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Atomically thin two-dimensional semiconductors such as MoS; hold great promise in
electrical, optical, and mechanical devices and display novel physical phenomena. However,
the electron mobility of mono- and few-layer MoS; has so far been substantially below
theoretically predicted limits, which has hampered efforts to observe its intrinsic quantum
transport behaviours. Potential sources of disorder and scattering include both defects such
as sulfur vacancies in the MoS; itself, and extrinsic sources such as charged impurities and
remote optical phonons from oxide dielectrics. To reduce extrinsic scattering, here we
developed a van der Waals heterostructure device platform where MoS; layers are fully
encapsulated within hexagonal boron nitride, and electrically contacted in a multi-terminal
geometry using gate-tunable graphene electrodes. Magneto-transport measurements show
dramatic improvements in performance, including a record-high Hall mobility reaching
34,000 cm’/Vs for 6-layer MoS, at low temperature, confirming that low-temperature
performance in previous studies was limited by extrinsic interfacial impurities rather than
bulk defects in the MoS,. We also observed Shubnikov-de Haas oscillations for the first
time in high-mobility monolayer and few-layer MoS,. Modeling of potential scattering
sources and quantum lifetime analysis indicate that a combination of short-ranged and

long-ranged interfacial scattering limits low-temperature mobility of MoS;.



Following the many advances in basic science and applications of graphene, other two-
dimensional (2D) materials, especially transition metal dichalcogenides (TMDCs), have attracted
significant interest for their fascinating electrical, optical, and mechanical properties ™. Among

the TMDCs, semiconducting MoS, has been the mostly widely studied: it shows a thickness-

1,2,6-9

dependent electronic band structure > , reasonably high carrier mobility , and novel

10-14

phenomena such as coupled spin-valley physics and the valley Hall effect , leading to

1,7,15

various applications, such as transistors '”'*, memories '°, logic circuits '"'*, light-emitters *, and

hoto-detectors * with flexibility and transparency **' . However, as for any 2D material, the
p y P y y

electrical and optical properties of MoS, are strongly affected by impurities and its dielectric

. 1,2,9,22
environment 77

, hindering the study of intrinsic physics and limiting the design of 2D-
material-based devices. In particular, the theoretical upper bound of the electron mobility of
monolayer (1L) MoS, is predicted to be from several tens to a few thousands at room
temperature (7) and exceed 10° cm*/Vs at low T depending on the dielectric environment,

impurity density and charge carrier density > >

. In contrast, experimentally measured 1L MoS,
devices on SiO; substrates have exhibited room-7 two-terminal field-effect mobility that ranges
from 0.1 - 55 cm®/Vs **7 This value increases to 15 - 60 cm®/Vs with encapsulation by high-
dielectric materials "*, owing to more effective screening of charged impurities **. Due to the
presence of large contact resistance from the metal-MoS, Schottky barrier, however, these two-

7,28,29

terminal measurements underestimate the true channel mobility . Multi-terminal Hall

mobility measurements *® still show mobility substantially below theoretical limits, particularly
at low T with best reported values of 174 cm?/Vs at 4 K for 1L°and 250 cm*/Vs and 375 cm?/Vs
at 5 K for 1L and 2L * . Typically, these thin samples exhibit a crossover to non-metallic

-28,9,30

behaviour at carrier densities below ~10" cm , or at smaller carrier densities by engineering



of local defect states and improving interfacial quality>'. The scattering and disorder that leads
to this non-metallic behaviour can arise from multiple origins such as lattice defects, charged
impurities in the substrate and surface adsorbates, and it has been difficult to identify their

e 1,8,9,23,30-33
separate contributions 7 .

van der Waals heterostructure device platform

We have previously demonstrated that encapsulation of graphene within hBN reduces
scattering from substrate phonons and charged impurities, resulting in band transport behaviour
that is near the ideal acoustic phonon limit at room 7, and ballistic over more than 15 ym at low
T°*. These results were realized with a novel technique to create one-dimensional edge contacts
to graphene exposed by plasma-etching a hBN/graphene/hBN stack. Such an approach has not
yet proved effective with MoS,. However, recent reports that graphene can create a high quality

electrical contact to MoS, 18,35

motivate a hybrid scheme, in which the channel MoS, and
multiple graphene ‘leads’ are encapsulated in hBN, and the stack is etched to form graphene-
metal edge contacts. This new scheme is distinct from previous approaches, in that the entire

MoS; channel is fully encapsulated and protected by hBN, and that we achieve multi-terminal

graphene contacts without any contamination from device fabrication process.

Figure la and 1b show a schematic diagram and optical micrograph of a Hall bar device
structure. We employed a ‘PDMS (Polydimethylsiloxane) transfer’ technique > to place few-
layer graphene flakes around the perimeter of an MoS, flake, encapsulate them between thicker
hBN layers, and place the entire stack on a Si/SiO, wafer (Supplementary Fig. 1a). The stack
was then shaped into Hall bar geometry such that hBN-encapsulated MoS; forms the channel. In

the contact regions, graphene overlaps the MoS; and extends to the edge, where it is in turn



contacted by metal electrodes>* . Details of the fabrication process are described in the Methods
section and Supplementary Information S1. High-resolution scanning transmission electron
microscopy (STEM) (Fig. 1c; see also Supplementary Fig. 1b for a larger clean interface area of
> 3 um) confirms that the stacking method can produce ultraclean interfaces free of residue that
can be seen when an organic polymer film is used for stacking*®. We note that while Ohmic
contacts have also been achieved in metal-MoS, contacts by deposition of small work-function

4,17,18

metals, vacuum annealing, and electrostatic gating , top-deposited metal electrodes are not

compatible with hBN-encapsulation.

For this study, a series of samples with thickness from 1 - 6 layers (1L - 6L) was fabricated and
measured. The number of layers was identified by Raman and photoluminescence (PL) (see
Supplementary Information S2). All samples were obtained by mechanical exfoliation except for
the 1L sample, for which we used chemical vapor deposition (CVD) grown monolayer MoS,
because of the limited size of mechanically exfoliated monolayers. The CVD-grown MoS; single
crystal has been shown to exhibit high quality from structural, electrical and optical
measurements >’ , although the process of transferring it from the growth substrate may introduce

more contamination than for mechanically exfoliated flakes.
Gate-tunable graphene-MoS; contact

For each sample, we performed temperature-dependent two-probe measurements to examine
the quality of the graphene contacts. Figure 2a shows output curves (Iss — Vas) of a 4L MoS,
device at back-gate Vp, = 80 V. The response is linear at room 7 and remains linear to low 7,
indicating an Ohmic contact. Similar behaviour is seen for Vi, > 20 V, whereas gapped

behaviour corresponding to non-Ohmic contact is seen for Vi, < 20 V. This is consistent with



previous studies which show a gate-tunable contact barrier between graphene and MoS, '**° . In
addition, it establishes the gate voltage range over which multi-terminal measurements can be
reliably performed. Figure 2b shows the measured four-terminal resistivity p (in log scale) of the
same sample from Vi, = 20 V to 80 V (corresponding to carrier densities of ~ 4.8 x 10'* cm™ to
~ 6.9 x 10" cm™, respectively), and from room T to 12 K. p decreases with increasing Vg, as
expected for an n-type semiconductor. With decreasing temperature, p drops dramatically over
the entire accessible range of Vyg, reaching 130 Q at 12 K. All of the samples studied exhibited
similar behaviour: n-type semiconducting behaviour and metallic temperature-dependence in the

gate voltage accessible to four-terminal measurements.

By comparing the two- and four-terminal results, the contact resistance can be determined (see
Supplementary Information S3). The results for the 4L MoS, device, as shown in Fig. 2c,
directly demonstrate that the contact resistance can be tuned by back-gate voltage. In fact, a
small contact resistance of ~ 2 kQ-um can be reliably achieved at large gate voltage at room 7.
This likely reflects primarily the graphene-MoS, junction resistance, since both the graphene
resistance and the graphene-metal contact resistance should be substantially less **. Below Vi, =
20 V, the contact resistance increases upon cooling, indicating activated transport across a
contact barrier. However, above V,, = 20 V, the contact resistance decreases upon cooling,
reaching a low-T value of ~ 1 kQ-um above Vi, = 50 V. This metallic behaviour directly
demonstrates that low-resistance contacts, with no thermal activation, can be achieved at
sufficiently high gate voltage. Similar behaviour was observed in all samples (Supplementary
Fig. 3), with contact resistance at high Vy, ranging from ~ 2 - 20 kQ-um at room 7"and ~ 0.7 - 10

kQ-um at low T. These values are comparable to room-7 values reported previously for graphene

39-41
1

% and meta contacts, but larger than the best contacts achieved by MoS, phase engineering



(0.2 - 0.3 kQ-um)* . Due to the increase in band gap with decreasing thickness, the value of Vi

required to achieve Ohmic contact is larger for thinner samples.
Scattering mechanism in MoS,

To examine the quality of the hBN-encapsulated devices and determine the scattering
mechanisms limiting the carrier mobility of MoS,, the Hall mobility fuan(7) was derived from
p(T) and the carrier density n(Vyg) (obtained by Hall effect measurements, see Supplementary
Information S4). Figure 3a shows upan for the 1L - 6L samples as a function of temperature, at

carrier densities varying from 4.0 x 10'* cm™to 1.2 x 10" ¢cm™ (see Fig. 3b and Supplementary
Table 1). Thinner samples were measured at higher carrier densities required to achieve Ohmic
contacts. For all of the samples, mobility increases with decreasing temperature and saturates at a
constant value at low 7. The low-7 mobility in our devices is much higher than previously
reported values, and there is no sign of metal-insulator transition as observed at similar carrier

cpr 13 -2 : 8,9,30,32,33
densities around 10 cm™ in SiO-supported MoS, ="~

. This strongly suggests that extrinsic
scattering and disorder (either from SiO; or from processing with polymer resists) has been the

primary source of non-metallic behaviour in MoS; measured to date.

The measured mobility curves can be reasonably fitted to a simple functional form:

1 1
w1y

, where fimp 1s the contribution from impurity scattering, and i, is the

temperature-dependent contribution due to phonon scattering. In all samples, the fitted upn(7) is
well described by a power law g, ~ T above 100 K (Supplementary Fig. 7). This behaviour is

consistent with mobility limited by MoS; optical phonons, as theoretically predicted to have an

exponent of ~ 1.69 in monolayer > and ~ 2.5 for bulk MoS, *at T > 100 K. Although this power



8,9,30

law behaviour has been observed in experiments by other groups , a stronger temperature

dependence was observed in our devices, with the exponent yranging from 1.9 - 2.5 (inset table

930 We also note that the room-T

of Fig. 3a), as opposed to 0.55 - 1.7 reported previously
mobility, which is dominated by phonon scattering in all of the samples, is seen to vary from 40 -

120 cm®/Vs. At this point we can find no satisfactory explanation for this variation: there is no

discernible trend with thickness, and no variation of the gamma value with carrier density (see
Supplementary Fig. 8). Finally, we note that a deviation from the simple form g, ~ T in high

mobility samples below 100 K may indicate acoustic phonon scattering, although further study is

needed to fully explore this regime.

At the lowest temperature, phonon scattering is suppressed, and the residual resistivity is due

4345

to dominant long-ranged Coulomb impurities or short-ranged atomic defects , captured in

the measured quantity fimp. Figure 3b shows the derived values of timp as a function of carrier

density n. For each sample, fin, increases with n, with maximum values ranging from 1,020

cm*/Vs in the CVD monolayer to 34,000 cm?/Vs for 6L, up to two orders of magnitude higher

than previously reported values **

(Fig. 3b and Supplementary Table 1). These basic trends
allow us to rule out scattering due to impurities or defects located within the MoS, itself: bulk
charged impurities should give rise to thickness-independent mobility, and short-ranged
scatterers due to atomic defects should give rise to a density-independent mobility ** . On the
other hand, interfacial scatterers, including both Coulomb impurities and short-ranged defects,
which are limiting scattering mechanisms in high quality conventional 2D electron gas system **

are promising candidates. Indeed, PDMS transfer, while substantially cleaner than methods

involving organic polymers, can potentially introduce adsorbates to the top MoS, surface.



To understand the effects of interfacial scattering on samples with different thickness, we
model interfacial Coulomb and short-range scattering as a function of carrier density, for samples
from 1L to 6L in thickness. For Coulomb scattering, we employed a model based on a
perturbative approach by Stern*’, from which we obtained the screened Coulomb potential used
in the mobility calculation. This model has also been commonly used in the context of
semiconductor devices (see Supplementary Information S8). Within the model, increasing carrier
density enhances screening of the interfacial Coulomb potential, which leads to improved carrier
mobility, and increasing the thickness of MoS; redistributes the charge centroid further from the
interface, also resulting in enhancement of mobility. The calculated mobility is shown in Fig. 3c,
assuming the same impurities concentration of 6 x 10° cm™ (chosen to match the 6L data)
located at the top MoS, interface across devices with different number of layers. Although the
qualitative trend of increasing mobility with layer numbers and carrier densities is consistent
with the model, the model fails to account for the observed large thickness dependence of more
than an order of magnitude between the 1L and 6L devices. The changes in the model
calculations including the effects of band structure change with increasing layer thickness is

discussed in Supplementary Information S8.

We next consider interfacial short-ranged scatterers with atomically localized scattering
potentials, which can be modeled as delta-function potentials within the same framework as used
above. Quantum lifetime measurements, to be discussed later, suggest that these scatterers
strongly dominate electronic transport in the 1L devices. We therefore set the interfacial short-
ranged scattering parameter (the product of scattering potential and defect density, see

Supplementary Information S8) to fit the mobility of the 1L device. In this case, for the same



interfacial scattering the mobility increases rapidly with sample thickness — much more than

observed experimentally.

Based on this analysis, we propose that the interfaces in our devices introduce both long-
ranged Coulomb scattering and short-ranged scattering. In this case, we can calculate the total
extrinsic mobility using Matthiessen’s rule. The combination of long-ranged and short-ranged
scatterers provides a better agreement to the observed layer-dependent mobility as shown in Fig.
3e, a salient point which we will revisit again later in quantum oscillations study. Of course, a
perfect match to experiment is not expected due to sample-to-sample variation in impurity
density. We also note that the long-ranged impurity density of 6 x 10° cm™ is two orders of
magnitude smaller than typically obtained for graphene on SiO,, and hence accounts for the two

orders of magnitude larger mobility we obtained as compared to the best reported devices ** .
Observation of Shubnikov-de Haas (SdH) oscillations in MoS,

Figure 4 shows the longitudinal (R,,) and Hall resistance (R,,) of the monolayer (Fig. 4a), 4L
MoS, (Fig. 4b) and 6L MoS, (Fig. 4c) samples as a function of applied magnetic field. We
observe pronounced SdH oscillations in MoS; for the first time, providing additional strong
evidence of high quality and homogeneity in the heterostructure devices. In the highest-mobility
(6L) sample (Fig. 4c), the onset of SdH oscillations is close to 1 Tesla (T), further confirming its
ultra-high mobility. Encouragingly, the high-field Hall resistance (blue curve, R,,) begins to
reveal plateau-like structures at high magnetic fields coinciding with R,, minima. These
emerging features were similarly observed in early studies of graphene samples with moderate
mobility ** | giving hope that fully developed quantum Hall states can be observed with further

improvements in sample quality. The periodicity of the SdH oscillations can be used to estimate

10



the carrier density, or equivalently to measure the level degeneracy g for a known density (for
details see Supplementary S7). For the 1L samples, we observe 2 < g < 4, indicating that the
bands may be partially valley-spin split (the multi-band nature of the 6. sample complicates this
analysis). This is consistent with extra SdH oscillations that begin to emerge at high fields, but

more detailed study is required to explore this splitting in detail.

The quantum scattering time 7, which is limited by both small and large angle scattering that

destroys quantized cyclotron orbits, can be estimated from the magnetic field corresponding to
the onset of SdH oscillations, following the relation s, = e 7,/m* ~ 1/B,* , where e is the electron

charge and m* is the effective mass obtained from ab initio bandstructure calculations ™ . This
yields quantum mobilities for 1L, 4L and 6L MoS, of ~ 1,400 cm*/Vs, ~ 3,100 cm*/Vs and ~
10,000 cm?/Vs, respectively. A more accurate estimate of 74 In MoS; can be obtained using a
Dingle plot (Supplementary Fig. 9), a well-established method in conventional 2D electron gas
systems (2DEGs) (for details see Supplementary S6). The inset of Fig. 4a shows SdH oscillations
of 1L MoS,, after subtraction of a magnetoresistance background, as function of 1/B. The red
dashed line is the fitted envelope, from which we estimate a quantum scattering time of 7,= 176
fs. We show the values of 74 obtained using both methods (oscillation onset and Dingle plots) in
Supplementary Fig. 9c. The ratio of transport to quantum scattering time can provide additional
evidence of predominant scattering sources. In our samples a ratio near 1 in 1L devices indicates
predominantly short-ranged scattering, and an increase in /74 with increasing thickness indicates
a crossover to long-range scattering. This trend consistent with our previous physical picture of

low-T electronic transport dominated by a mix of short- and long-ranged interfacial impurities.

Conclusion

11



We demonstrate a vdW heterostructure device platform in which an atomically thin MoS; layer
is encapsulated by hBN and contacted by graphene. The vdW heterostructure provides a standard
device platform that enables us to measure intrinsic electrical transport of 2D materials and
achieve high mobility 2D devices for studying the unique transport properties and novel quantum
physics. By forming robust and tunable electrical contacts and dramatically reducing interfacial
impurities, intrinsic electron-phonon scattering can be observed at high 7, and substantially
improved mobility can be achieved at low 7. This enables the first observation of Shubnikov-de
Haas oscillations in MoS;. Modeling and quantum lifetime analysis suggest that a combination
of short-ranged and long-ranged interfacial scattering limits the low-7 mobility, indicating that

further improvements should be possible.
Methods

Device fabrication. The hBN/MoS,/graphene/hBN stacks were fabricated using the ‘PDMS
transfer’ > technique on 285 nm SiO,/Si substrates. The transfer techniques are described in
detail in the Supplementary Information S1. The stacks were then shaped to the desired Hall bar
structure through electron-beam patterning and reactive ion etching (RIE) with a mixture of
CHF; and O,. Finally, metal leads were patterned by e-beam lithography and subsequent
deposition of metals (Cr Inm/Pd 20nm/Au 50nm). The metal leads make edge-contact to

graphene electrodes as reported previously ** .

TEM sample preparation. For high-resolution imaging, we fabricated a cross-sectional TEM
lift-out sample from the finished encapsulated devices, using a FEI Strata 400 dual-beam

Focused Ion Beam. STEM imaging was conducted in a FEI Tecnai F-20 STEM operated at

12



200kV, with a 9.6 mrad convergence semiangle and high-angle annular dark field detector. False

coloring was added by hand.

Electrical measurements and magneto-transport measurements. Two-terminal transport
characteristics were measured by applying DC bias (Keithley 2400) to the source and gate
electrodes and measuring the drain current using a current amplifier (DL 1211). For four-
terminal measurements, a standard lock-in amplifier (SR830) measured voltage drop across the
channel with constant current bias. Magneto-transport measurements were performed in a
Physical Property Measurement System (PPMS) (Fig. 4c) and a He, cryostat at the National

High Magnetic Field Laboratory (NHMFL) (Fig. 4a and b).
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Figure Captions

Figure 1 | vdW device structure and interface characterization. a, Schematic of the hBN-
encapsulated MoS,; multi-terminal device. Exploded view shows the individual components that
constitute the heterostructure stack. The bottom panel shows the zoom-in cross-sectional
schematic of metal-graphene-MoS; contact region. b, Optical microscope image of a fabricated
device. Graphene contact regions are outlined by dashed lines. ¢, Cross-section STEM image of
the fabricated device. The zoom-in false-color image clearly shows the ultra-sharp interfaces

between different layers. (graphene: 5L, MoS,: 3L, top-hBN: 8 nm, bottom-hBN: 19 nm)

Figure 2 | Gate-tunable and temperature-dependent graphene-MoS, contact. a, Output
curves (Igs- Vgs) of the hBN-encapsulated 4L MoS, device with graphene electrodes at varying
temperature. The back gate voltage (Vi) is kept at 80 V with carrier density of 6.85 x 10" cm™
in MoS,. The linearity of output curves confirms that graphene-MoS, contact is Ohmic at all
temperatures. b, Resistivity (p) of 4L MoS, (log scale) as a function of Vi, at varying
temperature. The resistivity decreases upon cooling, showing metallic behaviour, reaching ~ 130
Q at 12 K. ¢, Contact resistance (Rc) of the same device (log scale) as a function of Vy, at
varying temperature. The inset shows the Rc¢ as a function of temperature at different Vi,. At

high V,,, contact resistance even decreases when decreasing the temperature.
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Figure 3 | Temperature, carrier density dependence of Hall mobility and scattering
mechanism. a, Hall mobility of hBN-encapsulated MoS, devices with different number of layers
of MoS; as a function of temperature. To maintain Ohmic contacts, a finite Vi, was applied. The
measured carrier densities from Hall measurements for each device are listed in Supplementary

Table 1. The solid fitting lines are drawn by the model in the main text. All the fitting parameters

are listed in Supplementary Table 1. For a visual guideline, a dashed line of power law g ~ T

is drawn and fitted values of y for each device are listed in the inset table. b, Impurity-limited

mobility (uimp) as a function of carrier density of MoS,. For comparison, the previously reported
values from MoS; on SiO; substrates (Ref. 8, 46) are plotted. ¢ to e, The solid lines show the
theoretically calculated long-ranged (LR) impurity limited mobility (c), short-ranged (SR)
impurity limited mobility (d) and mobility including both LR and SR based on Matthiessen's rule
1/u = 1u,g+1/ug as a function of carrier density for 1L to 6L MoS, (e). The experimental data

from 1L and 6L are shown in dots (c-¢).

Figure 4 | Observation of Shubnikov-de Haas oscillations in hBN-encapsulated MoS; device.
a, Longitudinal resistance R,. (red curve) and Hall resistance R,, (blue curve) of hBN-
encapsulated CVD 1L MoS; device as a function of magnetic field (B) measured at 0.3 K and
carrier density of 9.7 x 10" cm™. The inset shows the oscillation amplitude (black curve) as a
function of 1/B after subtraction of the magneto-resistance background. The quantum scattering
time extracted from the fitted Dingle plot (red dashed line) is 176 fs. b, R, (red curve) and R,,
(blue curve) of hBN-encapsulated 4L. MoS; device as a function of B. Hall measurement was
conducted at 0.3 K and carrier density of 4.9 x 10'* cm™. ¢, Ry (red curve) and R,y (blue curve)
of hBN-encapsulated 6L MoS, device as a function of B. Hall measurement was conducted at 3

K and carrier density of 5.3 x 10'* cm™.
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S1. Fabrication of hBN-encapsulated MoS, devices

As explained in our previous report', we directly exfoliated hexagonal boron nitride (hBN),
MoS,, and graphene flakes onto Polydimethylsiloxane (PDMS) stamps using mechanical
exfoliation with Scotch tape and conducted multiple transfers onto hBN on a SiO; substrate. First,
hBN flakes with a thickness of 10 - 30 nm were mechanically exfoliated onto 285nm SiO,/Si
chips. Then, MoS, (SPI Supplies) and few-layer graphene (Covalent Materials Co.) were
separately prepared on PDMS stamps. The MoS; flake on the PDMS stamp was inverted and
aligned onto the target hBN flake on the SiO, substrate by micro-manipulator and held in contact
for 5 minutes at 40 °C in order to transfer the flake to the substrate. Next, graphene from PDMS
was transferred to the hBN/MoS; stack and positioned to serve as electrodes. This step was
repeated multiple times to place graphene electrodes around the perimeter of the MoS, channel.
Finally, another hBN flake on PDMS was transferred on top of the hBN/MoS,/graphene stack to
provide complete encapsulation of the MoS; channel. The hBN/graphene/MoS,/hBN stack was
formed sequentially as shown in Fig. Sla (i-vii). We used e-beam lithography to shape the stack
of hBN/graphene/MoS,/hBN into a Hall bar geometry using patterned Poly(methyl methacrylate)
(PMMA) as an etch mask as shown in Fig. Sla (viii). We performed a dry etching process using
inductively coupled plasma (ICP, Oxford 80) with a mixture of CHF3 and O, gas. The stack was
etched until the edges of the graphene flakes were exposed (Fig. Sla (ix)). After dissolving the
PMMA film in acetone, a second e-beam patterning was followed to define the metal leads.
Metal leads of Cr (1 nm)/Pd (20 nm)/Au (50nm) was deposited by e-beam evaporation as shown
in Fig. Sla(x). Ohmic contact is formed along edges of graphene between metal and graphene®.
A cross-section STEM image in Fig. S1b confirms that the multi-stacked heterostructure with

clean heterointerfaces can be achieved by this method.
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Supplementary Fig. 1 | Device fabrication process and ultra-clean heterointerfaces. a,
Device fabrication process: (i) Bottom-hBN flake exfoliated onto a SiO,/Si substrate. (i) MoS;
on hBN. MoS, was transferred onto bottom-hBN. (iii-vi) Four graphene flakes on hBN/MoS,
stack. Four graphene flakes were sequentially transferred onto the stack around the perimeter of
the MoS; channel. (vii) Top-hBN on graphene/MoS,/hBN stack. Top-hBN was transferred on
top of the stack for encapsulation. (viii) Patterning of PMMA into Hall bar geometry. PMMA
layer in the stack was patterned by e-beam lithography into a Hall bar configuration. (ix) Dry
etching of the stack. The stack is etched using PMMA as an etch mask. (x) Formation of metal
leads. Metal leads are fabricated by e-beam lithography and deposition of metals. Scale bar: 50
pum. b, Cross-section STEM image of the stack (from top to bottom: hBN (8 nm), MoS, (3L),

hBN (19 nm)). Scale bar: 50 nm.



S2. Identification of MoS; flakes on PDMS

We used Raman spectroscopy and photoluminescence (PL) measurements (in Via, Renishaw,
532 nm laser) to identify the number of layers of MoS, flakes on PDMS™>*. Figure S2a shows the
PL spectra of a CVD-grown monolayer MoS,. Bright-field optical images of few-layer MoS,
exfoliated on PDMS are shown in Fig. S2b. The number of layers of these flakes was confirmed
by the Raman spectra in Fig. S2¢. We confirmed that MoS, flakes on PDMS have the correlation
between Raman peak position difference of E'5, and A, modes and number of layers, which is

. . 4
consistent to our previous report .



Q

PL Intensity (a.u.)

17 18 19 20 241

Energy (eV)

Normalized Intensity (a.u.)
;

360 380 400 420 440
Raman shift (cm™")

Supplementary Fig. 2 | Photoluminescence and Raman spectra of MoS; on PDMS a, PL
spectra of CVD 1L MoS, on PDMS. The inset shows bright field optical image of CVD 1L
MoS; on PDMS. b, Bright-field optical images of 2L to 6L MoS; flakes exfoliated on PDMS.
Scale bar: 10 um. ¢, Raman spectra of 2L to 6. MoS, on PDMS. As guided by the dashed lines,

Raman peak position difference between E',, and A, modes increases with MoS, thickness.



S3. Contact resistance and Schottky barrier of graphene-MoS; contacts

) ) 1 L .
We estimate the contact resistance as R, = E(Rzp — Ryp 7), where R,p is two-probe

resistance, R,p is the four-probe resistance of MoS,, L is the two-probe length and / is four-
probe length. The calculated contact resistance as a function of temperature and back gate
voltage is shown in Fig. S3. Due to increase of the MoS, band gap with decreasing thickness
from few-layers to monolayer’, it is more difficult to form Ohmic contact, in other words lower
Schottky barrier, for thinner MoS,'. In this regard, graphene has been proved to be one of
potential candidates as electrode for MoS,™°. A large gate-tunability of Fermi energy of graphene
enables us to move graphene’s Fermi level close to conduction band of MoS, by increasing
back-gate voltage, resulting in reliable and stable Ohmic contact even for monolayer MoS, as
shown in Fig. S3a. At reasonably high charge carrier concentration, contact resistance from ~ 0.7

kQ-um to 10 kQ-um can be reliably achieved across all samples at low temperature.
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Supplementary Fig. 3 | Gate-tunable contact resistance of graphene-MoS, contact. Contact

resistance as a function of back-gate voltage (Vi) and temperature for 1L (CVD), 2L, 3L and 4L.

Furthermore, we calculated the Schottky barrier height of graphene-MoS; contact using the

2D thermionic emission relation’,

I, = AT*? exp (_q¢3) [exp (LC‘ST) - 1],

kpT nkp

where 1;, A, T, kg, q, ¢, and Vys are drain current, the effective Richardson constant,
temperature, the Boltzmann constant, electronic charge, the Schottky barrier height, and source-

drain bias (50 mV), respectively. Here, # is an ideality factor, which is related with tunneling



effect contribution under high charge carrier concentration and at low temperature. To estimate
the Schottky barrier height of graphene-MoS, with different back gate voltage (Vyg), we
employed the Arrhenius plot, In(I,/T%/?) as a function of 1/kpzT as shown in Fig. S4.
Because the slope of Arrhenius plot is the —q¢, + qVys/n, we can extract the Schottky barrier
heights for different MoS, thickness. Here, we assume the ideality factor as 2 < 5 < 20, and
we check the availability of ideality factor from the Ohmic behavior in 2 probe output curve at
low temperature. Fig. S5 exhibits the calculated Schottky barrier heights in hBN-encapsulated
MoS; devices with different MoS, thickness. Large modulation of graphene’s Fermi energy
allows for the high tunability of the Schottky barrier height in graphene-MoS, contact, resulting
in the small Schottky barrier height with relatively high V.. The Schottky barrier height
becomes close to zero at Vpg of ~ 80V even for monolayer MoS,, which enable us to form the

Ohmic contact at very low temperature.
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Supplementary Fig. 4 | Arrhenius plots of hBN-encapsulated MoS, devices for calculations

of the Schottky barrier heights. a, IL (CVD) b, 2L ¢, 3L d, 4L MoS;.



@ CVD 1L }

2L
601 o3L E
] Q4L
— E
2 40- } }
£ § ¢
4L F

20 0 20 40 60 80 100
ng (V)
Supplementary Fig. 5 | Gate-voltage-tunability of the Schottky barrier heights in graphene-
MoS; contacts. At higher back gate voltage, the Schottky barrier height can be reduced by

modulation of graphene’s Fermi level. The absence of Schottky barrier height enable us to form

the Ohmic contact even at very low temperature.



S4. Hall measurements and Hall mobility calculations

In an hBN-encapsulated MoS; device, the Hall voltage and Hall mobility was measured with
standard lock-in technique. In Fig. S6a, the Hall resistance (R.,) was plotted as a function of

magnetic field (B) at different Vi,,. The total charge carrier concentration of MoS, (») is obtained

1( dB dB
from ngy,; = —<—>, where e and <
e \dRy, xy

) are electron charge and magnetic-field-dependence
of Hall resistance. As shown in Fig. S6a, R,, is linearly dependent on the magnetic field at 10K
and the calculated total charge carrier concentration has a linear relationship with applied back
gate voltage (Vi) as shown in Fig. S6b. These results confirm the validity of our Hall
measurement at low temperature. With total charge carrier concentration, we estimate the Hall

mobility from py,; = o/ne, where py,; is Hall mobility, o is conductivity, n is total

charge carrier concentration of MoS, and e is the electron charge.
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concentration linearly increases as a function of back gate voltage.

Layer Number Himp (cm?/Vs) Carrier Density (cm-) Yoh
1L (CVD) 1,020 1.1x1013 1.9
2L 3,350 6.9x10"? 25

3L 1,530 9.3x10"? 2.0

4L 7,300 6.9x1012 2.2

6L 34,000 6.8x1012 2.3

1L (Ref.S7) 264 1.9x1013 1.7
2L (Ref.S7) 394 1.3x1013 1.1
4| (Ref.S8) 314 1.2x1013 1.5

Supplementary Table 1 | Comparison and fitting parameters for hBN-encapsulated MoS;

devices’®.




SS. Optical phonon-limited mobility in MoS,

To attain y values of hBN-encapsulated MoS, devices, we fitted the Hall mobility with
temperature as shown in Fig. S7. We assumed Coulomb impurity scattering and phonon

scattering as the dominant scattering mechanisms in our work. By applying Matthiessen's rule,

1 1
UT) fy 1 (D)

total mobility can be expressed with , where Ui, is the Coulomb

impurity limited mobility at low temperature and u,, is the one affected by optical phonon of
MoS, dominant above 100 K°. From the Matthiessen's rule, optical phonon-limited mobility (Fig.
S7) was extracted by subtracting impurity-limited mobility from the measured Hall mobility and
could be well fitted by a power law, u,,~T~7, indicating that optical phonon scattering is
dominant above 100 K. We obtained the relatively large y values of 1.9 - 2.5 among our samples,
which shows much stronger temperature-dependence of our hBN-encapsulated MoS, devices

compared to previously reported values of 0.7 - 1.7 in SiO,-supported MoS; devices.
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Supplementary Fig. 7 | Optical phonon-limited mobility of MoS,. The phonon-limited
mobilities (upn) of hBN-encapsulated MoS; devices with different MoS, thickness are plotted in

the temperature range of 100 - 300 K. By fitting with above 100 K, the values of y were obtained

as shown in the inset of Fig. 3a.
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S6. Quantum scattering time analysis in MoS;

We calculate the quantum scattering time in MoS; from Shubnikov-de Haas (SdH) oscillations.
Comparison of the ratio of the transport scattering time to quantum scattering time by number of
layer of MoS, will provide the deep understanding about scattering sources in MoS,. First,
transport scattering time 7, = m*u/e are obtained from Hall mobility of MoS,. And, to obtain

Spxx i
= 4y, exp| ———), where
Po ]/th p wcTq 5

the quantum scattering time, we used the Ando formula,

2m2kpT /hw,
sinh 2m2kgT /hw()

Vin = is Dingle term, w, is the cyclotron frequency and 7, is the quantum

scattering time. We also calculate the quantum scattering time from quantum mobility, which are
estimated from the onset of SdH oscillation magnetic field. We note that band structure
calculations of MoS; predict that there are two bands (at the K and A points) near the Fermi level,
and that for 1L to 3L, the K band (m" ~ 0.5my)is lowest in energy, meanwhile the A band (m" ~
0.6my) is lowest for > 4L'. Figure S9d exhibits the T, /T4 ratio increase as increase of number
of layer, and it is due to the long-range scattering origins (7;/7, > 1) such as charged impurities
and adsorbents become the dominant source of scattering in few-layer MoS, which lead
dominant small angle scattering that destroy cyclotron orbit motions, while the short-range
scattering origins (7. /7, ~ 1) such as vacancies, ripple and cracks are dominant at the monolayer

MoS; by the nature of 2D materials.
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MoS;. d, Ratio of the transport and quantum scattering time (red: from Dingle plot, black: from

SdH oscillation onset) as a function of number of layer of MoS,.



S7. Periodicity analysis of SdH oscillations in monolayer MoS,

We estimate the charge carrier concentration (ngsy) from the SdH oscillation of monolayer
MoS, with different gate voltage as shown in Fig. S10a. We analysis the SdH oscillations peaks
as function of inverse magnetic field with different gate voltage and we can clearly see the
periodicity change as shown in Fig. S10a and S10b. When we compare the total charge carrier
concentration (n;) from the Hall measurements with ng;y, we have to consider the degeneracy
of monolayer MoS,. First, when we assume the spin and valley degeneracy (g = 4) in monolayer
MoS,, ngay is larger than n, as shown in Fig. S10c. So degeneracy in monolayer MoS; should
be smaller than 4, it may be attribute to the strong spin-orbit coupling induced lift of the spin
degeneracy (AE = 1 ~ 10 meV) at conduction band of monolayer MoS,. So we need further
study about the lift of spin or valley degeneracy of MoS, by strong spin-orbit coupling and

Zeeman effect under high magnetic field.



Rxx (kQ)

T bl T B T T T T T T T B
0.04 0.05 0.06 0.07 008 0.09 0.10
1/B (1/T)

(ox
(@)

15 T T T T
T=03K < W Hall Carrier Desnity
E @® SdH Density (g=4)
~ A S Denstty (g=2) ° .
o 124 ‘e L]
o ° °
~>.<« - = ] ] Ny
=2 91 [ ]
)
2 i
3
A
g °] 4 & 0 :
=
©
e O 3 - - , r T
2 4 6 8 10 12 14 16 1256 130 135 140 145 150 155
Peak Number ng (V)

Supplementary Fig. 10 | Periodicity analysis of monolayer MoS;. a, R, of monolayer MoS,
as a function of inverse magnetic field with varying gate voltage. b, SdH oscillations peaks as
function of inverse magnetic field with different gate voltage. ¢, Estimated charge carrier
concentration from SdH oscillation with different degeneracy (red: g = 4, blue: g = 2) and total

charge carrier concentration from Hall measurements (black) of monolayer MoS,.



S6. Modeling MoS; electron mobility limited by interfacial Coulomb impuri-

ties

A. Electrostatics

The problem consists of a thin layer of semiconductor of thickness t,, MoS, in this case,
sandwiched between two dielectrics layers. Let z denotes the direction normal to these
layers, and m, be the quantization mass of MoS;. We uses a triangular well approximation
as an initial estimate to the electrostatics of MoSs in the confinement direction, where Fj is

its electric field, where the eigen-solutions are known®. The eigen-energies F; must satisfy,
Ai(ZO)Bi(Zl) — Ai(zl)Bi(Zo) =0 (1)
where Ai and Bi are the Airy functions, and
2m, 1/3 2meFy 1/3 E;
w="\pap) Foa={"p =
The eigen-functions are then given by,

ui(e) = e | (5) (2 )| +omi | (T)° (3 -] )

where v = eFits/n, n = h*7?/2mt* and v = E;/n. Within this triangular model approxi-

mation, the electric fields in the different regions are related via €1 Fip1 = €sFs = €ppoFoza-

The carrier densities can be computed from,

my [ 1
no= Y0 / B [b(2)
i Eiw exp ( ka> +1

kT ; E; — Ei,
= —3 ngmdln [exp <fk:T> + 1] |¢i7u(2)|2 (3)

where ¢ and v denotes the subbands and valleys. g, is the valley degeneracy. my is the

density of states mass. The Fermi energy Ey is determined from Eq.3, by imposing that
n = CoVj.

The solutions to the triangular well approximation provides an initial guess to the
electrostatics. With this, we solved the multilayers MoS, electrostatics by solving the
Poisson and Schrodinger equation self-consistently within the effective mass framework. In
this work, we include both the K and A valleys, with band edge energies that are close

to one another in multilayers MoS,. With reference to calculations obtained from density
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, we extract the in-plane and out-of-plane masses: mgx = 0.5my,
mgx = 0.6mg, m, g = 1.5my, m, x = 1.0mg. Due to their different m,, the two valleys
have different band edge energy offset depending on the MoS, thickness, and is taken to be

zero when t; = 4nm. Their valley degeneracies are g, x = 2 and g, » = 6.

B. Screened Interfacial Coulomb potential
To calculate the scattering rate due to Coulomb centers, we must first find the scattering
potential induced by a point charge. This Coulomb potential is governed by the following

Poisson equation;
Ve, 2)VP(T, 2z, z0) = —ed(z — 20) — €Pind (4)
where 7 is the 2D position vector describing the plane perpendicular to the gate confine-

ment direction. The presence of the external point charge resulted in a Coulomb potential

¢(T, 2z, z0) which also induced charge p;,q. Next, we need to obtain an expression for pj,q.

Here, we employed a perturbative approach by Stern? commonly used in the context of
semiconductor devices. The presence of the perturbation potential ¢(z) results in correction
of the eigen-energies 0E;, = —e [ ¢(2) |1i( )|2 dz. The charge induced p;,q is the change

in the amount of charge due to the change in eigen-energies 0 F; ,;

dnw
p'md(z> = _ez dE zv

e geme? 1
- Z Lt exp (B 1.0 (=) /¢ ) [0 d=' (5)
= —ZSi,u\wi,v(z)\Q/qb(z’) Wi,v(z’)‘Zdz’ (6)

Hence, Eq.4 can be approximated by the following;
Ve(7, z2)Vo(T, z,z0) = —ed(z — z0) + € Z Siw ]1/%,@(,2)]2 / (7, 2") |¢i,u(2/)’2 dz’'

This is the key result by Stern®.

It renders the problem easier to express the in-plane part of thr potential ¢(7), z, zp) in its

2D Fourier representation,

¢(F’ 2, ZO) = Z ngexp(li F>¢0(Zv ZO)
q



Thus we have the Poisson equation in the semiconductor region;

€se V2P0 (2, 20) — €seq® b0 (2, 20) = —ed(z — z0) + GZ Siw \1/11',1;(2)\2/%(2/, 20) ‘1/11',1;(2/)}2 dz' (7)

1,0
o

K(Z1,z0)

Here, €, = 7.4 is the out-of-plane dielectric constant of MoS, . Multiply by 1/q-exp(—q|z—
z1]) with 0 < z < ¢, and integrating for 0 < z; < t;, we arrived at,
e ts
- —q|z — 21]) (21 — 20)dz1 (8
2qesc 2qesc /() exp (—qlz — z1]) 0(21 — z0)dz1 (8)

Note we assume the semiconductor is sandwiched by dielectrics, i.e. no metal gates.

¢0(Z, ZO) -

ts
/ exp (—qlz — z1|) K(z1, 20)dz1 +
0

Otherwise, we have additional terms given by A(q)exp(—qz) + B(q)exp(gz) to account for

screening by the metals.

C. Mobility
With ¢g(q, z,0), one uses Fermi Golden rule to obtain the scattering probability;

oo 2 . .
e /0 00(d, 2, 0)i ()0 (2)dz| 6 (E(E;) - E(E;)) (9)

where k; = \/2m}/R2(E — E;), ¢ = k_; — k; and 0 is the angle between the initial and final

L. 2
Pk, k) = Nim%

wave vector. Nj, is the impurities concentration. To calculate the relaxation time, we write,

L Npi i | R kme P
e %:P(k’zykj) [1 Sy () 6<E(k:z) E(k])>
E) = Zj:/o e/o 60(d, 2, 0)i(2)hj (2)dz| 8 (E: — Ej) [1 i cos()| a
L _ _p &)
B Z{A“ Bij n-(E)} (10)

J
where m, is the transport mass. The above can be re-expressed into an equivalent matrix

form as follows;

1 >jA1; —Biz —Biz —Bu - T(E)
1 —By1 >;Asj —Bss  —Bu m2(E)
1= —Bs1 —Bsx > ;A3 —Bsa - 73(E) (11)
1 —By —Biy  —Baz Y A4y - T4(E)

which can easily be solved by inverting the matrix above. The relaxation time can be

similarly computed for the other valley.



The mobility for each subband j and valley v then follows from,

e JB-EnnE) LG dE (12
Hiv = Mewy f f(E> Ef)dE )

where f(E, Ey) is the Fermi-Dirac distribution function. The total effective mobility is then

oy — 2. Mtk
‘ > Mo

where n;, is the carrier densities in subband j and valley v.

(13)

D. Short-range scattering potential

In the main manuscript, we discussed two tpyes of short-range scattering potential i.e.
bulk and interfacial. The former could be due to atomic defects such as S vacancies in
MoS, itself, which is present in its natural crystal form. The latter, interfacial short-range
scatterers, could be due to presence of chemical adsorbates that was introduced to the top
interface due to subsequent processing steps after MoSs transfer onto the SiO, substrate.
As explained in the main manuscript, we found the latter model to agree better to the
experiments. We model the short-range scatterers at the top MoS, interface (i.e. z = 0)
within the same framework describe above by simply making the replacement to the scat-
tering potential in Eq.9 i.e. ¢o(q, z,0) — vs.0(2) and N denotes the short-range scatterers
concentration (cm™2). On the other hand, the scattering potentials are distributed across
the different layers of MoS; when modeling of bulk short-range scatterings. In the case of
S vacancies in MoS,, the total short-range scatterers concentration (cm™?) increases with
layer thickness and one expects a decrease in electron mobility with layer thickness contrary
to what is observed in our experiments. We therefore focus only on interfacial short-range

scattering potential in this work.

E. Calculation results

Here we show results of our calculation for both interfacial Coulomb impurities and
short-range scatterers located at the top MoS, interface. The long-range Coulomb limited
moblity, purgr, predicts a layer dependence weaker than the experiments of less than an
order of magnitude within the range of carrier densities considered, while the short-range
limited mobility, usgr, predicts a much stronger thickness dependence larger than 4 orders
of magnitude. In sum, their total contribution according to Matthiessen rule would allow

for better quantitative agreement with the experiments.
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Fig. S8: Calculated electron mobility due to interfacial Coulomb impurities (pzr) and short-
range scatterers (usr) located at the top MoSs interface as function of gate bias and for different
number of MoSs layers. We consider two cases, one where only K valleys are considered in (a-
c), and where both K and A valleys are included in (d-f). We also displayed the experimentally
measured low temperature mobilities for 1L and 6L devices. We found that the calculated prgr
predicts a layer dependence weaker than the experiments, while the calculated pggr predicts a much

larger thickness dependence. In sum, their total contribution according to Matthiessen rule would

allow for better quantitative agreement with the experiments.
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