
e,f) SECO and ARUPS spectra of ML WS2 on HOPG. The arrows are guides for the band dispersion.
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devices,[38,39] and because sapphire features transparency 
in the visible and near-infrared, thus often used in optical 
experiments. Both HOPG and sapphire have anisotropic but 
on-average similar dielectric constant values of about 10.[40,41] 
Therefore, the electronic properties of ML-WS2 are expected to 
be comparable on both substrates, but experimental verifica-
tion is not yet available. In contrast, the two substrates differ 
significantly in their electrical properties, and the influence 
of native WS2 defects, that is, sulfur-vacancies,[42,43] and their 
possible interplay with a supporting substrate, on the elec-
tronic properties of the ML and its energy level alignment with 
a molecular semiconductor remains elusive to date. Fuller-
enes and their derivatives are prominent molecular semicon-
ductors, widely employed in molecular-based optoelectronic 
devices.[44,45] Notably, bulk MoS2-C60 layered crystals (alter-
nating layers of MoS2 and C60), which have been reported more 
than fifteen years ago, have been suggested to have potential 
for use in photovoltaic cells.[46] More recently, theoretical work 
proposed that the combination of WS2 and C60 should be more 
efficient for exciton dissociation compared to the MoS2-C60 
pair.[13] Still, very few experimental investigations of the elec-
tronic properties of ML-TMDCs combined with C60 and its 
derivatives have been reported so far,[46–48] and the supporting 
substrate was not yet considered an important parameter. To 
contribute towards an improved understanding of such hybrid 
systems, we carefully evaluate the electronic band line-up at 
the C60/ML-WS2 interface depending on the substrate. We find 
that indeed a van der Waals heterostructure with weak phys-
isorptive interaction is formed, and interfacial vacuum level 
alignment prevails. On both substrates, a staggered type-II 
heterojunction suitable for charge separation results, with the 
C60 frontier occupied levels ca. 0.4 eV below the ML-WS2 VBM 
and confirming from an energy level alignment point of view 
the potential of this materials’ pair for the fabrication of hybrid 
excitonic solar cells.

2. Results

2.1. Pristine WS2 Monolayer on Sapphire and HOPG

The optical microscope images in Figure  1a,1d reveals that 
our CVD (see schematic in Figure S1, Supporting Informa-
tion) grown ML-WS2 films provide for sufficient lateral charge 
carrier percolation paths with the substrate coverage typically 
greater than 90%. Few bright spots on sapphire and dark spots 
on HOPG, respectively, correspond to WS2 multilayers present 
at growth nucleation sites. The contrast reversal of these sites 
in optical microscopy is due to the different optical properties 
of the substrates, that is, transparent sapphire and high-opacity 
HOPG. Multilayers comprise less than 2% of the surface area 
and therefore provide a negligible contribution to the photo-
emission spectra reported here (averaging over 1–2 mm2).

The secondary electron cutoff (SECO) and ARUPS spectra 
of ML-WS2 on sapphire and HOPG are shown in Figure 1b,1c, 
and Figure 1e,1f, respectively. From the SECO spectra, we deter-
mine the work function (Φ) of pristine ML-WS2 on sapphire to 
be 4.28  eV and on HOPG as 4.45  eV. The energy distribution 
curves (EDCs) measured at different take-off angles indicate 

that the valence band exhibits the energy versus momentum 
[E(k)] dispersion expected for ML-TMDC films consisting of 
azimuthally randomly orientated flakes, that is, due to angular 
averaging the photoemission spectra consist of a superposition 
of the k-DOS along the Γ-K and Γ-M directions.[35] One local 
VBM is observed at the Γ-point of the BZ and the global VBM 
at the K-point. The valence band onset at the K-point is 1.75 eV 
below the Fermi level (EF) on sapphire, and 1.42  eV below EF 
on HOPG. On both substrates, ML-WS2 thus exhibits n-type 
behavior, which is more pronounced on sapphire. This is most 
likely due to native sulfur-vacancies, whose electron donor char-
acter has been invoked from experiments[42] and theory.[43]

In the present samples, the S-vacancy induced gap state den-
sity is too low to be unambiguously observed within the limits 
of the dynamic range of the used setup. The valence spectrum 
recorded at the K-point and plotted on a logarithmic intensity 
scale (see Figure S2, Supporting Information) gives a vague 
indication of such gap states just below EF. For ML-MoS2 cor-
responding gap states just below EF have been clearly observed 
on sapphire substrates, but not with HOPG as support.[31] In 
analogy to this report, we suggest that also for ML-WS2 (part 
of) the S-vacancy induced gap states ionize towards the HOPG 
substrate, rendering the ML less n-type on the conductive sub-
strate compared to the insulating one. From Φ and the VBM 
onset at K we compute the ML-WS2 ionization energy (IE) to 
be 6.03 eV on sapphire and 5.87 eV on HOPG. The latter value 
has a larger error margin because the surface patches not cov-
ered by ML-WS2 (i.e., bare HOPG, typically < 10%, vide supra) 
contribute to the area-average Φ.[49] It is also apparent that the 
ML-WS2 on HOPG exhibits a narrower valence band peak at 
and near Γ. This could possibly relate to strain removal during 
the wet-transfer process[50] from the growth-substrate sapphire 
to HOPG, and higher areal electrostatic homogeneity of the 
conductive substrate. For both substrates, the observation of 
the global VBM at the K-point confirms the predominant con-
tribution of ML surface area to the spectra, because the VBM 
is located at the Γ-point for multilayers.[51] These findings are 
in line with the absorption and photoluminescence measured 
for ML-WS2/sapphire, as shown in Figure S3, Supporting 
Information. From these spectra, we find an optical gap (lowest 
exciton energy) of 2.0 eV as expected for the ML-WS2. To esti-
mate the conduction band minimum (CBM) energy above EF 
at the K-point, one can add the exciton binding energy to the 
optical gap yielding the electronic (single particle) bandgap. 
The exciton binding energy reported for ML-WS2 ranges from 
0.71  eV to 0.28  eV.[52–55] The higher values were determined 
with silicon oxide substrates and the lower one on sapphire, 
but all employing optical spectroscopy methods only. For the 
related TMDCs MoS2 and WSe2, the exciton binding energy was 
obtained by direct measurements of the optical and single par-
ticle gaps with sapphire as substrate, amounting to 0.24 eV.[36] 
Due to the direct determination used in the latter report, we 
use this value in the following as a lower boundary. Accord-
ingly, we set the electronic gap of ML-WS2/sapphire to 2.24 eV 
and position the global CBM 0.49  eV above EF. Because sap-
phire and HOPG have similar dielectric constants of ca. 10,[40,41] 
we can reasonably assume a comparable electronic bandgap 
also on HOPG, which places the CBM for ML-WS2/HOPG ca. 
0.82 eV above EF.
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2.2. C60/ML-WS2 on Sapphire and HOPG

The morphology of a nominally 1  nm thick C60 film, ca. ML, 
deposited on ML-WS2/sapphire and on ML-WS2/HOPG is 
compared in Figure 2. The atomic force microscopy (AFM) 
images exhibit a rather smooth C60 morphology in both cases, 
with root-mean-square (RMS) roughness values of ca. 1 nm on 
the shown areas. The images, particularly those with higher 
magnification, reveal that the C60 ML is not fully closed. On 
ML-WS2/sapphire, C60 features rather small islands with local 
corrugation between them of ca. 1  nm, corresponding to the 
C60 molecular diameter (Figure  2b). On ML-WS2/HOPG, the 
apparent individual C60 islands are larger (Figure 2d). In both 
cases, C60 covers the WS2 surfaces quite well, and the smaller 
island size with insulating sapphire as supporting substrate 
may be due to a laterally more corrugated electrostatic poten-
tial landscape, compared to a smoother one on the conductive 
HOPG. The presence of high-quality C60 layers on ML-WS2 is a 
prerequisite for reliable assessment of the interfacial electronic 
properties when supported by different substrates.

For ARUPS and XPS measurements, C60 was deposited with 
incremental thickness onto ML-WS2, and characterized after 
each deposition step without breaking ultrahigh vacuum (UHV) 
conditions. Figure 3 shows the corresponding ARUPS spectra 

recorded at the Γ- and K-point of the BZ. At Γ, with a local 
VBM of ML-WS2, the WS2 features exhibit the strongest signal, 
helping to track possible energy shifts of the WS2 valence band 
upon C60 deposition more precisely. At K, with the global VBM, 
the most relevant energy offset between the frontier energy 
levels of the two materials can be readily determined. The 
SECO spectra in Figure 3a,3d reveals constant Φ values of 4.28 
(sapphire) and 4.45 eV (HOPG) for C60 up to 2 nm coverage on 
both substrates, implying that vacuum level alignment prevails. 
This is synonymous with negligible electron density rearrange-
ment upon interface formation and thus the absence of any 
significant electron transfer to C60 in both cases. This is in con-
trast to what was observed at the interface between the fluori-
nated fullerene C60F48 and ML-WS2/HOPG,[48] and is in line 
with the significantly larger electron affinity (EA) of C60F48 of 
ca. 5.0 eV[56] compared to that of C60 of only ca. 4.0 eV.[57] As dis-
played in Figure 3b,3e, upon C60 deposition the ARUPS spectra 
taken at the Γ-point for both substrates show an increasing 
intensity on the high binding energy side of the sharp WS2 
peak. This emission can readily be attributed to stem from the 
C60 highest occupied molecular orbital (HOMO) level. When 
the thickness of C60 goes beyond 1  nm, further deposition of 
molecules leads to reduced spectral intensity from WS2, which 
cannot further be discerned at 2 nm-C60 coverage. These results 

Figure 2. AFM topography micrographs with different magnification of ca. ML C60 (nominal thickness: 1 nm) deposited on a,b) WS2/sapphire and 
c,d) WS2/HOPG. The RMS roughness values of the shown areas are: (a) 1.0, (b) 1.0, (c) 1.1, and (d) 1.0 nm.
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are from the short photoelectron mean free path (< 1 nm) at the 
kinetic energies in the experiment, and further suggest layered 
growth of C60 on WS2 beyond the ML. The sharp ML-WS2 peak 
at the Γ-point remains at constant binding energy (particularly 
clearly seen up to 1 nm C60 coverage for the HOPG substrate). 
This strongly suggests that the local VBM energy position is 
also constant for both studied systems.

From Figure  3b,3e, we further determine a constant C60 
HOMO level onset at 2.15 (sapphire) and 1.83  eV (HOPG) 
binding energy throughout the investigated thickness 
range. The valence spectra recorded at the K-point of the BZ 
(Figure  3c,3f) exhibit fully analogous behavior. However, a 
clear signal from ML-WS2 is observed only up 0.6 nm C60 cov-
erage. Additional support for unchanged ML-WS2 energy levels 
also for thicker C60 layers comes from inspection of spectra 
where the (intensity-scaled) contribution of bare ML-WS2 was 
subtracted from the measured spectra, shown in Figure S4, 

Supporting Information. The residuals are clear replicas of 
the C60 valence features, without any apparent energy shift or 
shape-change. With this, we can directly assess the energy dif-
ference between global VBM at the K-point and the C60 HOMO 
level onset, which amounts to 0.39–0.40 eV for both substrates, 
sapphire and HOPG.

We finally attend to the W 4f and C 1s core-level spectra from 
XPS for C60/ML-WS2 (shown in Figure 4), to further evaluate 
interfacial interactions on the different supporting substrates. 
For the heterostructure on sapphire, we observe no apparent 
changes in the shape of the W 4f and C 1s levels upon depo-
sition of C60. However, fitting of the W 4f7/2 peak maximum 
could suggest an incremental shift by up to ca. 0.1 eV to lower 
binding energy as the C60 coverage increases to 2 nm. In con-
trast, the C 1s remains at a constant energy. A similar shift of 
the W 4f7/2 peak maximum by ca. 0.1 eV towards lower binding 
energy is also found for the heterostructure on HOPG, however, 

Figure 3. ARUPS spectra of ML-WS2/substrate (sapphire: top row; HOPG: bottom row) with increasing C60 coverage, as indicated. a,d) SECO region. 
b,e) Valence region at the Γ point and c,f) at the K/M points of the BZ. The intensity is normalized for better clarity.
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with large scatter. With the data at hand, solid evidence for a 
systematic shift of the W 4f core level cannot be derived, and a 
detailed further study is needed to investigate this issue on gen-
eral grounds. For instance, the additional dielectric screening 
of the photo-holes in WS2 by the C60 overlayer may be respon-
sible for such shifts towards lower binding energy. It would also 
be interesting in this context to compare if screening-induced 
shifts of core levels and valence levels are quantitatively the 
same. Our present valence region data suggest no C60-induced 
binding energy shifts of the frontier levels, but we are limited 
to C60 nominal coverages up to 1 nm, beyond which no signal 
from WS2 can be detected due to the high surface-sensitivity of 
ARUPS with He I excitation as used here. To investigate WS2 
under thicker overlayers, the use of much lower photon energy, 
and thus longer electron inelastic mean free path, would be 
required.

In addition, the W 4f levels on HOPG are shifted by ca. 
0.4  eV towards lower binding energy compared to those on 
the sapphire substrate. Since the valence levels of ML-WS2 
on both substrates are also shifted by the same amount, this 
supports the notion of an electrostatic origin of the shift, most 
likely indeed rooted in the transfer of ML-WS2 gap state density 

towards HOPG and the apparent reduced n-type character (vide 
supra). In contrast, the C 1s peak in Figure 4d seems to gradu-
ally shift upon C60 deposition. But here we already start with 
the carbon signal from the HOPG substrate, at ca. 284.5  eV 
binding energy. As shown in Figure S5, Supporting Informa-
tion, the addition of a second C 1s component fixed at 0.7  eV 
higher binding energy (i.e., 285.2 eV) is sufficient to adequately 
fit all spectra with intermediate C60 coverage. Thus, this second 
C 1s component can be assigned to stem from C60, and we con-
clude on the constant shape and binding energy, again in full 
consistency with the ARUPS results.

2.3. Interfacial Energy Level Diagrams

Having accessed the alignment of the occupied energy levels 
of C60/ML-WS2 on both substrates above, we now turn towards 
describing the full interfacial energy level diagrams. The IE 
of ML-WS2 was determined by adding the global VBM onset 
binding energy to the sample Φ, resulting in 6.03 (on sapphire) 
and 5.87 eV (on HOPG). The corresponding EA values are esti-
mated by subtracting the bandgap of 2.24  eV (see discussion 

Figure 4. Core level spectra of ML-WS2/substrate (sapphire: top row; HOPG: bottom row) with increasing C60 coverage as indicated. a,c) W 4f region. 
b,d) C 1s region.
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above) from the IE, yielding 3.79 (sapphire) and 3.63  eV 
(HOPG). In analogy, the IE of the C60 layers atop ML-WS2 is 
obtained by adding the binding energy of the HOMO level 
onset to Φ, giving 6.43 (on sapphire) and 6.28 eV (on HOPG). 
The C60 electronic gap was reported to be 2.3 eV,[58] and more 
recently reassessed to be 2.4 eV,[59] so that we obtain EA values 
of 4.03 (sapphire) and 3.88  eV (HOPG). The small difference 
in the measured IE (and estimated EA) of C60 on the two sub-
strates might be due to variations of film morphology, as already 
ca. ML C60 exhibits different morphology (see Figure  2). The 
observations in a previous study could suggest that smoother 
C60 morphology results in lower IE.[60] All energy levels and 
the measured position of EF are summarized in Figure 5 for 
both substrates. For both studied structures, the formation of a 
type-II heterojunction with C60 acting as the electron acceptor 
component is observed, in qualitative agreement with recently 
reported theoretical modeling data.[13] Notably, the energy offset 
between the two components’ frontier energy levels is nearly 
identical on both supporting substrates, with 0.4  eV for holes 
and 0.25  eV for electrons. This is due to the fact that both 
interfaces exhibited vacuum level alignment, that is, negligible 
charge density reorganization upon contact. Furthermore, this 
observation confirms the assumption that the level alignment 
is the same for an insulating and a conductive substrate, pro-
vided that their dielectric constants are rather similar, as is 
the case for sapphire and HOPG. In contrast, the position of 
EF with respect to the electronic levels differs by 0.33  eV for 
the two substrates. We ascribed the more n-type character of 
the heterostructure on the sapphire substrate to native, sulfur-
vacancy-induced, donor-type gap states close to EF, which are 
deactivated by transfer of these electrons towards the charge 
reservoir offered by HOPG.

At first glance, the C60/ML-WS2 interface is expected to 
enable efficient charge separation after optical excitation of 

either component, which could be used in photodetectors or 
photovoltaic applications. However, we recall that ML-WS2 is 
an excitonic semiconductor, with the energy of the first optical 
transition—forming the exciton—being at least 0.24  eV lower 
in energy than the bandgap. Looking at Figure 5, we realize that 
the energy offset between the single-particle unoccupied levels 
(global CBM and LUMO) has the same magnitude as the WS2 
exciton binding energy, so that interfacial charge transfer might 
actually require excitation with an energy larger than the first 
exciton of the inorganic semiconductor ML.

3. Conclusions

We studied the electronic properties of a prototypical hetero-
structure formed by a molecular semiconductor (C60) and a 
2D inorganic semiconductor (ML-WS2), on two different sup-
porting substrates. Independent of whether the substrate is 
insulating (sapphire) or conductive (HOPG), no indication 
of ground-state charge transfer upon interface formation was 
found, that is, vacuum level alignment prevailed. The energy 
offsets between the occupied and unoccupied frontier elec-
tronic levels of C60 and ML-WS2 were found to be almost 
identical for both substrates, because the average dielectric con-
stants of sapphire and HOPG are very similar, thus not leading 
to a substrate-dependent bandgap renormalization of ML-WS2. 
In contrast, the position of EF with respect to the energy levels 
depended on the substrate, with a more pronounced n-type 
character on sapphire. We suggest that native donor-type levels 
close to the conduction band, induced by sulfur-vacancies, 
bestow ML-WS2/sapphire with the apparent n-type character. 
These gap states are (partially) emptied into the charge reser-
voir of the conductive HOPG substrate and ML-WS2 exhibits 
more intrinsic character. Overall, the C60/ML-WS2 interface is 

Figure 5. Schematic energy level diagrams for a) C60/ML-WS2/sapphire and b) C60/ML-WS2/HOPG. The blue and red lines depict the occupied and 
unoccupied levels, respectively. All values are given in eV, the EA and IE values with respect to the vacuum level, set to zero.
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characterized by a type-II level alignment, with C60 acting as an 
electron acceptor, which makes this heterostructure interesting 
for further investigations in photo-responsive device structures. 
However, the energy level offset between the global CBM of 
ML-WS2 and the C60 LUMO is virtually equal to the exciton 
binding energy of the inorganic ML, thus efficient electron 
transfer after optical excitation may only occur for excitation 
energies higher than the ML-WS2 fundamental exciton.

4. Experimental Section
Synthesis of Monolayer WS2 Flakes and High-Coverage Monolayer Films: 

The WS2 growth was performed in a tube furnace as schematically 
illustrated in Figure S1, Supporting Information. 30  mg of WO3 
(Sigma-Aldrich, 99.995%) powder was placed in an alumina crucible 
in the heating zone of the furnace. A sapphire substrate, which was 
consecutively cleaned by piranha solution, deionized (DI) water, and 
acetone/isopropanol for half an hour, respectively, and annealed for 1 h 
at 1000  °C in air, was placed right above the WO3 powder. 2  g sulfur 
(Sigma-Aldrich, 99,998%) was introduced in a separate quartz boat at 
the upstream maintained at 200  °C during the reaction. The tube was 
first evacuated with a rotary pump to 10−2 mbar, and then refilled with 
Ar till atmospheric pressure. During the reaction, the center zone of the 
furnace was heated to 900 °C with a constant Ar gas flow (flow rate of 
50 sccm) and maintained for 20 min.

WS2 Monolayer Film Transfer Process: The as-grown ML-WS2 was 
transferred from the sapphire onto a HOPG substrate with the commonly 
used wet-transfer method.[61] A layer of poly (methyl methacrylate) 
(PMMA) was spin-coated onto the WS2 and acted as a supporting layer. 
Hot base (KOH) was then used as a substrate etchant to lift off the 
PMMA/WS2 film, after which the PMMA/WS2 film was cleaned in DI 
water and transferred to the HOPG substrate. The transferred sample 
was finally soaked in acetone for 30 min to remove PMMA.

Deposition of C60 Films: C60 powder (Sigma-Aldrich, purity 
>99.9%)  was evaporated from a resistively heated alumina crucible 
which was enclosed in an evaporation chamber with a pressure in the 
10−8 mbar range. The nominal film thickness was determined using 
a quartz crystal microbalance, using a mass density of 1.65  g cm−3. 
Correspondingly, the given nominal film thickness values are based on 
the deposited mass per unit area.

Characterization of the Heterostructures using Atomic Force Microscopy: 
AFM topography measurements were performed in peak force tapping 
mode by using a Bruker Icon AFM and ScanasystAir cantilevers in 
ambient air with a typical resonance frequency of 70  kHz and spring 
constant of 0.4 N m−1.

Characterization of the Heterostructures using Photoluminescence (PL): 
PL measurements were conducted with a confocal microscope (XploRA, 
Horiba Ltd.) using a 532 nm (2.33 eV) laser. The laser was focused by a 
100 × objective to a spot size of about 1 µm. The excitation power was 
maintained lower than 150 µW for PL measurements to avoid nonlinear 
optical effects and ablation. All measurements were conducted in 
ambient conditions at room temperature.

Characterization of the Heterostructures using Sample Preparation: 
Prior to photoemission measurements, the ML WS2/sapphire and WS2/
HOPG samples were annealed in situ overnight at 350  °C in an UHV 
preparation chamber with a base pressure of 10−9 mbar to remove 
carbon contaminations.

Characterization of the Heterostructures using C60 deposition: The C60 
molecules were deposited from a resistively annealed crucible at a 
pressure in the 10−9 mbar range and the nominal film thickness was 
estimated using a quartz microbalance and a density of 1.65 g cm−3.

Characterization of the Heterostructures using Photoemission 
Spectroscopy: ARUPS and XPS spectra were measured in situ in a UHV 
chamber (base pressure 2 × 10−10 mbar) with a hemispherical electron 
analyzer (SPECS Phoibos 100). All shown ARUPS measurements were 

performed with the He Іα radiation (21.22 eV) from a monochromated 
helium discharge lamp (FOCUS HIS-13 Mono) and using an overall 
energy resolution of ca. 130 meV as determined from the Fermi edge 
of a polycrystalline gold sample and an angular resolution of ca. ±  4 
degrees. XPS measurements were performed with the Mg Kα radiation 
(1253.6 eV) of a non-monochromated dual anode X-ray source (SPECS 
XR 50) and using an energy resolution of ca. 1.1 eV as determined from 
the full-width half-maximum of the Ag 3d of a polycrystalline silver 
sample. The error of the given Φ, IE, and EA values was estimated to 
be ±  50 meV. The Φ values were determined from the SECO spectra, 
measured with −10 V sample bias. For the sapphire substrate, proper WS2 
ML electrical grounding was established by contacting all sample edges 
with metal clips (connected to the metal sample holder), to prevent 
charging during the photoemission measurement. Proper grounding of 
the ML-WS2 layer on sapphire substrates, that is, the absence of sample 
charging, was confirmed by observation of a constant binding energy 
of ML-WS2 spectral features (core levels in XPS and valence bands in 
ARUPS) upon varying the excitation photon flux by over one order of 
magnitude. Furthermore, all spectral features did not exhibit changes in 
broadening for varied photon fluxes. For HOPG substrates, the WS2 ML 
was connected to the ground through the conductive substrates.
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