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ABSTRACT: Direct top-down nanopatterning of semiconductors pnprotec
= Frotecte

is a powerful tool for engineering properties of optoelectronic
devices. Translating this approach to two-dimensional semi-
conductors such as monolayer transition metal dichalcogenides
(TMDs) is challenging because of both the small scales required
for confinement and the degradation of electronic and optical
properties caused by high-energy and high-dose electron radiation
used for high-resolution top-down direct electron beam patterning.
We show ‘that encapsulating a TMD‘ mor}olay‘er with hexagqnal g ! 700 760 820 880 940
boron nitride preserves the narrow exciton linewidths and emission Wavelength (nm)
intensity typical in such heterostructures after electron beam

lithography, allowing direct patterning of functional optical monolayer nanostructures on scales of a few tens of nanometers. We
leverage this fabrication method to study size-dependent effects on nanodot arrays of MoS, and MoSe, as well as laterally confined
electrical transport devices, demonstrating the potential of top-down lithography for nanoscale TMD optoelectronics.
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Bl INTRODUCTION ablation,” electron beam (e-beam) lithography,” and gate-
defined quantum dots.*® Some of these approaches, such as
sonication and dot synthesis, can achieve very small TMD
nanostructures with measurable confinement energies, but they
typically lack controllable size, placement, and distribution.
Top-down methods based on electron-beam lithography are
deterministic and reproducible but face significant impedi-

Engineering of semiconductors in nanoscale structures is a
powerful tool for optoelectronic applications. Extending this
general approach, nanoscale engineering is now possible using
two-dimensional (2D) van der Waals materials by stacking
layers in their third, out-of-plane dimension.'~® These layered

van der Waals heterostructures combining transition metal ments for successful application to TMD-based nanostructures
dichalcogenides (TMDs) and other layered materials facilitate PP

. . . due to beam damage. Positive resist (p-resist) electron-beam
a host of interesting features, such as enhanced optical and . . & . (p ) .

. .2 129-12 13-18 writing techniques, in which the unexposed resist acts as an
electronic properties,

new interfacial states im- .
. 19 ’ etch mask on top of the unetched material, are common for
proved Ohmic contacts,

20 .
" and interlayer band-to-band . .
. . I 4 field-effect transistor (FET) lithography and can be used to
optical and electronic transitions.” Although layered hetero- . .
R , ) : pattern layered materials down to many tens of nanometers in
structure engineering with 2D semiconductors like TMDs 35 o . . .
The indirect nature of this patterning technique,

. ) . size.”

allows highly tunable optoelectronic properties of the o . .

. 4—6.10,13,16,17,20—22 - however, limits the ultimate nanostructure size to approx-
composite structure,” 7" traditional methods of

3 . imately 50 nm,37 much larger than the Bohr radii of TMDs.
creating 2D semiconductor nanostructures from layered . . . . .
) . . Conversely, negative resist (n-resist) techniques use direct
materials using top-down lateral patterning are not as "
} ! o writing and can produce patterns down to only several
straightforward. The reduced electronic screening in 2D layers 38 . .
; o A nanometers” but require orders of magnitude larger e-beam
leads to small exciton Bohr radii in TMDs near 1 nm,™ 2 .
. ) o dosages (~2000 to 1,000,000 xC/cm? for n-resist, compared
requiring the creation of smaller nanostructures for significant

optoelectronic tuning and emergent phenomena compared to
traditional semiconductors that are often too stringent to be Received: Feb_mary 27, 2022
achieved using current top-down patterning techniques. Acce?ted‘ April 28, 2022

A variety of methods have been identified for realizing TMD Published: May 11, 2022

. . . . 24-26

nanostructures, including chemically synthesized dots,
sonicated and centrifuged flakes,””™° helium ion-beam
patterning,‘?’l’32 direct femtosecond laser writing,33 laser
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Figure 1. (a) Cartoon of bare MoSe, being damaged by direct e-beam exposure. Atoms are displaced and the lattice distorted. (b) Encapsulating
hBN could protect the TMD layer from direct exposure, preventing the displacement of atoms and distortion of the lattice. (c) Exfoliated MoSe,
monolayer and adjacent bilayer. (d) hBN encapsulated MoSe, layer achieved by viscoelastic stamping. Black lines outline the MoSe, under the
hBN (teal). A bottom hBN layer (purple) can also be seen. (e) Directly patterned MoSe, squares from the layer seen in (c). (f) Directly patterned
MoSe, heterostructure squares from the structure seen in (d).
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Figure 2. Comparison of PL from e-beam exposed, unencapsulated MoSe, (exposed) and pristine MoSe, layer (pristine) at (a) T = 300 K and (b)
T = 10 K. At 300 K, e-beam exposure causes a 50% drop in PL intensity and a small shift to lower energy. At 10 K, exposure quenches exciton PL
by two orders of magnitude and induces a prominent broad defect emission. (c) Comparison of PL from exposed bare MoSe, and exposed
encapsulated hBN/MoSe,/hBN. The encapsulated layer preserves strong, narrow emission without prominent defect emission. Additional
comparison examples can be seen in the SI in Section S1, Figure S3. (d) Relative PL (RPL), defined as the ratio of the integrated intensity of PL
from exposed layers to nearby unexposed layers, for exposed bare MoSe, and hBN/MoSe,/hBN showing the impact of e-beam dosage for direct
writing. Inset is 10 K, outset is 300 K; dosage axes are the same. The increasing intensity with dosage for hBN/MoSe,/hBN is attributed to
increasing trion emission likely due to charging induced by the intense beam exposure.*”**

with ~300 to 1000 uC/cm? for p-resist). This has been found
to cause destructive damage to the target-layered crystal that
degrades optoelectronic characteristics.”~** Adapting n-resist
patterning for the top-down lithography of TMD nanostruc-
tures at the relevant size scales requires overcoming the
intrinsic layer damage caused by the high e-beam dosage.
One promising means to overcome this practical challenge is
to combine traditional top-down lithography with novel
vertical engineering afforded by 2D materials. Interfacing

23776

TMD flakes with a layer of hexagonal boron nitride (hBN), a
wide band gap van der Waals material, can protect underlying
TMD layers from atmospheric degradation®’ or substrate
defects.** With the encapsulation of a TMD between two thin
layers of hBN, hBN/TMD/hBN heterostructures can exhibit
exciton emission linewidths approaching fundamental limits""'°
and device mobilities in the hundreds to thousands of cm?/
Vs.? Here, we show that the hABN/TMD/hBN heterostructure
also allows for the direct e-beam patterning of TMDs under n-
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Figure 3. (a) Patterned array of MoSe, nanodots with diameter of 40 nanometers. A reference square of unpatterned hBN/MoSe,/hBN is visible in
the bottom left. (b) Average exciton and trion energy shift for different nanodot diameters. The shift is measured relative to an exposed reference
square to rule out contributions from e-beam exposure not related to size. At small dot diameters, a small size-dependent energy shift can be seen.
At large dot diameters, the energy shift does not vanish, suggesting that size-independent energy shift is also present. The error bars represent the
averaged standard deviation of five samples at 40 nm dot size. (c) Plot of PL of patterned dots of MoSe, with a diameter of 40 nm and patterned
referenced square of MoSe,. We see a distinct shift in exciton population from the trion state to the neutral state and an overall quenching of PL
due to the loss of total material after patterning. (d) Zoom in on the trion PL of the patterned array of dots emitter (40 nm diameter, array in SEM
image Figure 3a) to the reference square, showing an energy shift of ~6 meV and a linewidth reduction.

resist to achieve repeatable nanofabrication down to ten
nanometer feature scales without significantly damaging the
underlying layer. The optical and electrical qualities are
preserved even with high-dosage patterning, allowing for
sharp linewidths and high mobilities in TMD nanostructures.
Simple representations of the e-beam induced damage and a
hypothetical hBN-afforded protection mechanism are shown in
Figure lab, respectively, illustrating how encapsulation may
offer protection from the formation of chalcogenide vacancies.

We leverage this direct writing capability for the creation of
nanometer scale nanodots, revealing weak size-dependent
energy shifts, and for top-down patterning of narrow electronic
device nanochannels of a few tens of nanometers that
demonstrate quantized conduction.

B RESULTS AND DISCUSSION

To study layer damage and nanopatterning, monolayer flakes
of MoSe, and few-layer flakes of high-quality hBN were
prepared by micromechanical exfoliation on 285 nm SiO, on
Si substrates and identified by optical contrast, as shown in
Figure 1lc. Heterostructures of monolayer MoSe, flakes
encapsulated by hBN were then assembled by viscoelastic
stamping™ (Figure 1d). Both the heterostructures and
unencapsulated monolayers of MoSe, were annealed in an
Ar/H, environment to improve surface quality and adhesion,
remove transfer, and exfoliation residues such as tape adhesive.
Atomic force microscopy was used to confirm a uniform, flat
surface free from any wrinkles and folds that can be introduced
in the transfer process. Subsequently, the heterostructures were

23777

characterized using photoluminescence (PL) spectroscopy to
confirm narrow emission linewidths typical of hBN-encapsu-
lated MoSe,.""" Both the encapsulated and unencapsulated
MoSe, monolayers were patterned with standard electron
beam lithography using n-resist into squares with an edge size
of 3 pum, as seen in Figure lef. The writing was performed
using a 100 keV e-beam lithography system with 10 nm
hydrogen silsesquioxane (HSQ) as the n-resist with dosages
varying from 5000 to 50,000 4C/cm**® to test layer damage
thresholds.

PL measurements were performed at temperatures of 10 and
300 K for patterned encapsulated (hBN/MoSe,/hBN),
patterned unencapsulated, and pristine unprocessed MoSe,
(Figure 2a—d). Room temperature PL from unencapsulated
monolayers in Figure 2a shows a reduction in intensity
compared to that in pristine unprocessed layers, likely due to
the extensive layer damage from the direct e-beam writing. At a
low temperature, where emission from the exciton and trion
(an exciton with an extra bound electron) correspond to
distinct peaks as shown in Figure 2b, this damage is especially
evident as the PL intensity in the unencapsulated layer is
quenched by two orders of magnitude and a broad emission
emerges across the 800—900 nm spectrum. This broad defect
emission is orders of magnitude brighter than that observed for
unexposed MoSe,, and it is typically attributed to significant
damage to the MoSe, crystal structure from the high dose
direct e-beam exposure.””*"** In contrast, the encapsulated
structure of hBN/MoSe,/hBN in Figure 2c¢ shows no

https://doi.org/10.1021/acsami.2c03652
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significant defect emission and a strong, narrow exciton PL
peak even after direct e-beam writing.

Damage from the direct beam exposure was characterized by
varying the dosage on multiple patterned squares, as shown in
Figure 2d. Unsurprisingly, increasing dosage rapidly degrades
the unencapsulated layer, with 20,000 uC/cm? inducing a
roughly 50% quenching of the PL in the unencapsulated layer
at room temperature and orders of magnitude of quenching at
low temperature (Figure 2d (inset)). A strong defect emission
(relative to neutral and trion emission) also emerges in the
exposed bare layer, signifying significant structural damage to
the crystal. Further visualizations of e-beam induced damage
using 2D PL mapping before and after direct e-beam exposure
are in the Supporting Information in Figures S1 and S2. An
equivalent exposure to the encapsulated MoSe, layer only
marginally diminishes the PL intensity, as seen in Figure 2d.
Evidently, combining hBN encapsulation with high-dose direct
e-beam writing allows high-resolution top-down patterning of
monolayer TMD nanostructures without significantly com-
promising optical quality.

We have shown that hBN encapsulation enables direct e-
beam lithography of TMDs without significantly damaging the
crystal and quenching optical emission. A possible explanation
for this effect is that encapsulation could increase the threshold
energy for chalcogenide atoms to escape the TMD monolayer
(shown previously in Figure 1ab). Interactions between TMD
layers and high energy electrons can result in extensive
radiolysis, lattice deformation, and amorphization.””*"** In
unencapsulated material, a chalcogenide atom only needs to
acquire enough energy to break the TMD covalent bond to
escape, which can be readily provided by a 100 keV e-beam.
However, with hBN encapsulation, displaced atoms must also
diffuse past the hBN layer or break the hBN covalent bonds to
escape. The higher threshold energy prevents this from
occurring,” evidenced here by the preserved excitonic features
in PL and the absence of strong defect emission at low
temperature. It is, however, possible that the hBN top layer
experiences damage from the e-beam dosage, but this top layer
would serve as a sacrificial layer, and damage to the hBN
structure would not have been observable in the present
measurements and is not studied in more detail here. The
small reduction in PL intensity with hBN encapsulation
(Figure 2d) suggests that this protection is not perfect or that
the electron bombardment can still cause charge doping.
Although mechanistic testing of this explanation is beyond the
scope of experiments performed here, the experimental results
do indicate clearly that hBN-encapsulated TMDs can help
prevent e-beam damage and allow direct writing of TMD
nanostructures with good optical quality.

Utilizing this high-resolution top-down lithography enabled
by hBN encapsulation, size-dependent PL from patterned
TMD nanostructures of variable radii was studied. Square
arrays (side length of 6 ym) of hBN/MoSe,/hBN nanodots
with diameters ranging from 10 to 80 nm and nanodot spacing
of 200 nm were fabricated with the procedures described
previously along with squares of side length of 3 um for
reference (Figure 3a). The reference squares were exposed to
the same e-beam dosage as the nanodots, allowing the isolation
of beam-induced effects from size and edge effects. Sub-10 nm
nanodots with diameters down to S nm were also fabricated,
but in these small nanodots, the n-resist typically loses
adhesion to the layer surface, resulting in nanodot aggregation
or complete pattern loss (see Figure S4 in the Supporting

Information for the visualization of this behavior). SEM images
(Supporting Information Figure S5) suggest that after etching,
small diameter nanodots were still successfully created, but
their position and separation are no longer controllable and
repeatable. Based on the results in Figures 2 and 3, optical
damage is no longer the limiting constraint in the size of
patterning. The adhesion problem shown in Supporting
Information Figure SS remains a challenge to overcome that
would allow the smallest patterns possible with negative resist.
Further systematic study of resist and process steps could
improve the surface adhesion and allow controlled patterning
of sub-10 nm nanostructures without inducing layer damage,
but this process development is beyond the scope of the
current work.

Following fabrication, PL was measured from the arrays in
vacuum at temperatures of both 10 and 300 K, sampling an
ensemble of approximately 25 nanodots per 1 ym beam spot
because the arrays have a 200 nm spacing. While strong
exciton PL peaks at room temperature in the nanodot arrays
provided a good indication of nondestructive direct writing
and etching, the linewidths were too broad to extract small
size-dependent energy shifts possibly caused by confinement or
edge effects.®® In contrast, at low temperature, linewidths of
MoSe, can approach single-digit meV scales,”'* distinctly
separating out the exciton and trion species and enhancing
sensitivity to small energy shifts. PL results at 10 K can be seen
in Figure 3a—d.

For nanodots with diameters from 80 nm down to 20 nm,
the emission energies of both the exciton and trion show a
weak size-dependent shift toward higher energy (Figure 3b,c)
and reduced linewidths as compared to the nearby reference
squares to rule out potential e-beam contributions (Figure 3d).
The shift can be parameterized by a size-independent shift
present in even the largest nanodots (but not the reference
squares) and an additional weak shift to higher energies when
decreasing the nanodot size. Although these experiments do
not conclusively identify the origin of the size-dependent shift,
these nanodots would be in a weak confinement regime
because they are larger than the exciton Bohr radius. The larger
size-independent energy shift of average ~10 meV seen on all
patterns is not exciton confinement related and is likely
introduced by the fabrication process. Because shift to higher
emission energies was not observed in the reference square,
which was written in an identical fashion to the nanodots, the
energy shifts in PL were not introduced by e-beam exposure
itself. The origin of the smaller size-dependent energy blue
shift is not conclusively identified by these experiments.

One possible cause for the large size-independent shift seen
for all nanodot diameters is an edge effect. Unlike the reference
square, the reduced size of the nanodots significantly modifies
the edge-to-surface area ratio, making edge effects such as
roughness or edge doping much more significant. While
localized edge states are unlikely to have much influence on
larger dots because of their limited interaction depth,”’
contributions from edge doping created through the etching
process can extend out to ~10 nm"® and may be non-negligible
in nanodot PL. It should be noted that as the diameter of the
dots increases from 20 to 80 nm, the magnitude of the
background shift fades as the cross-sectional area of the dot
increases, suggesting that this is an edge effect. As the dot
diameter approaches 60—80 nm, we begin to see a mixture of
unshifted exciton emission and shifted exciton emission
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Figure 4. (a—c) Preparation of the MoS, layer for the electrical device. (a) Few-layer MoS, is transferred onto an hBN bottom layer, followed by a
multilayer of hBN on the top to serve as a tunneling layer. (b) Contacts are deposited on the top of the monolayer of hBN. (c) A final multilayer of
hBN is transferred on the top of the completed structure for protection. (d) An image of a completed electrical device, represented schematically in
the inset. The patterned conduction channel is highlighted red. A purple dotted line outlines the monolayer under the hBN. (e) Current vs gate
voltage (V) performance before (red) and after (blue) e-beam exposure for a hBN/MoS,/hBN heterostructure for a two-terminal nonchannel test
as the inset shows. To test the impact of exposure on bulk transport, this device is patterned with the n-resist process with a dosage of 50,000 uC/
cm? over the entire heterostructure area in contrast to the nanochannel patterning described in the Methods. Exposure changes estimated mobility
from 45 to 48 cm?*/Vs, extracted from the slope. The higher current response suggests an increased n-type doping of the material after exposure, but
there is no reduction in electrical performance that would indicate layer damage from exposure.

because of edge-state contributions (see Figure S6 in the
Supporting Information).

We attribute the linewidth reduction after e-beam patterning
to a reduced crystal inhomogeneity.””™>" It is well-known that
the optical properties of TMDs are very sensitive to strain,”*
and as such, reduced strain inhomogeneity can result in
reduced linewidths compared to larger hBN encapsulated
MoSe,. In the reference square case, the layer would be a large
continuous sheet susceptible to sources of inhomogeneity such
as bubble-induced strain,”® on which direct writing would have
no impact. It is not until the layer is broken down into discrete
few-nanometer discs that inhomogeneity is reduced as
nonlocal effects are suppressed.

Transition electron microscopy (TEM) study of exposed
layers and their edges could further elucidate the Ilattice
damage of e-beam exposure and its reduction with hBN
protection. Although promising, implementing these TEM
measurements for nanodots and their edges would require the
development of new approaches for TEM sample preparation
extending beyond the methods currently available for
monolayers,”® which is beyond the scope of what is studied
here. Rather, we use the optical properties as a probe for
inferring the impact of e-beam exposure that cannot be imaged
directly in nanodots.

Having established that hBN encapsulation can preserve
optical properties of patterned TMD monolayer nanostruc-
tures, the utility of this approach for nanoelectronic devices
was tested. TMD nanochannels have been shown previously to
exhibit quantized conduction using optical doping and gate-
defined transport”*”*® but not in patterned nanostructures.
Given that hBN encapsulation preserves the optical properties
of TMDs, we further test its potential to realize nanoscale
electronic devices and quantum conductance channels. Here,
we use the same techniques via hBN encapsulation, but switch
to MoS, instead of MoSe, because of the depth of the

2,3,59 to

literature for MoS, FETs reporting high mobilities,
demonstrate the creation of quantized conductive channels.

High-mobility MoS, achieved with hBN encapsulation is a
good candidate for quantum conduction and direct e-beam
writing with mobilities typically exceeding S0—100 cm?/
Vs»>*” for monolayers. Even higher mobilities are possible
in multilayers, with record reported Hall mobility of 37,000
cm?/Vs in six-layer MoS,.”” Samples were made of hBN/2—4
L MoS,/1 L hBN heterostructures patterned with e-beam
lithography. Gold contacts were deposited using standard
procedures.” Few-layer MoS, was used for the nanoelectrical
devices because they achieve higher mobility compared to a
single-layer device.” Multilayer MoS$, is not thick enough to be
self-protected from e-beam damage and still requires hBN
protection to preserve high mobility in n-resist lithography
much like monolayers.”” The single layer of hBN on top serves
as a tunnel barrier for Ohmic electrical contacts™ while also
protecting the TMD layer from external adsorbates and
perturbations, leading to enhanced mobility.”* A second flake
of few-layer hBN was transferred on top of the fully fabricated
contacts and unpatterned MoS, to ensure sufficient protection
for the nanochannel region. The conducting channel device
was then patterned with direct n-resist lithography using the
same procedures described for MoSe,. The stacking and
contact process and final device can be seen in Figure 4a—d.

An hBN-encapsulated MoS, heterostructure was electrically
tested before and after direct e-beam exposure, as seen in
Figure 4e. Two-terminal conductivity showed no appreciable
electrical damage caused by direct exposure, as the overall
field-effect mobilities at room temperature (45 cm?/Vs before
to 48 cm”/Vs after) and low temperature (43 to S0 cm?*/Vs)
were largely unaffected. The turn-on threshold gate voltage of
the encapsulated device was larger after writing, which is not
unexpected following extensive electron bombardment and
charging of the material.
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Figure S. (a) SEM image of the patterned device with a narrow channel at the center. (Inset) Zoom in on channel. (b) Simple cartoon
representation of device measurement from (a) in a four-terminal arrangement. Contacts 1 are used as source and drain for current, and Contacts 2
are used for sensing in a four-terminal experiment. (c) Measured conductance as a function of gate voltage across a SO nm wide channel etched into
an hBN/MoS,/hBN heterostructure, as seen in the inset of (a). Inset is 300 K, and outset is 10 K. Step-like behavior can be observed at 10 K, but
no such features can be seen at 300 K. (Bottom) Derivative of the conductance with respect to the applied gate voltage. Peaks and dips correspond
to the step-like transitions. Black dashed lines serve as a guide to the eye.

Conduction channels of 50 nm width and 100 nm length
were fabricated at the center of a six-terminal Hall bar electrical
contact geometry similar to the device seen in Figure 4d. An
SEM image of a channel can be seen in Figure Sa. Four-
terminal conductance measurements were performed across
the channel using the source and drain leads and their
corresponding adjacent sense-leads on either side of the
channel. At cryogenic temperatures (10 K), the channel shows
discrete steps in conductance at regular gate voltage intervals
(Vg ~ 6.7, 14.5, 24.9, and 34.5 V), a hallmark of quantized
conduction.”"***7¢'=% This is further confirmed by noting
that the energy spacing of the observed quantized levels are
higher than thermal energy at 10 K, and the Fermi wavelength
of electrons are comparable to the channel width (see
Supporting Information Section S6 for details). These
conductance plateaus shown in Figure Sb are however not
integer values; this is likely due to the sample geometry (see SI
Section S7) and is consistent with previous measurements of
quantum channels in MOSZ.57'58 At room temperature,
conductance showed the behavior of a classical MoS, FET,
as seen in Figure Sc (inset), much like the behavior seen in
Figure 4e for bulk sheets of MoS,, which is in accordance with
expectations.

Previous observations of quantized conduction utilized
indirect control of the layer’s size via optically doped
restrictions or backgate-defined channels.”*"*% Here, we
have directly and precisely patterned the TMD conducting
channel down to a quantum-confined limit using traditional
top-down lithography, which is a key ingredient for the
deterministic patterning of layered nanostructures with
quantum transport effects. Thicker heterostructures result in
more screening of gating and optical effects, posing limits on
quantum nanodevices prepared through such methods.®*%
Our techniques allow direct patterning useful for quantum
conduction in more complex and intriguing engineered layered
heterostructures.”**>

23780

B CONCLUSIONS

In summary, we have shown the ability of hBN encapsulation
to protect monolayer TMDs from damage from high-dose e-
beam irradiation, thereby allowing for the controlled and
repeatable patterning of monolayers at the 10 nm scale with
good optoelectronic properties. Optical and electrical features
of layers patterned in nanostructures using this method were
explored in both optical emission from encapsulated MoSe,
nanodots and quantized transport behavior in narrow MoS,
channels. These examples demonstrate that our nondestructive
patterning technique can enable direct, deterministic pattern-
ing of laterally confined TMD nanoelectronics, thereby
expanding the toolkit available for quantum electronic devices
from layered heterostructures.

B METHODS

van der Waals heterostructures were assembled by first exfoliating
individual components with tape-assisted micromechanical exfolia-
tion°*” on 285 nm SiO, on silicon substrates. Pieces were then lifted
from SiO, using a polycarbonate (PC) stamp on polydimethylsiloxane
(PDMS) supported by a glass slide and placed upon a prepatterned
chip with gold leads that served as both contacts for electrical devices
in later steps and identification markers for optical measurements.
Few-layer flakes of hBN to form the heterostructure bottom layers
were lifted and placed onto the target SiO,, cleaned of PC with
chloroform and isopropyl alcohol (IPA) baths, and then annealed at
400 °C for 2 h to improve surface adhesion and remove residue.
Subsequent layers were moved and cleaned in a similar fashion to
create hBN/TMD/hBN heterostructures. For the electrical devices,
after the hBN/TMD/monolayer hBN heterostructure was prepared,
the sample was spun with a methyl methacrylate and poly(methyl
methacrylate) (MMA/PMMA) mask, and contacts were written with
e-beam lithography over the monolayer hBN over the MoS, layer to
create tunneling contacts. Gold was deposited by thermal evaporation
followed by lift off in an acetone bath at 60 °C for 30 min. A final
layer of hBN was then placed on the top of the completed device to
protect from direct e-beam writing. The full device was cleaned a final
time in chloroform and IPA wash and then annealed.

Patterning was performed with a 100 keV e-beam lithography
system (JBX-9300FS). For optical devices, hydrogen silsesquioxane
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(HSQ) was used as the negative resist for the patterning. HSQ_ (10
nm) was first spin coated onto the sample, and then, nanodot patterns
were written with e-beam. Depending on the pattern feature size, the
dosage applied varied from 10,000 to 1000,000 xC/cm* as smaller
features require higher dosage. The exposed sample was then
developed in CD-26 at 50 ° C for 2 min and etched with a reactive
ion etcher (Oxford Plasma Lab 100). The geometry of the channel (in
Figures S or SS) is a horizontal narrow channel in the center of a
vertical narrow gap. Because of the proximity effect, this structure will
be difficult to write in one step with either n-resist or p-resist.
Therefore, this structure is written in two steps. The first step uses n-
resist (20 nm HSQ) with methods and dosages analogous to optical
devices previously discussed to write the horizontal narrow channel,
and the second step uses p-resist (50 nm GL-2000) to write the
vertical narrow gap. The GL-2000 resist after spin-coating was first
baked at 180 °C for 3 min and then written with e-beam with the
dosage varying from 500 to 5000 uC/cm® The sample was then
developed in n-amyl-acetate at 0 °C for 1 min and etched with a
reactive ion etcher (Oxford Plasma Lab 100), thus defining the
geometry of the device.

Optical and electrical measurements were performed in a closed-
cycle 4 K optical cryostat (Advanced Research Systems DE204PF).
Photoluminescence spectra were collected on a spectrometer (Andor
Shamrock SR-750) with a CCD camera (iDUS DU420-A) using
illumination from a 532 nm diode pumped solid-state laser
(Lighthouse Photonics Sprout-G-15 W). Electrical measurements
were performed using a source-measure unit (Keithley 2614B) for
electrical biasing and gating and a nanovoltmeter (Keithley 2182A)
for voltage sensing in a four-terminal configuration.
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