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As the dimensions of the semiconducting channels in field-
effect transistors decrease, the contact resistance of the metal-
semiconductor interface at the source and drain electrodes increases,
dominating the performance of devices! . Two-dimensional (2D)
transition-metal dichalcogenides such as molybdenum disulfide
(MoS,) have been demonstrated to be excellent semiconductors
for ultrathin field-effect transistors®>. However, unusually high
contact resistance has been observed across the interface between
the metal and the 2D transition-metal dichalcogenide®5~°.
Recent studies have shown that van der Waals contacts formed by
transferred graphene!®!! and metals'? on few-layered transition-
metal dichalcogenides produce good contact properties. However,
van der Waals contacts between a three-dimensional metal and
a monolayer 2D transition-metal dichalcogenide have yet to be
demonstrated. Here we report the realization of ultraclean van der
Waals contacts between 10-nanometre-thick indium metal capped
with 100-nanometre-thick gold electrodes and monolayer MoS,.
Using scanning transmission electron microscopy imaging, we
show that the indium and gold layers form a solid solution after
annealing at 200 degrees Celsius and that the interface between
the gold-capped indium and the MoS; is atomically sharp with
no detectable chemical interaction between the metal and the 2D
transition-metal dichalcogenide, suggesting van-der-Waals-type
bonding between the gold-capped indium and monolayer MoS,. The
contact resistance of the indium/gold electrodes is 3,000 == 300 ohm
micrometres for monolayer MoS, and 800 = 200 ohm micrometres
for few-layered MoS,. These values are among the lowest observed
for three-dimensional metal electrodes evaporated onto MoS,,
enabling high-performance field-effect transistors with a mobility
of 167 £ 20 square centimetres per volt per second. We also
demonstrate a low contact resistance of 220 -+ 50 ohm micrometres
on ultrathin niobium disulfide (NbS,) and near-ideal band offsets,
indicative of defect-free interfaces, in tungsten disulfide (WS,)
and tungsten diselenide (WSe;) contacted with indium alloy. Our
work provides a simple method of making ultraclean van der Waals
contacts using standard laboratory technology on monolayer 2D
semiconductors.

Field-effect transistors (FETs) using 2D semiconductors as the chan-
nel material offer excellent gate electrostatics, which allows mitigation
of short channel effects—making them interesting for sub-10-nm node
devices'. However, in short-channel devices, the transport through
the semiconductor is nearly ballistic and almost all of the power is
dissipated at the contacts!. Thus, optimizing the contacts between 2D
semiconductors and metal electrodes is an important technological
challenge. Several strategies, such as phase engineering to create lat-
eral metal-semiconductor-metal heterojunctions'?, formation of clean
interfaces via van der Waals contacts using graphene!®!!, mechanical
transfer of metal films'? and using hexagonal boron nitride (h-BN)
as the tunnel barrier's, have been reported to improve the electrical

properties of contacts on 2D materials. The main challenge in making
contacts on atomically thin materials exposed to the atmosphere is the
presence of adsorbed water or hydrocarbon layers on their surface. The
thickness of these layers is comparable to that of 2D semiconductors so
that when metal electrodes are deposited, the adsorbed contaminants
are incorporated at the interface between the metal and the 2D sem-
iconductor. This leads to the creation of interface states that can pin
the Fermi level and increase the contact resistance!®. It is possible to
minimize the impact of adsorbed layers by depositing metal electrodes
under ultrahigh vacaum!”!8, which reduces the contact resistance. In
addition, the transfer of thin metal films'? or few-layered mechani-
cally exfoliated h-BN'® on top of 2D semiconductors can squeeze out
adsorbed layers. However, even when the adsorbed layer is removed,
the direct deposition of metal can lead to substantial damage via kinetic
energy transfer or chemical reaction between the metal atoms and the
2D semiconductor. Studies have shown that creation of van der Waals
contacts via metal transfer!?, graphene!®!! or h-BN' on 2D semicon-
ductors can create clean interfaces without damaging the underlying
2D semiconductor. However, all of these strategies for improving con-
tact properties have been reported for multi-layer 2D semiconductors;
clean interfaces with low contact resistance have yet to be reported for
single layers.

We have characterized the ultraclean van der Waals interface formed
between monolayer 2D MoS; and indium/gold (In/Au) electrodes
deposited using a standard laboratory electron-beam evaporator under
normal vacuum (<107 Torr) using annular dark field (ADF) scanning
transmission electron microscopy (STEM) and X-ray photoelectron
spectroscopy (XPS). The electrodes consist of 10-nm-thick In capped
with 100-nm-thick Au to prevent reaction of In with the environment.
The schematic of the FET device tested in this work is shown in Fig. 1a
(see Methods for details of electrode deposition and device fabrica-
tion). To image and study the interface between In/Au and MoS,, we
conducted cross-sectional ADF STEM. It is well known that mon-
olayer and few-layered transition-metal dichalcogenides are damaged
during metal deposition'>!® and that only dry transfer of electrodes
provide clean and intact interfaces'2. By contrast, our analysis reveals
that the In/Au-MoS, interfaces for monolayer (see Fig. 1b, a broader
view image is provided in Extended Data Fig. 1a) and few-layered (see
Extended Data Fig. 1b, d) MoS; are atomically sharp with no detectable
evidence of reaction between the layers of In/Au and MoS,. The ADF
and bright-field STEM images in Fig. 1b clearly show the monolayer
MoS; and In/Au alloy contact on top with atomic resolution. An ADF
intensity profile across the interface for In/Au on monolayer MoS,
revealed that the spacing between the sulfur atoms and In/Au atoms is
2.4 A + 0.3 A (Extended Data Fig. 1c)—indicating that the In gently
deposits on the 2D semiconductor without causing any damage. Our
chemical analysis reveals that only vacuum in the form of a van der
Waals gap is observed at the interface and that no evidence for oxi-
dation or indium sulfide formation is observed. XPS was performed
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Fig. 1 | Atomic resolution imaging and chemical analyses of In/Au-
MoS, interface. a, Device structure of the bottom-gate FET used in this
study. The electrodes consist of 10-nm-thick In capped with 100-nm-thick
Au. The ellipse under the contact indicates the interface region that was
analysed using high-resolution STEM. b, Atomic-resolution images of In/
Au on monolayer MoS,. (ii), Low-pass filtered ADF STEM image showing
Mo, S and In/Au atoms as indicated by the enlarged image (i). (iii),
Corresponding bright-field STEM image of the monolayer. Scale bars, 5 A.

to characterize the chemistry at the interface between the uppermost
sulfur layer and the In/Au alloy. The binding energy values for the Mo
3d and S 2p doublets were found to be 229.3 eV (Mo 3d5,) and 162.1 eV
(S 2p3/2)—typical of pristine MoS; (ref. '°). Nonstoichiometric Mo,S,
peaks were not observed, as indicated in Fig. 1c. Additional informa-
tion about the chemical state of the interface is provided by the In 3d
spectra and In MNN Auger measurements in Extended Data Fig. le, f.
We corroborated this using electron energy loss spectroscopy (Fig. 1d).
The electron energy loss spectroscopy was measured using a focused
electron beam probe with spatial resolution of 0.8 A so that the spectra
from highly localized regions at the interface could be obtained. It can
be seen that the sulfur L, 3-edge exhibits an experimentally negligible
difference between the topmost MoS$; layer in contact with the In/Au
and the fifth layer of MoS,—suggesting that the deposition of In and
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¢, XPS of the In/Au-MoS, interface showing pristine Mo and S peaks. The
XPS also shows that the deposition of In/Au does not modify the MoS,.

d, Electron energy loss spectroscopy of the S L, 3-edge, showing that the
sulfur atoms of the top layer are completely unaffected by the deposition
of metal on top. The sulfur peaks of the topmost and the fifth layer are

the same within the precision of the measurement, as indicated by the
difference spectra (Diff.) shown in the bottom panel. a.u., arbitrary units.

Au does not introduce any chemical reactions, distortions or strain at
the metal/semiconductor interface or within the 2D MoS,.

To investigate whether the excellent structural features of van der
Waals contacts with In/Au can be translated into better device perfor-
mance, we measured the contact resistance using the transmission line
method (TLM) and also the FET properties. The TLM results shown
in Fig. 2a for In/Au electrodes on chemical vapour deposition (CVD)-
grown monolayer MoS, (see Extended Data Fig. 1g, h) reveal a contact
resistance of 3.3 & 0.3 kQ pm (at n = 5.0 x 10'2 cm~2) and values of
800 200 Q pm (at n= 3.1 x 10'>cm ™2, Extended Data Fig. 2a) were
measured for few-layered mechanically exfoliated MoS,. The higher
contact resistance in monolayer MoS, compared to the few-layered
material can be attributed to substrate-carrier scattering'”. Despite this,
the contact resistances of In/Au electrodes on monolayer Mo$, (Fig. 2b, c)

b c d e
100 oO 1:838 J, 100 —=— 40V - 30V
. — 980 E 20V -+ 10V
€ aod ° 3 - _—.20{ -0V -0V
80 ° ES = =
é o 80K a £ 1075 E =20V -~ =30V
= o =3 Ti (refs®7:22) =X H EX
s ] AN e I
c = ] -
g Au UHV (ref.'8) .8 100 o~ ? ° S 10784 ‘-' E 104
» 401 a Graphene (refs®7:11) = " =
1 = 21 3 —4 ] l. 8
5 . G Al (et ™) Doping c 10 ) £
s 201 _®e n| UHV £ o s . s
/ < ° g e L4 AO K S (refs182%) G 0 107 : e
; 2R, =6.6kQum 3 " s D o2 o * v, =01v 04
) S o+ 0+———al : 06— — : : :
01 2 3 4 5 6 01 2 3 4 5 6 0 2 4 6 8 10 12 -40 -20 0 20 40 0.0 0.5 1.0
Channel length (um) n (10'2cm?) n (102 cm2) Gate voltage (V) Drain voltage (V)

Fig. 2 | Contact resistance and device properties of In/Au electrodes
on monolayer MoS;. a, Contact resistance R extracted using TLM.
The error bars result from the averaging of least five measurements; this
is the same for all the TLM results mentioned in this work. b, Contact
resistance versus carrier concentration # for In/Au electrodes at room
temperature (filled points) and at 80 K (open points). Au electrodes
deposited under ultrahigh vacaum (UHV, 10~° Torr) are provided for

comparison'®. ¢, Comparison of contact resistance from the literature and
our results for different types of electrode materials®”1118:21-23 g, Typical
transfer characteristics of a field-effect transistor with monolayer MoS,

as the channel and In/Au alloy as the source and drain electrodes. The
length and width of the device are 2 pm and 6 pm. A mobility of about
170 cm? V~1 571 can be achieved with In/Au electrodes. e, Linear output
characteristics indicating the absence of a contact barrier.
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Fig. 3 | Contact properties of In/Au electrodes on 2D NbS, and WS,.
a, TLM contact resistance of In/Au electrodes on CVD-grown NbS,.

b, TLM contact resistance of In/Au electrodes on mechanical exfoliated
WS,. ¢, Contact resistance versus carrier concentration from different
studies reported in the literature®®4-2¢_ It can be seen that the In/Au
electrodes exhibit the lowest values. d, Transfer characteristics of FETs

and few-layered MoS, (Extended Data Fig. 2b, c) are among the lowest
reported in the literature (Extended Data Table 1) so far at all the carrier
concentrations that we measured and at low temperature. For com-
parison, pure Au electrodes deposited under ultrahigh vacuum have
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Fig. 4 | In alloy contacts on ultrathin WSe;,. a, Atomic-resolution ADF
STEM image and corresponding schematic of the In/Au-WSe, interface,
showing a clear van der Waals gap corresponding to spacing between

the Se and In/Au metal atoms. (ii), Intensity profile of (i) showing that

the distance between the bottom metal and top selenium is 2.9 A.

b, Ambipolar transfer characteristics showing n-type-dominant behaviour
with In/Au contacts and hole-dominant behaviour with In/Pd contacts.
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with WS, as the channel material and In/Au contacts; the length and width
of the device are 1 pm and 1.2 pm at drain voltage Vgs = 0.5 V. The transfer
curve of Ti-contacted WS, device is included for comparison; length and
width of the devices are 0.5 pm and 2 pm. In/Au devices show substantially
better mobility (approximately 85 cm? V! s7!) than do devices with Ti
electrodes (approximately 1 cm? V=1s71).

slightly higher contact resistance than In/Au devices (Fig. 2b, ¢) and
the contact resistance of graphene side contacts on h-BN-encapsulated
few-layered MoS; at 100 K has been measured to be 1,200 Q pm
(atn=6.85 x 102 cm™2)"°,
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The length and width of the In/Au-contacted device are 1 pm and 2 pm
and of the In/Pd device are 0.5 pm and 1 pm. The inset provides the energy
band levels of WSe, and the metal where Ec and Ey refer to the conduction
and valence band energies, respectively, of the 2D semiconductor. ¢, Linear
output characteristics of the device. d, e, Comparison of contact resistance
and drain current with values reported in the literature®?’-33,



Typical transfer and output curves for In/Au-contacted monolayer
MoS; as the channel in FETs are shown in Fig. 2d, e. The devices were
fabricated on off-the-shelf thermal SiO, (300 nm) on Si substrates and
were not encapsulated. Despite this, the transfer characteristics such
as those shown in Fig. 2d exhibited sharp turn on and high currents
with mobility values reaching 167 + 20 cm? V~! s~!. Measurements
of mobility with temperature reveals that the phonon-limited mobility
scales as ;1 o< T~! at low temperatures and as p oc T~ ! at high
temperatures because of acoustic phonon scattering® (Extended Data
Fig. 2f). The FETs also exhibit linear output characteristics both at
room temperature and at low temperatures (Extended Data Fig. 2d, e),
suggesting the absence of a Schottky barrier. The highest current
density we obtained for multi-layered MoS, FETs was 196 pA pm ™!
(see Extended Data Table 1 for comparison with literature).
Measurements as a function of temperature reveal the Schottky barrier
height to be around 110 meV (Extended Data Fig. 2g, h), which is con-
sistent with the work function of the metal and the conduction-band
energy level of MoS,.

In addition to MoS,, we have also deposited In/Au on other 2D
transition-metal dichalcogenides such as NbS,, WS, and WSe,. It can
be seen from Fig. 3a that we obtain a contact resistance of 220 Q pm for
NbS, grown by CVD, which is among the lowest values reported for any
metal contact on a 2D transition-metal dichalcogenide. The TLM plot
in Fig. 3b shows that the contact resistance for WS, is 2.4 & 0.5 kQ pm,
which is also among the lowest reported in the literature, as indicated by
the summary of results shown in Fig. 3c. The low contact resistance in
WS, translates into better FET performance, as indicated by the transfer
characteristics shown in Fig. 3d where substantially higher mobility
(83 4 10 cm? V! s7!) can be observed for In/Au contacts in compar-
ison with titanium electrodes (1.2 & 1 cm? V! s~1). Output curves of
WS, devices are given in Extended Data Fig. 3.

We have also confirmed the formation of an ultraclean interface on
WSe;. The cross-sectional ADF STEM image of In/Au electrodes on
two layers of WSe, shown in Fig. 4a reveals a clean van der Waals inter-
face with spacing of 2.94 A between the metal and Se, as indicated in
the schematic. In/Au alloy electrodes on WSe; yield ambipolar FET
characteristics with the electron current being higher than the hole cur-
rent, as shown in Fig. 4b. The output results for both p-type and n-type
devices are provided in Fig. 4c. The resistance for electron injection is
16 kQ pm and for holes it is 225 kQ jum. These large values are consist-
ent with the large energy offsets between the Fermi level of In (4.10 eV),
the conduction (3.50 V) and valence (4.83 eV) bands of WSe; (see
inset of Fig. 4b). Our measurements reveal that the energy barrier for
hole injection is 0.73 eV and the energy barrier for electrons is 0.60 eV.
Therefore, we expect the hole current to be less than the electron current
with In/Au electrodes, which is consistent with our measurements. The
energy barriers for carrier injection into WSe, match ideally with the
band offsets and the FET properties. This also suggests that the In alloy
contacts form clean interfaces with WSe, without the creation of defects
or local reactions. A comparison of contact resistance and drain current
values (shown in Fig. 4d, e) reveals that the In/Au contacts yield the
lowest contact resistance and that both the electron and hole currents
are higher than values in the literature.

Finally, the soft nature of In allows it to form stable alloys readily
with other metals (Extended Data Figs. 4 and 5). This property can be
used to adjust the work function of electrodes to facilitate electron or
hole injection while maintaining the ultraclean interface. To demon-
strate this, we deposited 3 nm of In and 100 nm of the high-work-
function metal Pd on top. The Kelvin force microscopy results shown
in Extended Data Fig. 6 show that the work function of the alloy is
slightly increased, as indicated in the inset of Fig. 4b. The typical trans-
fer curves of FET devices with In/Pd alloy electrodes given in Fig. 4b
exhibit higher hole current and lower electron current owing to the
increased work function. The measurements indicate that the energy
barrier for hole injection is 0.63 eV and the energy barrier for electrons
is 0.7 eV. The free adjusted barrier height indicates a clean interface
between the WSe; and the In alloy without Fermi-level pinning.
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In summary, our results demonstrate ultraclean van der Waals con-
tacts on a variety of truly 2D semiconductors. The resulting devices
from such clean contacts exhibit excellent performance. Our results
should lead to the realization of ultrathin electronics based on 2D
semiconductors.
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METHODS

Sample preparation and device fabrication. Monolayer MoS, was grown by CVD
using MoOj3 and sulfur powder as precursors. 100 mg of MoO; and 400 mg of
sulfur were placed in two small tubes in the upstream of the tube furnace. A small
drop of perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt (PTAS) was
dropped on SiO,/Si substrates as a seed to trigger growth of monolayer MoS,. The
substrates were placed face-up on top of an alumina boat in the centre of the fur-
nace. Air was evacuated by flowing argon (Ar, ultrahigh purity, Air Gas) for 15 min
at 200 standard cubic centimeters per minute (sccm). The tube was heated at 200°C
for 15 min to remove moisture from the precursors. Then the temperature was
increased to 870 °C under a 90 sccm Ar flow and the MoQO3 and S source were
heated to 250°C and 170 °C, respectively. After 20 min, the furnace was cooled
down to room temperature and the samples were removed from the furnace.
Few-layered transition-metal dichalcogenides were prepared by mechanically
exfoliating flakes from the bulk crystals (MoS,, WS, and WSe,, purchased from
HQ Graphene) via the Scotch tape method. Thermally grown 300-nm-thick SiO,
substrates on heavily doped Si were used as the gate insulator and electrode, respec-
tively. Monolayer or multilayer flakes were identified with optical microscopy and
atomic force microscopy. Then electron-beam lithography was used to pattern the
electrodes. Before metal electrode deposition, the evaporation system was pumped
to a base pressure of <10~ Torr. Then, 10-nm-thick In was deposited with a low
rate of 0.2 A s~! and 100-nm-thick Au was deposited subsequently. The device was
rinsed with isopropanol after immersing in acetone for lift-off. Once the fabrication
process was completed, all devices were annealed at 200 °C in H,/Ar gas for one
hour before measurements.
Measurements. Transport characteristics were measured by applying voltage with
the Keithley 4200 semiconductor parameter analyser system. The low-temperature
measurements were performed in a vacuum probe station with liquid nitrogen
and a temperature controller. XPS was performed using the Thermo Scientific
K-Alpha system. Atomic force microscopy and scanning Kelvin probe microscopy
were performed using the Park NX-Hivac system. Photoluminescence data were
collected using a 532-nm laser excitation focused through a x 100 objective lens.
The spectra were taken at an incident laser power of 50 pW, which was sufficiently
low to avoid any damage to the sample.
Schottky barrier extraction. The Schottky barrier height of the contact was
extracted by measuring the activation energy in the thermionic emission region.
In a Schottky-barrier FET, the reverse-biased contact consumes most of the volt-
age drop and dominates the transistor behaviour. The current density of thermal
emission through a metal-semiconductor contact is:

9%s qv
1— [
" exp[ ]

J=AT"exp| -2 T
B

(1

B

where Ax is the Richardson constant, V is the applied voltage, T is the temper-
ature, « is an exponent equal to 2 for bulk semiconductors and to 3/2 for 2D
semiconductors, and kg is Boltzmann’s constant. Using this equation, the slope
of the Richardson plot, In(I/T*?) ~ 1/T, yields ®3 as a function of gate voltage.
The gate voltage at which the Schottky barrier height tends to curve away from
the linear dependence is where the flat band condition occurs because after the
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gate voltage reaches this condition, carriers are transferred through tunnelling as
well. To extract Schottky barrier height, we identify the voltage at which &g stops
linearly depending on V. As shown in Extended Data Fig. 2f, the Schottky barrier
of In/MoS; is 110 meV.

STEM specimen preparation and acquisition parameters. Cross-sectional STEM
lamellas of the FET samples were prepared using a FEI Helios NanoLab G4 focused
ion beam. The cross-sectional STEM images of a monolayer MoS, were taken at
200 keV using a FEI Titan® G2 60-300 with a double-sided spherical aberration
corrector. The probe convergence semi-angle was set to be approximately 25 mrad.
ADF STEM images were acquired over the range 50-200 mrad. All electron energy
loss spectroscopy measurements were collected in dual mode to enable simulta-
neous collection of zero-loss and core-loss spectra to compensate for energy drift
during specimen acquisition. It is worth noting that the energy drift was tested by
continuous collection of zero-loss spectra for 5 min to ensure a reasonable energy
drift (<0.3 eV) before beginning any data acquisition.

Data availability
The data that support the findings of this study are available from the correspond-
ing author upon reasonable request.
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Extended Data Figure 1 | Atomic resolution imaging and chemical
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analyses of the In/Au-MoS; interface. a, Broader view STEM images of
three-dimensional metal on 2D semiconductor. Cross-sectional STEM
image of interface between In/Au and monolayer MoS,. Scale bar, 5 nm.
b, Cross-sectional STEM image of interface between In/Au and multi-
layered MoS,. Scale bar, 2 nm. ¢, Bright-field STEM of In/Au contact to
monolayer MoS,. The intensity profile shows that the distance between
the In/Au atoms of the electrode metal to sulfur atoms in the first layer is
2.4 A. d, ADF-STEM and intensity profile of In/Au contact to multilayer

MoS,. The intensity profile shows that the MoS, interlayer distance is

6.2 A, which is consistent with the literature®*. The distance between the
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sulfur atoms in adjacent layers is 2.7 A and the distance between the In/
Au atoms and sulfur atoms in the first layer is also 2.7 A for multi-layered
samples, indicating a van der Waals contact at the interface. e, XPS image
of the In/Au-MoS,; interface showing In metal 3ds/, (443.8 eV) and 3d5),
(451.4 eV) peaks along with In metal loss features. f, X-ray-induced Auger
spectrum showing a pristine In metal peak at 402.9 eV. In,O3 has a clear
peak at 400.2 eV, which is absent in our samples. There is no sign of In,S;
(407.3 eV) and In MNN Auger spectra indicate no chemical reaction at the
interface®. g, Atomic force microscopy image of CVD-grown monolayer
MoS;. h, Photoluminescence of CVD-grown MoS,, with the A exciton
peak at 1.84 eV and the B exciton peak at 1.97 eV clearly visible.
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Extended Data Figure 2 | Contact resistance and device properties of
In/Au electrodes on few-layered MoS,. a, TLM results of In/Au contacts
on few—layered MoS,. b, Contact resistance R¢ versus carrier concentration
for In/Au electrodes. Sc, Ti and Au electrodes deposited under ultrahigh
vacuum (UHYV, 10~° Torr) are provided for comparison>!’. ¢, Comparison
of contact resistance from the literature and our results for different types
of electrode materials'”*¢-*1. d, Typical output curve at room temperature
shows that the highest current density is 196 pA um ™. e, Output
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characteristics at low temperature, with the linearity of the output
characteristics indicating the absence of a contact barrier. f, Mobility
versus temperature reveals phonon-limited mobility at low temperature
and acoustic phonon scattering at high temperature. g, Transfer
characteristics with temperature showing the metal-insulator transition.
h, Schottky barrier () extraction indicating ideal In contacts with MoS,.
The inset shows the energy band diagram of MoS; and In.
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Extended Data Figure 3 | Output characteristics of WS,. a, In contacts. b, Ti contacts.
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Extended Data Figure 4 | Energy-dispersive X-ray spectroscopy from SiO, of the substrate. f, Fast Fourier transform (FFT) pattern from
mapping of the contact. a, Low-magnification cross-sectional high-angle ~ metal electrode showing alloying between In and Au. Scale bar, 5 A. The
annular dark-field (HAADF) STEM image of the MoS, with In/Au contact.  diffraction pattern is of a face-centred cubic alloy. Pure In has body-
b-e, Elemental mapping showing the distribution of In, Au, S and O. In centred cubic crystal structure. a:C, amorphous carbon; dep., deposition;
and Au overlap over the entire metal layer, suggesting the formation of Z.A., zone axis.

an alloy. S is observed underneath the In and Au. O is obtained primarily
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Extended Data Figure 5 | Typical transfer characteristics of the device measured immediately after fabrication and after 70 days.
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Extended Data Figure 6 | Topographical and scanning Kelvin probe
microscopy images. a, d, Topographical and surface potential results of
the Au sample; the work function (WF) extracted is 5.09 eV, similar to the
theoretical value. b, e, Topographical and surface potential results of the

In/Au sample; the work function extracted is very close to that of the In
work function, 4.05 eV. ¢, f, Topographical and surface potential results of
the In/Pd sample; the work function extracted is 4.23 eV, higher than that
of In/Au.
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Extended Data Table 1 | Literature survey of device performance

Channel Gate Drain I
Method length EOT voltage voltage ® A(;Em) R (kQ-um) ref
(um) V) M)
Monolayer MoS,
In/Au clean contact 2 300 nm SiO, 40 1 18 3 This
work
Graphene 5 285 nm SiO, 80 0.1 0.8 NA 10
Graphene edge contact 7 30 nm HfO, 3 0.025 0.1 59 6
Graphene/Ag 4 300 nm SiO, 80 1 5 115 B
Co/h-BN 0.2 BN+285 nm SiO, 80 0.01 0.1 6 15
Au UHV 1.2 90 nm SiO, 35 1 12 5 N
Cr contact 1 285 nm SiO, 40 1 4 40 16
Re doping 10.5 300 nm SiO, 80 0.1 0.05 26.25 21
B: 285 nm SiO, >
Double gate 0.1 T: 16 nm AI20, 40 1 12 10
Ag/Au 4 30 nm SiO, 25 1 17 12 b
1T°/Au 10 285 nm Si0O, 50 1 1.8 NA 42
Al,O, passivation 1.5 300 nm SiO, 100 1 0.5 NA 4
Multilayer MoS,
In/Au clean contact 0.5 300 nm SiO, 40 3 196 0.8 ‘B:;ls(
Sc 5 15 nm ALO, 8 3 160 NA 5
Graphene contact 5 285 nm SiO, 60 0.1 1 NA .
Transferred Ag 0.16 BN+90 nm SiO, 40 3 660 NA 12
Phase engineering 1.2 300 nm Si0, 30 5 85 0.24 14
Au UHV 0.5 90 nm SiO, 25 1 75 2 17
Graphene edge X 39
contact, h-BN 5 285 nm S10, 80 0.05 0.2 2.5
h-BN tunneling 0.3 255 nm SiO, 40 1 30 4 e
Fermi level de-pinning 1.5 90 nm SiO, 20 3 24 54 44
Molecules doping 2 300 nm SiO, 40 3 50 25.2 43
. . 05 P
Cl doping 0.5 90 nm SiO, 50 1.2 200 (2 x 10 cm?)
. B: 285 nm SiO, 40 "
K doping 0.5 T: 17.5 nm ZrO, 15 2.5 15 NA
13 o
Mo 2 72 nm ALO; 30 3 40 |24 21)0 ol g
Edge contact 2.2 300 nm SiO, 30 0.48 0.8 205 .

Contact resistances are extracted at a carrier concentration of around 3 x 102 cm~2 for multilayer MoS, and 5 x 102 cm~2 for monolayer MoS; except where indicated otherwise. EOT, equivalent

oxide thickness. lon is the drain current when the device is in the ‘ON’ state. 1T’ represents distorted octahedral structure. Missing values are represented by NA (not available). Data are from
refg 5610-12,14-18,21-2331,39,41-48



	Van der Waals contacts between three-dimensional metals and two-dimensional semiconductors

	Online content

	Acknowledgements
	Fig. 1 Atomic resolution imaging and chemical analyses of In/Au-MoS2 interface.
	Fig. 2 Contact resistance and device properties of In/Au electrodes on monolayer MoS2.
	Fig. 3 Contact properties of In/Au electrodes on 2D NbS2 and WS2.
	Fig. 4 In alloy contacts on ultrathin WSe2.
	Extended Data Figure 1 Atomic resolution imaging and chemical analyses of the In/Au–MoS2 interface.
	﻿Extended Data Figure 2 Contact resistance and device properties of In/Au electrodes on few-layered MoS2.
	Extended Data Figure 3 Output characteristics of WS2.
	Extended Data Figure 4 Energy-dispersive X-ray spectroscopy mapping of the contact.
	Extended Data Figure 5 Typical transfer characteristics of the device measured immediately after fabrication and after 70 days.
	Extended Data Figure 6 Topographical and scanning Kelvin probe microscopy images.
	Extended Data Table 1 Literature survey of device performance.




