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Transistors based on 2D transition metal 
dichalcogenides (TMDs) offer excellent gate 
electrostatic control of the channel, which makes 
them promising candidates for sub-10-nm node 
technologies [1–12]. In short-channel devices, the 
transport through the semiconductor is nearly ballistic 
and the majority of the transistor resistance comes from 
the contacts. Thus, optimizing the contacts between the 
TMDs and metal electrodes is a key technical challenge 
for 2D electronics. In traditional silicon transistors, 
ohmic contacts are typically achieved by selective 
ion implantation of the source/drain regions, which 
can effectively reduce the tunneling barrier width 
between the metal and the degenerately doped silicon. 
In 2D TMD transistors, however, ion implantation 
will induce significant damage to the atomically thin 
lattice and degrade the current transport. Charge 
transfer doping and substitutional doping have been 
explored [13–16]. However, most of these doping 
methods have limited air stability or thermal stability. 
Another approach to reduce contact resistance is to 
minimize the Schottky barrier height. For ideal metal-
semiconductor junctions, Schottky barrier height 
(ΦSB) can be tuned by metal work function based on 
the Schottky–Mott rule [17, 18]. However, in most 

TMD-based transistors, the barrier height has very 
weak dependence on the metal work function due to 
Fermi-level pinning [19, 20]. To reduce Fermi-level 
pinning and minimize the Schottky barrier height, 
various approaches have been investigated. Phase 
engineering can create lateral metal–semiconductor–
metal heterojunctions to reduce the contact resistance, 
but these heterojunctions have very limited thermal 
stability [21, 22]. Graphene contacts can provide 
tunable Schottky barrier height, but cause threshold 
roll-off [23–26]. Transfer metal to TMDs can eliminate 
the defects related to metal deposition and provide 
vdW-like metal/2D interface; however, this method 
has very limited yield especially for metals with strong 
adhesion force to the substrates [27]. 2D layers, such 
as h-BN, were also used as the buffer layers between 
metal and 2D channel to de-pin the Fermi level [28]. 
However, due to the insulating nature of the BN layer, 
the contact resistance is still very high.

In this paper, we design and study 2D metal-
lic alloys as contacts in TMD transistors. These vdW 
2D/2D contacts are nearly free of Fermi-level pin-
ning, which enables effective tuning of the Schottky 
barrier heights. Furthermore, by using asymmetric 
contact pairs with different work functions, MoTe2 
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Abstract
Two-dimensional (2D) semiconductors have shown great potential for electronic and optoelectronic 
applications. However, their development is limited by a large Schottky barrier at the contacts 
because of the strong Fermi-level pinning at the metal-semiconductor interface. Here, we 
demonstrate that 2D metallic Mo1−xWxTe2 alloy, bonded to the 2D semiconductor channel MoTe2 
via van der Waals (vdW) force, can alleviate the Fermi-level pinning at the contacts. By using 
asymmetric contacts consisting of low work function Ti and high work function Mo1−xWxTe2 
alloy, ambipolar transistors were created, showing superior transport for both electrons and holes. 
The MoTe2 transistor with asymmetric contacts is unidirectional and shows prominent rectifying 
behavior. Moreover, this asymmetric contact scheme breaks the mirror symmetry of the built-in 
potential profile within the channel, which enables the device to serve as an efficient solar cell and a 
sensitive photodetector with low dark current. This work uncovers the great potential of 2D metallic 
contacts for device applications and offers a new route toward tailoring 2D electronics and photonics 
in the future.
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transistors with ambipolar transport and unidirec-
tional conduction are demonstrated successfully. We 
also adopted the asymmetric contact scheme in the 
photodetectors and solar cells, where the asymmetric 
contacts break the mirror symmetry of the internal 
electric field within the channel, allowing for efficient 
photodetection.

Monolayer MoTe2 and WTe2 have several poly-
morphs, including semiconducting 1H phase, metal-
lic 1T phase and semi-metallic 1T′ phase [29–35]. 
For MoTe2 and WTe2, the 1T phase is unstable and is 
typically turned into distorted 1T′ phase [36–38]. The 
stacked 1H layers form a three-dimensional bulk with 
the hexagonal structure (α-phase, or 2H phase), while 
stacked 1T′ layers form a bulk with the monoclinic 
structure (β-phase, or T′ phase) or the orthorhombic 
one (γ—phase or Td phase) [36, 39, 40]. For MoTe2, 
the hexagonal H phase is thermodynamically stable 
at room temperature, while the monoclinic T′ phase 
is stable at high temperatures (above 800 °C) [31, 41]. 
The T′ phase MoTe2 can be stabilized at room temper
ature by employing special synthesis conditions such 
as rapid cooling [31, 38]. The T′ phase MoTe2 trans
itions to Td phase at low temperatures (250 K–270 K) 
[31, 42–44]. In contrast, WTe2 has stable Td phase at 
room temperature [45, 46]. Alloying MoTe2 and WTe2 
can lower the energy barrier between the H, T′ and Td 
phases [31, 45]. It is reported that Mo1−xWxTe2 alloy 
has T′ phase at x � 0.04, mixed phase (T′  +  Td) when 
0.04 < x < 0.63.and Td phase at x � 0.63 [31]. The 
top view of a 1T′ phase and the side views of T′ and Td 
phase Mo1−xWxTe2 are illustrated in figures 1(a) and 
(b) respectively. To confirm the crystal structure of the 
Mo1−xWxTe2 alloys used in our experiments, Raman 
spectrum was taken on a Mo0.7W0.3Te2 flake, shown 
in figure 1(c). The peak at 213.6 cm−1 corresponds to 
the A1 vibration mode in Td phase WTe2 and the peak 
at 266.6 cm−1 corresponds to A1 vibration mode in 
Td phase MoTe2, while the peak at 163.4 cm−1 corre-
sponds to Ag mode in 1T′ phase MoTe2. The peaks at 
79.4 cm−1, 108.6 cm−1, and 130.7 cm−1 can be assigned 
to either Td MoTe2 or Td WTe2. These results are con-
sistent with the mixed phase (1T′  +  Td) observed in 
Mo1−xWxTe2 alloy with intermediate W composi-
tion. The semi-metallic nature of the Mo0.7W0.3Te2 
alloy is revealed in the gate voltage and temperature 
dependence of the drain current in the Mo0.7W0.3Te2 
transistor, shown in figure 1(d). The transfer curves 
of Mo0.7W0.3Te2 transistors measured at 7 K and 280 K 
show no gate modulation, and the channel resist
ance decreases with temperature, indicating that this 
Mo0.7W0.3Te2 flake is metallic. The metallic nature and 
layered structure of the alloy make it possible to con-
struct vdW metal-semiconductor junctions and ena-
ble the effective tuning of Schottky barrier height and 
carrier polarity.

To facilitate the direct comparison of various 
contacts, few-layer MoTe2 transistors with two Ti metal 
contacts and two Mo0.7W0.3Te2 alloy contacts were 

fabricated on the same flake using photolithography  
(figure 2(a)). The MoTe2 transistor with two Ti con-
tacts shows strong electron conduction (figure 2(b)), 
while the transistor with two Mo1−xWxTe2 contacts 
exhibits prominent hole conduction (figure 2(c)). 
More interestingly, the transistor with Mo1−xWxTe2 as 
the drain contact and Ti as the source contact displays 
ambipolar conduction with superior electron and hole 
conduction simultaneously (figure 2(d)). These phe-
nomena can be explained using the band diagrams 
shown in figure 2(e). For the transistor with low work 
function Ti contacts, the Schottky barrier for electron 
injection is small, while for the transistor with high 
work function alloy contacts, hole injection dominates. 
For the transistor with Mo1−xWxTe2 alloy as the drain 
contact and Ti as the source contact, the electrons can 
be injected from the source contact, while holes can be 
injected from the drain contact, enabling ambipolar 
transport. The explanations are further confirmed by 
the reversed condition. If the source and drain contacts 
are reversed (Ti as the drain contact and alloy as the 
source contact) and the drain voltage is positive, the 
transistor shows low current (figure S1). Note that the 
current flow in FETs with asymmetric contacts is uni-
directional (from Mo1−xWxTe2 contact to Ti contact). 
This property is reflected in the rectifying output char-
acteristics (figure 2(f)). Thus, by using vdW asymmet-
ric contacts to weaken the Fermi-level pinning, ambi-
polar MoTe2 transistor and Schottky diode are realized 
within one device. In addition, compared with the lat-
eral 1T/2H contact, vertical vdW contact can provide 
larger contact area and van der Waals interface, which 
can effectively reduce the lattice mismatch induced 
dislocations and interface state.

To study the barrier height quantitatively, the 
transport properties of the MoTe2 transistors with 
metal and alloy contacts at different temperatures were 
conducted (figures 3(a) and S2). The drain current 
increases with temperature in both devices. The slopes 
of the Arrhenius plots (figure 3(b)) in the high-temper

ature region are analyzed assuming conventional ther-

mionic emission theory Id = AA∗T2 exp
(
−ΦSB

kT

)
, 

where Id is the current through the device, ΦSB is the 
effective barrier height, A is the junction area, A* is the 
Richardson constant, k is the Boltzmann constant and 
T is the temperature. The extracted ΦSB is plotted as a 
function of gate voltage, shown in figure 3(c). In the Ti 
contact case, when the gate voltage is increased from 15 
V to 22.5 V, the effective barrier height for electrons is 
reduced since the conduction band moves downwards. 
When the gate voltage is beyond the flatband voltage 
(~22.5 V), in addition to the thermal excitation of elec-
trons ‘over’ the Schottky barrier, thermally assisted 
tunneling ‘through’ the Schottky barrier will start to 
contribute to the total current. As a result, the linear 
dependence between ΦSB and Vgs no longer prevails. 
From the turning point of the ΦSB versus gate voltage 
curves, we can determine the flabtband voltage and the 
Schottky barrier height. The results are shown in the 
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Figure 1.  Characterization of Mo1−xWxTe2 (x  =  0.3). (a) Top view of 1T′phase monolayer Mo1−xWxTe2. (b) Side views of T′ and Td 
phase multilayer Mo1−xWxTe2. T′ structure is monoclinic with space group P21/m, while Td structure is orthorhombic with space 
group Pnm21. (c) Raman spectrum of Mo1−xWxTe2 alloy with x  =  0.3. (d) Transfer curves of Mo0.7W0.3Te2 transistors measured at 
7 K and 280 K show no gate modulation of drain current, demonstrating metallic properties. The temperature dependence of the 
channel resistance is shown in the inset.

Figure 2.  Few-layer MoTe2 FETs with two Ti metal contacts and two Mo0.7W0.3Te2 alloy contacts. (a) Optical image of the device. 
(b)–(d) Transfer curves of the MoTe2 transistors with two Ti contacts, two alloy contacts and asymmetric metal/alloy contacts, 
respectively. The transistor with alloy as the drain contact and Ti as the source contact displays ambipolar conduction with superior 
electron and hole conduction simultaneously (e) Energy diagrams of the MoTe2 transistor with these three types of contacts. For 
transistor with asymmetric contacts, both electrons and holes have low injection barriers. (f) The current flow in the transistor with 
asymmetric contact is unidirectional (from Mo1−xWxTe2 contact to Ti contact), as shown in the inset. This property is reflected in 
the rectifying output characteristics of the transistor.

2D Mater. 7 (2020) 025035
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inset of figure 3(c). The barrier height for holes at the 
Mo0.7W0.3Te2 alloy contact is ~20 meV and the barrier 
height for electrons at the Ti contact is ~90 meV. These 
results confirm that Ti contact in MoTe2 FETs is appro-
priate for electron conduction, while the Mo1−xWxTe2 
contact is favorable for hole conduction. The combi-
nation of these two types of contacts can facilitate both 
electron and hole conduction simultaneously.

In addition, this asymmetric contact can also enable 
high-performance optoelectronic devices. Here, we 
fabricated MoTe2 phototransistors with various con-
tacts. It is found that the phototransistors with asym-
metric contacts exhibit prominent photovoltaic effect, 
shown in figure 4(a). In contrast, the phototransistors 
with symmetric contacts (two Ti contacts or two alloy 
contacts) exhibit no photovoltaic effect (figures 4(b) 
and (c)). Figure 4(d) indicates the photocurrent as a 
function of gate voltage for transistors with symmetric 
and asymmetric contacts under zero drain bias. The 
photocurrent of the transistor with asymmetric con-

tacts is dramatically higher than that with symmetric 
contacts. This is because, in the transistors with sym-
metric contacts, the photocurrents generated around 
these two contacts have the same magnitude, but oppo-
site polarity. The sum of the two contributions is always 
close to zero at zero drain bias, illustrated in figure 4(f). 
In the transistor with asymmetric contacts, however, 
the built-in potential profile within the channel has 
broken mirror symmetry, allowing for the individual 
photocurrent contributions from each contact to be 
summed, leading to an overall photocurrent and a pho-
tovoltaic effect, illustrated in figure 4(g). Moreover, the 
open-circuit voltages (Voc) and short-circuit currents 
(Isc) for the transistor with asymmetric contacts are 
dependent on the gate voltage, reaching the maximum 
values at about 0 V (figure 4(e)). As discussed above, the 
built-in electric fields near the two asymmetric con-
tacts have the same direction at the gate voltage around  
0 V, leading to the maximum value of Voc and Isc. When 
50 V or  −50 V is applied on the gate, the electric fields 

Figure 3.  (a) Temperature dependence of the drain current for the MoTe2 transistor with alloy contacts. (b) Arrhenius plots of the 
drain current. (c) Effective barrier heights were extracted at various gate voltages. Schottky barrier heights at the flatband voltage 
were estimated to be ~20 meV for holes in transistor with alloy contacts and ~90 meV for electrons in transistor with Ti contacts.

Figure 4.  MoTe2 phototransistor with asymmetric contacts. (a)–(c) Output curves at various gate voltages under 532 nm laser 
illumination measured in MoTe2 transistors with asymetric metal-alloy contacts, symmetric alloy contacts, and symmetric Ti 
contacts, respectively. Only phototransistor with asymmetric contacts shows photovoltaic effect. (d) Photocurrent as a function 
of gate voltage for transistors with symmetric and asymmetric contacts under zero drain bias. (e) Open-circuit voltage Voc and 
short-circuit current Isc are dependent on the gate voltage, reaching the maximum values between 0 V and 10 V. (f) and (g) Energy 
diagrams of the MoTe2 phototransistors with symmetric and asymmetric contacts at zero gate voltage and zero drain voltage. 
For asymetric contacts, the built-in electric fields near the two contacts are in the same direction, allowing for the individual 
photocurrent contributions from each contact to be summed, which leads to an enhancement of overall photocurrent and 
photovoltaic effect.

2D Mater. 7 (2020) 025035
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near the two contacts will have opposite directions; 
thus, the photocurrents generated at the two contacts 
will cancel each other and lead to reduction of overall 
photocurrent. A maximum electrical power output of 
0.1 nW is obtained at Vm  =  0.124 V for the MoTe2 solar 
cell with asymmetric contacts.

In summary, we show that the 2D metallic alloy can 
provide pristine vdW contacts that are free of Fermi-
level pinning to the semiconducting channel. By using 
asymmetric contacts consisting of alloy and metals, we 
demonstrated a unique MoTe2 device which can serve 
as an ambipolar transistor, a unidirectional diode, a 
high-efficiency solar cell, and a photodetector with low 
dark current, concurrently. The high work function 
metallic Mo1−xWxTe2 alloy and its vdW bonding to the 
semiconductor enable a low barrier for hole transport. 
The asymmetric contacts with two different work func-
tions lead to ambipolar behavior with superior electron 
and hole conduction simultaneously. Based on the tem-
perature-dependence measurements, we quantitatively 
analyzed the Schottky barriers for electrons and holes. 
Schottky barrier of 20 meV was extracted for holes in 
the alloy contacts, and Schottky barrier of 90 meV was 
extracted for electrons in the Ti contacts. Moreover, the 
conduction in the MoTe2 transistors with asymmetric 
contacts is unidirectional, enabling the devices to serve 
as gate-tunable rectifiers. By virtue of the asymmetric 
contacts, MoTe2 phototransistors exhibit prominent 
photovoltaic effect, which can be attributed to the bro-
ken mirror symmetry of the built-in potential profile 
within the channel. The 2D metallic alloy low-resist-
ance contacts presented here represent a new device 
paradigm that overcomes a significant bottleneck in 
the performance of 2D materials as the channel materi-
als in postsilicon electronics. This study also provides 
a promising route to design ambipolar transistors and 
high-performance optoelectronic devices based on 
asymmetric contacts, which will have broad applica-
tions in computing, sensing and communications.
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