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ABSTRACT: Two-dimensional (2D) van der Waals materials are subject to mechanical deformation and
thus forming bubbles and wrinkles during exfoliation and transfer. A lack of interfacial “flatness” has
implications for interface properties, such as those formed by metal contacts or insulating layers.
Therefore, an understanding of the detailed properties of 2D interfaces, especially their flatness under
different conditions, is of high importance. Here we use cross-sectional scanning transmission electron
microscopy (STEM) to investigate various 2D interfaces (2D-2D and 3D-2D) under the effects of stacking
and metallization. We characterize and compare the flatness of the hBN-2D and metal-2D interfaces down
to angstrom resolution. It is observed that the dry transfer of hexagonal boron nitride (hBN) can
dramatically alter the interface structure. When characterizing 3D metal-2D interfaces, we find that Ni-

MoS:; interfaces are more uneven and have larger nanocavities compared to other metal-2D interfaces.



The electrical properties of an MoS,-based field-effect transistor are correlated to the interfacial
transformation in the contact and channel regions. The device transconductance is improved by 40% after
the hBN encapsulation, likely due to the interface interactions at both the channel and contacts. Overall,
these observations reveal the intricacy of 2D interfaces and their significant dependence on the processes

used in their fabrication.

Two-dimensional (2D) van der Waals materials offer a fertile platform for potential use in future
electronics and photonics applications. The fundamental building blocks for research in these areas are
the 2D interfaces, including 2D-2D and 2D-3D interfaces'. Understanding the 2D-2D interface is essential
for studying emergent phenomena, as exemplified by the surge of recent interest in emergent electron
correlation and topology from stacked and twisted 2D heterostructures®>. The 2D-3D interface is also of
paramount importance; for example, the high contact resistance of metal-2D contacts has been the main
limiting factor for improving the performance of transistors based on 2D materials*. 2D interfaces have
been investigated by using a plethora of characterization techniques, including Raman and
photoluminescence (PL) spectroscopy, X-ray photoelectron spectroscopy (XPS), transmission electron
microscopy (TEM), and force friction microscopy (FFM). Together these studies shed light on the
fundamental properties of 2D materials and interfaces in 2D heterostructures, ranging from material
interaction®, excitonic behaviors®’, defect dynamics®’, and interlayer adhesion and friction!®.

While the wrinkle!!, delamination, and buckle!? of standalone 2D materials have been investigated,
studies on the overall morphology and flatness of 2D interfaces have been sparse. Atomic force
microscopy (AFM)!3 and piezoresponse force microscopy (PFM)!* have been utilized to map top surfaces
of 2D heterostructures. These approaches can cover large areas of materials and provide topographical
information, but they do not directly probe the buried interfaces and thus do not reveal sufficient interface
insight. Optoelectronic imaging of the 2D-semiconductor-3D metal buried interfaces has been
conducted”, but the detailed interface profile remains uninvestigated. The van der Waals interface
between 2D materials and 3D metal contacts (indium) has been visualized by TEM, but the images were
presented on a scale of a few nanometers to characterize the local atomic bonding!®. Our study intends to
expand the viewpoint on the 2D interfaces in two aspects: 1) the direct imaging of the cross-sectional
interfaces profile at the total length scale of 12.5 ym and 2) how 2D interfaces can be impacted by staking
and metallization, which are the most common processes used in 2D materials and device research
nowadays.

Here we use ‘Z-contrast’ high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) to examine the cross-sectional structure of various 2D interfaces on the length scale of

an array of electronic devices (~ 12.5 ym in total). Contrary to the conventional assumption that 2D



interfaces are always flat, we find that these interfaces can be quite intricate and complex. Correlating the
interface deformation with the corresponding device performance, we discover how the nonplanar
interfaces can affect the device characteristics. Our results have direct implications for devices where 2D
materials are transferred onto patterned contacts and for devices where metal contacts are deposited onto
2D materials. These devices include the common top- or bottom-contacted transistors'” and bottom-
contacted Hall bars!®!°, where edge contacts may have poor performance.
RESULTS AND DISCUSSION

The 2D interfaces studied here come from two device arrays: Device array A and B. The illustration of
the two device arrays is shown in Figure 1. We define the interfaces between two different 2D-layered
materials as 2D-2D interfaces. In Device array A, the 2D-2D interface is the hBN-MoS; in the channel
region. Similarly, 3D-2D interfaces represent the interfaces between 3D materials and 2D materials. In a
typical 2D transistor, the 3D-2D interfaces include the 3D metal-2D contact interface and 3D dielectric-
2D interface. These 3D-2D interfaces can be found in both Device array A and B.
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Figure 1. Illustration of Device arrays A and B with corresponding cross-sectional STEM images.
An example diagram of a transistor on each array is also given underneath the STEM images. Device
arrays A and B have a total length of 8 ym and 4.5 ym, respectively. The process flow of fabricating the
device arrays is given in Methods and Figure S1. Briefly, the hBN was dry transferred onto fabricated
devices in Device array A and then Cr/Au metal gates were fabricated onto the hBN. Afterwards, the
entire sample went through atomic layer deposition (ALD) to grow the AlO; on top.

2D-2D interfaces. Dry transferring and stacking 2D materials is a common approach to fabricate 2D
heterostructure interfaces?. In these interfaces, hBN is widely used as an encapsulation layer for various
systems, from transistors!”-?!22 to twisted 2D bilayers>!®. Figure 2a-b shows the transferred hBN on top
of fabricated MoS, field-effect transistors (FETs) in Device array A. In the array, seven adjacent
transistors, each with a channel length of ~940 nm, are fabricated on the same bilayer MoS, film. A STEM

image of the devices is given in Figure S2, which shows the eight adjacent contact electrodes. The hBN



does not transfer conformally in the 3D metal contact region (Figure 2c). Rather, the hBN stacking process
presses the contact metal downward, inducing strain at the Ni-MoS, contact interface. Underneath the Ni
contact, the ALD AlO; exhibits a reduced thickness of ~17 nm compared to its initial thickness of 20 nm
— an effect of the amorphous nature of the AlO,, making it prone to external pressures. Different oxides
with different thicknesses and grown using other methods may respond differently to external pressures.
The detailed comparison of these mechanical responses at 2D interfaces merits further studies.

The hBN transfer and stacking process also caused the MoS, to arc upward as high as 10 nm on the
right side of the contact metal in Figure 2c. This arc deformation introduces additional strain, potentially
impacting device performance. The 25 nm thick hBN demonstrates some flexibility with a bending region
spanning ~200 nm on one side. The spanning length largely depends on the metal contact thicknesses and
the thickness/stiffness of the hBN. A graphene bilayer has been shown to conform to a 4 nm hBN step?
and thinner 2D materials are less stiff?*. Hence, a thinner hBN may conform more closely to thin metal
contacts, producing a shorter bending region. The detailed adhesion and friction energies of the hBN-
metal interface warrant further study. More STEM images of the hBN encapsulated contact areas and the

statistical analysis of bending regions can be seen in Figure S3.
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Figure 2. Schematics and HAADF-STEM images of the hBN-MoS,-AlQ; interface in Device array
A. (a) Cross-sectional schematic of the device. The red, blue, and magenta dashed boxes represent hBN-
MoS,, MoS,-AlO,, and Ni-MoS, interfaces, respectively. (b) Optical image of the devices with hBN
encapsulation. (c) False-colored STEM image of a contact region. The thickness of the Ni contact is ~16
nm. (d) The hBN-MoS, and MoS,-AlOy interfaces in the channel region with (i-iii) representing different



nanogaps. (€) An example nanogap of ~2.8 nm formed between hBN and 2L. MoS; in the channel region.
The detailed location of the area is shown in Figure S2.

Further into the channel region (away from the contacts), the MoS,-hBN and MoS,-AlOy interfaces tend
to be relatively flat (Figure 2d), where the flatness is defined on the scale of a nanometer. Specifically, at
the center of the channel, the hBN-MoS,-AlO; interface tends to be flat and intimate, as shown in Figure
2d(i) and Figure S4. In the channel region closer to the contacts, h BN and MoS, start to separate, forming
nanogaps of different heights. Notably, in Figure 2d(ii), the MoS; is in close contact with the underlying
AlO,, whereas in Figure 2d(iii), the hBN “picks up” the MoS, for ~2.4 nm upward from the AlO, on the
left side of the image due to van der Waals attraction. This observed hBN-MoS; interaction demonstrates
that nanogaps can also be formed between MoS, and the underlying substrate. Figure 2d also indicates
that with sufficiently long channels, the impact of non-flatness is more concentrated at the contacts;
however, when channel lengths are scaled, there will be considerable effects on the channel/gate region
itself. These observations highlight that the stacking process widely used in 2D heterostructure studies
can drastically alter the flatness of 2D-2D and 2D-3D interfaces in the vicinity of metal contacts if the
contacts are made before the transfer and stacking steps.

Substantial length of nanogaps between hBN-MoS, can form in the channel region, as illustrated in
Figures 2d,e and S2. Such nanogaps were observed in three out of the seven channels and ranged from
2.8 to 4.2 nm in height and extended to ~560 nm in length on average, highlighting that the impact of the
transfer process can extend well beyond the contact region. Due to the cross-sectional nature of the STEM
imaging, the exact area of the nanocavities formed by these nanogaps is unknown. In these nanogaps, the
2L MoS; is not as flat, without the intimate vdW interface to the hBN, compared to the areas where the
2L MoS, is in direct contact with the hBN. For example, the 2. MoS, in Figure 2e is flatter relative to
Figure 2d(1), with RMS roughness increasing from 0.1 nm to 0.2 nm (nanogap 2 in Figure S2 has a similar
nanogap height but with an RMS roughness of ~0.4 nm).

Several mechanisms are examined for the increased roughness. First, the underlying AlOy is not a
contributing factor to the MoS, flatness or roughness, as seen from Figures 2e and S2. Second, during the
STEM process, the electron irradiation effect may damage and distort the 2. MoS,, as seen on the left
side of Figure 2e. However, on the right side of Figure 2e, the 2D layer integrity remains largely intact,
further corroborated by Figure S2, where the nanogap 2 is imaged at a lower magnification and thus with
less electron irradiation damage. Both of these regions are still uneven, suggesting that the electron
irradiation damage during STEM imaging is not the main factor behind the increased roughness of MoS,.
Finally, due to the elastic nature of the hBN, the hBN may have contacted the MoS, first but then detached
and returned to a more stable position. In this case, the hBN transfer process would be the main reason

for the unevenness of the MoS, layers in the nanogaps. For applications such as nanofluidics where



nanogaps are required, controllably producing a uniform nanogap will require co-optimization of multiple
factors, such as thinner contact metals and shorter channel lengths. Importantly, these nanogaps are
formed without an etching step, and thus the top and bottom surfaces are inherently atomically smooth
(but not necessarily flat). Hence, the nanogap created this way may have fewer defects than those using

an etching step?>%6

, showing promise for nanofluidics and airgap-based low-k dielectric applications.
3D-2D interfaces. Two types of 3D-2D interfaces are analyzed here: i) the interface between 3D
dielectric material and MoS,, and ii) the interface between the 3D metal contact and MoS,. First, we focus
on the interface between an amorphous high-k dielectric (AlO,) and a 2D material (MoS,). Producing a
high-quality gate dielectric and interface on 2D materials remains a major challenge for fabricating high-
performance FETSs and large-scale integrated circuits due to uneven nucleation and thickness scaling*.
AlO, grown by using atomic layer deposition (ALD) is a commonly used encapsulation dielectric?’ and
has been shown to exhibit a doping effect for MoS, FETs?®. The flatness of the interface between
amorphous 3D high-k dielectrics and 2D interfaces has profound implications for studying strain, defects,
trapped charge, and their impact on device performance. In the device structure shown in Figure 3a, two
layers of AlO, are grown using thermal ALD: 1) the bottom layer prior to device fabrication and 2) the
top layer after device fabrication, characterization, and hBN stacking. No Al seed layer is deposited before
the ALD process to observe the ALD process’s direct effect on the interface flatness. This consideration
is significant as future high-performance transistor technology nodes require high-k oxide with equivalent
oxide thickness (EOT) less than 1 nm. An Al seed layer would easily oxidize to form a ~2 nm thick AlO,
film, which already has ~1 nm of EOT. Hence, observing the impact of ALD films directly deposited on

2D materials is necessary.



Figure 3. Schematics and HAADF-STEM images of the AlO,-MoS,-AlQ; interface in Device array
B. (a) Schematic side view of the device structure. The five metal contacts represent the fabricated FET
devices before the step of growing top AlO, layer using ALD. (b) Images of the AlO,-MoS,-AlO,
interfaces in the channel region with (i-iv) representing different locations. The interfaces in (i-ii) are
slightly flatter than (iii-iv).

Compared to the MoS,-hBN interface in Figure 2d, the 2D-3D interface (AlO,-MoS,) is not as smooth.
To quantify the flatness of the interfaces, we developed an approach based on digitizing the cross-sectional
STEM images. An illustration of this approach is in Note S1. Briefly, the STEM images are digitized
according to the scale bar, allowing us to extract pixel information to sub-angstrom accuracy. Using this
approach, the AlOs-MoS, interface is characterized to have an average RMS roughness of 0.1 nm. In
comparison, the MoS,-hBN interface has a slightly smaller average RMS roughness of 0.07 nm, as
demonstrated in Figures 2d(i) and S4. Because the hBN-MoS,-AlOy interface is intimate in Figures 2d(i)
and S4, the small RMS roughness of MoS, can be attributed to the flatness of the top hBN and underlying
AlO,. The less flat AlO-MoS,-AlO, interface can be partially attributed to the top amorphous AlO,, which
is directly nucleated on top of the MoS, and thus not as atomically smooth as crystalline hBN. The ALD
nucleation process may also introduce interface disorders that affect the 2D crystal at the atomic level.

We also note that some parts of the 2L MoS, in Figure 3b are slightly obscure compared to Figure 2d,



which can be explained by the irradiation effect of the electron beam during the STEM imaging. This
effect is more apparent when the imaging magnification is high.

Metal evaporation is commonly used to fabricate metal contacts on 2D materials. Typically, the
interface between evaporated metals and the target 2D materials is assumed to be flat. However, as
revealed in the STEM images of Figure 4, the 3D-2D interface between the deposited metals and 2D
materials is sometimes, surprisingly, not flat. This observation is independent of the contact length
(ranging from 38 to 130 nm). Interestingly, in Figure 4a, the Ni on MoS, has an arched shape over a
relatively flat MoS,, evidential of low Ni adhesion, leading to nanocavities in the middle and van der
Waals-like interfaces at the ends of the contact length. The arched Ni metal also affects the flatness of
MoS,: at the two ends of the Ni contacts, the MoS, is “pressed down” and displaced by approximately 0.7
nm. This uneven interface indicates that the widely used metal evaporation process can create uneven
pressure on atomically thin 2D materials.

Several possible mechanisms are considered for the uneven Ni-MoS, interface in Figure 4a. First, this
uneven interface cannot be attributed to grain boundaries since the arched shape is present for all lengths
of the interface. Second, the sample preparation for STEM imaging is not likely to cause aggressive Ni
deformation because the uneven interfaces are limited mainly to the Ni-MoS, interface, whereas Au-hBN
and Cr-hBN interfaces are significantly flatter. Also, the arched shape of Ni contacts represents uneven
deformation, whereas the focused ion beam used to prepare the sample should have a more even impact
across interface. Third, the adhesion between Ni and MoS; likely depends on the surface energies of the
materials and their interaction. In Smyth er al.’, using XPS, Ti,S, was found to form at the Ti-MoS,
interface, leading to the expected good adhesion. Although NiS exists in nature, whether it can be formed
in the Ni-MoS, interface remains unclear.

Typically, the smoothness of the metal-oxide interface depends on the reaction between the metal and
oxide, which is why Ti and Cr are commonly used adhesion layers for oxides such as SiO,. However, the
wettability of e-beam evaporated metals on 2D materials remains largely unknown (a more detailed
discussion is in Note S2). The adhesion is also likely related to surface defects and dislocations at the
interface, which promote covalent bonds. The impact of other factors such as the fabrication technique
(thermal evaporation vs. e-beam evaporation) and the thickness of the metal or 2D materials also merit
further study. Lastly, atomistic modeling can aid in understanding the thermodynamics of this interface
and its adhesion energies.

Compared to AlOy encapsulation from Figure 4a, encapsulation of Ni-MoS, contacts with transferred
hBN results in a more aggressively deformed interface at and surrounding the contact region (Figure 4b).
More examples of the hBN encapsulated contact regions can be seen in Figure S3. Qualitatively, Ni

merges more with MoS, in Figure 4b compared to the more distinct boundary between Ni and MoS, in



Figure 4a. The pressure applied during the hBN dry transfer process decreases the overall Ni-MoS, gap
height by 0.6 nm (Figure 4d). This observation suggests that the arc shape of Ni contacts can respond to
the applied pressure.

These uneven Ni-MoS, interfaces in Figure 4a challenge the conventional assumption that metal-2D
interfaces are always flat. To compare the influence of metal type and 2D thickness on the flatness of 3D-
2D interfaces, we also examined Cr-hBN and Au-hBN interfaces shown in Figure 4c. In contrast to the
Ni-MoS, interfaces, these Cr-hBN and Au-hBN interfaces are significantly flatter. The metals, including
Ni, Cr, and Au, were deposited in the same electron-beam evaporator. Cr is commonly used as an adhesion
layer for glass and oxidized silicon substrates. The Au-hBN is the flattest surface without a gap at the
interface (Figures 4c and 4d). The flatness of the 25 nm thick hBN has not changed because of the Cr and
Au presence, suggesting that the thicker the 2D material, the less likely its flatness will be affected, similar
to the scenario of depositing metal onto bulk materials. Finally, from Figures 4a and 4c, the top surface
of the metal contacts does not correlate well to the interface profile and cannot reveal the nanogap
information. Hence, we caution against using surface topography measurements to represent the buried

interfaces.
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Figure 4. STEM examination of the flatness of 3D metal-2D interfaces. (a) With AlO, encapsulation
on top, Ni contacts on MoS, with different L.. These Ni-MoS, interfaces come from Device array B. (b)
With hBN encapsulation on top, Ni contacts on MoS, different L.. (¢) Cr-hBN and Au-hBN interfaces.
The Cr adhesion layer does not cover the entire contact length, which is attributed to a slanted PMMA
profile after e-beam lithography and development. Both b and ¢ come from Device array A. (d) Nanogap
height of different 3D metal-2D interfaces. The error bars represent one standard deviation of the gap
height at the interfaces. () Comparison of the Peak-to-Valley and RMS roughness of the MoS, at multiple
interfaces. The hBN-MoS, interface is in the channel region, away from the contact region. “hBN-Gap-
MoS,” indicates that there are hBN and nanogap on top of the MoS,. The error bars reflect one standard
deviation from the mean value.

Although a limited number of metal types and 2D materials are characterized, the interfaces we covered
highlight the important role of different material types and thicknesses. Across different interface lengths,
the Ni-MoS, interface has a much larger standard deviation of nanogap heights than Cr-hBN and Au-hBN

interfaces, further underlining the unevenness of the Ni-MoS; interface. For Ni-MoS, interfaces, the hBN



transfer process to encapsulate the structures largely increases the root mean square (RMS) roughness of
the interface, from ~ 0.15 nm to ~ 0.4 nm (Figure 4e). Meanwhile, the MoS; has a slightly larger RMS
roughness in hBN-Gap-MoS, than other 2D-2D and 3D-2D interfaces except for the hBN-Ni-MoS,
interface.

Unlike RMS roughness, which represents the overall flatness, Peak-to-Valley values highlight the
extreme cases in different images. The average RMS roughness and Peak-to-Valley values are correlated,
with hBN-Ni-MoS, being the roughest and hBN-MoS, the flattest. Not surprisingly, the hBN-Ni-MoS,
has the biggest standard deviation because of the aggressive mechanical pressure from the hBN stacking
process. Without hBN encapsulation, the non-flatness of AlO,-MoS, and Ni-MoS, interfaces may have
an unexpected impact on the interface property and thus device performance. Hence, further investigation
of different fabrication procedures is needed to study, understand, and improve 2D interface flatness.

Device implications. For the same FET device made of C7 (left contact) and C8 (right contact) in
Figure S2, the device characteristics before and after hBN encapsulation are compared. The left and right
contacts of the device are respectively given in Figure 5a-b. In Figure 5a, around 375 nm of the channel
has a negligible nanogap (< 1 nm), and then the nanogap gradually expands to 4.2 nm near the right
contact, as seen in Figure 5a-b. This observation shows the encapsulation of the channel is not complete,
similar to the nanogaps in Figure S2. The incomplete encapsulation effect is usually ignored in other
stacking and encapsulation studies!”*. Using Raman and PL spectroscopy, hBN encapsulation of MoS,
has been shown to change the property of MoS, . The addition of the nanogap between the hBN and

MoS, likely further modifies the optical and electrical properties of the MoS,. In Figure 6c-d, the



deformation of MoS, near the metal contact is also apparent, congruent with the observations in Figure 4.
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Figure 5. Comparison of transistor performance before and after hBN encapsulation. Cross-
sectional HAADF-STEM image of (a) left and (b) right contact of the example device. Magnified image
of the left (c) and right (d) contact interfaces post-hBN encapsulation. (e) In-Vss, and (f) Ip-Vps of the exact
same back-gated device before and after hBN encapsulation. The back-gate oxide is 20 nm AlO;.
Overdrive voltage, Voy = Vs — Vu, is from 4.5 V to -0.5 V in steps of 0.5 V.

Figure 5e shows a positive Vry shift of ~1.6 V and increased transconductance (g,,,) by ~ 40% post-

hBN encapsulation (from ~8.5 yS/um to ~12 uS/um). Since field-effect mobility (upg) can be estimated

Lgm
WCoxVps ’

using Upg also increased by 40% from 15.2 to 21.4 cm? V-5, To adjust for the Vry shift, Figure

5f plots the output curves at different overdrive voltages. Because of the improved transconductance, the
drain current increased 14%, from 122 yA/um to 140 yA/uym at Vps =6 V and Voy =4.5 V (carrier density
=~ 7.9 x 102 cm?). We attribute these changes to multiple factors, including reduced adsorbent-type
trapping sites post-hBN encapsulation and the induced strain near/at the contact interface. Also, in Figure
5b-c, the bilayer MoS, channel near the contacts bends away from the substrate. The partially floating
channel introduces airgap between the MoS, and the substrate and thus adding a capacitance in series with
the gate capacitance. This structure reduces the total capacitance, decreasing the gate electrostatic control,
which is contradictory to the improved transconductance in Figure Se. Hence, the floating channel near
the contacts may not be the major factor behind the device performance improvement. The specific
relationship between fabrication techniques, physical interfaces, and device performance merits extensive
further examination. Meanwhile, among the seven devices in the array, only one device presented in

Figure 5 functions normally after the hBN stacking and ALD process steps. This low yield could be related



to the annealing effect of the ALD process at 120 °C?’. Hence, statistical representation of the performance
increase also warrants future studies.

CONCLUSIONS

In summary, we have revealed the intricacy of various 2D interfaces at the length scale of a device array
(12.5 um in total) and under the impact of stacking and metallization. The hBN stacking process clearly
has a mechanically aggressive effect on the flatness of the interfaces and films. The metal deposited
from the commonly used e-beam evaporator can also distort the Ni-MoS, interface, especially near the
contact edge where there is more pressure due to the arc shape of the contacts. These observations have
broad implications in applications such as electronic devices and nanofluidics. Moving forward, the
delicate nature of 2D interfaces should be considered when characterizing their properties. Strain and
interface engineering show promise for contact engineering and device performance optimization. These
effects will be especially pronounced for devices that involve transferring and stacking 2D materials
onto pre-deposited metal contacts or gates. Finally, the non-flat Ni-MoS, interface provides insights for
contact engineering where metallization onto 2D materials using physical vapor deposition is prevalent.

The results of this study open a new window for understanding 2D interfaces and interface engineering.

METHODS

Device fabrication and electrical characterization. An illustration of the device fabrication process
flow is given in Figure S1. As covered in Ref. 3!, MoS, was grown using chemical vapor deposition at
750 °C for 10 minutes under a flow of argon gas at a rate of 100 sccm at ambient pressure. The MoS, film
was then transferred onto AlOy (grown by ALD at 120 °C?’) on a p++ Si substrate to reduce the substrate
coupling compared to MoS, on as-grown substrate®?. 16 nm of Ni contacts were then fabricated onto the
MoS; using e-beam lithography and e-beam evaporation. The e-beam evaporator (CHA Solution) has a
source distance of 15 inches. The evaporation pressure is ~2x10¢ Torr and the evaporation rate is ~1
angstrom per second. The devices were measured twice -- before and the hBN stacking process. Then,
intended as top gate, 10 nm Cr/50 nm Au gate electrodes were fabricated on top of the hBN (the
evaporation rate, ~2 angstrom per second). Finally, a top layer of AlO was grown onto the sample using
ALD before preparing for STEM imaging. No Al seed layer has been deposited before the ALD.

During electrical characterization, the sample was placed inside the Lakeshore CRX-6.5K probe station
and was measured using Keysight B1500 as the analyzer at room temperature and low vacuum (~1x10-3

torr).



hBN stacking. For Device array A, after electrically characterizing the devices first, hexagonal boron
nitride (hBN) was transferred onto the device array. Using process similar to Refs. 3334, the hBN is picked
up and transferred using a polypropylene carbonate (PPC) and polydimethylsiloxane (PDMS) stacking
station. In short, a PDMS cube of about ~1 mm thick and about 2 mm by 2 mm in width and length is
placed on a 3 by 1 inches microscope slide. A transparent scotch tape is then placed on top of the PDMS
and the glass. The tape is gently pressed down around the PDMS, making the PDMS into a convex shape.
PPC is then placed on top of the formed PDMS to complete the stacking stamp. The convex-shaped stamp
allows for precise position and placement control of the stamp during the stacking steps. Using the
PDMS/PPC stamp, mounted on a micro-positioning stage, exfoliated hBN is picked up from oxidized
silicon substrate at about ~40 °C. After aligning the hBN with Device array A and bringing the hBN and
stamp into close contact with the Device, the whole setup is heated up to ~ 100 °C at a rate of about 4 to
5 °C per minute. The stamp thermally expands and slowly brings the hBN onto physical contact with the
devices at a controllable rate. This approach allows for almost bubble-free transfer and ultimate contact
between the devices and the hBN. The transferring process takes approximately 30 min. At 100 °C, a
portion of the PPC that contacts the substrate is melted and stays on the substrate with the hBN while the
stamp is slowly retracted from the substrate to complete the transfer. After the transfer, the leftover PPC
is annealed in a vacuum chamber (base pressure, ~3x10¢ Torr) at the temperature of 350 °C for 1 hour.

HAADF-STEM preparation and characterization. An FEI Nova NanoLab 600 DualBeam
(SEM/FIB) was employed to prepare cross-sectional STEM samples. An electron beam-induced Pt
deposition around 100 nm was deposited over the device to protect the sample surface, followed by a 2
um Pt deposition with ion beam. The STEM samples were thinned with 30 kV Ga-ions beam while final
thinning was performed at 2 kV to reduce damage. The Z-contrast HAADF-STEM images were collected
using an FEI Titan 80-300 probe-corrected STEM/TEM microscope operating at 300 keV, with a beam

convergence angle of 20 mrad and collection angles > 50 mrad.
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