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transport behaviour that is near the ideal acoustic phonon limit at
room temperature and ballistic over more than 15 µm at low T
(ref. 34). These results were realized using a novel technique to
create one-dimensional edge contacts to graphene exposed by
plasma-etching an hBN/graphene/hBN stack. Such an approach
has not yet proved effective with MoS2. However, recent reports
that graphene can create a high-quality electrical contact with
MoS2

18,35 motivated a hybrid scheme, in which the channel MoS2

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
MoS2 channel is fully encapsulated and protected by hBN and we
achieve multi-terminal graphene contacts without any contamination
from the device fabrication process.

Figure1a,b presentsaschematicdiagram and optical micrograph
of a Hall bar device structure. A PDMS (polydimethylsiloxane)
transfer technique2 was used to place few-layer graphene flakes
around theperimeter of aMoS2 flake. Thesewerethen encapsulated
between thicker hBN layersand theentirestack placed on a Si/SiO2

wafer (Supplementary Fig. 1a). The stack was then shaped into a
Hall bar geometry such that the hBN-encapsulated MoS2 formed
the channel. In the contact regions, the graphene overlaps the
MoS2 and extends to the edge, where it is in turn contacted by
metal electrodes34. Details of the fabrication process are described
in the Methods and Supplementary Section 1. High-resolution
scanning transmission electron microscopy (STEM) (Fig. 1c; see
also Supplementary Fig. 1b for a larger clean interface area of
>3 µm) confirmed that the stacking method can produce ultraclean
interfaces free of the residue that can be seen when an organic
polymer film is used for stacking36. We note that although ohmic

contacts have also been achieved with metal–MoS2 contacts
through the deposition of small-workfunction metals, vacuum
annealing and electrostatic gating4,17,18, top-deposited metal
electrodes are not compatible with hBN encapsulation.

For this study, aseries of samples with thicknesses ranging from
1 to 6 layers (1–6L) were fabricated and measured. The number of
layers was identified by Raman and photoluminescence analysis
(Supplementary Section 2). All samples were obtained by mechan-
ical exfoliation except for the1L sample, for which weused chemical
vapour deposition (CVD) grown monolayer MoS2 because of the
limited size of the mechanically exfoliated monolayers. The CVD-
grown MoS2 single crystal has been shown to exhibit high quality
(from structural, electrical and optical measurements37), although
the process of transferring it from the growth substrate may intro-
duce more contamination than is the case with mechanically
exfoliated flakes.

For each sample we performed temperature-dependent two-
probe measurements to examine the quality of the graphene con-
tacts. Figure 2a presents output curves (Ids–Vds) for a 4L MoS2

device with a backgate voltage of Vbg= 80 V. The response is
linear at room temperature and remains linear to low T, indicating
an ohmic contact. Similar behaviour isseen for Vbg> 20 V, whereas
gapped behaviour corresponding to non-ohmic contact is seen for
Vbg< 20 V. This isconsistent with previousstudies that show a gate-
tunable contact barrier between graphene and MoS2 (refs18,35).
In addition, thisestablishesthegatevoltage rangeover which multi-
terminal measurements can be reliably performed. Figure 2b shows
the measured four-terminal resistivity ρ (log scale) of the same
sample with Vbg= 20 V to 80 V (corresponding to carrier densities
of ∼4.8× 1012 to ∼6.9× 1012cm−2, respectively) and from room
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Figure 1 | vdW device structure and interface characterization. a, Schematic of the hBN-encapsulated MoS2 multi-terminal device. The exploded view

shows the individual components that constitute the heterostructure stack. Bottom: Zoom-in cross-sectional schematic of the metal–graphene–MoS2 contact

region. b, Optical microscope image of a fabricated device. Graphene contact regions are outlined by dashed lines. c, Cross-sectional STEM image of the

fabricated device. The zoom-in false-colour image clearly shows the ultra-sharp interfaces between different layers (graphene, 5L; MoS2, 3L; top hBN, 8 nm;

bottom hBN, 19 nm).
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As a result of this sublinearity, photocurrent autocorrelation
measurements, such as the one presented in Fig. 2b, exhibit a sym-
metric dip around Δt = 0. We ascribe the dynamics of the dip to

depletion of photocarriers from the active region29, which we can
describe (see Methods) with a characteristic time constant τ that
corresponds to the photoresponse time of our WSe2-based
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Figure 1 | Photocurrent generation in the G/ WSe2/ G heterostructure. a, Schematic representation of photoexcited charge carrier dynamics in a hBN/ G/

WSe2/ G/ hBN heterostructure. Graphene and hBN layers are coloured in black and green, respectively, and W and Se atoms in blue and orange. Following

pulsed-laser excitation, excitons or electron–hole pairs are created, separated and transported to the graphene electrodes. b, Schematic illustrating the

experimental time-resolved photocurrent set-up and cross-sectional view of the device. Two ultrashort pulses, delayed by a controllable distance cΔt (c is the

speed of light), are focused on the device, which contains a Si backgate to which a gate voltage (VG) is applied between the top (GT) and bottom (GB)

graphene layers through which the photocurrent is measured (see Methods). c, Optical image of a heterostructure comprising a 2.2-nm-thick WSe2 flake.

The graphene and WSe2 flakes are outlined and shaded for clarity. d, Photocurrent map obtained by scanning a focused laser beam with a wavelength of

λ= 759 nm and power P= 5 μW on the device in c, with VG= 0 V and VB= 0.4 V. The photocurrent is mainly generated in the region where graphene layers

(delimited by grey dotted lines) overlap. e, Responsivity spectrum of the device shown in c measured at a constant power P= 5 μW, with VG= 0 V and

VB= 0.4 V. Exciton peaks are labelled according to the convention of Wilson and Yoffe31 for WSe2 and confirm that the photocurrent stems from the vertical

extraction of carriers generated in the WSe2 layer. Orange shading indicates the spectral range of the pulsed excitation (illustrated in b) used for

time-resolved measurements.
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Figure 2 | Extraction of the photoresponse time of a G/ 2.2 nm WSe2/ G heterostructure by time-resolved photocurrent measurements. a, Photocurrent

versus laser pulse power P for VB= 0.2 V. The transition from the linear to sublinear regime takes place at P≈ 100 µW (∼10 kW cm–2). The dotted line

corresponds to a linear relationship between photocurrent and P. Inset: the same data presented on a linear scale. b, Photocurrent as a function of time delay

between two pulses (illustrated above the plot) with P= 300 µW, at VB= 1.2 V (blue dots). The photocurrent is normalized by the value of the photocurrent

saturating at long Δt. The solid black line is a fit to the data using the model described in the Methods, yielding a time constant τ = 5.5 ± 0.1ps. Inset:

schematics of the photoresponse time in a G/ WSe2/ G heterostructure, here represented by a band diagram with a bias voltage VBapplied between the

graphene layers. Red sinusoidal arrows, the blue filled circle and blue open circle symbolize photons, and photoexcited electron and hole, respectively. The

photoresponse time τ, which corresponds to the time that photocarriers reside in the photoactive area, is represented by black arrows.
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$ mq submit relax.py –R 8:1h Si/ Ge/ C/
1 ./Si/ relax.py 8:1h
2 ./Ge/ relax.py 8:1h
3 ./C/  relax.py 8:1h
3 tasks submitted

$ mq ls
id folder name res. age  state time 
-- ------ -------- ---- ---- ------ ----
1 ./Si/   relax.py 8:1h 2:01 done 0:05
2 ./Ge/   relax.py 8:1h 2:01 done 0:05 
3 ./C/    relax.py 8:1h 0:00 FAILED  0:00 
-- ------ ------------- ---- ------ ----
done: 2, FAILED: 1, total: 3
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$ mq kick; mq workflow workflow.py Si/ Ge/ C/
$ # Wait a little bit
$ mq kick; mq workflow workflow.py Si/ Ge/ C/
$ # Wait a little bit
$ mq kick; mq workflow workflow.py Si/ Ge/ C/
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