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Abstract

We investigate the interplay between vertical tunneling and lateral transport phenomena in
electrically contacted van der Waals heterostructures made from monolayer MoS,, hBN, and
graphene. We compare data taken by low-temperature scanning tunneling spectroscopy to results
from room-temperature conductive atomic force spectroscopy on monolayer MoS, with sulfur
vacancies and with varying hBN layers. We show that for thick hBN barrier layers, where tunneling
currents into the conductive substrate are suppressed, a side-contact still enables addressing the
defect states in the scanning tunneling microscopy via the lateral current flow. Few-layer hBN
realizes an intermediate regime in which the competition between vertical tunneling and lateral
transport needs to be considered. The latter is relevant for device structures with both a thin
tunneling barrier and a side-contact to the semiconducting layers.

Two-dimensional (2D) van der Waals heterostruc-
tures possess promising characteristics for next-
generation (opto)electronic devices [1, 2]. Vertical
heterostructures, with van der Waals layers assembled
to form atomically well-defined, ultra-thin tunnel-
ing devices, can leverage the particular advantages
of the 2D materials platform, overcoming funda-
mental limits of conventional device architectures
[3] and providing new functionality for applications
in quantum technologies [4, 5]. These 2D hetero-
structures typically consist of atomically thin highly-
conductive electrodes (e.g. graphene), insulating bar-
riers (e.g. few-layer hBN), and monolayer semicon-
ductors (e.g. MoS,, WS,, MoSe; or WSe,). The wide-
gap insulator hBN has proven to be an excellent tun-
neling barrier in vertical device structures [6, 7]. Its
low defect density [6] and high dielectric breakdown
strength [8, 9] allow fabricating barriers which are
only a few angstroms thick and can be used to fine

© 2024 The Author(s). Published by IOP Publishing Ltd

tune non-equilibrium tunneling currents, electron-
hole interactions, and equilibrium charge transfer
between two neighboring layers [6, 10].

Moreover, the 2D van der Waals heterostruc-
tures allow incorporating various defects as single-
photon sources directly integrated into the device
architecture [11]. For example, vacancy defects [12]
in monolayer transition metal dichalcogenides can
be implanted into tunneling circuits [13] with nano-
meter precision using ion beam patterning [14, 15].
For an atomic defect to be an effective two-level sys-
tem, it is crucial to reduce the degeneracies of its
ground and excited states, which can be achieved
in defect complexes with lowered symmetries or
in charged defects [16, 17]. In this context, recent
scanning tunneling microscopy (STM) studies on
sulfur vacancies in monolayer MoS, have directly
resolved the spontaneous symmetry lowering of the
vacancy’s defect orbitals upon charging, known as
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the Jahn—Teller distortion [18-20]. Both experiment
and theory demonstrate significant energetic correc-
tions (10 s of meV) at the single particle level [18—
22]. However, so far, these STM studies only con-
sidered defects in MoS, layers which are supported
directly on a graphene [18-20] or gold substrate [23].
In that case, the (semi)-metallic substrate not only
induces substantial charge transfer into the mono-
layer semiconductor [24], but it also quenches the
optical emission from the relatively long-lived, loc-
alized defect excitons [25], while emission from the
fast free exciton is still detectable. Therefore, a direct
correlation between the single particle defect orbitals
typically resolved by STM of transition metal dichal-
cogenides on graphene and the excitonic defect states
revealed by optical spectroscopy of MoS, on insu-
lating hBN remains challenging. An insulating hBN
barrier can potentially provide the necessary decoup-
ling of the semiconducting Mo$; layer and thus of the
point defects from the metallic graphene. Ultimately,
such a heterostructure facilitates resolving localized
exciton transition at the atomic scale via tip-induced
luminescence [26-28]. The latter approach has been
successfully applied to molecules on metal surfaces,
where a thin insulating barrier, typically few layers of
single crystal salt, provides the necessary decoupling
from the substrate [29].

In this work, we present scanning probe meas-
urements of MoS,/hBN heterostructures with sul-
fur vacancy defects. We employ scanning tunneling
spectroscopy (STS) at 4 K to gain insights into the
electronic properties of the heterostructures. A chal-
lenge in such experiments is the identification of
their respective locations on the same heterostructure
using the limited scan range and limited coarse posi-
tioning accuracy available in the STM. Therefore, we
utilize conductive atomic force microscopy (cAFM)
at room temperature as a complementary tool to
characterize the charge transport for different het-
erostructure configurations with varying hBN thick-
ness on the same sample. To characterize also thick
decoupling barriers, where vertical tunneling is sup-
pressed, we rely on side-contacted heterostructures,
where the lateral current flow enables electronic spec-
troscopy of the localized states.

1. Results

Thin layers of hBN (down to a monolayer) and mono-
layers (ML) of MoS, were prepared via micromech-
anical cleavage and placed onto an epitaxially-grown
graphene on (6H)-SiC substrate via a stamping
procedure (see Methods). The layers were stacked
to create different regions of interest within one
sample. Specifically, we investigated the following
heterostructure configurations: i) hBN on epitaxial
graphene (EG), ii) MoS, on hBN on EG, and iii) MoS;
on EG. Importantly, the MoS, layer was contacted
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directly to the graphene substrate via a side-contact to
ensure a conductive pathway even for thick hBN bar-
riers, where direct vertical tunneling is suppressed. In
other studies, similar side-contacts were achieved via
gold or nanopatterned graphene electrodes [30, 31].
The heterointerfaces were probed by scanning probe
microscopy and spectroscopy with the bias applied
between the EG and the tip (figure 1(a)). We stud-
ied the properties, in particular the charging state and
in-gap states, of single sulfur vacancy defects (indic-
ated exemplarily by the black circles in figure 1(a)) in
the MoS, monolayer for the different layer configur-
ations. Figure 1(b) shows a helium ion microscope
image of such a heterostructure sample. Due to the
high material contrast of He-ion microscopys, all lay-
ers are visible enabling the assessment of the exact
position of each material, including microcracks in
the layers. The different materials are labeled accord-
ingly. For this particular sample, the ML MoS, is
divided in three regions (on thick hBN, on ML hBN,
and directly on EG/SiC).

In our STM measurements, the coarse position of
the sample with respect to the tip was identified via
an optical access port. Gold contacts and other bulk
crystals in close vicinity to the heterostructure served
as optical reference markers for the approach of the
tip. To identify the different locations on the sample,
we relied on STS and STM images. Hereby, distinctive
features such as lattice constants and defects support
STS measurements to enable the assignment of each
area (figure S1). Figures 1(c) and (d) depict repres-
entative low-temperature STS measurements for dif-
ferent areas on the heterostructure. The dI/dV curves
were recorded with a modulation voltage AM = 5 mV
and a current setpoint of I = 150 pA. For each
configuration, we recorded spectra on multiple loc-
ations and determined averaged values for the band
onsets.

For MoS, directly on graphene (figure 1(c)), the
onsets of the tunneling current appear at +0.64 V and
—1.76 V corresponding to the conduction band min-
imum (CBM) and valence band maximum (VBM) of
MoS,. This simple analysis translates into an estim-
ated value of the bandgap of 2.4 eV. The bandgap in
previous reports varies between 2 and 2.5 eV [14, 30,
32, 33]. Nevertheless, an exact determination of the
bandgap value is difficult and requires a more care-
ful analysis as described, for example, by Murray et al
[32]. This is due to the fact that the tunneling current
near the I'-point is typically enhanced compared to
the K-point [34], because states with finite in-plane
momentum decay faster into the vacuum [35]. The
Fermi level is not mid-gap but shifted towards the
CBM, which we assign to the charge transfer from the
graphene [16]. When decoupling the MoS, with hBN
(figure 1(d)), we observe two effects. First, the onset
of the CBM shifts systematically to higher voltages
(on average we find +0.4 eV), suggesting either a
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Figure 1. Sample scheme and tunneling process. (a) hBN and ML MoS; are placed on epitaxial graphene (EG) on SiC. The
different heterointerfaces and sulfur vacancies (Vac;) in the Mo$; layer are probed by STS at T = 4 K using a tungsten tip
prepared on a gold substrate. (b) False-colored helium ion microscope image of the MoS,/hBN/EG heterostructure revealing the
different layer configurations (beam current 170 fA, acceleration voltage 30 kV, FOV 40 x 40 um?, scan dwell time 2 us). (c)
Low-temperature scanning tunneling spectroscopy measurements of ML MoS; directly on EG/SiC and (d) ML MoS, decoupled
from the EG/SiC via a hBN tunneling barrier. The dashed line marks the median of the noise level around 0 V. The solid black line
marks the median signal below —2 V. The noticeable increase of the signal at voltages below —2 V is interpreted as the onset of the
valence band in the MoS,/hBN heterostructure. Tunneling spectra are slightly offset to avoid negative values in the log-plot.

EG/SiC

reduced charge transfer from the graphene or a pos-
sible combination of strain and screening resulting in
overall band gap renormalization [36]. Second, tun-
neling currents into the valence band of the MoS,
appear to be suppressed below the noise level of
our measurement (dashed black lines in figure 1(d)).
Only at bias voltages below —3.68 V, which we tent-
atively assign to the VBM onset in hBN (cf. sup-
porting information figure S2), the tunneling current
increases noticeably. Averaging the signal below (solid
black line in figure 1(d)) and above (dashed black
line in figure 1(d)) the expected value of the VBM of
MoS;, the spectrum reveals a small, but finite increase
inside the gap reminiscent of the VBM in MoS, as
indicated by the black solid line in figure 1(d). The
fact that the gap of MoS, is not properly resolved
points towards the possibility that we probe ML MoS,
on bulk (~22 nm) hBN, rather than on ML hBN, via
the side-contact. However, we note that it is difficult
to identify the thickness of the underlying hBN based
on STS alone.

To get a better understanding of the underlying
charge transport processes, we performed comple-
mentary cAFM measurements at room temperature
under inert gas atmosphere (N,) on the above hetero-
structure and on different flakes of varying thickness
lying in close vicinity. We determined the position
of each measurement and corresponding layer thick-
ness by AFM maps and height profiles (cf. figures

S3 and S4). Areas of interest for cAFM (2 x 2 um?)
were cleaned with an AFM tip using contact mode
to remove residual adsorbates from the exposure to
ambient (cf. figures S5 and S6 and Methods) [37].
For the IV-spectroscopy, the contact force was kept
as small as possible, but large enough to enable good
electric contact. Nevertheless, when comparing STS
at low temperature and cAFM measurements at room
temperature, one needs to keep in mind that for the
latter, the tip is in physical contact with the sample
surface, i.e. the tip enters the repulsive regime of tip-
sample interaction during the current measurement.
Hence, the IV-curves recorded in cAFM typically do
not reveal the density of states as in STS, unless a thin,
insulating tunneling barrier is introduced between
the AFM tip and the material under test [38].

Figure 2(a) depicts layer-dependent IV-curves
(semi-log scale) of insulating hBN on EG. As expec-
ted, the overall current amplitude at a given voltage
drops with increasing barrier height or hBN layer
number [10]. Large tunneling currents (nA-regime)
are observed for barrier heights up to three layers,
most probably dominated by the conductive char-
acter of the underlying graphene [38]. For six lay-
ers of hBN, direct tunneling is suppressed and only
at very high bias magnitudes, we observe small cur-
rents (pA-regime). For better comparison to STS,
figure 2(b) shows the numerically derived AI/AV
spectra measured by cAFM. The spectra for ML and
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Figure 2. Conductive AFM spectroscopy. (a) Absolute value of the cAFM current for three hBN/EG heterointerfaces with a
monolayer (light gray), trilayer (dark gray), and hexalayer (black) hBN barrier. Significant tunneling currents through the gap of
hBN are resolved for monolayer and trilayer hBN. (b) Normalized conductance AI/AV numerically derived from the data in (a).
(c) Current at a bias of 1 V (Current;y) extracted from the data in (a) as a function of hBN layer number. The dashed line is the
theoretical scaling of the exponential decay assuming an ideal tunneling process through a hBN barrier with given layer number.
(d) Sketch of the vertical and lateral current pathways (arrows) in the side-contacted MoS; heterostructure. (e) Absolute value of
the cAFM current for different heterostructure configurations: MoS, supported directly on EG/SiC (orange), MoS, with an
additional ML hBN barrier (light red), and MoS; on bulk hBN (dark red). Lateral transport is dominant for MoS; on bulk hBN
(dark red), whereas it is negligible for MoS; directly on EG (orange). (f) Normalized conductance AI/AV numerically derived

from the data in (c).

trilayer hBN are virtually identical after normaliz-
ation, pointing towards a predominant direct tun-
neling current through the thin barrier layer. The
suppression of the tunneling current, extracted at a
fixed bias of 1 V, with barrier thickness is shown in
figure 2(c). The dashed line is the naively expected
exponential scaling law assuming an ideal tunneling
process through a hBN barrier with given layer num-
ber. Tentatively, we fit the data with an exponential
decay, giving a decay constant of 1.1 A~!, similar to
previous literature [39]. Note that when very large
contact forces are used (on the order of hundreds of
nN), the applied pressure can further modify the tun-
neling current due to the local indentation of the van
der Waals stack [40]. To ensure maximum comparab-
ility within this work, we kept the applied force small
(~1nN) such that any local indentations are expected
to be negligible.

Next, cAFM measurements were conducted on
the side-contacted MoS, monolayer with different
thicknesses of hBN below. Depending on the hBN
thickness, vertical tunneling through MoS, and hBN,
lateral current flow through the MoS, or a combina-
tion of both have to be considered (figure 2(d)). For
MoS, probed in an area where it is directly suppor-
ted on EG (orange curve, figures 2(e) and (f)), we

4

observe high currents (nA-regime) already close to
zero bias, suggesting direct tunneling through the ML
MoS,; barrier into graphene [40]. For MoS, on bulk
hBN (dark red curves in figures 2(e) and (f)), the
vertical tunneling is expected to be completely sup-
pressed with barrier widths far above the tunneling
limit (cf. figure 2(c)). Then, the current flow from
MoS; to graphene is expected to proceed exclusively
via a lateral drift-diffusion process. The resulting IV -
curves can be interpreted as a lateral device with a
Au/MoS, Schottky-contact and an efficient, vertical
MoS,/graphene junction in series (figure 2(d)). MoS,
on ML hBN seems to be in-between the direct tunnel-
ing and the lateral transport scenario (red curves in in
figures 2(e) and (f)). In other words, lateral transport
and vertical tunneling provide two competing current
pathways in the investigated samples with electrical
side-contacts. Consequently, the difference in current
between the three different configurations at identical
bias gives an idea of lateral and tunnel contribution
at room temperature. As a control experiment, we
removed the side-contact of MoS, on bulk hBN by
nano-mechanical manipulation using the AFM tip. In
agreement with our hypothesis of predominant lat-
eral current flow, no current was measurable without
the side-contact (figure S7).
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The cAFM results demonstrate that direct tun-
neling is possible at least up to three layers of hBN
barriers (figure 2(b)). Therefore, vertical tunneling
should be possible and dominant for MoS, on ML
hBN, as well, and we conclude that the STS spectrum
in figure 1(c) was in fact measured with a bulk hBN
barrier below the ML MoS,. In our heterostructure
configuration, the MoS, on bulk hBN still has a lat-
eral side-contact with graphene, which provides the
necessary conductive connection at room temperat-
ure. For STS at low temperatures, where the intrinsic
conductivity is frozen out, the current is rather car-
ried by the diffusion of injected carriers, which are
also called hot carriers. For positive (negative) bias
above the CBM (below the VBM), electrons (holes)
are injected into the CB, that need to diffuse later-
ally to the contact. The observed current suppres-
sion in STS (cf. figure 1(d)) on MoS,/hBN at neg-
ative bias (below the VBM of MoS,) points towards
a less efficient diffusion of injected holes. Only at a
high bias (—3.5V), the hole currents increase signific-
antly because vertical tunneling into the VBM of hBN
becomes available as an additional channel. A possible
scenario is that at a finite residual electron density,
which is consistent with the Fermi level being located
closer to the CBM, the injected holes will be minor-
ity carriers and their diffusion is limited by recom-
bination with electrons. Another possible explanation
are shallow defect states, which can effectively trap
carriers at low temperatures, while being ineffective
at room temperature because of thermal activation
[41]. For example, oxygen passivated sulfur vacancies
are abundant in Mo$S, [14], and they were shown to
introduce a shallow defect resonance in the VBM of
other structurally similar transition metal dichalco-
genides, in particular MoSe, [42], without any deep
in-gap state.

There is a noticeable effect of the bulk hBN
decoupling layer on the defects in MoS, as well.
Figure 3(a) shows a large area STM image of various
point defects in MoS; on hBN. In line with previous
reports on semiconducting transition metal dichal-
cogenides directly on graphene [16, 20], we observe
different defects (panel insets) including negatively
charged point defects of unknown type (Defect A),
oxygen-passivated sulfur vacancies in the top and bot-
tom sulfur sub-lattice (Defects B) and unpassivated
sulfur vacancies in the top sulfur lattice (Defect C). In
the following, we focus on unpassivated sulfur vacan-
cies. The latter have a clear topographic fingerprint
with a characteristic orbital shape, and, generally,
they exhibit a deep in-gap state due to the unsatur-
ated bonds at the defect site [14, 20, 43]. Interestingly,
we find that the vacancies are charged, as sugges-
ted by the dark halo, even after decoupling MoS,
with hBN [14, 18]. Figure 3(b) depicts the expec-
ted energy diagram for a negatively charged vacancy
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including splitting due to the Jahn—Teller effect [18,
20]. We expect three in-gap states, one unoccupied
state close to the CB, one occupied state in the middle
of the gap, and two degenerate occupied states near
the valence band. As a reference, figures 3(c) and
(d) show STS spectra across a negatively charged sul-
fur vacancy defect (HOMO) in MoS, directly on
graphene. The pronounced upwards band bending of
the CBM (indicated by the white line as guide to the
eye in figure 3(d)) is consistent with the net negative
charge on the defect. In agreement with other recent
STM studies [18, 20], three in-gap states, assigned as
HOMO ™!, HOMO and LUMO, are visible in the STS
spectrum. Moreover, the defect states exhibit charac-
teristic broadened side bands [18].

Figures 3(e) and (f) show STS spectra across an
unpassivated sulfur vacancy defect in the decoupled
MoS,/hBN heterostructure. As mentioned before, the
dark halo of the defect points towards a charged state.
Indeed, the CB exhibits an upwards band bending
(indicated by the white line as guide to the eye in
figure 3(f)), suggesting that the investigated defect
is negatively charged in this configuration as well.
However, the onset of the CB is shifted to higher
biases compared to MoS, directly on EG, indicat-
ing a more intrinsic nature of the MoS,. Similarly,
the lack of band bending for the valence band in
MoS,/hBN suggests that the defect can actually be
brought into an overall neutral configuration, poten-
tially due to tip-induced discharging at a large neg-
ative bias [19]. Similar to charged sulfur vacancies in
MoS,; directly on EG, the vacancy defect in MoS, on
bulk hBN exhibits one state above the Fermi level,
i.e. a LUMO state (black triangle figure 3(e)). The
spectra suggest a finite broadening of the LUMO
state, possibly due to phonons [18]. However, no fur-
ther states are visible below the Fermi level, i.e. no
HOMO states are resolved. Only at —3.8 V, we detect
again the onset of the hBN VBM (cf. Figure 1(d)
for pristine MoS,/hBN). A possible explanation is
that the HOMO states are experimentally not access-
ible because there is simply no current pathway. The
bulk hBN barrier inhibits vertical tunneling and the
MoS, band gap inhibits lateral transport because the
HOMO level is a bound state deep inside the band
gap. In this picture, it is interesting to ask if the LUMO
state is in fact a strictly bound state (i.e. a deep defect
[12, 44]) or if it has the character of a resonant defect
state hybridizing with the CB [45]. Since the LUMO
state is experimentally accessible in STS even with
bulk hBN below (figure 3(f)), we conclude that the
charge carriers injected from the tip escape from the
localized state into the delocalized MoS, CB at a suffi-
cient rate. Yet, the STS spectra suggest that the LUMO
state (black triangle in figure 3(e)) is in fact separated
from the CBM onset by a finite gap. A likely explan-
ation is therefore that tip-induced band bending at
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Figure 3. Defects in monolayer MoS,. (a) Constant current STM image (Vs = 1.5V, I = 30 pA) of ML MoS, on hBN
showcasing several point defects. Defect A is a negatively charged point defect, defects B are oxygen-passivated sulfur vacancies in
the top and bottom layer, and defect C is a negatively charged sulfur vacancy. (b) Energy level scheme of the MoS,/hBN/EG
heterostructure with a charged sulfur vacancy exhibiting Jahn—Teller splitting AJT. (c), (d) STS line scans across a charged sulfur
vacancy defect within a MoS,/EG heterostructure. Inset: close-up STM image of the defect (Vs = 0.45 V and I = 100 pA). Three
defect states (HOMO ™!, HOMO and LUMO) are visible. (e), (f) STS line scans across a sulfur vacancy within a MoS,/hBN/EG
heterostructure. Inset: close-up STM image of the defect (Vs = 1.5 V and I = 30 pA). Only the defect state above the Fermi
level is visible (black triangle). The white solid lines in (d) and (f) are guides to the eye tracing the upward band bending in the
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CBM, which indicates a negative charge at the defect. The spatially dependent tunneling spectra are vertically offset for clarity.

positive bias enables a lateral tunneling process of the
electron localized on the defect into the CB states
[46, 47].

2. Discussion and conclusion

We investigated tunneling through monolayer
MoS,/few-layer hBN/graphene heterostructures by
means of LT-STS and room temperature cAFM. In
STS, we find indications that bulk hBN reduces the
charge transfer from graphene to Mo§S; resulting in
a Fermi level shift of —0.4 eV, such that the valence
band and CB onsets of MoS, are approximately loc-
ated at —1.5 V and 1.2 V, respectively, resulting in
a close to intrinsic Fermi level. Somewhat counter-
intuitively, spectroscopy on individual sulfur vacan-
cies still reveals negative charging of the investigated
defects. This can be understood in terms of a very long
lifetime of the trapped charge at low-temperatures
enabled by the thick hBN decoupling barrier, which
prevents any trapped charge from tunneling into the
substrate representing an effective Coulomb block-
ade of the defect state [48]. For the investigated side-
contacted geometry, current flow in MoS, with a
thick hBN tunneling barrier below occurs therefore
dominantly via lateral transport, which leads to a
diminished visibility of states near the valence band

vs. states near the CB due to suppressed transport of
holes injected from the tip. At room temperature, we
find that the finite conductivity of Mo$S, can provide
a sufficient side-contact, similar to other STS studies
conducted at room temperature [30] and 77 K [49].
Therefore, the lateral current flow competes with the
vertical tunneling conductivity down to few-layer
hBN. Consequently, the interplay between vertical
tunneling and lateral transport plays an important
role for device structures with both a thin tunneling
barrier and a side-contact to the semiconducting lay-
ers. This configuration is typical for gated structures,
except for configurations where the semiconducting
layer is electrostatically floating. For the STS experi-
ments, one should also consider that the tip typically
approaches the sample at a specific set bias until a
set current is reached, which determines the distance
between tip and sample. This distance is kept con-
stant, and the bias is ramped. To favor tunneling
currents over lateral transport in low-temperature
STS, it may thus be advantageous to use higher cur-
rent setpoints and thus smaller tip-sample distances
or to eliminate the lateral contact between the semi-
conductor and the substrate in the heterostructure
assembly.

In conclusion, the layer dependent cCAFM meas-
urements suggest that 2-3 layers of hBN may present
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an optimal regime to interrogate the defect states by
electronic scanning probe methods. In this regime,
the MoS, is already decoupled from the under-
lying graphene, yet direct tunneling through the
hBN is still possible, which is necessary to prevent
Coulomb blockade of the defect state. In STM, the
unambiguous identification of hBN barrier thick-
ness with large exfoliated samples presents a prac-
tical experimental challenge. A recent study of defects
in multilayer WSe, demonstrated that the lifetime
of charged defects depends on the underlying tun-
neling thickness [50]. Then the width of the tunnel-
ing barrier can be extracted from the current satur-
ation behavior at small tip-sample distances in STS
[48]. The latter approach therefore provides a suitable
method to determine the thickness of the hBN barrier
directly in future STS experiments towards probing
both electronic and many-body optical properties of
the defects at their native length scale.

3. Methods

3.1. Sample preparation

Bulk crystals of hBN and MoS, were exfoliated
using mechanical cleavage and the monolayers were
transferred with micrometer precision onto epitaxi-
ally grown graphene on (6H)-SiC substrate. To this
end, graphene was grown on (6H)-SiC wafers based
on the following [51]. SiC-wafers (purchased from
University Wafer Inc.) were diced, sonicated in meth-
anol, and flash annealed under vacuum at 750 °C
in an inductively heated reactor tube held within a
graphite susceptor. Samples were then etched with a
slow flow of hydrogen (0.5 SLM) in the presence of
argon (p = 1 bar) at 1400 °C for 5 min to prepare
the surface for graphene growth. Monolayer graphene
samples were then grown by heating the sample to
1620 °C for 20 min under argon (p = 1 bar) in
addition to a slow flow of argon (0.5 SLM). Samples
were left to cool to room temperature after each
step. Heating and cooling rates were 2 °C-3 °C per
second. hBN was exfoliated onto a Si/SiO, substrate
using a clear adhesive tape (Nitto Lensguard7568),
lifted with a PC/PDMS stamp at 70 °C and placed
on the sample at 180 °C in ambient atmosphere.
The hBN/EG substrate was cleaned in chloroform
(rt, 10 min). To achieve large exfoliated monolayers,
MoS, was exfoliated using Nitto clear tape and trans-
ferred directly from the tape onto a PDMS stamp. The
MoS, was subsequently released at 40 °C from the
PDMS onto the hBN flake in ambient atmosphere.
Finally, the whole heterostructure was cleaned in
chloroform (rt, 10 min). The layer thicknesses of each
material were determined afterwards. Prior to scan-
ning probe measurements, the samples were annealed
at approximately 500 K for 24 h in the preparation
chamber (in ultra-high vacuum, at approximately
10~° mbar). The annealing further reduces surface

K Nisi et al

contaminants and residue from the viscoelastic trans-
fer. The samples were stored in N;-gas atmosphere
after heterostructure preparation and in between the
different measurements.

3.2. STM and spectroscopy

STM and STS measurements were conducted using
a scanning probe microscope (Createc GmbH) at
liquid helium temperatures (T < 6 K) and UHV
(p < 107! mbar) conditions. The heterostructure
was located utilizing two optical ports and previ-
ously acquired optical images. The etched tungsten
tip was prepared on a gold substrate. Tip stability
was further verified on gold substrates for all bias
voltage ranges presented. Specifically, after forming
the tip, we trained the tip at a high voltage range
from —4 V to 4.5 V. A priori, it is unknown at
which exact position on the heterostructure the tip
lands. Therefore, it is necessary to approach at a bias
voltage above the gap of hBN (approximately 4.5 V).
After a successful approach, we incrementally reduced
the bias voltage in several steps. For materials with
a bandgap, such as MoS, and hBN, the voltage is
reduced until the smallest possible value that allows
a stable tunneling current. For graphene, the bias
can be reduced to values around 0 V at the set-
point of 150 pA. All STM images were acquired in
constant-current mode with a bias voltage applied
to the sample. Constant-height STS measurements
(setpoint = 150 pA) were recorded utilizing a lock-
in amplifier (frequency 683 Hz, amplitude 5 mV).
Band gaps from STS were determined by applying
a linear fit to the valence band edge, CB edge, and
the bottom of the band gap in log(dI/dV). All STM
images are presented as measured, with the exception
of the inset in figure 3(e), which is filtered using a
Fourier-filter.

3.3. Conductive atomic force microscopy

cAFM measurements were done at room temperature
in an inert N,-atmosphere with a commercial AFM
system (Bruker Dimension Icon). The area of interest
was first cleaned from all residues via AFM ironing
by scanning over the area in contact mode with an
applied force of approximately 300 nN. The min-
imum force sufficient to clean the surface was determ-
ined by scanning on a different flake and increment-
ally increasing the contact force until all residues were
removed. The tip was calibrated by using a standard
thermal tune tip calibration procedure. cAFM meas-
urements were conducted in PeakForce TUNA mode
using cantilevers with a nominal spring constant of
0.4 N m~!, a force of about 1 nN and a conductive
metal Cr/Au coating (Tip: HQ:NSC19/Cr-Au, nom-
inal radius <35 nm). The bias voltage was applied
at the sample. IV -curves were measured by sweeping
from negative to positive bias voltages with a sweep
rate of 2-6 Vs~ 1.
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