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Anomalously persistent p-type behavior of WSe2

field-effect transistors by oxidized edge-induced
Fermi-level pinning†

Tien Dat Ngo,‡ Min Sup Choi, ‡ Myeongjin Lee, Fida Ali and Won Jong Yoo *

A technique to form the edge contact in two-dimensional (2D)

field-effect transistors (FETs) has been intensively studied for the

purpose of achieving high mobility and also recently overcoming

Fermi-level pinning (FLP). However, most of the previous studies on

the effects of edge contact have been conducted mainly on gra-

phene and molybdenum disulfide (MoS2) until now. Here, we report

an anomalous electrical transport of edge-contacted WSe2 FETs

that is different from the typical Fermi-level depinning behavior in

MoS2 FETs reported previously. Such WSe2 FETs showed a consis-

tent p-type behavior regardless of contacting metals including low

work-function chromium and indium and high work-function

palladium, with a small pinning factor of 0.04. It suggests a strong

FLP near the valence band edge of WSe2. The cross-sectional high-

resolution transmission electron microscopy and energy-dispersive

X-ray spectroscopy analyses revealed the formation of an oxide

after plasma etching at the interfacing edge near the metallic

contact, which was found to be responsible for the strong FLP.

The temperature dependent electrical characteristics of the device

indicated the occurrence of Fowler–Nordheim tunneling with high

electrical biases, further supporting the presence of an oxide at the

contact edge of WSe2. Interestingly, the oxide was removed upon

wet treatment in potassium hydroxide, which could be an effective

way to control carrier polarity by suppressing the FLP. This work

provides a new insight into the impact of edge contacts on surface

sensitive 2D materials.

1. Introduction

The edge contact method for two-dimensional (2D) devices was
first used to realize scattering-free charge transport when
graphene was encapsulated by hexagonal boron nitride

(hBN).1 It then became more and more widely used for fabricat-
ing high performance 2D devices due to its additional advan-
tages such as low contact resistivity, immunity to contact
scaling, and Fermi-level depinning.1–3 Both bottom-up and
top-down approaches can be used to realize edge contacts to
atomically thin 2D materials. However, the bottom-up methods
by lateral heterogeneous growth underperformed compared to
the top-down methods due to low quality of crystals grown from
metal seeds along the edge of 2D materials.4–6 In contrast, the
top-down methods by plasma etching on prepatterned contact
regions could achieve very promising device performances such
as long-term stability, small device-to-device variation attribu-
ted to the hBN encapsulated structure, and phonon-limited
mobility approaching the theoretical limit.1,7 Despite these
good performances, the formation of edge contacts to ultrathin
2D semiconductors such as transition metal dichalcogenides
(TMDCs) is more challenging than that of graphene, as plasma
etching and air exposure of the TMDCs are detrimental to the
metal–semiconductor (MS) interface.8 Thus, an extensive effort
is needed to understand the effect of edge contacts on the MS
interface. Although a few recent studies have reported a suc-
cessful attempt to form edge contacts to mono- and few-layer
molybdenum disulfide (MoS2) with hBN encapsulation,
followed by in situ Ar ion beam cleaning,2,3,7,9 an experimental
study on the impact of edge contacts to other 2D TMDC devices
on carrier transport, especially for air sensitive 2D semiconduc-
tors, is lacking.

Tungsten diselenide (WSe2) as a p-type 2D semiconducting
material is complementary to n-type MoS2, enabling the fabri-
cation of a p–n heterojunction which is essential for semicon-
ductor device circuits.10,11 Despite its potential for use in
advanced electronics, a notorious surface sensitivity of WSe2

in ambient conditions can result in the degradation of elec-
trical properties over time and thickness dependent polarity,
e.g. p-type, ambipolar, and n-type semiconductors when their
thicknesses are o3, B4, and 45 nm, respectively.12,13 Further-
more, the sensitive surface of WSe2 tends to be oxidized even
with mild oxygen plasma, and UV-ozone treatments, and
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annealing in the atmospheric environment, giving rise to
further changes in device performances.14–16 Thus, a novel
method needs to be developed to achieve a consistent carrier
transport in WSe2 field-effect transistors (FETs).

In this study, we first report an observation of anomalously
strong Fermi-level pinning (FLP) in edge-contacted WSe2 field-
effect transistors with oxidized edge formed by plasma etching.
Unlike the Fermi-level depinning observed in MoS2,3 edge-
contacted WSe2 consistently showed a p-type semiconducting
behavior regardless of contacting metals (Cr, In, and Pd). Cross-
sectional high-resolution transmission electron microscopy
(HRTEM) and energy-dispersive X-ray spectroscopy (EDS) con-
firmed the formation of an oxide near the MS interface, which
induced a strong FLP. The formation of the oxide at the edge
was attributed to a highly sensitive WSe2 as compared to other
2D materials such as MoS2 and graphene. Fowler–Nordheim
(F–N) tunneling behavior at high biases, which had not been
observed in edge-contacted MoS2,3,17 was found from the
temperature and bias dependent electrical characterization,
further suggesting the existence of the oxide. Furthermore,
our results demonstrated that the oxide could be eliminated
by the potassium hydroxide (KOH) wet treatment prior to metal
deposition, and as a result n-type semiconducting behavior was
restored. Our work provides a guideline for designing metallic
contacts in 2D devices with a persistent and controllable carrier
polarity, especially for surface sensitive materials.

2. Results and discussion

Fig. 1(a) shows a cross-sectional schematic diagram of a WSe2

FET with edge contacts formed by plasma etching. WSe2 was

sandwiched by top hBN (t-hBN) and bottom hBN (b-hBN) via
polymer transfer so that its channel region could be protected
from the device processing. The optical microscopic image of
the device is shown in Fig. 1(b). Detailed stacking and fabrica-
tion processes are described in Fig. S1 and S2 and in the
Experimental section (ESI†). In previous reports,3,18,19 it has
been theoretically predicted and experimentally demonstrated
that Fermi-level depinning can be accomplished with edge-
contacted MoS2. To investigate the depinning phenomenon in
the MoS2 FETs, the authors fabricated devices with both high
and low work-function metals for the purpose of revealing that
it could approach the limit of the Schottky–Mott rule. In this
work, we also used metals with work-function (WF) varying in
the range of 4.09–5.3 eV (In WF: B4.09 eV, Cr WF: B4.5 eV, and
Pd WF: B5.3 eV)20 to form the edge contacts on WSe2 as
illustrated in the band diagram under isolated conditions
(see Fig. 1(c)). Fig. 1(d) shows the logarithm of conductivity
(s) of the WSe2 FETs as a function of back-gate bias (VGS) with
edge and surface contacts. It is noted that we plotted the
conductivities instead of drain current for a fair comparison
as the current is dependent on the device geometry. The bold
solid lines and shaded area indicate the average values and
their standard deviation, respectively, obtained from totally 12
edge-contacted devices. Interestingly, the carrier polarity of our
edge-contacted WSe2 FETs consistently showed a p-type semi-
conducting behavior regardless of contact metals used, which
was distinctive from that of the edge-contacted MoS2 FETs
showing both n- and p-type behaviors depending on the
work-function of the contact metals.3 It should be noted that
we used a device structure and etching conditions similar to
those of MoS2 FETs reported by our group previously.3 Since the

Fig. 1 (a and b) Cross-sectional schematic and optical microscopic images of an edge-contacted WSe2 FET formed by a plasma etching process.
(c) Band diagram of WSe2 with respect to various metals (In, Cr, and Pd) under isolated conditions. (d) log(s) vs. VGS of WSe2 devices with edge (colored)
and surface (grey) contacts. The curves for edge contacts are plotted by average values (bold solid lines) with standard deviation (shaded area) measured
from 12 devices. (e) Contact resistivities in the ON-state for edge- and surface-contacted devices with various metals.
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Fermi level of high work-function Pd (B5.3 eV) was expected to
align closely with the valence band edge of WSe2, the p-type
behavior was in good agreement with the aligned band struc-
ture, as shown in Fig. 1(c). However, the consistent p-type
characteristic observed even with low work-function metals
such as In and Cr was in sharp contrast with the Schottky–
Mott rule. It also differed from WSe2 with typical surface
contacts, which showed FLP-induced n-type behavior near the
conduction band edge,21 as shown in the grey curve in Fig. 1(d).
There was an inconsistency of electrical conductivity with the
band alignment between the semiconductor and metal WFs
unlike the previous study,22 e.g., the Pd metal showed the
lowest conductivity despite its largest WF, presumably due to
its inert surface showing different interface/contact chemistry
and formation of an unintended glassy (amorphous) layer at
the interface.23,24

Despite the strong FLP in edge-contacted WSe2 devices, the
contact resistivities (rc) calculated by contact resistance multi-
plied by contact area, showed overall lower values than those of
surface contacts as shown in Fig. 1(e). The detailed extraction of
the Rc by using the Y-function method and the rc are described
in Fig. S3 and Table S1 (ESI†).25,26 In particular, the In edge
contacts revealed a dramatic improvement over surface con-
tacts. It is known that the In contact forms an atomically sharp
interface due to its soft nature with a low melting point.27 Both
the plasma etching-induced clean edge and the defect-free and
sharp interface contribute to the improvement in the electrical
contact, ensuring the superiority of edge contacts.

To investigate the MS interface more closely, we performed
cross-sectional HRTEM near the edge contact as shown in
Fig. 2(a) and (b). The HRTEM images showed a vdW clean
interface formed between hBN and WSe2, revealing the

crystalline layered structure and high-quality stacking of each
2D material. Unlike graphene and MoS2 showing a nearly
identical etch slope across hBN and 2D materials with a sharp
contact edge,1,3 we observed a dramatic change in the etch
slope between hBN and WSe2, as shown in Fig. 2(a). The edge
slope of hBN (B651) was steeper than that of the sandwiched
WSe2 (B151), suggesting that the WSe2 layer was etched with a
much slower rate than hBN. A closer look at the interface of the
contact (Fig. 2(b)) revealed the formation of amorphous WOx at
the etched edge of WSe2. It is well known that the formation of
WOx by oxidation is self-limiting in nature,28,29 which gives rise
to the protection of underlying WSe2 layers from being further
etched, resulting in the slow etching rate at WSe2 as illustrated
in Fig. 2(c). The EDS line profile shown in Fig. 2(d) further
confirmed the existence of oxygen atoms at the MS interface
(additional EDS mapping images are shown in Fig. S4, ESI†).
The WOx is known as a strong p-type dopant due to its acceptor-
like interface states which pins the Fermi level of interfacing
metals near the valence band of WSe2;30–32 therefore, it can
cause a strong FLP in our devices with edge contacts. Further-
more, Cr and In elements were also detected in the oxide area
as shown in Fig. S4(f) and (g) (ESI†). These metal atoms could
interact with the oxygen atoms in the oxide layer as they readily
form metal oxide compounds, especially for low work-function
metals. The effects of these metal oxides are discussed later to
highlight the distinctive feature of our work compared to
previously studied reduced FLP with an oxide layer. We believe
that the oxide is the origin of the persistent p-type polarity
observed in our edge-contacted devices even with low work-
function metals. To explore which step mainly contributed to
the formation of WOx, we attempted to use an oxygen-free gas
mixture (Ar/SF6) plasma. Nonetheless, the same p-type behavior
was still observed even with short air exposure (B5 min)
between inductively coupled plasma (ICP) etching and metal
evaporation processes (Fig. S5(a), ESI†), suggesting that air
exposure immediately after etching would be a critical time
period to form the oxide. However, the same fabrication
process (SF6/O2 reactive ion etching (RIE) - air exposure -

In metal evaporation) on MoSe2 did not give rise to the p-type
semiconducting behavior (Fig. S6, ESI†), manifesting that the
formation of oxide was a unique feature of WSe2. Moreover, we
fabricated a monolayer edge-contacted WSe2 FET not to allow
the formation of thick WOx, but the same p-type behavior was
observed again (Fig. S5(b), ESI†). As a result, we think that WSe2

has a much more sensitive edge than MoS2 and MoSe2 as they
showed Fermi level depinning even with the same ex situ
etching and evaporation performed.3 Recently, Shen et al.
compared the surface and interface sensitivities between
MoS2 and WSe2 devices and concluded that WSe2 devices show
surface and interface sensitivities higher than MoS2 devices due
to their lower trap energy (0.16 eV lower than that of MoS2) and
smaller trapping time (10 s compared to 500 s for MoS2).33

Furthermore, Azcatl et al. stated that WOx formation is chemi-
cally more favorable and stable than MOx formation because
W–O has the lower oxygen replacement energy (�2.814 eV) than
Mo–O (�1.912 eV for MoS2 and �2.504 eV for MoSe2).34

Fig. 2 (a and b) Cross-sectional HRTEM images and (c) schematic illus-
tration of device processing occurring at the edge-contacted metal–WSe2

interface. (d) Line profile of EDS near the interface showing atomic
percentages of W, Se, Au, and O. The yellow arrow in (b) indicates the
region scanned for EDS.
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Therefore, we conclude that the persistent p-type behavior in
our edge-contacted WSe2 devices is attributed to the fact that
WSe2 has a higher surface sensitivity than MoS2 and MoSe2.

To quantitatively examine the FLP effect of WOx at the MS
interface, we obtained temperature-dependent transfer curves
to extract the Schottky barrier heights (SBHs) of our edge-
contacted WSe2 devices with various metals (In, Cr, and Pd),
as shown in Fig. 3(a). All the devices consistently showed p-type
behavior and reduced drain current (ID) as the temperature
decreased due to suppressed thermionic emission at low tem-
peratures. Additional electrical characteristics of these devices
are shown in Fig. S7–S9 (ESI†). The SBHs were acquired using
the thermionic emission equation:35

ID ¼ AA�T3=2 exp �FSB

kT

� �
: (1)

where A is the junction area, A* is the Richardson constant, T is
the temperature, FSB is the Schottky barrier height, and k is the
Boltzmann constant. Note that all of the SBHs were obtained
under flat band conditions. As shown in Fig. 3(b), we plotted
the experimentally obtained hole SBHs of our WSe2 devices (red
line) and the reported MoS2 devices (black line)3 as a function
of the metal work-function. The slope of the line represents a
pinning factor (S), as a quantitative measure of FLP. Our WSe2

devices showed a very small pinning factor (S = 0.04) in sharp

contrast to MoS2 devices (S = 0.975), indicating a strong FLP
near the valence band edge of WSe2 as shown in the energy level
diagram in Fig. 3c. The FLP is known to originate from the
intrinsic/extrinsic defect states or metal-induced gap states
(MIGS).24,36–38 The MIGS-induced FLP is typically reduced by
forming the oxide barrier such as Ta2O5, TiO2, and Al2O3 as they
effectively block the penetration of metal electron wavefunction
into semiconductors.39,40 However, it typically requires a high
temperature annealing process to ensure insulation by the
oxide layer. In this study, we used a room temperature RIE
system to etch the WSe2 layer and the formed oxide layer is
supposed to be less effective to block the penetration of
electron wavefunction resulting in tunneling as it is a defective
amorphous layer. Thus, the reduced pinning effect is not
achievable even with the existence of the oxide layer in
our study.

Furthermore, surface defects and dangling bonds formed on
the oxide layer after the O2/SF6 etching process can stimulate an
interaction between the metal and the oxide layer to form metal
oxide compounds (indium oxides or chromium oxides in our
case) unlike high quality ALD or sputter grown oxides.41–44 This
phenomenon was experimentally evidenced by the EDS line
profiles near the interface which showed In and Cr components
detected in the oxide area as shown in Fig. S4(f) and (g) (ESI†).
These metal oxides typically have a higher work-function than

Fig. 3 (a) Temperature-dependent transfer curves of WSe2 FETs with In, Cr, and Pd edge contacts. (b) Hole Schottky barrier height vs. work-function of
metals for MoS2 (black), WSe2 (red), and KOH treated WSe2 (blue) edge-contacted devices showing pinning factors of 0.975, 0.04, and 0.26, respectively.
Data points for MoS2 were extracted from the results in ref. 3. (c) Energy levels of MoS2, the metal, and WSe2 to illustrate the pinning effect of edge
contacts.
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those of intrinsic metals.45,46 Thus, we believe that the metal
oxide compounds (CrxOy or InxOy) facilitate the hole injection
at the contact due to their high work-functions. These are
responsible for the strong FLP as the metal oxides can be easily
formed for low work-function metals such as Cr and In used in
this work. Thus, the presence of WOx and metal oxides in our
edge-contacted WSe2 device resulted in Fermi-level pinning. It
is also noted that the defects in non-stoichiometric WOx could
cause strong p-doping effects by charge transfer which can also
pin the Fermi level near the valence band of WSe2. Although
these effects of metal oxides and p-doping are not clearly
distinguishable, both can lead to the strong FLP observed in
the edge-contact WSe2 devices. This shows the significance of
the interface states in the contact region with the presence of
an oxide layer, especially when sensitive 2D materials are
utilized.24

The presence of WOx at the MS interface can give rise to a
F–N tunneling behavior at high drain biases.47 Thus, we con-
ducted bias-dependent electrical measurements to explore the
tunneling mechanism according to the direct (2) and F–N (3)
tunneling equations:48,49

ln
I

V2

� �
/ ln

1

V

� �
� 4pd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�fB

p
h

; (2)

ln
I

V2

� �
/ � 1

V

� �
8pd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�fB

3
p
3hq

 !
; (3)

where is fB, m*, d, h, I, V, and q are the tunneling barrier, the
effective mass of the electron, the width of the barrier, the
Planck constant, the tunneling current, the applied voltage, and
the elementary charge, respectively. Based on eqn (2) and (3),
we plotted ln(1/V2) as a function of 1/V to distinguish which
tunneling mechanism governed the transport, as shown in
Fig. 4(a). (I) A negative slope dominated the curve in the high
bias regime indicating the F–N tunneling according to eqn (3),
while (II) a logarithmic dependence dominates in the small
bias regime indicating the direct tunneling. These features
were consistently observed across the entire tested temperature
range (123–293 K), attributed to temperature insensitive tun-
neling behaviors. We established band structures in

accordance with our observation as presented in Fig. 4(b).
Direct tunneling of holes is a dominant transport mechanism
when 1/V 4 2.4 V�1, while F–N tunneling dominates the
transport when 1/V o 2.4 V�1. This behavior is totally different
from the surface-contacted WSe2 and edge-contacted MoS2

devices in which only direct tunneling dominates the transport
regardless of the carrier type due to the presence of a vdW
gap.17,21,50 Furthermore, the oxide layer formed by our plasma
etching process is much thicker (2–3 nm) than the vdW gap
(B0.3 nm), and thus the contribution of the vdW gap in our
edge-contact geometry might be much weaker than the regular
surface contact geometry as the only edge of WSe2 is contacting
to the oxide layer and metals. Hence, the WOx formed at the MS
interface additionally caused F–N tunneling in the high bias
regime, as depicted in Fig. 4(b).

The presence of WOx was further evidenced by removing the
oxide by KOH. Such removal by KOH typically occurs within a
few seconds.29 To remove the oxide, we dipped the etched
sample in a 1 M KOH solution for 10 s prior to metal deposi-
tion. Interestingly, the KOH-treated WSe2 FET with In edge
contacts exhibited a restored n-type behavior that is typically
observed in In contacted WSe2 devices,27 as shown in Fig. 4(c)
and Fig. S10 (ESI†). It has been reported that the potassium
ions can n-dope the 2D materials.51 To find out if the remained
potassium ions could n-dope the contact region of WSe2, we
measured the electrical properties of WSe2 devices before and
after 10 s KOH treatment. However, we did not observe any
noticeable change in the transfer curves as shown in Fig. S11
(ESI†), confirming that the doping effect of potassium ions is
negligible in our experiments as subsequent DI water rinsing is
immediately performed after KOH treatment. We also con-
ducted temperature dependent electrical measurements for
the Pd and In edge-contacted devices with KOH treatment to
extract a pinning factor. The raw data are shown in Fig. S12
(ESI†). The extracted pinning factor is B0.26 (blue line in
Fig. 3b) which is greater than that from the device without
KOH treatment (S = 0.04). Although the pinning factor is still
smaller than that from MoS2 devices (S = 0.975) presumably due
to residual oxide, the reduced FLP after KOH treatment
indicates that the strong FLP is mainly attributed to the
formation of an oxide layer between the metal and WSe2.

Fig. 4 (a) Temperature-dependent ln(I/V2) vs. 1/V curves with two different tunneling regimes; (I) F–N tunneling and (II) direct tunneling. (b) Band
diagrams constructed based on the measurement results in (a). (c) Transfer curves of the edge-contacted WSe2 device after undergoing KOH treatment
for the region of the edge contacts.

Journal of Materials Chemistry C Communication

Pu
bl

is
he

d 
on

 0
9 

D
ec

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 S
un

gk
yu

nk
w

an
 U

ni
ve

rs
ity

 o
n 

1/
10

/2
02

2 
9:

37
:5

7 
A

M
. 

View Article Online

https://doi.org/10.1039/d1tc04148g


J. Mater. Chem. C This journal is © The Royal Society of Chemistry 2021

Table 1 summarizes the electrical polarity and pinning
factors of 2D semiconducting FETs with various contact strate-
gies. This table highlights a unique feature of our edge-
contacted WSe2, revealing a persistent p-type behavior with a
very small pinning factor. It is distinctive from that of MoS2 and
MoSe2 regardless of contact methods (surface or edge). Conse-
quently, our work provides a new insight into the impact of
edge contacts on oxidation sensitive WSe2. It also provides a
way to achieve both p- and n-FETs by forming and eliminating
WOx at the metal–WSe2 interface with edge contacts.

3. Conclusion

In this work, we studied the impact of edge contacts to WSe2

FETs. Unlike MoS2 or MoSe2 FETs, WSe2 devices showed a
p-type behavior regardless of the contacting metals used. The
results obtained from HRTEM and EDS confirmed the presence
of WOx near the MS interface, which was responsible for a
strong FLP due to the formation of metal oxide compounds
which resulted in p-doping effects. Our WSe2 also showed a very
small pinning factor and its charge transport at the edge
contacts was mainly operated by tunneling, further confirming
the formation of an oxide. This oxide could be effectively
eliminated by KOH treatment, resulting in the restoration of
the n-type semiconducting behavior.

4. Experimental section
4.1 Preparation of the hBN–WSe2(MoSe2)–hBN
heterostructure

2D materials were mechanically exfoliated with the scotch-tape
method and transferred onto a degenerately p-doped Si wafer
covered by 285 nm of thermally grown SiO2 which served as a
global gate dielectric. The thicknesses of flakes (o10 nm) were
identified by optical contrast. Multilayer hBN (o50 nm) was
exfoliated on a separate SiO2/Si substrate. Stacks of hBN/
WSe2(MoSe2)/hBN were attained by dry transfer using a poly-
carbonate polymer film in a glove box filled with inert N2 gas.

4.2 Device fabrication process

A 950 PMMA A6 resist mask was used to provide device patterns
with a standard electron beam lithography system, followed by
an SF6/O2 (or Ar/SF6) plasma etching process to expose the edge
of the 2D materials with a ratio of 10/30 sccm gas mixture at a
power of 50 W. Subsequently, we directly deposited the metals
(20 nm contact metal covered with 100 nm Au) together with an
untreated sample as a control device via electron beam eva-
poration at a vacuum pressure of 5 � 10�7 torr. For KOH
treatment, we dipped the etched sample in a 1 M KOH solution
for 10 s to remove the WOx layer prior to metal deposition.

4.3 Electrical characterization

All electrical measurements were performed using a semicon-
ductor parameter analyzer (Agilent 4155C) connected to a
vacuum probe station with pressure maintained at 20 mTorr.

4.4 HRTEM and EDS at the metal–semiconductor interface

WSe2 edge contact devices were fabricated on SiO2/Si substrates
following the above-mentioned procedure. Focused ion beam
milling was utilized for isolating a small portion of the device
including the contact, which was then moved to a TEM grid for
cross-sectional HRTEM. Besides cross-sectional HRTEM
images, EDS mapping and line scanning were performed
coupled with scanning TEM (STEM).
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Table 1 Comparison of electrical polarity and pinning factors in 2D FETs enabled by various contact strategies

Methods 2D materials Metals Polarity Pinning factor Reference

1D edge contact WSe2 In, Cr, Pd p-Type 0.04 This work
1D edge contact (KOH treatment) WSe2 In, Pd n-Type 0.26 This work
1D edge contact MoSe2 In n-Type NA This work
Surface contact (direct evaporation) WSe2 In, Pd n-Type 0.38, 0.89 21
Surface contact (via contact) WSe2 Pt p-Type NA 52
Surface contact (vdW contact) WSe2 Au p-Type NA 53
Surface contact (vdW contact) MoS2 Ag, Cu n-Type 0.96 54

Au, Pt p-Type
End-bonded contact (bottom-up) WSe2 Pd p-Type NA 5
1D edge contact MoS2 Mo, Ti n-Type 0.975 3

Pd, Au p-Type
1D edge contact MoS2 In n-Type NA 17
1D edge contact MoS2 Au, Mn n-Type NA 55
1D edge contact MoS2 Ti n-Type NA 7

‘‘NA’’ indicates ‘‘not available in the paper.
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